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Barua, Bidushi, Incentivizing user participation in cooperative content delivery for
wireless networks. 
University of Oulu Graduate School; University of Oulu, Faculty of Information Technology
and Electrical Engineering; Centre for Wireless Communications
Acta Univ. Oul. C 654, 2018
University of Oulu, P.O. Box 8000, FI-90014 University of Oulu, Finland

Abstract

The aim of this thesis is to propose an array of novel cooperative content delivery (CCD) methods
and related incentive mechanisms for future fifth-generation (5G) and beyond networks. CCD
using multiple air interfaces is a powerful solution to mitigate the problem of congestion in
wireless networks, in which the available multiple air interfaces on smart devices are utilized
intelligently to distribute data content among a group of users that are in the vicinity of one
another. The requirements for higher capacity, reliability, and energy efficiency in the 5G
networks have warranted the development of methods focusing on CCD. Moreover, critical to the
efficiency of a CCD process are incentive mechanisms to induce cooperation among the mobile
users engaged in CCD.

The first part of the thesis studies an ideal condition of reliable and error-free distribution of
content using cellular and short-range links. The main contribution is to introduce different device
selection CCD methods that take into account only the link quality of the devices' primary
(cellular) interfaces. The proposed methods provide frequency carrier savings for the operator
while allowing users to enjoy higher downlink rates. 

The second part of the thesis studies a more realistic CCD situation where users with low data
rate wireless links can be a bottleneck in terms of CCD performance. The main contribution is to
propose a novel device selection CCD method that considers the link quality of both primary
(cellular) and secondary (short-range) interfaces of the devices. Additionally, a carrier
aggregation-based incentive mechanism for the proposed method is introduced to address the
challenge of selfish deviating users. The proposed mechanism maximizes individual and network
payoffs, and is an equilibrium against unilateral selfish deviations.

The third part of the thesis addresses the adverse selection problem in CCD scenarios. The
operator is assumed to have incomplete information about the willingness of the users to
participate in CCD. The main contribution is to introduce contract-based methods through which
the operator could motivate users to reveal their true willingness towards participation. The
proposed methods incentivize users according to their willingness and improve system
performance in terms of the utility of the operator and the users.

Keywords: adverse selection, air interface, carrier aggregation, cellular networks,
contract theory, cooperative content delivery, game theory, incentive mechanism, off-
loading, WLAN





Barua, Bidushi, Käyttäjien kannustaminen yhteistyössä tapahtuvaan sisällön
jakamiseen langattomissa verkoissa. 
Oulun yliopiston tutkijakoulu; Oulun yliopisto, Tieto- ja sähkötekniikan tiedekunta; Centre for
Wireless Communications
Acta Univ. Oul. C 654, 2018
Oulun yliopisto, PL 8000, 90014 Oulun yliopisto

Tiivistelmä

Tämän väitöskirjan tavoitteena on kehittää menetelmiä yhteistyössä tapahtuvaan sisällön jakami-
seen (cooperative content delivery, CCD) sekä siihen liittyviä kannustinmekanismeja viidennen
sukupolven (5G) ja sen jälkeisille matkaviestinverkoille. CCD:n käyttö hyödyntämällä älylait-
teessa olevia useita ilmarajapintoja on tehokas ratkaisu välttää langattomien verkkojen ruuhkau-
tumista. CCD-menetelmissä laiteen ilmarajapintoja käytetään älykkäästi datan jakamiseen käyt-
täjäryhmälle, kun käyttäjät ovat lähellä toisiaan. 5G-verkkojen vaatimukset korkeammalle kapa-
siteetille, luotettavuudelle ja energiatehokkuudelle ovat motivoineet CCD-menetelmien kehitys-
työtä. Erityisen tärkeää CCD-menetelmien tehokkuudelle on kannustinmekanismien kehittämi-
nen mahdollistamaan yhteistyö mobiilikäyttäjien välillä.

Väitöskirjatyön ensimmäinen osuus käsittelee ideaalista tilannetta luotettavalle ja virheettö-
mälle sisällön jakamiselle hyödyntämällä solukkoverkkoa ja lyhyen kantaman linkkejä. Tässä
osuudessa päätuloksena on kehitetty käyttäjien valinnalle menetelmiä, jotka huomioivat linkin
laadun solukkoverkon ilmarajapinnassa. Ehdotetut menetelmät tuovat operaattorille säästöjä taa-
juusresurssien käytön osalta ja käyttäjät saavuttavat korkeampia laskevan siirtotien datanopeuk-
sia.

Työn toinen osuus tutkii todenmukaisempaa CCD-tilannetta, jossa alhaisen datanopeuden
linkkien käyttäjät voivat olla pullonkaula CCD:n suorituskyvylle. Päätulos tässä on uusi käyttäji-
en valintamenetelmä, joka ottaa huomioon linkkien laadun sekä solukkoverkossa että lyhyen
kantaman linkeissä. Lisäksi esitellään eri taajuuksien yhdistämistä hyödyntävä kannustinmene-
telmä, joka ottaa huomioon itsekkäiden käyttäjien aiheuttamat ongelmat. Ehdotettu mekanismi
maksimoi yksittäisen käyttäjän ja verkon hyödyt ja saavuttaa tasapainotilan käyttäjien yksipuo-
lista itsekkyyttä vastaan.

Väitöskirjan kolmannessa osuudessa tutkitaan haitallisen valikoitumisen mahdollisuutta
CCD:ssä. Operaattorilla oletetaan olevan epätäydellistä tietoa käyttäjien halukkuudesta osallis-
tua yhteistyöhön CCD:ssä. Tämän osuuden päätulos on esitellä sopimuksiin perustuvia kannus-
tinmenetelmiä, joiden avulla operaattori voi motivoida käyttäjiä paljastamaan heidän todellinen
tahtotilansa osallistua yhteistyöhön. Ehdotetut menetelmä kannustavat käyttäjiä heidän todelli-
sen tahtotilan perusteella ja parantavat järjestelmän suorituskykyä operaattorin ja käyttäjien saa-
vuttamien hyötyjen osalta.

Asiasanat: haitallinen valikoituminen, ilmarajapinta, kannustinmekanismi,
kantoaaltojen yhdistäminen, kuorman jakaminen, langaton lähiverkko, peliteoria,
solukkoverkot, sopimusteoria, yhteistyössä tapahtuva sisällön jakaminen
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Abbreviations

Acronyms:

5G 5th generation
AP Access point
BS Base station
BT Bluetooth
CA Carrier aggregation
CCD Cooperative content delivery
D2D Device-to-device communications
eMBMS Evolved multimedia broadcast multicast services
FRDP Follow-reward and disregard-punish
LTE Long-term evolution
MUSC Multiple-user, single-contract
MUMC Multiple-user, multiple-contract
NE Nash equilibrium
SB Select best
TUS Total users served
TVB Total value brought
WLAN Wireless local area network

Roman-letter notations:

b BS’s cost for providing incentives to capable user
c′ Capable users’s unit cost of participating in CCD
N , N Set of users interested in the same content within the BS cell, number of

users interested in the same content within the BS cell
Nc, Nc Set of capable users, number of capable users
Pi Cost of effort by a capable user i when it participates in CCD
Ri Resources allocated to capable user i by the BS
R̄i Basic resources allocated to capable user i by the BS
ri Additional resources given to capable user i as incentives
R̂i Total resources given to user i
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Ti Number of other users a capable user can serve through WLAN
Ui, Ūi User i’s utility and reservation utility, respectively
v(Ri) Evaluation function of resources allocated Ri to user i by the BS
W BS’s utility
r Set of rewards for both high and low preference type
P Set of cost of effort required from users of both high and low preference

type
c BS’s unit cost of giving rewards to users
c′ A capable user’s unit cost for participating in CCD
PH

i , PL
i Cost of effort required from user when it is of high and low preference

type respectively, in a contract
qi Probability with which a capable user i is of high preference type
ri Additional resources given to user i as incentives
rH

i , rL
i Incentives given to a user i in contract when it is of high and low

preference type, respectively.
(Pk

i , rk
i ) Contract item designed for user i of preference type k, k ∈ H,L

UH
i , UL

i Utility of capable user i in contract when it is of high and low preference
type, respectively.

v(ri) Evaluation function of incentives ri given to user i by the BS, in a
contract

Ac Number of other competing WiFi users on same channel as a user i

BC Bandwidth of a cellular carrier
BW Bandwidth of a WiFi channel
di Distance between BS and user i

di j Distance between user i and user j

Delmax Maximum time required by a user (under the worst-case scenario) to
receive the entire content

Delmin Minimum time needed for a user to receive the same content
eC

i , eN
i , eR

i Relative energy cost of a user i when candidate, default and recipient
respectively

êC
i , êN

i , êR
i Relative energy cost of user i when candidate, default and recipient

respectively with CA
Ecrx, Pcrx Energy consumed and the power required to receive data by cellular

communication
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Eci, Pci Energy consumed and power dissipated in cellular mode when in idle
condition

Esrrx, Psrrx Energy consumed and power required to receive by short-range commu-
nication

Esrtx, Psrtx Energy consumed and power required to transmit by short-range com-
munication

Esri, Psri Energy consumed and power dissipated in short-range mode when in
idle condition

Etotal Total energy consumed by the system of users
EC,i Average energy incurred by user i when receiving by cellular
ÊC,i Average energy incurred by user i when receiving by cellular, with CA
EN , ES Average energy cost per user in default cellular and proposed method
EWr ,i Average energy incurred by user i when receiving by WiFi
EWt ,i Average energy incurred by user i when transmitting by WiFi
g f Fading gain
hi Channel gain between BS and user i

hi j Channel gain between user i and user j

JC Average bit-per-Joule performance (default cellular) per user
JS Average bit-per-Joule performance (proposed method) per user
L Length of content in bits
MSi Mobile station corresponding to user i

N0 Noise power density
N Number of users in the cell
nc Number of clusters in the cell
NS Average number of saved carriers
Nb Number of sub-bands in the proposed best band cooperative method
Nr Number of users given content directly by BS in the cooperative content

delivery methods
nt Number of users in each cluster
ND Number of users given content directly by BS in proposed SB method
O Number of other competing interferers in a zone
PB,i Average downlink power dedicated to i by the BS
PC,i Average power consumed by user i when receiving by the BS
PWr ,i Average power consumed by user i when receiving by WiFi
PWt ,i Average power consumed by user i when transmitting by WiFi
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rC
i , rN

i , rR
i Relative rate of user i when candidate, default and recipient respectively

r̂C
i , r̂N

i , r̂R
i Relative rate of user i when candidate, default and recipient respectively

with CA
RC,i Average rate when user i receive content from the BS
R̂C,i Average rate when user i receive content from the BS with CA
RW,i Average WiFi rate of a user i

Rmin,Nr The rate at which the content is multicasted by the BS in cooperative
content delivery methods

Rmax,Nr The maximum rate among a subset of users
rmin,i The short-range broadcast rate for user i

tS Total number of timeslots for which a finitely repeated game is played
Slimit Maximum amount of time taken for a mobile station to receive content

from the BS
U Average utility in a round
w1, w2 User’s preference weights of metrics
X Number of circular zones of active independent WiFi users

Greek-letter notations:

α Path loss exponent
κ Path loss constant
ρS Coverage radius of selected device
λ0 Mean of the Poisson distribution of total arriving users
ρC,ρT Radius of cluster and radius of cell
θH ,θL Coefficient parameter for high and low preference type users
Φ Contract set consisting of contract items for both high and low preference

types
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1 Introduction

1.1 Motivation

Over the last decade, the surge in new smart device users and the high demand services
they consume, has led to a phenomenal growth in mobile/cellular data traffic. Over
two-thirds of this growth in data traffic is due to data hungry smartphone applications
such as video and audio streaming, social sharing, or cloud-based services. As the
developing world is expected to add more than 400 million new users of smart devices
to the global network, the growth in demand for data traffic is expected to continue
[1, 2]. To address this challenge the wireless industry is preparing for a long-term 1000
times more data traffic in cellular networks [2].

One possible solution to accommodating this explosion in data traffic is to upgrade
existing networks to the next generation networks. Another solution is to increase the
number of base stations and reduce the size of the cells to increase the capacity of the
cellular network. In addition to that, there are complementary approaches to mitigate
congestion in cellular networks. One such approach is mobile data offloading which
refers to the method of steering data traffic from cellular networks to heterogenous
networks such as femto-cell based [3], WLAN access point (AP) based [4], device based
opportunistic networks [5] etc., to relieve the infrastructure network load.

When many mobile users are in spatial proximity, and demand the same rich
content, the default method of distributing content among users in the current cellular
networks is by each user independently downloading the requested content using their
own cellular links [6]. This currently used default method of operation can lead to
cellular traffic congestion. Although, alternative technologies such as Long-Term
Evolution (LTE) Broadcast with Evolved Multimedia Broadcast Multicast Services
(eMBMS) [7] are efficient in delivering the same content to multiple users through
multicasting, the absence of feedback and the considerable signalling overhead this
method incurs [8], restricts its applicability [9]. Moreover, many application scenarios
include both synchronous and asynchronous content delivery to a group of users. As
a result, the synchronous technology of eMBMS is only applicable to a subset of all
possible scenarios of delivering rich content in cellular networks where users are in
close proximity to each other.
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Fig. 1. Classification of content delivery methods.

Mobile offloading techniques can be classified into three types as shown in Fig. 1,
which are based on (a) offloading through femto-cells, (b) offloading through wireless
APs, and (c) offloading through devices. Femto-cells can be used for offloading cellular
traffic. However, since femto-cells utilize the same spectrum as the cellular network,
interference management becomes an important issue [10]. On the other hand, if
the conventional means of diverting traffic using fixed WLAN APs is considered for
the scenario of distributing content, it is observed that the coverage is limited and
the mobility is generally constrained within the cell. Moreover, WLAN is currently
only suboptimally utilized [11]. This is because the decision to utilize WLAN for
communication is made irrespective of real-time information about all the available
resources (for e.g., cellular resources). As a result, the current methods of operation can
lead to cellular/WLAN congestion in situations where many users who are in proximity
of one another demand rich content.

Though smart devices are content hungry, these devices have exhibited advanced
features, such as support for a large memory space, increasing processing capabilities,
and also support for multiple interfaces. This makes it possible to deploy a device
based network that relies on direct communication between smart devices without any
need for an infrastructure backbone [12, 13]. For the scenario of distributing common
content to a set of co-located users, the cellular provider may send the content to a
subset of users via the cellular network and let these users distribute the content further
through their local connections. Device based offloading schemes can exist where
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(a)

(b)

Fig. 2. (a) CCD for distributing common rich content in areas of high traffic demand, e.g., in
a stadium, (b) a network of both operator and user deployed WLAN networks.
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smart devices are explicitly used as a part of the offloading scheme, either by using
non-conventional cellular techniques such as LTE-D2D (device-to-device) or by using
the devices’ multiple wireless interfaces. In LTE-D2D, direct in band communication
capabilities are integrated into future cellular architectures. This paves the way for a
combined use of cellular and short-range transmissions, offering various degrees of
freedom for transmission and a network-assisted environment. End users can discover
each other in proximity through explicit probing or via the guidance of the access
network. E.g., the work in [13] studies hybrid networks using a single cellular interface.
This work considers a device-to-device (D2D) LAN underlaying a cellular uplink,
where multiple D2D users (DUs) intend to communicate with a D2D receiver. However,
critical issues such as neighbor discovery, transmission scheduling , resource allocation
and interference management still need to be addressed in order to proceed to effective
integration in future cellular architectures.

The availability of multiple wireless interfaces on smart devices could potentially
enable these devices to operate in heterogeneous environments and use diverse protocols
and operate over much wider bandwidths [14]. Therefore, it is natural to use these
multiple interfaces intelligently to distribute content among users. Cooperative content
delivery (CCD) using multiple interfaces is an emerging and powerful solution that can
overcome the limitations of the traditional use of a single wireless interface for content
download (as shown in Fig. 2(a)). For instance, the works in [5, 14] have shown that the
problem of congestion can be mitigated if the available multiple interfaces on smart
devices are utilized intelligently to disseminate data content among a group of users
that are in the vicinity of one another. In addition to offloading traffic via the cellular
operator’s own WLAN networks, the cellular operator can also leverage the WLAN
access points (APs) deployed by users (as shown in Fig. 2(b)) for distributing content
to the other users within their wireless range [15]. However, when the user’s smart
devices behave as wireless portable hotspots or when WLAN networks deployed by
users (in homes, hotspots etc.) are used for offloading cellular traffic, then firstly these
devices or networks are not easily discovered. Moreover, certain information such as
their exact locations, interference conditions, quality of their cellular links with the
operator’s BS or the WLAN links between users, is typically not known to the operator
[16, 17]. The cellular network is therefore constrained to delivering content only with
partial information about the network. In these cases, the operator can use wireless
crowdsourcing, which is a method of tapping into the collective abilities of different
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independent wireless entities to accelerate the performance of a wireless communication
system and/or to perform a task efficiently [17–19].

Several practical use cases for CCD have been discussed in different works, a few
of which include: 1) Devices that simultaneously request the same data content [6].
For instance, when a group of devices want to watch a video (such as a live game or a
popular YouTube content) simultaneously. It is in general not comfortable for more
than one user to watch the video together on one phone/tablet screen; 2) Devices that
asynchronously request the same popular content. For instance, a group of people who
are interested in watching the same popular audio/video content on their devices but
at different times [20]; and 3) Software updates on smart mobile devices at regular
intervals of time. The practical use cases for CCD using multiple interfaces for a group
of smart phones in close proximity are not limited to the area of entertainment, but can
also be found in areas such as education, medical sciences etc. Documentary videos
and educational movies can enhance the learning process adopted by educators in a
classroom [21]. Also, health care providers have made important advances in video
content usage [22].

In different forms of cooperation in heterogenous wireless networks, it is necessary
to ensure cooperation from third parties e.g. D2D devices, small cells, and users with
multiple interfaces. However, therein lies a conflict when participating in such activities,
because third parties consume resources, such as battery capacity and computing power
[23]. Such a conflict results in a reluctance of the parties to participate, which is a major
impediment to the development of practically attractive traffic offloading and mobile
crowdsourcing solutions. Therefore, to successfully achieve the potential benefits, there
is a need to develop effective incentive mechanism designs for wireless networks, in
order to incentivize the third-party participant and improve overall operational quality.

CCD networks present unique challenges and opportunities for the design of
incentive and punishment mechanisms to ensure CCD. Straightforward applications of
well-known direct and indirect reciprocity mechanisms for incentivizing cooperation
and punishing defections among users may not be effective in the context of CCD.
This is because, due to the changes in the cellular network topology, different users
are involved in CCD over time. For example, a user currently involved in CCD with a
certain group of users may have to later become involved in CCD with another group of
users. Hence, in such cases the user may not have opportunities for direct or indirect
incentivization or retaliation in response to observed cooperation or free riding, as
user interactions change over time. Moreover, it is memory and computation intensive
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to follow a reciprocity-based protocol which requires each user to keep track of the
strategies and reputations of different users with whom they interact over time. To avoid
such memory and computation intensive operations on a user’s device, CCD strategies
in which the BS implements an incentive and punishment mechanism may need to be
designed.

In the next section, cooperative content delivery techniques and incentive mecha-
nisms that have been presented in the literature, are discussed in detail.

1.2 Literature review

This subsection presents a review of previous works on different cooperative content
delivery methodologies and incentive mechanisms used to induce cooperation among
users in wireless networks.

1.2.1 Cooperative content delivery in wireless networks

In a hybrid wireless network both infrastructure-based and infrastructure-less (i.e., ad
hoc mode or peer-to-peer mode) communications can be used by wireless devices.
Cooperative communications in hybrid wireless networks, where some or all devices are
used to relay the source signal to other devices is an intensively studied topic. In this
section, a review of cooperative communication techniques in hybrid networks that are
used to efficiently satisfy the already massive and rapidly growing user demand for rich
content applications, is presented. Additionally, a comprehensive categorization of the
existing solutions in the literature is provided.

Broadly speaking, the works that exploit multiple wireless interfaces for CCD for
users that demand the same content can be classified into two categories: 1) Methods
in which two or more devices that are in close proximity request the same content at
different times [5, 24]. The works in [5, 24] study methods where a device downloads
the content using a primary interface and stores the content locally. A device then
opportunistically exploits its secondary interface to either cooperatively deliver or
download content to/from those devices that come in close contact and are interested in
the same content. The decision about using the secondary interface is based on social ties
between the users, as well as mobility and infrastructure/device caching. 2) Methods in
which two or more devices that are in close proximity, simultaneously request the same
content. Generally, in these methods the devices employ a primary interface (such as the
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cellular interface) for downloading the data content, and simultaneously use a secondary
interface (such as WLAN or Bluetooth (BT)) for cooperatively sharing/distributing
the content to other users nearby. The works in [6, 25, 26] study simultaneous content
request/delivery scenarios. To guarantee real-time requirements, most architectures
in these scenarios assume low mobility and co-located peers interested in receiving
the same content [61]. Among simultaneous content request/delivery methods, there
have been past works in which the source delivers content cooperatively either by using
multiple interfaces of a subset of users or by using the multiple interfaces of all users.
The works in [6, 25–27] focus on techniques that use multiple interfaces of all users in a
group. For example, in [25], each smart device downloads part of the video content
from the source using the cellular interface. The received content segment is then
cooperatively broadcasted by each user to other users in the group. The source can
provide a fixed number of different content segments to each user, or they can provide a
variable number of content segments to each user based on their link qualities. Although
such methods can improve the cellular spectrum usage, they may not necessarily reduce
the number of cellular carriers involved in the content delivery process.

On the other hand, the works [27–29] show that multiple interfaces of only a selected
set of devices can be used for distributing content to a group of users. In [28], the author
uses a variable data rate the cellular users can reach, to transmit data to only those users
with the best channel quality. This rate-proportional scheme for the selection of users is
shown to perform better in terms of energy consumption and throughput. Kang et al.
propose CHUM, a turn-based download strategy where the designated proxy downloads
multimedia content through the cellular network and then multicasts the same content
through the WLAN interface to other interested nodes [29]. This method aims at cutting
the connection costs by up to 90% and maintaining fair resource usage. Similarly, in
[30], the authors propose the COSMOS architecture that exploits the availability of an
alternative channel to broadcast a real-time stream to nearby nodes.

The works in [31, 32] consider the use of cooperative packet delivery for coverage
extension scenarios where a mobile node which is out of the transmission range of a BS
is forwarded data by other nodes carrying data from the BS or they utilize cooperation to
serve users in dead spots in a cell, i.e., the spots which are not reachable by a BS in a
single hop. In [33, 34], the authors consider the use of cooperative packet delivery in
hybrid networks between devices that want to communicate data with each other, are in
the same area and they communicate using ad hoc mode as routing them through the BS
can be very wasteful.
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In [35] and [36], the authors propose cooperative methods in which content is
delivered using cellular interfaces, and secondary interfaces of users are only exploited
for the recovery of lost content packets. The works in [37], [38] and [39] study
performance in terms of energy and throughput of a cellular and a WLAN interface
to deliver content. The work in [40] considers multi-user scenario for CCD using
cellular and a short range interface. Using theoretical and numerical analysis different
works have shown that CCD using multiple interfaces can improve the content delivery
performance of cellular networks [28]. However, to evaluate the content delivery
performance using multiple interfaces, real-time measurements using different interfaces
for content delivery are equally important. Several works in [41–45] have performed real
measurements to evaluate the energy and throughput performance of different wireless
interfaces for content delivery. In summary, the measurement based works in [41–45]
point to the following conclusion: In terms of content delivery, WLAN performs better
in terms of average energy efficiency and average content delivery rate as compared to
different cellular and BT technologies.

1.2.2 Incentive mechanisms in wireless networks

The methods of CCD using multiple interfaces require a subset of users to contribute
their resources, such as battery and device computation resources for cooperatively
sharing content with other users locally. But each such mobile user is an independent
entity that acts to maximize its own utility. Such a selfish user will choose to deviate
from CCD method if such a deviation would increase its utility. Therefore, CCD
networks are vulnerable to free-riding users. This creates the requirement of designing
incentive and punishment mechanisms to ensure that the users don’t act selfishly and
for the overall welfare of the network. The design of such mechanisms to achieve
cooperation in wireless networks is an extensively researched topic [46–51]

In heterogenous cooperative wireless networks, the incentive mechanisms are
crucial in order to motivate users to participate in collaborations such as offloading
traffic or participatory sensing. Broadly speaking, the different forms of incentives
that can be used to encourage users in a network to cooperate can be classified as (a)
monetary [2, 52] and (b) non-monetary incentives [53, 54].
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Monetary Incentives

Monetary incentives refer to rewards in the form of money which the operator/service
provider or the platform directly pays to the users for their successful contribution
in completing a task. Examples of popular platforms that use monetary incentive
mechanisms are Amazon Mechanical Turk [2] and Medusa [55]. The monetary incentive
mechanisms in mobile networks, that have been extensively studied in the literature, are
mostly based on reverse auctions [56]. In the participatory sensing methods proposed
in [52, 57], the users bid their respective desired payments for performing a sensing
task requested by the service provider. Then the service provider selects the set of
winners by either selecting the lowest bidders [57] or by taking a combination of users’
locations and reported sensing costs [52]. The service provider then rewards the users
accordingly. Although auction methods are simple, risk-free of bid non-fulfilment and
oblivious to truthfulness, the main drawback of these methods is that one must outbid
everyone else in order to win. Therefore, auctions are not suitable for tasks where
massive participation is required to achieve a desired outcome. In those cases, lottery or
Tullock contest [56] can be a good alternative monetary incentive mechanism where the
winner is determined by a winning probability and therefore in this mechanism every
user has a chance to win.

Offering of contract is another effective tool that is useful in providing monetary
incentives when the provider has limited information of the users valuation of the
resources. It motivates users to reveal their true preferences among strategies, and
the service provider can find the optimal contract pair, of performance of users and
rewards, to be given to the user in order to maximize its own utility and the social
welfare. In [58], the authors propose a quality-price contract for spectrum trading in
a monopoly spectrum market. The work in [59] propose a contract based spectrum
sharing mechanism to avoid possible manipulation in the auction. On the other hand,
unlike contracts, the incentive method of pricing is used when the service provider has
knowledge about the value of the resource that is being allocated to the users. In [60],
the authors propose different pricing models to incentivize secondary cognitive radio
(CR) users for designing a socially efficient power/rate allocation scheme in cognitive
networks.
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Non-monetary Incentives

The non-monetary incentives can be classified as (a) performance-based incentives, e.g.,
capacity, rate, and cost, (b) intrinsic incentives, e.g., mental satisfaction, self-esteem,
personal skills, etc., gained through participation [61], (c) ranking incentives, e.g.,
trust and reputation, and (d) contract-based incentives. Capacity is the most basic
performance-based incentive to meet the explosion of data traffic where the improved
capacity is referred to the throughput per user for the mobile user. In [62], the authors
discuss a network assisted WLAN offloading model to maximize the per user throughput
in a heterogenous network, where the network information such as number of users in
a WLAN and their traffic load, is collected and a maximization problem is solved to
achieve the maximum per user throughput.

Another performance-based incentive is cost minimization in cellular networks. In
[63], the authors propose a novel mobile tethering based cooperative network system
where tethering markets are opened and cellular traffic is traded in order to minimize the
overall cellular traffic cost of the system. The authors of [64] propose a method to find
the optimal distribution of contents using cache coordination algorithms to determine
what content must be put in each cache. Through the optimal replication and placement
of content in caches, this method minimizes the average cost per requested piece of
content.

The rate in the form of the average completion time of demanded data transmissions,
can be a significant performance parameter too, which can be used in order to incentivize
users in WLAN offloading. For instance, in [65], the authors propose a method to
find the optimum fraction of traffic to be offloaded to maximize the probability that
a randomly located user has a rate greater than an arbitrary threshold. A trust and
reputation system is another non-monetary incentive method where trust refers to local
and subjective measures of the relationship between two persons/agents, and can be
derived from direct or indirect past interactions whereas, reputation is a global and a
rather objective measure by aggregating all other people’s trust with respect to a certain
person [66]. This mechanism is more sustainable than monetary incentive mechanisms
due to the lack of financial burden and the long-term social influence. In [53, 67], the
authors propose an inference system to determine the trust of the contribution, given
quality of the contributed data and the trust of the participant. The consequent reputation
of the participant determines the reward of the participant user, which incentivizes the
user to contribute more and improve the quality of its contribution.
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Fig. 3. Challenges and solutions while designing CCD methods using multiple interfaces.

The tool of contracts for providing monetary incentives, has also proven to be
successful in providing non-monetary incentives to users in order to encourage them
to participate in cooperation under conditions of information asymmetry [23, 68, 69].
There are two main contract models (a) adverse selection, where the users have certain
information hidden from the operator and (b) moral hazard [70, 71], where the user can
exert some hidden effort which will also have an impact on the performance of the
operator. In [68], the authors propose a contract-based cooperative spectrum sharing
mechanism under different information cases. In [69], the authors propose a contract-
based incentive method to encourage users to participate in a device-to-device (D2D)
mechanism under adverse selection. The BS offers users free data as non-monetary
incentive in return for rates offered due to the users participation in D2D. In [23], the
authors propose a contract-based incentive method for an adverse selection situation in
relay-assisted cooperative communication between a source node and a destination
node. By using this method, the source can provide incentives to the relay nodes to
reveal the relay’s channel conditions with the destination node and for the relay nodes to
participate in relaying.
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1.3 Objectives, contributions, and the outline of the thesis

The main objective of this thesis is to analyze the challenges in designing CCD
methodologies for efficient content distribution and propose solutions to overcome these
challenges (see Fig. 3). The idea is to design device selection methods through which
the cellular and local links can be used to improve the cellular spectrum usage and the
users can enjoy higher downlink rates.

There are different ways of selecting devices for CCD. In an ideal condition, the
operator could select the devices based on their cellular link quality, assuming that the
secondary wireless interfaces, that are utilized for mobile-to-mobile CCD have the same
quality in terms of their transmit/receive performance. Two different methods for CCD
are proposed for such an ideal condition. However, in a more realistic scenario, the
secondary link conditions, coverage information of the devices, etc. are not available at
the operator end. Moreover, the link qualities are different. For instance, due to the
broadcast nature of WiFi interface, even a single bad link can serve as a bottleneck
in terms of CCD performance. This may lead to inefficient content delivery using
cooperative networks. Therefore, for an efficient CCD, an intelligent selection of devices
is proposed in this work where devices with both good cellular and WLAN links are
selected for CCD. Additionally, in the unlicensed band, the presence of independent
competing/interfering links (such as competing users) on the performance of CCD is
studied. Another challenge in CCD is that mobile devices need to spend their limited
resources to distribute content/content segments to other users. This might prompt
users to deviate from cooperation. Therefore, in this work, an incentive and punishment
mechanism is proposed to encourage cooperation among the users involved in CCD.
Further, the impact of the mobility of the devices on the performance of the proposed
CCD method has been examined. Finally, an information asymmetry in the network is
assumed where the users may prefer not to participate in CCD and the BS has only
partial knowledge about their preferences regarding participation. This scenario of
information asymmetry creates an adverse selection problem.

The above challenges are crucial for future 5G networks because muti RAT in
heterogeneous networks are one of the most promising solutions to improve network
capacity and to ensure seamless connectivity with high QoS (quality of service). In this
thesis, answers to the following questions are sought: How can devices be selected for
CCD in an ideal scenario and a realistic scenario? Would a mobile user free ride in
CCD? How can mobile users be incentivized to cooperate? For the adverse selection
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problem, how can the operator provide the right incentives for the selected devices in
accordance with their preferences?

This thesis has six chapters. The contributions of each chapter are summarized as
follows:

Chapter 2: This chapter describes the theoretical tools of game theory and con-
tract theory which have been used for incentivizing users to participate in CCD. The
discussion is divided into two parts, the first part is about how the tool of game theory
can be used to motivate users to cooperate rather than to deviate from CCD. The other
part is about using the tool of contracts for overcoming the constraints of incomplete
information for CCD in a wireless network. The basics of contract theory along with the
way this tool can be used to reveal the true preference type of a user in presence of
the adverse selection problem, are discussed. The game theory based tools are used in
Chapter 4 and contract theory based tools are used in Chapter 5.

Chapter 3: This chapter describes different device selection methods which leverages
multiple interfaces of the selected devices/users to perform CCD assuming an ideal and
error-free situation, where every user selected by the BS can distribute the downloaded
content segment to all users via short-range links. The methods proposed in this chapter
take into account the link quality of primary (cellular) interfaces of the devices to
select the devices for CCD. Moreover, in the proposed methods, splitting of the content
among the selected devices using different criteria, is considered and thereafter, a
cooperative broadcast of their downloaded content segment to other users through
short-range links is assumed. Using such CCD methods, the users can enjoy higher
downlink rates. Further, the energy and delay performances of these proposed meth-
ods are compared with the similar performances of state-of-art, content delivery methods.

Chapter 4: In this chapter, a novel device selection method which leverages multiple
interfaces of the selected devices to perform CCD, is proposed. However, different
users can experience different link qualities, and users with slow wireless links can be a
bottleneck in terms of CCD performance. To address this problem, a device selection
method is proposed that takes into account the link quality of both primary (cellular) and
secondary (WLAN/short-range) interfaces of the devices, and selects the devices with
the best link quality for CCD. Furthermore, a framework of repeated games is used to
show that the proposed method is vulnerable to selfish deviating users. To address this
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challenge, a carrier aggregation-based incentive mechanism for the proposed method is
designed.

Chapter 5: In this chapter, the adverse selection problem in CCD networks is in-
vestigated. A user selected by the BS for distributing content locally might act selfishly
in order to save its own resources and therefore might be unwilling to participate. It
is assumed that there is incomplete information at the operator end about the willing-
ness/unwillingness of the user to participate in CCD. In order to overcome this problem
of adverse selection in CCD, two contract-based methods under information asymmetry
are proposed. In each method, the operator designs a performance-based contract set for
the users that are capable of distributing content to other users locally. By assigning
contracts, the operator can help to reveal the true willingness of the users, even in the
presence of the information asymmetry that exists in between the operator and the set of
users.

Chapter 6: This chapter draws the conclusion of this thesis and discusses future
directions of this work.

1.4 Author’s contribution

The author’s research work at the University of Oulu was published in two journal
papers [54, 72] and two conference papers [15, 27]. Moreover, some of the work is also
based on the contributions of the author to one journal paper [12] and one conference
paper [73]. The thesis is written as a monograph based on the works in [54] which is
published and [72] which has been submitted, focusing on incentive techniques for users
to participate in cooperative content delivery methods. The author of this thesis had the
main responsibility in proposing the original ideas, conducting the analysis, developing
and carrying out the simulations, generating the numerical results, and writing the
papers [15, 27, 54, 72]. Other authors provided invaluable comments, criticism, and
support during the process. Note that the work in [72] is undergoing a review process.
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2 Analytical tools to design incentive
mechanisms in wireless networks

In this chapter, the mathematical tools of game theory and contract theory used to
incentivize users to cooperate in wireless networks, are discussed within the scope of
this thesis. Firstly, a review of the concepts of equilibrium in both strategic form games
and extensive games is presented with some illustrative examples. The focus is on
infinitely repeated games, and how the equilibrium is established in such games. It is
then shown that these equilibrium strategies for an infinite horizon can be used to induce
cooperation among users.

Thereafter, a discussion on contract theory which mainly focusses on adverse
selection is presented. An incomplete information scenario of CCD is considered where
the BS does not have complete information about the users’ preference choices toward
participating in CCD. In the second subsection, it is shown that by offering contracts the
users with good quality links and coverage can reveal their true preferences with respect
to participating in CCD.

2.1 Repeated game theory

Game theory [74, 75] is a branch of applied mathematics which is widely used in
areas of economics, computer science, military, and evolution biology etc., to study
interactions between rational participants in a multi-agent decision process. Games
are generally categorized into static and dynamic games [74]. A static game is used
to model interactions between players when they take actions only once in a single
period. In contrast, dynamic games are applied when players take actions over multiple
periods. A repeated game is a dynamic game which is a suitable model to represent
the interactions and conflicts between nodes in a wireless network for achieving their
objectives for the long-term [76]. Unlike a static game, which models interactions
between players in one period, a repeated game is an extensive form game, in which
interactions between players are repeated for multiple periods. When engaging in a
repeated interaction, the players must consider not only their short-term gains but also
their long-term payoffs. In such situations, each player can condition his/her action
at each point in time based on the other players’ previous actions in order to achieve
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their goals. A player is able to deter another player from exploiting his/her short-term
advantage by threatening a punishment which reduces his/her long-term payoff. By
imposing such rules and mechanisms of self enforcement on the players, cooperation
can be induced among them through long-time interactions.

In wireless networks, it is common for each node/player to maximize their own
benefits with little consideration about the social welfare of the network. Therefore,
conflicts of interests between the wireless nodes might lead to selfish behaviors which in
turn may lead to detrimental individual payoffs for some entities and poor performance
of the overall network. Repeated games can be applied to encourage these nodes into
cooperation which in turn can lead to improved network performance and avoidance of
network disruptions due to selfish behavior. Repeated games models have been used for
addressing different issues in wireless networks [77], such as multiple access control
in cellular and local area networks (WLANs), resource sharing in wireless ad-hoc
networks, and spectrum sensing in CRNs. In [78], the authors applied repeated games to
power control problems in wireless networks where if any player increased its transmit
power above a desirable level causing interference to other players, it was punished in
the next round in the next time slot by all the other users. In [79], the authors used a
Stackelberg game to model the interactions between a content server and users where
the server assigns a reward first, and thereafter the users choose the transmission rate
based on the reward. It is shown by extending this game to a repeated game that users
may refuse to forward packets and hence may deviate from the Stackelberg equilibrium.
Therefore, they propose a cheating prevention mechanism to deal with the problem of
cheating users.

There can be two general classes of repeated games, namely (a) Finitely and (b)
Infinitely repeated games. If tS is the number of times a strategic game is repeated,
then finitely repeated games are repeated a finite and known number of times, i.e.,
tS < ∞. Whereas the games which are of no predetermined length are called infinitely
repeated games. Such games are used to model situations in which the players are
not sure about when the repeated interactions among them will end. The fixed finite
horizon in finitely repeated games exerts an overpowering influence on the player’s
behavior. In long-lasting interactions, the termination date may play a small role in
the participants strategic calculations until it is imminent. In such cases, a model in
which play may continue indefinitely may better capture the considerations relevant to a
participant’s choice of strategy than the model of a finitely repeated game. Therefore,
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Fig. 4. Payoff matrix for the One-Stage Game of Prisoner’s Dilemma.

the discussion shall be limited to infinitely repeated games since these games better
capture the participant’s strategic reasoning.

Next, repeated games are illustrated mathematically in the following way. A strategic
form game is represented by the 3-tuple vector G =< N ,(Ai)i∈N ,(gi)i∈N > where N is
the set of users engaged in the game, Ai is the set of action strategies user i can choose
from, and gi :A→R is the corresponding payoff function whereA is the set of action
tuples and A = A1× ...×AN . The Nash Equilibrium (NE) of a strategic game is defined
as a strategy profile where no player can gain a its payoff from its unilateral deviation.
For illustration, the Prisoner’s Dilemma (PD) is considered as a stage game G. PD is a
standard game which is used in game theory in order to understand why two “rational”
individuals will not cooperate, even if it appears that it is in their best of interest to do so.
In this game it is assumed that two criminals belonging to the same gang are arrested
and imprisoned. They are isolated from each other and questioned. The prosecutors then
offer a bargain to the two prisoners simultaneously. Each prisoner can choose to either
cooperate (C) with the other by keeping silent or defect (D) by testifying that the other
committed the crime. The offer is that if both of them choose to cooperate then both will
get only 1 year in prison. If both the prisoners defected then both will get 2 years in
prison. However, if one prisoner cooperates and if the other prisoner chooses to defect,
then the defecting prisoner will be set free while the cooperating prisoner will get 3
years in prison. It is assumed that the payoff that a prisoner gets corresponding to 1, 2 or
3 years in prison is -1, -2, and -3 respectively. Considering that if this strategic game is
played only once the following payoffs are obtained (as shown in Fig. 4). From the
payoff matrix, it is clear that defecting (D) is a dominant strategy for both the users and
(D, D) is the unique NE of this one-shot game. Therefore, both the players will choose to
defect rather than cooperate if the game is played only once. If, however, it is repeatedly
played by the same two players, then the possibilities for cooperation might emerge.
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An infinitely repeated game is defined using the stage game G by the following
elements. The stage game is played at each discrete time period t = 0,1,2, ... and at the
end of each period, the players observe the realized actions by the other player. Let
at ≡ (at

1,a
t
2,a

t
3, ...a

t
N) denote the action profile of N users in time period t. Let h0 denote

an initial history and the history for t > 0 is represented by ht which includes all the
action profiles realized prior to time period t.

ht = (a0,a1,a2, ...,at−1), for t = 1,2,..., (1)

A terminal history refers to a history that is infinite and is of the form (a0,a1,a2, ...).
A strategy of player i in an infinitely repeated game of the strategic game G specifies

an action of player i for every sequence of actions (a0,a1,a2, ...,at−1) or outcomes of G.
A strategy profile s is used to represent the strategies of all players and is therefore
defined as s = (s1,s2, ...sN)

The set of equilibria of infinitely repeated games can be completely different from
that of corresponding finitely repeated games because the players can use self-enforcing
rewards and punishments that do not unravel from the terminal periods. While for
infinitely repeated games, a strategy can explicitly state what to do in each of the tS
periods, specifying strategies for infinitely repeated games is trickier because it must
specify actions after all possible histories, and there can be an infinite number of such
histories. There is a class of such strategies e.g., always defect, always cooperate,
tit-for-tat and trigger strategies [80]. However, strategies are sometimes limited to, for
instance, strategies that can be implemented with a finite state machine only. One of the
common strategies without such limitations are trigger strategies. A trigger strategy
threatens to punish a player that deviates from an implicitly agreed profile strategy.
For example, the grim trigger strategy for an infinitely repeated game of the Prisoner’s
Dilemma is defined as follows. si(φ) =C and

si(a0,a1, ...,at−1) =

C, if (at
1,a

t
2,a

t
3, ...,a

t
n)=(C, C, ..., C)

D,otherwise
(2)

for every history (a0,a1,a2, ...,at−1) where j is the other player. A player may normally
choose to act selfishly to increase their own reward rather than play the socially optimum
strategy. However, if it is known that the other player is following a trigger strategy, then
the player expects to receive reduced payoffs in the future if they deviate at this stage.
An effective trigger strategy ensures that cooperating has more utility to the player than
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acting selfishly now and facing the other player’s punishment in the future. Therefore, in
infinitely repeated games, the preferred strategy is to cooperate and play the socially
optimal strategy rather than the Nash strategy of the one stage game. Similarly to the
grim trigger strategy, new strategies can be designed in infinitely repeated games to
induce cooperation among users.

Next the player’s payoff functions for infinitely repeated games are defined. The
players evaluate infinite streams of payoff using either (a) the limit of means, or (b) the
discounting payoff specification. The limit of means is a payoff function that captures
the preferences of patient players and is given by

lim
T→∞

1
T

T

∑
t=1

gi(at), (3)

Therefore, the players are unconcerned about the timing of the payoffs and their payoffs
in any finite number of periods, i.e., the payoff sequences (1,0,0,.....), (0,1,0,.....) and
(0,0,1,.....) are equally attractive. In the discounting method of payoff specification for
an infinite sequence (a0,a1,a2, ...,at−1), the player i discounts future utilities using a
discount factor δ ∈ (0,1). If δ is close to 0, then the player is very impatient and when
δ is close to 1 the player is very patient. The expected payoff is therefore the discounted
sum of per-period payoffs, given by

(1−δ )
∞

∑
t=1

δ
t−1gi(at). (4)

Here, the normalization factor (1−δ ) is used to measure the stage game and the repeated
game payoff in the same units.

In a strategic form game, the most common solution of the stage game is the NE.
However, if this game is repeatedly played among the players, then the equilibrium
strategy profile is more well-defined by the concept of subgame perfect equilibrium
(SPE). A strategy profile in an infinitely repeated game with a discount factor less than 1
is an SPE if and only if it satisfies the one-shot deviation property. A strategy profile
satisfies the one-shot deviation property if no player can increase its payoff by changing
its action at the start of any subgame in which it makes the first move, given the player’s
strategies and the rest of its own strategy.

Game theory provides a theorem that provides ways to achieve a socially optimal
equilibrium in repeated games. These theorems are called Folk theorems. The Folk
Theorems suggest that if a player is patient and far-sighted enough, then not only can
repeated interaction allow many SPE outcomes, but SPE can actually allow virtually
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any outcome in the sense of average payoffs. For example, in the one-shot Prisoner’s
Dilemma, the only Nash equilibrium is that both players defect. But Folk theorem says
that, in the infinitely repeated version of the game, provided players are sufficiently
patient, there is a Nash equilibrium such that both players will cooperate on the
equilibrium path. Therefore, using infinitely repeated games can induce cooperation
among users, which is not possible in a one-shot game.

In Chapter 4, the framework of repeated games with an infinite time horizon is
utilized to model the interactions of users participating in CCD using multiple interfaces
and it is shown that the proposed method is vulnerable to selfish deviating users.
Thereafter, a carrier aggregation (CA) based incentive mechanism based on the same
framework is proposed that aims to maximize the individual and network payoffs, and
which is also an efficient equilibrium against unilateral selfish deviations.

2.2 Contract theory

Contract theory is a powerful framework from the field of microeconomics that provides
a useful set of tools for modeling incentive mechanisms under information asymmetry.
Using contract theory, one can study the interactions between an employer who is trying
to offer proper contracts and employees whose skills are not known a priori [70]. A
contract refers to a certain reward that will be given to the employee in return for their
services. Information asymmetry refers to a situation where one party (denoted as the
informed party) is better informed than the other (addressed as the uninformed party).
This imbalance in information results in their interaction going awry, leading to problems
such as adverse selection and/or moral hazard. Adverse selection arises when one of the
contracting parties has some private information hidden from the other party. In the
case of the employer-employee relationship in a firm, the hidden information about
the employee could include characteristics of the employee, such as their basic skills,
distaste for certain tasks, training or level of competence/productivity. To overcome
this problem, the agents are offered a menu of contracts. The contract is designed to
create incentives for the agents to report their private information truthfully. Moral
hazard on the other hand, arises when the uninformed party is imperfectly informed
about the hidden actions of the informed party. In contrast to most hidden information
problems, contracting situations with hidden actions involve informational asymmetries
arising after the signing of the contract. In these problems the agents are not asked to
choose from a menu of contracts but from a menu of action reward pairs. In this chapter
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however, the discussion shall be limited to the adverse selection problem and the role of
contract theory as a tool to overcome this problem.

Contract theory has been introduced in wireless networks to solve one-dimensional,
bilateral and static adverse selection problems. The authors in [58] used contracts to
solve spectrum sharing in cognitive networks (CRNs). The PUs act as an employer
who sets the spectrum trading contracts and the secondary users acts as employees
who choose the contract to be purchased. In [81], the authors explored the problem
of incentivizing users to engage in D2D underlaid cellular networks using contracts.
The BS is modelled as the employer and the D2D user as the employee. They solve
the contract bundle with a required performance and an absolute performance-related
reward. In this thesis, the adverse selection problem in CCD is addressed where the
operator hires the users as employees to distribute the content locally to other users
within their vicinity. Under such circumstances, the operator needs to design contracts
that can efficiently reward the users according to their performance and thus motivate
the user to participate in CCD.

The adverse selection problem can be understood in more detail by considering the
example of the employer-employee relationship in a firm, where the employee is the
informed party and employer is the uninformed party. The performance of employees
tends to be better when they work harder, and the probability of bad performance will be
lower if employees place more dedication or focus on the work. By contrast, on the
other hand, if an employee’s compensation is independent of performance, the employee
will be less likely to put effort into the work [70]. The design of an incentive mechanism
plays an important role in addressing the problem of employee incentives. In contract
theory, the solution consists of a menu of contracts for the employee, and the objective
is to maximize the employer’s payoff or utility. In most cases, the problem is usually
formulated as maximizing an objective function which represents the employer’s payoff,
subject to the incentive compatibility constraint that the employee’s expected payoff is
maximized when signing the contract and the individual rationality constraint that the
employee’s payoff under this contract is larger than or equal to its reservation payoff
when not participating.

Optimal bilateral contracts can be used to resolve the adverse selection problem
when one of the parties has private information. Bilateral contracts can be of two
different kinds- (1) contracting situations where the party offering the contract is the
uninformed party (screening problem) and (2) contracting situations when the party
offering the contract is the informed party (signalling problem). In the screening
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problem, the uninformed party attempts to screen the pieces of information which are
hidden, while in the signaling problem, the informed party attempts to signal the other
party what it knows through the type of contract it offers or other actions. The screening
problem is encountered in adverse selection where contracts are provided by the partially
informed employer. The employer responds to this screening problem by using the
revelation principle, which forces the informed party to accept a contract that reveals its
true characteristics. Based on the same principle the employer offers multiple contracts
to employees of different skills.

The efficiency of contracting under adverse selection is ensured due to the revelation

principle which is one of the significant notions of contract theory. According to this
principle, to determine optimal contracts under asymmetric information it suffices to
consider only one contract for each type of information that the informed party might
have, but to make sure that each type has an incentive to select only the contract that is
destined for them. More concretely, it is considered that an employer makes contracts
with two possible types of employees-skilled and unskilled , and that the employer
is unable to know the type of each employee. The revelation principle says that to
find the optimal contracts among all possible ones, it is sufficient for the employer to
offer only two employment contracts-one for the skilled employee and the other for the
unskilled one, provided that it is ensured that each contract is incentive compatible. This
means that each type of employee wants to select only the contract that is designed for
him/her. Therefore, the revelation principle reduces the program of the employer to the
maximization of his expected payoff subject to an individual rationality constraint and a
set of incentive constraints for each type of employee.

The system model for most of the adverse selection problems can be defined as
follows. It is assumed that there are n different types of employees where the type of
employee denoted by the variable θk, k ∈ {1,2,3, ...,n}, measures the skill level of the
employee and follows θ1 < θ2 < ... < θn. It is assumed that θk is learned privately by
the employee before signing any contract. The employer however, knows only that the
probability of facing an employee of type θk is qk.

The employer’s expected utility is expressed as the expected outcome received by
the employer minus the reward the employer has to pay to the employees. If (Pk,Rk) is
the employment contract offered to an employer of type θk, where Pk is the employee’s
outcome desired by the employer, and Rk is the reward paid to the employee by the
employer if the given target is achieved. Then the expected utility of the employer can
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be represented by
n

∑
k=1

qk{Pk−Rk} (5)

The employee’s utility is its evaluation towards the reward it receives from the employer
minus the cost the employee faces for the outcome. Therefore, the employee’s utility
function when it is of type θk is given as

V (Rk,θk)−Pk (6)

Further, a special and convenient functional form from [70] is used to represent the
employee’s preferences and finally express the employee’s utility function as

θkv(Rk)−Pk (7)

where v(0) = 0, v′(Rk)> 0, and v′′(Rk)< 0 for all Rk. The employer’s utility is then
maximized under two constraints namely the individually rational (IR) and incentive
compatibility constraint (IC). The IR constraint must ensure a non-negative utility for all
the employees. The IC constraint guarantees that the employee of a certain type gets the
highest utility when it accepts the contract designed for its type. The problem of adverse
selection is finally expressed as

maximize
Pk,Rk

n

∑
k=1

qk{Pk−Rk}

subject to θkv(Rk)−Pk ≥ 0, k = {1,2,3, ...,n} (IR),

θkv(Rk)−Pk ≥ θkv(R j)−P j, k, j = {1,2,3, ...,n},k 6= j (IC).
(8)

The optimal contract solved by this optimization problem will give zero utility to the
lowest type of employee whereas the other type of employees gain some positive utility.
The higher type employees receive more utility than the employees of a lower type. It
is clear that by offering contracts, the employer can efficiently reward the employees
according to their performance and thus motivate the users to perform better. Therefore,
the tools from contract theory can be a useful framework to design incentive mechanisms
to motivate a third party’s participation in emerging wireless networks.

In Chapter 5, contract theory is used to address the problem of adverse selec-
tion in CCD. In order to overcome this problem, two contract based methods are
proposed that aim to ensure that users’ preferences are revealed to the operator in
presence of adverse selection and the operator can incentivize users according to their
willingness/unwillingness to participate in CCD.
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3 Cooperative content delivery (CCD)
methods

In this chapter, cooperative content delivery (CCD) methods using multiple interfaces
are introduced, in which a smart wireless device receives content/content segments from
a base station (BS) through its cellular interface, and then this device broadcasts the
same content/content segment through another wireless interface, such as Bluetooth and
WLAN, to other users within their proximity 1. With the growing demand for smart
devices and the increasing popularity of rich content applications, cellular operators
need to handle more devices with advanced capabilities and connectivity within a certain
geographical region. In this context, to stop the cellular network from being congested
and improve the streaming experience for the users, device selection methods which
leverage multiple interfaces of the selected devices/users to perform CCD, are proposed.
The methods proposed in this chapter take into account the link quality of the primary
(cellular) interfaces of the devices to select the devices for CCD. Moreover, in these
methods, each selected device downloads only a portion of the content, and then, these
users cooperatively broadcast their downloaded content segment to other users through
short-range links. An ideal and error-free situation is assumed, where every user selected
by the BS can distribute the downloaded content segment to all users via short-range
links. In this way, the CCD methods use the cellular and local links to improve the
cellular spectrum usage and the users can enjoy higher downlink rates. In order to
analyze these methods, the energy and delay performances of the proposed methods are
compared with the similar performances of state-of-art, content delivery methods. It
is assumed that the process of splitting the file and the short-range scheduling of the
transmission among the nodes occurs at the BS.

3.1 System model

A generic circular cell of radius ρT in which the BS is located at the center of the circle, is
considered. There are N users in the cell who are interested in the same content of size L

to be received within a time limit of Slimit seconds. Let N = {1,2,3, · · · ,N} represent the

1This work has been performed in the framework of SANTA CLOUDS project (40197/11) which is partly
funded by the Finnish Funding Agency for Technology and Innovation (TEKES).
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set of N users interested in the same content. For the scenario where the traditional default

cellular method is utilized for content delivery, each user independently downloads
content using its own cellular link with the BS. When all N users utilize only the cellular

mode then the BS needs to have N independent parallel sessions or carriers. Each user in
this mode is either in a receiving or idle state. When the cellular BS sends a content
segment to a user i, then the data rate is considered as a measure of the quality of a
communication link between the mobile station and the cellular BS. The error-free and
instantaneous cellular rate at time t of the ith link is assumed to be RC,i(t), for every user
i ∈ N . On the other hand, when CCD methods are considered, a user in the short-range

mode could be in a transmitting, receiving or idle state. rmin,i is the short-range broadcast
rate for user i, which is equal to the minimum of all the short-range rates among the
users in the group to which user i delivers the content. The parameters defined for
each device are Pcrx, Pci, Psrrx, Psrtx, Psri which are the power required to receive data by
cellular communication, the power dissipated in cellular mode when in an idle condition,
the power required to receive data by short range communication, the power required to
transmit by short range communication, and the power dissipated in the short-range
mode when in an idle condition respectively. The corresponding energy consumed
by the system are expressed as Ecrx, Eci, Esrrx, Esrtx, Esri respectively. Etotal is the total
energy consumed by the system of users.

In the following sections, cooperative methods to distribute content are described.
Thereafter, mathematical expressions of the total energy consumption Etotal by N users,
are found. For energy consumption, the total energy is computed as a product of the
power transmitted (or received) and the time needed for transmission (or reception). In
addition to energy, for each method discussed, mathematical expressions for two kinds
of delay, namely the maximum delay (Delmax) and the minimum delay (Delmin), are
derived. It is assumed that, Delmax is the maximum time required by a user (under the
worst-case scenario) to receive the entire content and Delmin is the least amount of time
needed for a user to receive the same content.

3.2 Baseline cooperative methods-two-stage multicasting

In the two-stage multicasting method, the content is multicast to a selected set of users.
The selection of this subset of users is done at the BS on the basis of the rate of the
cellular links of the users with the BS. For a group of N users, the content of size
L is firstly multicast to a set of Nr (Nr ⊆ N) users that have the highest cellular link
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Fig. 5. Two-stage multicasting: Stage 1: A group of n users interested in the same data
content. Nr = 3. The channel conditions between BS and users 1, 2 and 3 are the three best
channel conditions, therefore the file is multicast to them ([27] c©2013 IEEE).

Fig. 6. Two-stage multicasting: Stage 2: The user 1 broadcasts the entire file to the remaining
users. Similarly, user 2 and 3 also broadcasts their respective received copy of the file ([27]
c©2013 IEEE).

rates with the BS, as shown in Fig. 5. Since a reliable and error-free transmission is
assumed, each of the Nr users receive the entire content successfully. It is considered
that the minimum cellular link rate among the set of Nr users is Rmin,Nr, which is also
the rate at which the content is multicast by the BS. This is followed by a short-range,
single-hop, and sequential broadcast by the selected users to the other users within their
vicinity. In Fig. 6, the broadcast of content by user 1 only is shown. In this method,
there are redundant transmissions of content, due to which multiple copies of the same
content can be received by a user. In the next subsections, the mathematical expressions
for the energy consumption and delay experienced by a user in this method, are presented.
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3.2.1 Network energy consumption

The following set of equations represent the total energy consumption in mathematical
form.

Ecrx = Pcrx ∗L∗Nr ∗
1

Rmin,Nr
, (9)

Esrtx = Psrtx ∗
L

rmin
∗Nr, (10)

Esrrx = Psrrx ∗
L

rmin
∗Nr ∗ (N−Nr) , (11)

Eci = Pci ∗
(

T − L
Rmin,Nr

)
∗Nr +Pci ∗T ∗ (N−Nr), (12)

Esri = Psri ∗
(

T − L
rmin

)
∗Nr+

Psri ∗
(

T − L
rmin

)
∗Nr ∗ (N−Nr),

(13)

Etotal = Ecrx +Esrtx +Esrrx +Eci +Esri. (14)

3.2.2 Delay experienced by the user

In the two-stage multicasting method, the maximum delay Delmax is experienced by
a user when it is not a selected user and therefore, receives content broadcasted by
a selected user. Therefore, Delmax is the sum of the maximum delay due to cellular
transmission and the maximum delay due to short-range transmission. Such a user
receives a file only after the last candidate node has broadcast. On the other hand, the
minimum delay Delmin experienced by a user is when it receives the content directly
from the BS. Therefore, the expressions of maximum and minimum delay are given as

Delmax =
L

Rmin,Nr
+

L
rmin
∗Nr, (15)

and
Delmin =

L
Rmin,Nr

. (16)

3.3 Proposed cooperative methods

In this section, two cooperative methods are proposed in which the content is split
rate-proportionally among the selected users.
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Fig. 7. Best rate cooperation: Stage 1: A group of n users interested in the same data content,
Nr = 3. The channel conditions between BS and users 1, 2 and 3 are the best. Therefore, the
file is split rate-proportionally between them ([27] c©2013 IEEE).

Fig. 8. Best rate cooperation: Stage 2: User 1 then broadcasts the data fragment 1 to the
remaining users in the group. Similarly, users 2 and 3 broadcasts their respective fragments
until every mobile device receives the entire file of information ([27] c©2013 IEEE).

3.3.1 Best rate cooperation

A cooperative content delivery method is proposed where the BS selects a subset of Nr

users on the basis of the rate of cellular links of the users. However, the content of size L

is split rate-proportionally among the Nr users. The BS then transmits the fragments in
a time-division fashion according to the indexing order of the content chunks. Each
selected user broadcasts the received content chunk to the other users via short-range
communication. This proposed method is denoted as the best rate cooperative method

and is illustrated in Fig. 7 and 8.
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Network energy consumption

The following set of mathematical expressions represent the total energy consumed
when the best rate cooperative method is used to distribute content among a group of
users.

Ecrx = Pcrx ∗L∗Nr ∗
1

∑
Nr
i=1 RC,i

, (17)

Esrtx = Psrtx ∗
L

rmin
, (18)

Esrrx = Psrrx ∗
L

rmin
∗ (N−1), (19)

Eci =Pci ∗Nr ∗

(
T − L

∑
Nr
i=1 RC,i

)
+

Pci ∗ (N−Nr)∗T,

(20)

Esri = Psri ∗N ∗
(

T − L
rmin

)
, (21)

Etotal = Ecrx +Esrtx +Esrrx +Eci +Esri. (22)

Delay experienced by the user

In this case, the maximum delay is experienced by a user which does not belong to the
set of selected users and is expressed as,

Delmax =
L

∑i∈Nr RC,i
∗Nr +

L
rmin

. (23)

The minimum delay needed to receive a content segment is experienced by one of
selected users. The selected user that requires the least time to receive the content
chunks from other selected users will suffer the minimum transmission delay. Therefore,
the expression of minimum transmission delay can be expressed as,

Delmin =
L

∑i∈Nr RC,i
∗Nr +

(
L∗ (∑Nr

i=1 RC,i−Rmax,Nr)

rmin ∗∑
Nr
i=1 RC,i

)
. (24)

where Rmax,Nr is the maximum rate among Nr users.
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Fig. 9. Best band cooperation: A group of n users interested in the same data content.
Bandwidth BC consist of two sub-bands (Nb = 2). User 2 has the highest rate in sub-band 1
and user 5 has the highest rate in sub-band 2 ([27] c©2013 IEEE).

3.3.2 Best band cooperation

Another cooperative content delivery method called the best band cooperative method is
proposed, in which the available bandwidth is divided into Nb sub-bands and the users
are distributed among these sub-bands. For instance, there are Nb = 2 sub-bands in the
available bandwidth of BC as shown in Fig. 9. For simplicity, it is assumed that a user
can use a single sub-band only. The best channel conditions between the BS and users
for every sub-band is selected and the maximum sub-channel rate is found. The file is
split rate-proportionally among the users of Nb sub-bands using cellular communication
(Fig. 9). As a result, the content segments can be sent simultaneously to the selected
users. These users further broadcast the received content segments to the other users.

Network energy consumption

The following set of equations represent the energy consumed mathematically.

Ecrx = Pcrx ∗L∗Nb ∗
1

∑
Nb
i=1 Rmax,k

, (25)

where Rmax,k is the maximum rate in band k ∈ Nb.

Esrtx = Psrtx ∗
L

rmin
, (26)
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Esrrx =Psrrx ∗
L

rmin
∗ (N−1), (27)

Eci = Pci ∗Nb ∗

(
T − L

∑
Nb
i=1 Rmax,k

)
+Pci ∗ (N−Nb)∗T, (28)

Esri = Psri ∗Nb ∗

(
L

∑
Nb
i=1 Rmax,k

)
+Psri ∗ (N−Nb)

∗

(
L

∑
Nb
i=1 Rmax,k

)
,

(29)

Etotal = Ecrx +Esrtx +Esrrx +Eci +Esri. (30)

Delay experienced by user

Applying the same argument as for best rate cooperative method, the expressions for
Delmax and Delmin are obtained using the concept of sub-channels.

Delmax =
L

∑i∈Nb
RC,i

+
L

rmin
, (31)

Delmin =
L

∑i∈Nb
RC,i

+

(
L∗ (∑Nb

i=1 RC,i−Rmax)

rmin ∗∑
Nb
i=1 RC,i

)
. (32)

3.4 Results

A cellular cell of radius ρT = 1 km is considered in which N = 20 users are within
proximity of each other and are all interested in the same content that has a size L of 40
megabytes. The values for receive, transmit, and idle power for cellular and short-range
communication have been taken from [82, 83]. The average cellular rates between the
BS and a user are considered to be in the range of 2 to 11 Mbps and the short-range
communication rate among the users is taken to be equal to 20 Mbps. The total available
bandwidth (BC) is assumed to be 2 MHz.

In the following subsections, a comparison is made of the performance of the
baseline method of two-stage multicasting against the proposed best rate and best band
methods of wireless content delivery.
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Fig. 10. (a) A comparison of the average energy consumption of the group of users for three
different schemes with size N of the group. The values of L, Nr and Nb are kept constant, (b)
A comparison of the average energy consumptions of the group for three different schemes
with file size, L. The values of N, Nr and Nb are kept constant ([27] c©2013 IEEE).
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Fig. 11. A comparison of the average energy consumption of the group of users (N is con-
stant) with the number of candidate nodes ([27] c©2013 IEEE).

3.4.1 Performance comparison based on total energy consumption

Based on the analytical formulas derived in Section 3.2 and 3.3, the energy consumption
characteristics for all the schemes are illustrated in Fig. 10(a). The values of Nr, and Nb

have been kept fixed at a certain value in the range [1,N]. A series of 1000 simulations
were performed for different sets of cellular rates assigned to different users. The average
energy consumption for the group of N users, is plotted for all the content delivery
methods against the increasing group size (N). From this graph, it can be observed that
the average energy consumption of the users is reduced by 60% approximately when the
proposed methods are used compared to when the two-stage multicasting method is
used for content delivery. Out of the two proposed methods, it can be noted that the best
rate cooperative method performs better in terms of energy efficiency compared to the
best band cooperative method.

Further, the same set of parameters is used to see the impact of the content size
(L) on the total energy consumption. From the graph in Fig. 10(b), it can be observed
that with an increase in the size of the content, there is a greater improvement in the
average energy consumption of the group of users for the proposed methods than for
the two-stage multicasting method. For instance, for a content of size 25 megabytes,
the improvement in the total energy consumption of users for the best rate method
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Fig. 12. A comparison of the maximum and minimum transmission delay with the size of file
L. The values of N, Nr and Nb are kept constant ([27] c©2013 IEEE).

over the total energy consumption of users for the two-stage multicasting method is
approximately 46% , which improves further to approximately 55% for a content size of
40 megabytes. Therefore, in both the curves of Fig. 10(a) and Fig. 10(b), the proposed
methods display better performances in terms of total energy consumption compared to
the baseline method. The focus is on the two proposed methods, i.e., the best rate and
best band cooperative methods, and the effect of the number of selected users on the
overall energy consumption is analyzed. Assuming that the group size N is fixed at a
certain value, the values of Nb and Nr are varied, which gives rise to another graph of the
total energy consumption of users as shown in Fig. 11. It can be observed that with an
increase in the number of selected users, the overall energy consumption increases for
both the proposed methods.

3.4.2 Performance comparison based on maximum and minimum
possible delay

Using the closed-form equations for maximum and minimum delay from Sections
3.2 and 3.3, simulations are performed to observe the variation of the maximum and
minimum possible delay with increase in the size of content (Fig. 12). It can be
observed that with an increase in the size of content L, the delay increases for all three
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Fig. 13. Effect of the number of candidate nodes (Nr) on the maximum and minimum possible
delay for the two-stage multicasting method, keeping N constant ([27] c©2013 IEEE).
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Fig. 15. Effect of the number of candidate nodes (Nb) on the maximum and minimum possible
delay for the best band cooperation method, keeping N constant ([27] c©2013 IEEE).

methods. Similarly, for a fixed value of L, the delay values are the least for the best
band cooperative method. The delay reduction in Delmax for the best band method is
approximately 57% compared to the delay reduction for the two-stage multicasting
method. Therefore, for watching a 40 MB sized YouTube video of 15 minutes duration,
the delay range that a user will experience for the best band method is between 13−15
seconds whereas for the best rate method and two-stage multicast method, the delay
range will be around 28−30 seconds, and 34−48 seconds respectively. In Figs. 13, 14,
and 15, the effect of number of selected users can be seen on the possible delay that a
user would experience. In the two-stage multicasting and best rate method, the delay
values increase with the increase in the number of selected users. But in the best band
method, the delay decreases with an increasing number of selected users. This behavior
can be explained intuitively as follows. In the two-stage multicasting/best rate methods,
there is an accumulation of delay as the content/content segment is distributed in separate
time slots and hence it is a sequential distribution of content/content segments. But in
the best band method, due to the presence of sub-bands, the cellular distribution of
content to the selected users is done in a frequency-division manner, which makes the
process a simultaneous distribution of content segments. Therefore, this results in a
reduction in the maximum or minimum delay experienced by a user in the best band
method compared to the other two methods.
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3.5 Summary

In this chapter, it was demonstrated how using different cooperative methods for
delivering content cooperatively, affects the energy efficiency and delay performance for
a group of users interested in the same content and who are within the vicinity of each
other. In the proposed methods, portions of the content are downloaded by a set of
selected users, who further broadcast the downloaded segments to other users using
short-range links. The selection of users is done at the BS and is based on different
criteria for the two methods proposed. It can be observed that in comparison to the
two-stage multicasting method, the best rate method provides an energy improvement
of approximately 60% and the best band method provides a delay improvement of
approximately 57%. Moreover, the best band method has the advantage of simultaneous
transmission, which makes the process of resource distribution more efficient in terms of
delay.
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4 Intelligent selection of devices for CCD and
the design of a carrier aggregation-based
incentive mechanism

In this chapter, a novel cooperative content distribution (CCD) method using multiple
interfaces is proposed which performs an intelligent selection of devices (for wireless
content delivery) that cooperatively distribute content to the other devices. In Chapter
3, several cooperative techniques are discussed that use multiple network interfaces
for wireless content distribution to a group of users that are within proximity of each
other. However, the problem of intelligent selection of devices for wireless content
distribution while taking into account both the primary (cellular) and secondary link
(WLAN/short-range) network interfaces has not been previously addressed. In a major
part of the literature review discussed in Chapter 1 and in the methods proposed in
Chapter 3, the secondary links that are utilized for local distribution of content, are
considered to have the same quality in terms of their transmit/receive performance.
However, in reality, the link qualities are different. Moreover, due to the broadcast
nature of the secondary links, even a single bad link can serve as a bottleneck in terms of
cooperative content delivery performance (such as in WLAN, where one bad link can
severely reduce the overall network performance).

To address this problem, a device selection method is proposed here, which leverages
multiple interfaces of the selected devices to perform CCD. The proposed method takes
into account the link quality of both the primary (cellular) and secondary (WLAN/short-
range) interfaces of the devices, and selects the devices with the best link quality for
CCD. Moreover, this proposed method incurs little overhead as nodes only need to send
acknowledgements of their received packets to the BS. The impact of the presence of
independent competing/interfering links (such as competing users in the unlicensed
band) on the performance of the proposed method is also taken into account. Finally,
the framework of repeated games with an infinite time horizon is utilized to model the
interactions of users participating in CCD using multiple interfaces, and it is shown that
this method is vulnerable to selfish deviating users. Therefore, a carrier aggregation

(CA)-based incentive mechanism is proposed that aims to maximize the individual and
network payoffs, and is also an efficient equilibrium against unilateral selfish deviations.
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(a)

(b)

Fig. 16. (a) A snapshot of random distribution of devices; and b) A snapshot of clustered
distribution of devices.
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4.1 System model

In this section, a network model is described to represent a group of smart devices
interested in receiving the same content. The channel model is also presented and the
performance metrics that can be used to evaluate the performance of proposed methods,
are discussed. Finally, different modes of users in CCD scenario are discussed.

4.1.1 Network model

A generic circular cell of radius ρT is considered in which the BS is located at the center
of the circle. There are N users in the cell who are interested in the same content. In Fig.
16, an illustration of the system model is provided. Let N = {1,2,3, · · · ,N} represent
the set of N users interested in the same content. The location of each user i, where
i ∈ N is represented by the polar coordinates (di,θi), where di is the distance between
the BS and user i, and 0≤ θi ≤ 2π is the angle relative to the BS at the origin of the
circular cellular cell. Two different distributions of N users are considered within the
cellular cell: 1) Random distribution around the BS; and 2) Clustered distribution around
the BS. For a given N, the number of users nt in each of the nc clusters can be different.
However, for comparison with the random deployment scenario of N total number of
users, it is ensured that nc ∗nt = N.

4.1.2 Channel model

Under the scenarios where the traditional default cellular mode is utilized for content
delivery, each user independently downloads content from the BS using its own cellular
connection. When all N users utilize only the default mode then the BS needs to have N
independent parallel sessions or carriers. When the cellular BS sends a content segment
to a user i then data rate is considered a measure of the quality of the communication
link between the mobile station and the cellular BS. It is assumed that the co-channel
interference experienced in the BS cell is negligible. The instantaneous cellular rate at
time t of the ith link RC,i(t) can be expressed as

RC,i(t) = BC log2

(
1+

hi(t)PB,i

BCN0

)
, (33)

where hi(t) is the channel gain at the time t between the BS and user i, and is given as
hi(t) =

κg f (t)
(dα

i )
with κ being the path loss constant, α is the path loss exponent, di is the

distance between the BS and user i, g f (t) is the fading gain at the time instant t. PB,i is
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Fig. 17. A snapshot of distribution of independent competing users on a WLAN channel in
4 different zones ([15] c©2014 IEEE).

the average downlink power dedicated to user i by the BS and BCN0 is the noise power
and BC is the bandwidth of a carrier utilized by the BS to deliver the content to user i.

When multiple wireless interfaces of a selected device are utilized for CCD (based
on the device selection method explained in the next section) by the BS, the selected
device first downloads a part of the content using its cellular interface, and then using
its WLAN interface it broadcasts the same received content part to the other users
which are within its vicinity. The selected device receives the content using the cellular
interface so its instantaneous rate at the time instant t is also given by Eq. (33). The
success of receiving the content via WLAN link depends on the channel conditions
between a selected broadcasting user and the receiving user. Each selected device is
assumed to have a coverage radius of ρS. If a user is within the coverage radius of any
selected device, the data content segment can be successfully received. Moreover, the
WLAN channel on which selected users broadcast can be shared by other independent
active users or access points which in turn can lead to uncoordinated competition for
channel access and also may also lead to interference between users. To take this into
account, the performance of the considered CCD methods are evaluated for two different
scenarios: 1) When there is no other independent active user or access point on the
WLAN channel which is used by the selected user; and 2) When other independent
active users or access points are also using the same channel as a selected device. For
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simplicity, the other competing WLAN users are assumed to be fully saturated. In such
scenarios, a selected device can still expect to get its ‘fair share’ 1

Ac+1 of the airtime
when it is contending with the competing user, where Ac is the number of the other
independent competing WLAN users on the same channel as the selected user (see
[84] for details where the channel access share of WLAN users under fully saturated
scenario is studied). To take into account the impact of interference from independent
WLAN users in the cellular cell, X WLAN hotspot regions are considered, where X

varies between 1 to 4, and in each region there are O active WLAN users (see Fig. 17).
Please note that this is reasonable as WLAN users in general are distributed in clusters.
For example, in a university campus, apartment building, etc. The instantaneous rate of
a device that receives content via the WLAN interface at time t is given by

RW, j(t) =

( 1
Ac+1 )BW log2

(
1+ hi j(t)PWt ,i

BW N0

)
, if di j ≤ ρS, for any i ∈ Nc, Ac ≥ 0

0,otherwise
(34)

where BW is the bandwidth of the WLAN channel that is utilized by a selected device i,
PWt ,i is the average WLAN power dedicated by sender i to a recipient j, hi j(t) =

κg f (t)
(dα

i j )

is the channel gain with κ being the path loss constant, α the path loss exponent,
di j the distance between the ith selected device and the receiving user j, g f (t) is the
instantaneous fading gain, BW N0 is noise power and Nc is the set of selected users.

4.1.3 Performance evaluation metrics

In this subsection, the metrics that are used for performance evaluation of the proposed
method are presented, characterizing the savings in terms of cellular carriers utilized,
bits-per-Joule performance, average download time and average energy cost.

Savings in terms of cellular carriers utilized

Let us consider that N users are interested in the same content file. Simulations are
performed using IN Monte Carlo runs for CCD using different methods. ND,i is the
number of carriers utilized in the ith Monte Carlo run by the cellular BS when it delivers
the content to selected users directly whereas the remaining users receive the content via
their WLAN interfaces. Then the average savings in the number of carriers per content
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file at the BS are given as

NS = N− ∑
IN
i=1 ND,i

IN
. (35)

Bit-per-joule performance

The average bit-per-Joule performance of a user when the cellular BS delivers a content
file directly to the N users is given as

JC =
1
N

N

∑
i=1

RC,i

PC,i
, (36)

where RC,i is the average rate when user i receives the content from the BS and PC,i is the
average power consumed by user i when receiving the content from the BS. The average
bit-per-Joule performance of a user when the cellular BS delivers the content to the ND

users directly whereas N−ND users receive the content via WLAN interface is given as

JS =
1

ND

(
∑

i∈ND

RC,i

PC,i

)
+

1
N−ND

(
∑

i∈N \ND

RW,i

PWr ,i

)
, (37)

where ND is the set of users to whom the cellular BS delivers the content directly, RC,i

is the average rate when user i receives the content by the BS and PC,i is the average
power consumed by user i when receiving the content by the BS, RW,i is the average
WLAN rate of a user i, PWr ,i is the average power consumed by user i when receiving
the content by WLAN.

Average energy cost

The average energy consumed to download a content segment of size S when the cellular
BS delivers the content file directly to the N users is given as

EN =
S
N

(
N

∑
i=1

PC,i

RC,i

)
. (38)

The average energy consumed to download a content segment of size S when the cellular
BS delivers the content to the ND users directly, and the N−ND users receive the content
via WLAN interface is given as

ES =
S

ND

{
∑

i∈ND

(
PC,i

RC,i
+

PWt ,i

RW,i

)}
+

S
(N−ND)

(
∑

i∈N \ND

PWr ,i

RW,i

)
. (39)
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Average time to download

The fourth metric that is considered is the average time to download a content segment
of size S. The average time to download a content segment when the cellular BS delivers
a content file directly to the N users is given as

TN =
S
N

N

∑
i=1

1
RC,i

. (40)

The average time to download a content segment when the cellular BS delivers a content
file to the ND users directly, and the N−ND users receive the content via WLAN
interface is given as

TS =
S

ND
∑

i∈ND

1
RC,i

+
S

(N−ND)

(
S

ND
∑

i∈ND

1
RC,i

+ ∑
i∈N \ND

1
RW,i

)
(41)

4.1.4 Asymmetric energy consumption and limited battery of devices

In the scenarios where the best devices out of the total N devices are selected by a BS
for CCD, a user can be in one of the following operating modes.

– Default mode: In CCD, there are users which are chosen neither as selected nodes
nor as recipient nodes, due to their location and/or poor link conditions. Such nodes
download the content directly from the BS.

– Selected mode: The BS selects a subset of users applying the proposed method for
CCD (see section 4.2 for details) that requires these users to contribute their battery
resources in broadcasting the same content to other users. Selected users expend their
battery energy on receiving the desired content through their cellular link with the BS.
The users also expend their battery energy in broadcasting the same content using
WLAN. Hence, the average energy consumption for a user when it is in selected
mode is greater than when it is in default mode. However, the average rate obtained
by a user when it is in the selected mode is equal to the average rate obtained when it
is in the default mode.

– Recipient mode: In CCD there are users which receive broadcasted content from the
selected nodes via their WLAN interface. The recipient users expend their battery
energy in receiving the desired content via the WLAN interface. As shown in many
measurement papers [41–43], WLAN outperforms the cellular interface in terms of
average energy and rates, hence, the average energy consumption for a user when it
is in the recipient mode is less than when it is in the default mode. Moreover, the
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average rate obtained by a user in recipient mode is higher than the average rate
obtained by the user in the default mode.

As the energy consumed and the rates obtained by a user involved in CCD using multiple
interfaces are different in the default, selected and recipient modes, it is useful (especially
for intuitive purposes) to express the rate obtained and the energy consumed due to a
method in terms of traditional default cellular method, i.e., the ratio of two energy or
rate values. It is common to use relative values in wireless research (see [85]). eC

i ,
eR

i , and eN
i are used to represent the relative energy costs incurred by a user i being a

selected, recipient, and default mode user, respectively. Similarly, rC
i , rR

i , and rN
i are

used to represent the relative rates obtained by a user i being a selected, recipient, and
default mode user, respectively. When user i is in the selected mode, the relative energy
cost for user i is given as

eC
i =−

EC,i

EC,i
−

EWt ,i

EC,i
=−1−

EWt ,i

EC,i
, (42)

where EC,i is the average energy cost incurred by user i when it is given content directly
by the BS through the cellular interface and EWt ,i is the average energy cost incurred by
user i when it broadcasts content through the WLAN interface.

The relative rate for user i in the selected mode is expressed as

rC
i =

RC,i

RC,i
= 1. (43)

When user i is in the recipient mode, the relative energy cost is given as

eR
i =−

EWr ,i

EC,i
, (44)

where EWr ,i is the average energy cost when user i receives the broadcast content through
the WLAN interface; and the relative rate for user i in the recipient mode is expressed as

rR
i =

RW,i

RC,i
, (45)

where RW,i is the average WLAN rate of a user i.
When a user i is in the default mode (neither in the selected mode or in the recipient
mode), its relative energy cost is given as

eN
i =−

EC,i

EC,i
=−1. (46)

Its relative rate in the default mode is expressed as

rN
i =

RC,i

RC,i
= 1. (47)
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(a)

(b)

Fig. 18. The select best method for the selection of best content delivery devices ([15] c©2014
IEEE).
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(a)

(b)

Fig. 19. (a) An example topology scenario in which 7 users are interested in the same content
in the cellular coverage of a base station. b) How the Select Best method selects users for
CCD using multiple interfaces for the considered example scenario ([54] c©2016 IEEE).
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4.2 Proposed select best (SB) method, its complexity, examples of
coverage overlapping scenarios and selfish deviations of users

In this section, the SB method for the selection of the best wireless content delivery
devices, followed by different examples of coverage overlapping between the candidate
users, is presented and the impact of the presence of selfish users in the network is also
discussed.

4.2.1 Select best method and its complexity

The proposed method is described in Figs. 18(a) and 18(b); the steps involved in the
proposed method are given below. Moreover, an example scenario is also provided in
Figs. 19(a) and 19(b), and different steps of the presented method for the considered
example are illustrated.

– Step 1: The BS sorts N users in terms of decreasing cellular link quality and selects
the first Nr users to evaluate as possible candidates for content delivery. In this work
the data rate is considered as a measure of the quality of a communication link
between the mobile user and the cellular BS. Note that the number Nr of candidate
users that are utilized for selection in each round depends on the user density. For a
large number of N users, Nr can be taken as higher but for small to medium values it
is kept small.

– Step 2: The short-range/WLAN link of the users are turned on by the BS. As a
cellular network can have information about which users in a cell are interested in
the same content it is essential that a base station controls the WLAN interface of
the users, as it can increase the battery life on a mobile device by turning off the
interface when there are no users available for cooperative content delivery near its
vicinity. In [11, 86, 87] methods and software-based solutions are proposed in which
a mobile device’s WLAN interface is enabled/disabled by a BS when the device can
be engaged/not engaged. When a device does not support the WLAN interface the BS
always utilizes the default cellular connection.

– Step 3: The BS delivers a content segment (packets) to the selected candidate users.
– Step 4: The candidate users broadcast the received content through WLAN links

while the other users listen.
– Step 5: The BS maintains a table containing served users and the number of total

users served (TUS) by each candidate as follows: Each served user sends to the BS
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the number of packets received (successfully) from a candidate user. Along with
this, it also sends the candidate users’ DEV-ID such as MAC address to identify the
candidate user and also to distinguish between the numbers of packets successfully
sent by more than one candidate user, if any user can receive packets from more than
one candidate user, if it is in the vicinity of all of them. The BS maintains a table of
candidates in the network in which a user is given a value of 1 when it is successfully
served by a candidate; otherwise 0. Moreover, the BS also stores the total number of
users (TUS) served by a candidate (by summing all the 1s).

– Steps 6 and 7: The process is repeated for the next round of candidate users, if there
are any.

– Step 8: The BS evaluates the total value brought (TVB) by a candidate user as follows:
Initially TVB = the TUS value, and the BS sequentially evaluates each candidate to
check whether a candidate user is serving another user/users that is/are already served
by another user. If a user is already served by another user the BS decreases the
TVB value of this candidate user. In other words, since the candidate user is serving
an already served user it does not bring any additional benefit in terms of content
distribution, and hence its value is reduced. Moreover, due to overlapping coverage, if
a user receives the same packets from two different candidate users this can increase
overhead in terms of energy and delays.

– Step 9: The BS selects the candidate users with TVB > 0 as the potentially best
candidate (NBP) users. It then sorts these users in terms of increasing cellular link
quality.

– Step 10: The BS then checks whether any of the potentially best candidate users
are only serving another potentially best candidate user. If this is true, then it is
removed from the list of selected users as this potentially best candidate user brings
no additional value since it is serving another potentially best candidate user that is
already served by the cellular link directly. Otherwise, the potentially best candidate
user is chosen as the selected user. This process is repeated over all the potentially best
candidate users. In this way, a group of selected users is determined for broadcasting
content. Finally, the BS checks if there is any user that is neither a selected user nor a
recipient user. If there such users, the BS delivers the content directly to those user.

To incorporate changes in the interference environment and/or user distribution, the
process of evaluation of selected users is re-initiated after some time T . This time T may
be assigned according to variations in the interference environment or changes in the
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Fig. 20. System model of the studied problem with examples of different coverage overlap-
ping scenarios for users that are interested in the same content ([54] c©2016 IEEE).

user distribution. While performing the selection, the SB method takes into account the
quality of a communication link between a mobile station and the cellular base station,
the quality of WLAN link between the mobile station and the users in its vicinity, and
how many users it serves. Although, the probability of two mobile devices having the
same cellular and the WLAN link qualities, and serving the same users is low, but when
they have the method selects one device out of them randomly.

Next the complexity of the proposed method is considered: Step 1 involves sorting
the users and hence requires O(N log2 N) operations. Step 2 requires O(N) operations.
Steps 3 to 7 are repeated and they involve first sending content segment to each of
Nr < N candidate users, then each candidate user broadcasts the content segment
independently, and finally the BS stores the TUS value for each candidate, in total there
are O(d N

Nr
e(Nr +Nr +NrN)) operations. Step 8 involves N operations for each user and

it requires O(N2) operations. Step 9 involves N operations as the BS checks for each
user whether its value is greater than 0, and hence it requires O(N) operations. Step 10
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involves n operations, where n < N is the number of potentially best users, for each
potentially best user, and it requires O(n2) operations.

4.2.2 Example coverage overlapping scenarios

In this subsection, different examples of coverage overlapping between the candidate
users are discussed and illustrated in Fig. 20. In scenario (a) of Fig. 20, both the
candidates, users A and C, have non-overlapping WLAN coverage, due to which it is
beneficial to select both the users to distribute content to different users, and hence
increase the coverage of cooperative content delivery (CCD). In scenario (b) of Fig. 20,
candidates A and C have a WLAN coverage that is one-sided and partially overlapping,
where user A is in the coverage range of selected user C but not vice versa. However,
both users A and C bring CCD benefits as user A can serve B and user C can serve D and
E, where user B is not served by user C. In scenario (c) in Fig. 20, candidates A and C

have a WLAN coverage that is two-sided and partially overlapping, where user A can
serve B, C and D, and user C can serve A, D and E. In such a case, it can be beneficial
to select both users A and C for CCD. In scenario (d) in Fig. 20 , users A and C have
WLAN coverage that is completely overlapping. In this case, the user that has a better
cellular link quality can be selected as the candidate user. Finally, in scenario (e) of Fig.
20, the users face uncoordinated interferences in the presence of complete overlapping
between the candidate users.

4.2.3 The SB method and selfish users

CCD using the SB method requires the users of selected devices to contribute their
resources. A key challenge faced in the design of efficient CCD methods is that portable
wireless devices have limited energy because they are battery powered. In the proposed
SB method, although the cellular BS assists in CCD, each mobile user is an independent
entity who acts to maximize its own utility and can deviate from the proposed CCD
method if a deviation would increase its utility. (The concept of one-shot deviation and
equilibria in repeated games is explained in detail in Section 2.1 of Chapter 2) In other
words, the SB method can be vulnerable to free-riding users. One such example of
free-riding in the SB method can be when some users when chosen as recipients, receive
the broadcasted content from the other selected users but are not willing to contribute
their own resources when they are selected to broadcast content to the other users. This
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Fig. 21. CCD using best devices operation in multiple iterations (rounds) ([54] c©2016 IEEE).

motivates us to analyze the stability of the proposed SB method using the framework of
repeated games, which was discussed in Chapter 2. The framework of repeated games
provides useful tools to study selfish behavior among CCD users that interact repeatedly
over time to participate in content distribution. As the CCD users are unsure about when
precisely their interactions with the other users will end, the model of repeated games
with an infinite time horizon can be used to analyze such situations (see Section 2.1 of
Chapter 2).

4.3 Game theoretic formulation of CCD using best devices and its
analysis

The CCD game using the best devices in a strategic form is specified by a 3-tuple
G = 〈N ,Ai,Ui〉, where
N is a set of users that are interested in the same content within a macro-cell.
A set of actions, Ai = {F,D}, for each user i ∈ N , that are taken when a user is either
chosen as a selected mode or a recipient mode node. F represents the action in which a
user cooperatively follows the BS selection, and D represents the action in which a
user disregards the BS selection decision. The set of actions together define a set of
possible action profilesA=×i∈N Ai and a = (a1,a2, · · · ,aN) denotes a strategy profile
of all users.
A utility function for each user i

Ui = pc,i
(
w1eC

i +w2rC
i
)
+ pr,i

(
w1eR

i +w2rR
i
)

+pn,i
(
w1eN

i +w2rN
i
)
,

(48)

where
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– pc,i and pr,i represent the probabilities of a user being in the selected mode and in the
recipient mode, respectively. pn,i represents the probability that user i is in the default
cellular mode, where pn,i = (1− pc,i− pr,i).

– eC
i , eR

i , and eN
i , represent the relative energy costs incurred by user i (see Eqs. (42-47));

– rC
i , rR

i , and rN
i represent the relative rates obtained by a user; and

– w1 and w2 are user i’s preference weights of metrics, where w1 +w2 = 1. The choice
of weights w1 and w2 may depend on the particular device’s battery condition. For
instance, for a user with a low battery level, the higher energy cost may be more
important than the obtained rate. As a result, a higher weight may be assigned to the
energy part of the utility compared to the rate part.

In the infinitely repeated game model of CCD using best devices, the stage game G
is played at each round k, where in each round content segments of the requested content
are delivered. The users are assumed to make decisions rationally to maximize their
long-term expected utilities. Practically it is difficult for an independent user operating
in a cellular network to know on its own: 1) Who wants the same content as the user 2)
Where that user is located. 3) What that user’s link quality is. 4) When that user wants
to cooperate. Moreover, a user that is currently involved in CCD with a user/group of
users may have to later become involved in CCD with some other user/group of users.
In other words, users participating in the CCD using multiple interfaces are unsure about
when precisely their interactions should start/end. The model of repeated games with an
infinite time horizon is used to analyze such situations. The different ways in which a
preference relation may be modeled in an infinitely repeated game are the discounting
method and limit of means method of payoff specification. In this work, the limit of
means is a more relevant specification since this payoff function captures the preference
relation of patient players. The average utility per round of user i is given by

Vi = lim
T̄→∞

1
T̄

T̄

∑
k=1

Uk
i , (49)

Next, the condition is established under which following the BS’s selection i.e., playing
the action F , yields a higher average utility compared to when each user downloads the
content directly through an individual BS carrier.

Under the traditional method, where every user downloads content directly through
a BS carrier, then in Eq. (60), pc,i = 0, pr,i = 0, and pn,i = 1. The average utility of user
i is independent of the actions of other users and in this case the average utility is given
as Ui = w1eN

i +w2rN
i . Note that for this case when w1 = w2 then Ui =−1/2+1/2 = 0,

as eN
i = −1 and rN

i = 1. Under the proposed SB method when all users play F , i.e.,
Ui(ai,a−i) =Ui

(
F,(F,F, · · · ,F)

)
, in each round then using Eq. (60), the average utility
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for each user i in each round is

Ui(ai,a−i) =Ui
(
F,(F,F, · · · ,F)

)
=pc,i

{
w1

(
−1−

EWt ,i

EC,i

)
+w2

}
+ pr,i

{
w1

(
−

EWr ,i

EC,i

)
+w2

(
RW,i

RC,i

)}
+ pn,i

(
−w1 +w2

)
.

(50)

The negative values are used for the relative energy costs as the utility function proposed
in Eq. (50) is a weighted sum of rewards and costs, where the rewards are the relative
rates obtained and the costs are the relative energy consumed under different scenarios.
To ensure that playing the action F , i.e., cooperating and following the BS selection in
each round, yields a higher average utility compared to when all the users download the
content directly through a BS carrier, the average utility of each user when they play F
should be greater than the utility that users can obtain when they download content
directly through the BS carrier, i.e.,

Ui
(
F,(F,F, · · · ,F)

)
>−w1 +w2. (51)

For w1 = w2 =
1
2 , by solving inequality (51), the following was obtained.

pc,i

pr,i
<

(
RW,iEC,i−EWr ,iRC,i

RC,iEWt ,i

)
. (52)

In other words, to ensure a higher utility due to cooperation, for each user i the ratio of
the probability of being served in the selected mode to the probability of being served in
the recipient mode, i.e., pc,i

pr,i
, must satisfy inequality (52). Next an intuitive explanation

of inequality (52) is provided by setting different values for relative rate and energy.
The following examples are considered: 1) When the average WLAN rate is twice
the average cellular rate, the average energy consumed in transmitting content for a
user in the selected mode using the WLAN interface is twice as much as the average
energy consumed in receiving the same content via a cellular interface, and the average
energy consumed in receiving content for a user in the recipient mode using the WLAN
interface is half as much as the energy consumed in receiving the same content via
cellular interface. In this case, using inequality (52), pc,i

pr,i
< 0.75. This means that for a

user using the SB method, a higher utility compared to the utility obtained using the
default cellular mode for a user can only be maintained when a user is more often in
the recipient mode compared to the selected mode. 2) When the energy values are
the same as in the previous example but the WLAN rate is five times the cellular rate
then pc,i

pr,i
< 2.25. This means that using the SB method, a higher utility can now even
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be maintained when a user more often serves as a selected user compared to being a
recipient. It is important to note that due to the broadcast nature of WLAN links, a
single user in the selected mode may be able to serve many recipients. The proposed
SB method only selects a user to be in the selected mode when there is at least one
recipient in its vicinity that can receive the content. Since in our model all users are
treated equally, hence under the proposed method pc,i

pr,i
≥ 1. Before presenting further

results the following observation is made.

Remark 1. A deviation where user i plays action D when it is selected by the BS as a

recipient is inefficient for that user. This follows from the fact that the average energy

cost is less and the average data rate is higher when user i receives content on its WLAN

interface compared to when it receives content directly from the cellular interface (as

discussed earlier in Section 1.2). Moreover, using our proposed SB method, a user

is selected as a recipient only when a user with a good WLAN link to the recipient is

present in its vicinity. This ensures that only those WLAN links with good link quality are

utilized for cooperation. A user can never guarantee that with low energy consumption

it can download content segments via WLAN interface as wireless performance of any

user’s WLAN link changes due to many variables. For example, due to interference

on the user’s WLAN channel maintaining a connection with the other users in its

vicinity can be difficult, in which case the user will drop content segments. Moreover,

interference can also affect the speed of the wireless content reception, in which case the

user will consume more energy to download the content segments. In such scenarios, if

the user is using a low cellular link device then it will have no choice but to utilize its

low WLAN link for download and incurs a loss in performance. Moreover, a user can

also never guarantee that there is another user within its WLAN coverage that has the

same content as the user. When there is no other user within its coverage it is necessary

download content via the cellular link and using a low cellular link device can result in

a severe performance loss.

A deviation from the proposed method that is necessary to consider is a deviation
where a user i is to serve as a selected mode user and it plays D. In this case by
disregarding the BS selection, the user i can save its energy costs incurred in broadcasting
the content via its WLAN interface. Next it is shown that in the proposed game the
strategy profile where all users follow the SB selection i.e., play F in each round,
a = (F,F,F, · · · ,F), is not a Nash equilibrium (NE).
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Proposition 1. In the proposed game, the strategy profile where all users follow the SB

selection i.e., play F in each round, a = (F,F,F, · · · ,F), is not a Nash equilibrium (NE).

Proof. When all users follow SB method selection, the outcome will be cooperation in
each round, whose average utility per round for a user i is Ui

(
F,(F,F, · · · ,F)

)
(given in

Eq. (50)).
Consider a unilateral deviation where user i plays D in each round when it is chosen

to be in the selected mode, otherwise it plays F , whereas all the other users play always
F . Since all other users follow the SB method, user i will obtain the same average utility,
as before, in the rounds where it is in the recipient mode and also when it is neither in
the recipient nor in the selected mode. However, in the rounds where user i is in the
selected mode, user i can now save its energy costs that are incurred in broadcasting the
content via its WLAN interface. The average utility per round for user i now is

Ui
(
D,(F,F, · · · ,F)

)
=pc,i

(
−w1 +w2

)
+ pr,i

(
w1eR

i +w2rR
i
)

+ pn,i
(
−w1 +w2

)
,

=pc,i
(
−w1 +w2

)
+ pr,i

{
w1

(
−

EWr ,i

EC,i

)
+w2

(
RW,i

RC,i

)}
+ pn,i

(
−w1 +w2

)
.

(53)

It is easy to see that Ui
(
D,(F,F, · · · ,F)

)
>Ui

(
F,(F,F, · · · ,F)

)
, which proves our claim.

Proposition 1 shows that the proposed method is vulnerable to free-riding users
and poses a “tragedy of the commons” dilemma [88]. This implies that if too many
users exploit others’ WLAN interfaces for content delivery, the excess of free-riders
drives away the cooperating users that make the cooperation viable. Next, a carrier
aggregation-based incentive mechanism for the SB method is presented that allows
users to cooperate and obtain a higher utility. The use of selected devices in the SB
method results in cellular carrier savings at the BS which are then utilized as carrier
aggregation incentives for performing CCD. By offering these incentives, the BS can
aggregate multiple carriers which enables it to achieve a higher peak user data rate when
offering content directly to the users through cellular links. It is also shown that under
the proposed incentive mechanism following the SB method is a Nash equilibrium.
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Fig. 22. Flow diagram of the FRDP incentive strategy ([54] c©2016 IEEE).

4.4 The proposed CCD game with carrier aggregation-based
incentives

The characteristics of the proposed CCD method present unique challenges and opportu-
nities for the design of novel incentive and punishment mechanisms to ensure CCD. This
is due to the reason that straight forward applications of well-known direct and indirect
reciprocity mechanisms for incentivizing cooperation and punishing defections among
users (some of which were reviewed in Section 2.1 of Chapter 2) may not be effective in
the context of the proposed method. For instance, due to change in cellular network
topology, users involved in CCD changes over a period of time. A user that is currently
involved in CCD with a user/group of users may later become involved in CCD with
some other user/group of users. Hence, very often a user may have no opportunities
for direct/indirect incentivization, or retaliation in response to free-riding, as the user
interactions change over time. Moreover, in practice it is memory and computation
intensive to follow a reciprocity-based protocol that requires each user to observe and
keep track of identities, strategies and the reputation of different users with which
they interact over a period of time. To avoid such memory and computation intensive
operations on a user’s device, a method is presented next in which the BS implements
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the Follow-Reward and Disregard-Punish (FRDP) incentive and punishment mechanism
to discourage users from free-riding behavior. The BS and a user decision making
processes are illustrated in Fig. 21.

The flow diagram of the steps involved in the FRDP mechanism is given in Fig. 22.

– Step 1: Initialize the iteration (t = 1), initialize I = /0, the set of users in carrier
aggregation (CA) incentive group, and initialize P = /0, the set of users in punishment
group.

– Step 2: The BS performs user selection applying the SB method at the beginning
of every iteration t. An iteration t is defined as a block of content segment delivery
periods of fixed duration during which the BS does not change the selection of users,
and the users do not change their actions.

– Step 3: After performing the selection, the BS checks whether a user selected to be in
the recipient mode is in the set P . If yes, then the BS punishes the user for the entire
iteration block in the following ways. In the given iteration, if the user is selected to
be served via the WLAN interface, the BS punishes the user by delivering content to
it through its cellular interface with a single carrier. In the given iteration, if the user
is selected to be served via the cellular interface then no CA is employed for the user.
After the iteration, in which the user is punished by being served with a single cellular
carrier when it was supposed to be served via the user’s WLAN interface, the user is
removed from the set P .

When the user is selected for content to be delivered via the cellular link and it is
in the set I , the BS then incentivizes the user for the entire iteration block. The BS
aggregates the user’s default cellular carrier with additional carriers that are saved
due to the other recipient users receiving content via the WLAN link. The BS then
removes it from the set I .

– Step 4: The BS delivers the content to the users that are to be served by their cellular
interface.

– Step 5: The BS checks if the selected users followed the selection in the current
iteration. If a user follows the selection it is added to the set of users I . If the selected
user disregards the selection by the BS , then it is removed from the set I and is added
to the set P .

– Step 6: The steps 2 till 5 of the FRDP strategy are repeated until the requested content
is delivered to the users.
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Under the proposed FRDP mechanism when all the users always follow the SB method
selection, the average utility of user i is given as:

UFRDP
i

(
F,(F,F, · · · ,F)

)
=pc,i

(
w1êC

i +w2r̂C
i
)
+ pr,i

(
w1êR

i +w2r̂R
i

)
+ pn,i

(
w1êN

i +w2r̂N
i
)
,

=pc,i

{
w1

(
−

ÊC,i

EC,i
−

EWt ,i

EC,i

)
+w2

(
R̂C,i

RC,i

)}
+ pr,i

{
w1

(
−

EWr ,i

EC,i

)
+w2

(
RW,i

RC,i

)}
+ pn,i

{
w1

(
−

ÊC,i

EC,i

)
+w2

(
R̂C,i

RC,i

)}
,

(54)

where

– êC
i , êR

i , and êN
i represent the relative energy costs incurred by user i being chosen as a

selected mode, a recipient mode and a default mode user, respectively, when there are
CA incentives. All energy costs are defined relative to the energy costs when the user
is given content only using the default cellular mode;

– r̂C
i , r̂R

i , and r̂N
i represent the relative rates obtained by a user being a selected, recipient

and default user, respectively, when there is a CA incentive. All rates are defined
relative to the obtained rates when the user is given content only using the default
cellular mode; and

– ÊC,i represents the average energy cost and R̂C,i represents the average rate of user i

when the user is given content directly by the BS through the cellular interface using
CA.

To ensure that playing the action F yields a higher average utility compared to
when the users download the content directly through a BS carrier, it is required that
UFRDP

i
(
F,(F,F, · · · ,F)

)
> −w1 +w2. Earlier in Section 4.3 it was shown that when

the WLAN rate is twice the cellular rate, the SB method (with no FRDP incentive
mechanism) ensures a higher utility only when a user more often serves as a recipient
user compared to when it serves as a selected user. By setting the same relative values in
the above inequality, as the values used in Section 4.3 for inequality (52), it can be seen
that pc,i < 0.55pr,i +0.20. In other words, for the same considered scenario using the
SB method with an FRDP incentive mechanism, for pc,i < 0.20 the user i can obtain a
higher utility compared to the default cellular mode even when pr,i = 0.
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Proposition 2. In the proposed CCD game, when the SB method with the FRDP

incentive mechanism is used for CCD then the strategy profile where all users play F in

each round, i.e., a = (F,F,F, · · · ,F), (and value w1 ≤ w2), is a Nash equilibrium (NE).

Proof. When all users follow the SB method with the FRDP incentive mechanism, the
outcome will be cooperation in each round, whose average utility per round for user i is
given in Eq. (54). To show that the strategy profile (F,F,F, · · · ,F) is a Nash equilibrium,
it is necessary to consider a deviating user i, whereas all other users play F . In the
proposed SB method with FRDP incentive mechanism, when the user i deviates in any
given round then in the next few rounds (until the user is removed from the punishment
group) the user may be punished in one of the following ways: a) In a round, if the user
is selected to be served via the WLAN interface, the BS punishes the user by delivering
content to it through its cellular interface with a single carrier. b) In a round, if the
user is selected to be served via the cellular interface then no CA is employed for the
user. After the punishment round in which the user is served with a single cellular
carrier when it was supposed to be served via the user’s WLAN interface, the user is
then removed from the punishment group. To show that the SB method with FRDP
mechanism is a Nash Equilibrium, it is necessary to show that the sum of the obtained
utilities in a deviating round and the subsequent rounds in which the user is punished is
less than the sum of the obtained utilities if the user had followed the strategy in the
same rounds. Now, consider the deviation where the deviating user i plays F in the τ−1
rounds, and then plays D in the τth round when the user is selected to broadcast the
content, and then again keep playing F for the remaining rounds, whereas all the other
users always play F . The long time expected utility of user i is given as

k=τ−1

∑
k=1

UFRDP
i

(
F,(F,F, · · · ,F)

)
+UFRDP

i
(
D,(F,F, · · · ,F)

)
+

∞

∑
k=τ+1

UFRDP
i

(
F,(F,F, · · · ,F)

)
.

(55)

The average per round utility of each of the other users that play F in every round is
given in Eq. (54). The average per round utility of the deviating user that plays F in the
first τ−1 rounds is the same as of other users (given by Eq. (54)). In the τth round the
deviating user gains in utility by not delivering the content via the WLAN interface, the
average payoff for the deviating user i in the τth round is

UFRDP
i

(
D,(F,F, · · · ,F)

)
=

{
w1

(
−

ÊC,i

EC,i

)
+w2

(
R̂C,i

RC,i

)}
. (56)

In the next round, i.e., the (τ + 1)th round, the BS punishes the user and the user’s
utility in each of the next few rounds (until the user is removed from the punishment
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group) is −w1 +w2. Let us consider the best possible case for the deviating user i in
which the user i after deviating is punished only for one round. This best-case scenario
happens, when after deviating, in the next round the user is selected as a recipient mode
user and is served via the cellular interface instead of the WLAN interface, the user
is then removed from the punishment group. For the two rounds, in which the user
deviates in the first and gets punished in the second round, the average sum utility

of the user is
[

w1

(
− ÊC,i

EC,i

)
+w2

(
R̂C,i
RC,i

)
+

(
w2−w1

)]
. Instead of deviating, if the

user had followed the strategy then the user’s average sum utility would have been[
w1

(
− ÊC,i

EC,i
− ÊWt ,i

EC,i

)
+w2

(
R̂C,i
RC,i

)
+w2

(
R̂W,i
RC,i

)
−w1

(
ÊWr ,i
EC,i

)]
. For the scenarios where

w1 ≤ w2, it can be seen that the user saves energy in the first round when it deviates,
however, due to punishment it loses in terms of both energy and rate in the second
round, as it is not given content via the WLAN interface. On average the WLAN rates
are higher than the cellular rates and also on average WLAN has lower energy costs.
Moreover, unlike the best-case scenario discussed above, the deviating user can also be
punished by not getting higher cellular rates via the CA incentive, when it is selected as
the default mode user. Hence, the average sum utility due to deviation is less than the
average sum utility obtained when the user follows the strategy. In other words, there is
no incentive in unilateral deviation, which proves our claim.

It is important to note that for the scenarios where w1 > w2, i.e., where users value
energy more than their obtained rates, the proposed strategy is still a Nash equilibrium
when the difference between the WLAN energy/rates and the cellular energy/rates are
much higher as compared to the difference between w1 and w2, and/or when the users
can be given a higher number of carriers as CA incentives for CCD.

In order to implement the proposed FRDP incentive mechanism in an SB method for
a practical CCD network, the following signalling information is exchanged between the
BS and the set of users. In the first round the BS implements the SB method to decide
on the selected users. The BS then sends the content to these users. Each of these users
either cooperates or deviates. A user sends a feedback signal to the BS when it receives
the content successfully. The BS assumes that a user has failed to receive the content if
the feedback signal does not arrive within a timeout period. The BS then serves those
users directly. After the end of a round, the BS updates the list I and P . In the next
round, the BS implements the SB method to determine the new set of selected users.
The users are rewarded or punished according to their past actions. Finally, the users
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send the feedback signal to the BS as an acknowledgment of their successful reception
of the content. This process is repeated for subsequent rounds.

4.5 Results

4.5.1 Performance analysis of the SB method without an incentive
mechanism

We simulate a circular cell with a radius ρT of 1 km in which N users that are interested
in the same content are: 1) Randomly deployed; and 2) Deployed in clusters (see Section
4.1 for the details of user distribution). User clusters are generated by (randomly)
dropping circles with radius of ρC in the cellular cell. The transmitting power of the
BS is assumed to be of 43 dBm and the noise power is set to a value of −100 dBm.
Path loss values of κ and α are set to 1 and 3, respectively. The transmit and receive
power of each user terminal is 20 dBm. The noise power is assumed to be −40 dBm.
The circular coverage region of each content delivery user (using WLAN link) is set to
be 75 meters. The average cellular rates between the BS and a user are considered to
be in the range of 600 Kbps to 2 Mbps. The average WLAN rates between the users
are considered to be in the range of 5 to 40 Mbps. A performance comparison of the
proposed method for wireless content delivery is made against the following methods:
1) When only the cellular link is used to deliver content to all the users; and 2) When the
cellular BS selects a subset of users (based on the best cellular link) who cooperatively
deliver content to the other users.

Note that the process of content distribution has only one stage for method 1, i.e.,
where the BS delivers data to all users, whereas in method 2 and in the proposed method
the content distribution process has two stages, i.e., where the BS sends content to
selected users (stage 1) via the cellular link and then selected users broadcast data for
other users via the WLAN link (stage 2).

For analyzing the effect of other independent competing users (operating on the
same WLAN channel) on the performance of the proposed method, O independent users
are assumed to operate (see Section 4.1.2 for the details). The values of O are varied
between 5 to 50.
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(a)

(b)

Fig. 23. (a) and (b) The number of carriers vs the number of users when users are randomly
distributed and distributed cluster-wise respectively ([15] c©2014 IEEE).

84



0 5 10 15 20 25 30 35 40 45 50
Number of interferers(O)

2.6

2.7

2.8

2.9

3

A
ve

ra
g

e 
b

it
-p

er
-j

o
u

le
   

p
er

fo
rm

an
ce

 (
b

it
s/

Jo
u

le
)

104

Default cellular method
Select best method
Best cellular rate-based method

(a)

0 5 10 15 20 25 30 35 40 45 50
Number of interferers(O)

0

0.5

1

1.5

2

A
ve

ra
g

e 
b

it
-p

er
-J

o
u

le
 

p
er

fo
rm

an
ce

 (
b

it
s/

Jo
u

le
)

105

Default cellular method
Select best method
Best cellular rate-based method

(b)

Fig. 24. Average bit-per-Joule performance vs number of other competing users. a) The
users are randomly deployed; and b) the users are deployed in clusters ([15] c©2014 IEEE).
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Fig. 25. The average time to download a content file of size 500Mbits by a user vs the
number of interferers when all the users have a clustered distribution and the cellular rates
range between 600KHz to 2MHz ([15] c©2014 IEEE).

Savings in terms of cellular carriers utilized

In Figs. 23(a) and 23(b), the average number of frequency carriers used by the BS
(to deliver content to N users) is plotted as a function of the number of N users in the
network under two different user distributions (for three different methods).
The two figures show that the method in which only the cellular link is utilized to deliver
the content to N users performs worst (in terms of the number of carriers utilized). It can
be seen in Fig. 23(a) that the proposed method has limited performance gain in terms of
carrier savings when the active users are randomly distributed in the cell. However, Fig.
23(b) shows that the performance gain is significant when the same number of users
have a clustered distribution in the cell.

Average bit-per-joule performance

In Figs. 24a and 24b, for different distributions, the average bit-per-Joule performance
is presented as a function of the number of potential interferers (other independent
competing) users in the circular cell that utilize the same WLAN channel as the devices
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in the cooperative content communication. It can be seen that the proposed method
achieves the highest bit-per-Joule performance compared to the other two schemes
when no other competing users are present on the WLAN channel. In the presence of
other competing users, as expected, the conventional cellular method does not show any
change in performance and the best cellular rate-based method shows little change in
performance. On the other hand, the performance of the proposed method degrades with
increase in the number of other competing users. However, even for a large number
of other competing users our proposed method outperforms the other two methods
significantly. It can be also seen in Fig. 24b that when the number of other independent
WLAN competing users is low then the best cellular rate-based method performs better
than the default cellular method in terms of average bit-per-Joule performance. However,
as the number of other WLAN users increases, the performance of the cellular link-based
method degrades compared to the default cellular method as the default method is
unaffected by other WLAN users. Finally, it can be concluded from the two distributions
that when users engaged in the cooperative content communication have a clustered
distribution then their bit-per-Joule performance is strongly affected (with the increasing
number of other competing users) compared to when the users are randomly distributed.

Average time to download content

The average time a user takes to download a content file of 500Mbits is shown in Fig. 25
as a function of the number of potential interferers I. It is seen that the proposed method
takes the least time in average to download the content compared to time taken with
the conventional cellular method and the cellular link-based selection method when
no other competing users are present on the WLAN channel. In the presence of other
competing users, the conventional cellular method is unaffected as can be intuitively
expected. On the other hand, the performance of the proposed method becomes worse
than the conventional cellular method when a large number of competing users are
present, though it is significantly better than the cellular link-based selection method,
even for a large number of competitors.
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Fig. 26. a) Average bit-per-Joule performance vs the number of N users for different CCD
methods; and b) Average bit-per-Joule performance vs maximum speed of a mobile user
([54] c©2016 IEEE).
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4.5.2 Performance analysis of the SB method with the incentive
mechanism

Using the same simulation parameters as used in Section 4.5.1, the performance of the
SB method with the FRDP mechanism is now evaluated under different scenarios. In our
simulations, two different behaviors of selected users are considered for CCD: i) a user
always follows the BS selection; and ii) a user always free-rides, i.e., it disregards the
BS selection when it is selected to broadcast the content to other users. A performance
comparison of the proposed mechanism is made with the following other methods: 1)
The method in which only the cellular link is used to deliver content to all users in each
iteration; 2) The SB method without the FRDP mechanism; 3) The rate-proportional
cooperative approach; and 4) An approach in which it is assumed that global network
information (device coverage, link quality of interfaces) is available at the base station.
The benefit of such a comparison is that one can evaluate the energy consumed in the
overhead relating to the best device selection process.

Average bit-per-Joule performance vs number of N users

In Fig. 26(a), the average bit-per-Joule performance of different methods is presented as
a function of increasing number of users. A performance comparison of the proposed
method with a rate-proportional cooperative approach is made where the content
segments are split rate-proportionally at the base station and then different parts
of the segment are downloaded by each device using their cellular interface. The
received content segment parts are then cooperatively exchanged (using broadcasting)
by users using their short-range/ WLAN interfaces [25, 28]. It can be seen that the
rate-proportional cooperative method considered in different works performs less than
the proposed solution. This is because that while our proposed solution utilizes the best
link devices for cooperative content delivery, the rate-proportional cooperative method
utilizes all the devices and some of them can have poor link qualities. Moreover, the use
of selected devices in our solution results in cellular carrier savings at the base station
which are then utilized as carrier aggregation incentives for carrying out cooperative
content delivery. This further increases the average-bit-per-Joule performance of the
proposed method compared to the rate-proportional cooperative method which utilizes
all the links and cannot result in carrier savings. The figure also shows the loss in
bit-per-Joule performance (due to the overhead relating to the best devices selection
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(a)

(b)

Fig. 27. a) Average utility of a user as a function of an increasing number of (N− 1) users.
w1 = w2 set to be equal to 0.5; and b) Average utility of a user as a function of w1 ([54] c©2016
IEEE).
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process) when compared to the global information method where user selection is
assumed to be already known. The figure also shows that the performance of all methods
degrades with the increasing number of users. This is because that as the number of
users increases, the possibility that the users are within the WLAN coverage range
of other users also increases. As more users share the airtime of the channel, the
average-bit-per-Joule performance decreases. Finally, it can be also seen that the CA
incentive mechanism increases the average bit-per-Joule performance of the users.

Average bit-per-Joule performance vs maximum speed of a mobile user

In Fig. 26(b), the impact of mobility on the average bit-per-Joule performance of
the proposed method is evaluated and is compared with the method where global
information is present. The random walk model with mobility reflection is considered in
order to evaluate the impact of mobility [89]. The speed of a node is randomly selected
from a uniform distribution between 0 meters/ second and a maximum speed of sm

meters/ second. It can be seen from the figure that as the moving speed of the devices
increases, the average bit-per-Joule performance of the proposed method degrades. This
is because that in a given iteration, when devices move then some of the devices may
move out of the WLAN coverage of the devices that are serving them or receiving
content from them. This in turn requires that some of these devices (which are no longer
in the WLAN coverage of any content delivery devices) are given the content segments
using the cellular interface. The Fig. 26(b) shows that the proposed method performs
well for static to slow mobility scenarios. It is reasonable that a cooperative content
delivery method using distributed WLAN devices may not be suitable for scenarios
where devices are in high mobility scenarios such as in a car, as a distributed WLAN
link has short coverage of around 40 to 60 meters, and for fast moving users in a car
there can be too many handovers which can lead to loss in cooperative content segment
communication. However, on the other hand if users are in a high mobility scenario
such as traveling on a high speed train then devices once again may obtain the benefits
of the proposed method because the devices in such scenarios are either static or have
slow mobility relative to one another.
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Average utility of a user as a function of increasing number of (N−1) users

In Fig. 27a, the average utility obtained by a user i is evaluated and compared as a
function of an increasing number of (N−1) users under different scenarios. It can be
seen that the scenario in which the user i deviates (while all others follow), the average
utility of user i is significantly less compared to when it always follows the SB method
with the FRDP mechanism. Moreover, it can be also seen that the average per user
utility of other users who always follow the proposed method is greater than the user i

which deviates. The Fig. 27a, also shows that the scenario performs better where all N

users always follow the proposed SB method with the FRDP mechanism compared to
other methods.

Average utility of a user as a function of w1

In Fig. 27b, for different scenarios the average utility obtained by a user i is presented
as a function of the user’s preference weight w1, i.e., the user’s preference weight for
energy costs. The preference weight w1 may depend on a particular device’s battery
condition. In Fig. 27b, it can be seen that when the user’s preference weight w1 for
energy costs is small, then compared to the other methods, the average utility obtained
by the user i is significantly higher for the scenario in which all the users always follow
the SB method with the FRDP incentive mechanism. It can be also seen that for higher
preference weights such as w1 = 0.85, and w2 = (1−w1) = 0.15, the proposed SB
method with the FRDP mechanism performs the same as the other methods. It is noted
that in practice, a user may prefer to have very high preference weight for energy costs
when its battery energy is very low. In such scenarios it may not be efficient to select
users with low batteries for CCD. In practice, there is software available that can report
the battery condition of a device to the BS [90], and the BS using the proposed method
can take this into account by simply not selecting those users which have low amounts
of battery energy.

4.6 Summary

To address the problem of cellular network congestion in the context of content delivery
to multiple users simultaneously, in this chapter, the use of multiple wireless interfaces
for CCD, was studied. Considering that user devices are often equipped with more
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than one network interface, a method for the selection of the content delivery devices
was presented which takes into account both the primary (cellular) and the secondary
network interface of a device.

Our results showed that the intelligent use of multiple network interfaces achieves
savings (at a cellular base station) in terms of the number of carriers utilized, the average
bits-per-Joule performance of a user is increased and the average time to download a
content segment is reduced in the cellular network. Mobile-to-mobile CCD requires
users to contribute their resources, such as battery energy and device computation
resources. Although a cellular BS assists in CCD, however, each mobile user is an
independent entity who acts to maximize its own utility, and can deviate from the CCD
method if a deviation could increase its utility. This lead to an analysis of the stability of
the proposed SB method against selfish deviations using a repeated games framework
with an infinite time horizon. It was shown that the SB method was not an equilibrium
against a selfish deviating user. To address this problem, a carrier aggregation-based
incentive mechanism called Follow-Reward and Disregard-Punish (FRDP) mechanism
for the SB method, was proposed. The proposed mechanism rewards users that follow
the BS selection by giving them CA incentives. It punishes users that disregard the BS
selection, by giving content to them only through a cellular interface using a single
carrier.

It was shown that our proposed SB method which selects devices with a high link
quality for content delivery, leads to energy savings for devices and frequency carrier
savings for the BS. Moreover, our analytical and simulation results have shown that the
SB method with the FRDP mechanism maximizes individual and network payoffs and is
stable against unilateral selfish deviations.
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5 Contract based incentive mechanism to
overcome the adverse selection problem in
CCD

In this chapter, the adverse selection problem which is encountered in CCD using
multiple air interfaces, is studied and methods based on contracts are proposed to
resolve this problem. CCD using multiple interfaces is an effective method of mitigating
the problem of congestion in cellular networks. In these methods the available air
interfaces on smart devices are utilized locally to disseminate content among a group of
users that are within each other’s vicinity. In Chapter 4, an SB method was proposed
which performs the intelligent selection of devices (for wireless content delivery) that
cooperatively distribute content to other devices. However, an independent device
selected for wireless content delivery might act selfishly and therefore might not be
willing to participate in the cooperation process. Moreover, due to the consideration that
there is incomplete information at the operator end about the willingness/unwillingness
of the user to participate in CCD, the operator cannot offer incentives to the users
according to their preference choices with regards to their participation. This leads to the
problem of adverse selection in CCD. In order to overcome this problem, two contract-
based methods are proposed to reveal the true preference choices of the users under
information asymmetry. In both the methods, the operator designs a performance-based
contract set for each user which is capable of distributing content to other users locally.
The aim of designing contracts is to ensure that the users’ preferences are revealed to the
operator in the presence of adverse selection. As a result, by using the contract-based
method the operator can incentivize users according to their willingness/unwillingness
to participate and the system performance in terms of the utility of the operator and the
users can be improved.

5.1 System Model

In this section, the network model is described to formulate the problem of adverse
selection that arises during the process of distributing content to a group of users in the
vicinity of each other using the CCD method.
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Fig. 28. An example scenario of the task of CCD with Nc = 3; (a) All capable users are of high
preference type , (b) All capable users except node 4 are of high preference type.

Table 1. Parameters defined for CCD network.

Symbol Meaning

ρC,ρT Radius of cluster and radius of cell

N Number of users interested in the same content within the BS cell

λ Mean of the Poisson distribution of the total arriving users

Nc,Nc Set of capable users, number of capable users

W BS utility

Ti Number of other users a capable user can serve through WLAN

Pi Effort by a capable user i when it participates in CCD

b BS’s cost for providing incentives to capable user

Ui User i’s utility

Ri Resources allocated to capable user i by the BS

R̄i Basic resources allocated to capable user i by the BS

ri Additional resources given to capable user i as incentives

v(.) Valuation function

c′ Capable user’s unit cost per effort exerted for participating in CCD
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Fig. 29. Different preference types of a capable user.

Consider a generic circular cell with a radius of ρT in which a BS is located at the
cell center, as illustrated in Fig. 28. There are nc number of hotspot clusters of users
2 located in the cell of interest where ρC (< ρT ) represents the radius of the hotspot
cluster. Each cluster has nt users. Let N = {1,2,3, · · · ,(ncnt)} be the set of N users that
are distributed in clusters around the BS. The number of users in an instant is modeled
as a Poisson distribution of mean λ .

From the set of N users interested in receiving the same content, the BS selects a
subset Nc of users known as relay users for distributing the content through CCD. This
set of users is selected by the BS by employing mobile crowdsourcing. As a result of the
crowdsourcing process, a user operates in one of the possible modes namely, the relay,
the recipient or the isolated mode. The relay mode user receives the content from the
BS via a cellular link and then potentially may distribute the same content via WLAN to
other users within its vicinity. The recipient mode user receives the content via WLAN,
from a relay user. The isolated mode user receives the content directly from the BS
via a cellular link. The users in relay mode are assumed by the BS to be potentially
good enough for distributing content to other users that are in close proximity through
their WLAN interfaces and thus, these users are referred to as capable users. Such
users usually have a good quality cellular link with the BS and good WLAN coverage
with other users in its vicinity. However, a capable user may choose to be willing or
unwilling to participate in CCD and this also influences the BS’s utility. It is assumed
that a capable user is of a high (H) preference type if it is willing to participate in CCD
and it is of a low (L) preference type if it is unwilling to participate in CCD (see Fig. 29).
Thus, the set of preference types for the capable user i ∈ Nc, is given by Θi = {H,L}.

2The term ‘user’ is used to represent ‘node’ and/or ‘access point’ interchangeably with relevance to the context
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Naturally, the capable users of the high preference type are more preferred by the BS
and will be promised a greater reward for participating in CCD.

The problem of overcoming adverse selection in CCD is considered where the BS
needs to incentivize high preference type capable users when the BS has incomplete
information about the true preference types of the capable users. In order to overcome
such a situation of information asymmetry between the BS and the set of capable users,
contract theory [70] is adopted so that the BS can offer incentives to high preference
type capable users even when their preference types are not known to the BS with
absolute certainty.

In Fig. 28, an illustrative example of CCD is provided which shows the impact of
the preference type of a capable user on the utility of the BS and the other users which
the capable user can potentially serve. Four hot spot clusters of users (nodes/access
points) are distributed across the cellular coverage area of the BS and each of these users
is interested in receiving the same content. Through crowdsourcing, the BS selects
users 1, 2 and 4 as capable users for CCD. In Fig. 28(a), the capable users 1, 2 and 4 are
willing to participate in CCD i.e., they are of high preference type. Hence, CCD is
successfully implemented by the BS. However, in CCD a high preference type capable
user consumes its own resources in order to distribute content to other users within
its vicinity. Therefore, a capable user might be reluctant to participate in CCD and
act instead as a low preference type user. In Fig. 28(b) capable user 4 acts as a low
preference type user and does not distribute the content to the other users in its vicinity.
In this case, the BS has to distribute the content directly via cellular links to the other
users. Therefore, user 4, by acting as a low preference type user, saves its own resources
which it would have used in order distribute content to other users via WLAN. On the
other hand, due to user 4’s unwillingness to participate in CCD, the BS and other users
within its vicinity suffer and end up with lower utility values compared to the case when
all capable users are of high preference type. In order to avoid this situation, the BS can
incentivize capable user 4 to act as a high preference type user by offering rewards.
However, the BS does not have the complete information about the preference types
of the capable users, due to which the BS cannot incentivize the high preference type
users with rewards. This leads to the adverse selection problem in CCD. The adverse
selection problem occurs when one of the parties has some private information which is
hidden from the other party. In this case, the uninformed party suffers from the adverse
selection problem [70].
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5.2 Mathematical formulation of the adverse selection problem in
CCD

In this section, a mathematical model of the adverse selection problem [91] in CCD
is provided. Firstly, the utility functions of the BS and the capable users are defined.
Thereafter, the interactions between the BS and the capable users are modelled as a
one-stage game.

5.2.1 BS’s utility function

The objective of the BS is to maximize the number of carriers saved due to the
participation of capable users in CCD. When a capable user participates in CCD and
serves the users within its vicinity, the BS saves the cellular carriers which would have
otherwise served those users. Therefore, the BS’s utility is modelled as follows. The
BS’s utility is denoted by W and the number of users that a capable user i can potentially
serve locally is denoted by Ti. Therefore, Ti is also the number of carriers saved if
capable user i participates in CCD. Pi denotes the cost in terms of the effort exerted by
capable user i to serve the other users locally. For simplicity, it is assumed that

Pi =

0, if capable user i is of low preference type

P, if capable user i is of high preference type
(57)

where P is a constant and P > 0. And b denotes the number of resource carriers the BS
provides to capable users as incentives. Then the utility of the BS is defined as

W , ∑
i∈Nc

TiPi−b, (58)

where the first term of (58) represents the BS’s gain in terms of the number of carriers
saved due to CCD and the second term of (58) represents the BS’s cost for offering
carriers as incentives to the capable users participating in CCD. Moreover, it is assumed
that ∑i∈Nc TiPi > b.

5.2.2 User’s utility function

A capable user’s objective is to maximize the net benefit it receives due to participation
in CCD. Therefore, a capable user’s utility is modelled as follows. The utility function
of the capable user i is denoted by Ui and, the general amount of resources allocated by
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Fig. 30. Payoff matrix for the one-stage adverse selection game. (Low Preference, Basic
Service) is a unique Nash equilibrium.

the BS to the capable user i is Ri. v(Ri) is a valuation function that depends on Ri. Let
Ri = R̄i + ri, where R̄i and ri denote the basic amount of resources and the additional
incentive resources the BS allocates to capable user i, respectively. If the resources
allocated to user i are less than the basic resource R̄i which is required to serve user i

successfully, the valuation function is equal to zero. If ri ≥ 0, then the valuation function
v(Ri) is modelled as an exponential function in order to represent the defining feature of
diminishing marginal returns. The valuation function v(Ri) is therefore, denoted as

v(Ri) =

0, if Ri < R̄i

2− exp{−(Ri− R̄i)}, if Ri ≥ R̄i

(59)

Further, ć is denoted as the capable user’s unit cost per effort exerted for providing the
content to other user within its reach using its WLAN interface. For simplicity it is
assumed that ć =1. Then the utility function of a capable user i is defined as

Ui , v(Ri)− ćPi, (60)

where the first term represents the amount of benefit the capable user i receives due to
the amount of resources it is allocated by the BS, and the second term represents the loss
it suffers in order to serve the other users, locally.

5.2.3 Adverse selection in CCD as a one-stage game

In this section, the interactions between the BS and a capable user, that can strategically
choose between high and low preference types, are modelled as a one stage game. It is
shown that, under adverse selection, a capable user’s dominant strategy is to be of low
preference type. This motivates the design of contracts in the next section, since the
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Fig. 31. Contract theory for adverse selection in CCD.

result here shows that the user chooses low preference type even in the presence of
incentives by the BS.

A capable user i ∈ Nc whose preference type is unknown to the BS, is considered.
The BS therefore, has the choice of offering the capable user i a basic amount of
resources (R̄i) or the basic amount of resources with some incentives (R̄i + ri). Then
the adverse selection problem in CCD in a strategic form is specified by a 4-tuple
G = 〈Nc,{Θi}i∈Nc ,W,{Ui}i∈Nc〉.

The payoff matrix for this game is represented in Fig. 30. A unique Nash equilibrium
exists for this game: where user i chooses to be of low preference type, and the BS
offers a basic service. Therefore, the capable user i’s dominant strategy is to adopt low
preference type. From the utility definition of the BS from (58), it can be noted that the
BS cannot maximize its utility when a capable user adopts a low preference type. To
overcome this problem of adverse selection, it is important for the BS to incentivize the
capable user to become a high preference type by offering rewards. However, since the
BS has incomplete information, this problem can be resolved by offering contracts in
such a way that capable users are rewarded according to their preference types and the
BS gets the optimal utility. In the next section, incentive methods based on contracts
are proposed through which the BS can incentivize capable users according to their
preference types.

101



5.3 Proposed methods of incentivizing capable users by offering
contracts

This section describes the utility functions for the BS and capable users, the feasi-
bility conditions to define contracts for capable users, and finally a definition of the
optimization problem representing the optimal contract so that the adverse selection
problem is overcome. Before designing the contract, the main objectives of both the BS
and every capable user (see Fig. 31) are noted. Firstly, the BS wants to maximize the
outcome due to the participation of the capable users, and at the same time, minimize
the rewards given to the capable users for their participation. On the other hand, a
capable user wants to maximize the additional resources it obtains from the BS as
rewards, and minimize the cost required to distribute the content to other users through
its WLAN interface. Both the BS and the capable users have conflicting objectives in
this interaction. Therefore, both the BS and capable users need to evaluate the trade-off
between their costs and rewards. A contract-based framework is proposed because it
brings the BS and the capable users together and helps to resolve the conflict.

5.3.1 Contract formulation

According to the revelation principle [70] in contract theory, to determine the optimal
contracts under asymmetric information, it suffices to consider one contract item for
each preference type, but it has to be ensured that a capable user of a certain preference
type has the incentive to select only the contract item that is designed for it. In our
problem, a capable user may be of high or low preference type. Thus, for designing a
contract for capable users in CCD, it is enough to design a contract that consists of
two contract items i.e., for high and low preference type capable users. For modelling
the contract, the preference type of a capable user is represented by the coefficient
parameter θk. The values taken by θk where k = {H,L} represent the extent to which a
capable user is willing/not willing to participate in CCD. Without a loss of generality, it
is assumed that θL < θH . Since there are only two possible preference types, the BS
needs to design contract items for high and low preference type users.

The BS determines the contract which specifies the relationship between the capable
user’s performance in terms of the effort for participating in CCD and the corresponding
reward to be given to the capable user by the BS for that performance. Let PH and PL

denote the costs suffered by a high and low preference type capable user, respectively,
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Table 2. Parameter definitions for contracts.

Symbol Meaning

θH ,θL Coefficient parameter for high and low preference type users

PH
i ,PL

i Effort required from the user when it is of high and low preference type

P Set of effort required from both high and low preference type of users

rH
i ,rL

i Incentives given to the user i in the contract when it is a high and low preference type user

Φ Contract set consisting of contract items for both high and low preference types

r Set of rewards for both high and low preference types

c BS’s unit cost per unit reward allocated to a capable user

UH
i ,UL

i Utility of capable user i in contract when it is of high and low preference type,

respectively

qH
i Probability with which a capable user i is of high preference type

for participating in CCD, where P , {PH ,PL} and PH > PL. Let rL and rH represent
the extra resources that the capable user receives when it accepts the contract designed
for low and high preference type users respectively and r , {rL,rH}. Intuitively, a
high preference type user should be rewarded more than a low preference type user.
Moreover, the reward received by a capable user r is a strictly increasing function of P.
Therefore, rL < rH . The set of contract items Φ = {(Pk,rk),∀k = {H,L}} is a contract
set and fully defines the contract. Each such distinct cost-reward (Pk,rk) pair association
becomes a contract item. The contract specifies a reward rk ∈ r for every effort Pk ∈ P .
Once a contract is designed and offered, each capable user will choose the contract
item that maximizes its payoff. For solving the problem of adverse selection using the
concepts of contract theory, it is necessary to generalize the definitions of the BS utility
and capable user’s utility functions from the previous sections as defined next. These
new definitions of utility functions will be discussed in the next section ( using notations
from Tables 2 and 1 ).

5.3.2 Utility functions for defining a contract in adverse selection

In this subsection, the adverse selection problem between the BS and the capable users
is modelled as a principal-agent model in contract theory [70], and then the utility
functions of the BS and the capable users are defined. The BS is considered as the
risk neutral principal of an adverse selection problem, where the capable users act as

103



the agents. A risk neutral entity is indifferent between the two options of taking risks
to achieve an outcome and accepting a guaranteed outcome. On the other hand, it is
assumed that a capable user is a risk adverse agent which means that in the event of
being exposed to an uncertainty, the agent attempts to reduce that uncertainty.
(1) The BS’s utility function with a contract: The utility of the BS Wi due to a capable
user i, i ∈ Nc, of type k is defined as

Wi , TiPk− crk, (61)

where rk is the additional resource blocks which the capable user i is rewarded according
to the contract, provided the user’s performance is Pk. Here, each capable user i chooses
a contract item (Pk,rk) that maximizes its utility, where (Pk,rk) ∈ {(PH ,rH),(PL,rL)}.
The term c is the BS’s unit cost for providing incentives to a capable user. Hence, the
utility of the BS due to all the capable users, is given by

∑
i∈Nc

Wi = ∑
i∈Nc

TiPk− crk. (62)

(2) The user’s utility function with a contract: In this case, a capable user tries to
maximizes the rewards it receives in the form of resources allocated by the BS minus the
cost of acting as a high/low preference type user. The utility of a capable user i, i ∈ Nc,
of type k is defined as

Uk
i , θkv(rk)− ćPk. (63)

where v(rk) is a strictly increasing and concave function (v(0) = 0,v′(rk)> 0,v′′(rk)< 0
for all rk) which models capable users as risk-averse agents. The parameter θk represents
the preference type of a capable user and this information is private to this user.

5.3.3 Feasibility conditions for contracts

In this subsection, the necessary and sufficient conditions for a feasible contract [70] are
considered to solve the adverse selection problem that arises in CCD. These conditions
will then be used to derive the optimal contracts in the next section. These conditions
defined for the capable users, ensure that they are incentivized sufficiently to participate
in CCD.

104



Definition 1. Individual rationality constraint (IR-constraint): A contract item which a

capable user accepts should guarantee a non-negative payoff, i.e.,

θkv(rk)−Pk ≥ 0, k = H,L. (64)

In CCD, if a capable user does not accept the contract, it would still receive the
content directly from the BS by default cellular method. In this case, the capable user is
not allocated any reward by the BS and the capable user faces no expense because it
does not participate in CCD. Then the utility of the capable user is called its reservation

utility and its value is zero (by using (63)). Therefore, a capable user will accept a
contract item only if its utility is at least equal to this value.

Definition 2. Incentive compatibility constraint (IC-constraint): Each capable user

must choose a contract item designed specifically for its own preference type, i.e.,

θkv(rk)−Pk ≥ θkv(rl)−Pl , k, l = H,L,k 6= l. (65)

It is necessary to define this constraint to make sure that a capable user accepts
the contract item according to its preference type, and thus to make the contract
incentive compatible. This constraint ensures that a capable user of type k gets the
maximum utility by accepting the contract designed for a type k capable user. There-
fore, by accepting a contract which maximizes its utility, the capable user indirectly
reveals its preference type. So the contract that satisfies this constraint can also be
called a self-revealing contract. It is necessary to define this constraint for the con-
tract, or else it is possible for example, that a capable user of low reference type
would reap higher benefits by accepting the contract item designed for high preference
type user. Next, the other conditions that are needed for contract feasibility are discussed.

Lemma 1. For any feasible contract Φ = {(Pk,rk),∀k ∈ {H,L}}, rH > rL if and only

if θH > θL, and rH = rL if and only if θH = θL.

Proof. Firstly, the sufficiency condition is proved, i.e., if θH > θL, then rH > rL. It is
assumed at first that θH > θL. Using the IC-constraint for high and low preference type
capable users, the following is obtained.

θHv(rH)−PH ≥ θHv(rL)−PL, (ICH)

θLv(rL)−PL ≥ θLv(rH)−PH . (ICL)
(66)
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Adding the inequalities of (66), it is found that

θHv(rH)+θLv(rL)≥ θHv(rL)+θLv(rH)

⇒v(rH)(θH −θL)≥ v(rL)(θH −θL).
(67)

As θH > θL, hence θH −θL ≥ 0. Dividing both sides of the inequality (67) by θH −θL,
it is found that v(rH)> v(rL). Since v(rk) is a strictly increasing function of rk, it can be
concluded that rH > rL.
Next, the necessity condition is proved, i.e., if rH > rL, then θH > θL. The inequalities
of (66) are considered and in the same way as above, these inequalities are added to get

θHv(rH)+θLv(rL)≥ θHv(rL)+θLv(rH)

⇒θH{v(rH)− v(rL)} ≥ θL{v(rH)− v(rL)}.
(68)

Since rH > rL and v(rk) is a strictly increasing function of rk, v(rH) > v(rL) and
v(rH)− v(rL) > 0. Dividing both sides of the inequality (68) by v(rH)− v(rL), it is
found that θH > θL. By using the same procedure, it can be proved that rH = rL if and
only if θH = θL

Lemma 1 shows that if a capable user is of high preference type, then it should
receive more incentives from the BS and vice versa. And if two capable users receive the
same reward, then they are of the same preference type. From here, the next condition
for contract feasibility can be deduced which is defined below.

Definition 3. The monotonicity condition (M-condition): For any feasible contract

Φ = {(Pk,rk),∀k ∈ {H,L}}, the reward rk follows 0≤ rL < rH .

The monotonicity condition (M-condition) implies that capable users of high
preference type get higher rewards. From this condition, the following proposition is
obtained.

Proposition 3. As r is a strictly increasing function of P, P satisfies the following

condition intuitively 0≤ PL < PH .

Proposition 3 implies that incentive compatible contracts requires a high cost of
participation from a capable user if it receives a high reward and vice versa.

Lemma 2. For any feasible contract Φ = {(Pk,rk),∀k ∈ {H,L}} , the utility of a

capable user of different preference types should satisfy 0≤UL <UH
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Proof. Using Definition 3, Proposition 3 and if θH > θL , it is found that

UH = θHv(rH)−PH ≥ θHv(rL)−PL (IC)

> θLv(rL)−PL =UL.
(69)

Therefore, 0≤UL <UH , i.e., a capable user of high preference type gets higher
utility than being of low preference type. In the next section these constraints will be
used for finding optimal contracts for the adverse selection problem in CCD.

5.3.4 Optimal contracts for adverse selection problem in CCD

In this subsection, two different kinds of contracts are described which incentivize
capable users to participate in CCD. As the BS does not know about the exact preference
type of the capable users, the BS offers each capable user contract items for both high
and low preference type user. The capable user accepts the contract that will contribute
toward maximizing its utility. The BS only knows the ex-ante probabilities of each
capable user’s type. The BS assumes that qH

i is the probability that a capable user i is of
high preference type and (1−qH

i ) is the probability that the capable user i is of low
preference type.

Next the two different kinds of optimal contracts are defined depending on the nature
of demand of incentives by the capable user.

Multiple-User Single-Contract (MUSC) method

An incentive method of offering contracts is proposed, where it is assumed that
irrespective of the amount of the contribution of a capable user, i, in terms of the number
of other users it can serve, Ti, the capable user will be satisfied with a common reward
that gives it an incentive to participate in CCD and result in the overall welfare of the BS
and all capable users.

Therefore, the optimal contract defined in this method results in a common contract
set for all Nc capable users, irrespective of their Ti values. Since all capable users
are provided with one common contract, this method is called the Multiple-User
Single-Contract (MUSC) method. The advantage of this method lies in that the optimal
contract is obtained by solving a single optimization problem. It is clear that in this
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situation, the capable user i is not too selfish and greedy regarding the incentives and is
not concerned about getting a greater share of rewards in proportion to the amount of its
contribution, Ti. Rather, the capable user is satisfied enough to cooperate and contribute
to the overall welfare given any fixed amount of reward and for a reasonable cost of
participation demanded of it from the BS.

The BS finds the optimal contract by solving the optimization problem given by

maximize
Pk,rk

∑
i∈Nc

qH
i {TiPH − crH}+(1−qH

i ){TiPL− crL}

subject to θkv(rk)−Pk ≥ 0, k = H,L (IR),

θkv(rk)−Pk ≥ θkv(r j)−P j, k, j = H,L,k 6= j (IC),

0≤ rL < rH (M).

(70)

Since the feasible set is not convex, the optimization problem defined by (70) is not
convex. Therefore, in order to solve this problem (please refer to Appendix 1), firstly
a relaxed problem without an M-condition is formulated, by reducing the remaining
constraints. The relaxed problem with the M-condition becomes

maximize
Pk,rk

∑
i∈Nc

qH
i {TiPH − crH}+(1−qH

i ){TiPL− crL}

subject to θLv(rL)−PL = 0,

θHv(rH)−PH = θHv(rL)−PL,

0≤ rL < rH .

(71)

Further, the relaxed optimization problem is solved by using the standard procedure
in the Lagrangian multiplier method and it is checked to confirm if this solution also
satisfies the M-condition.

By solving this optimization problem the BS finds the optimal contract and it is
found that the low preference type capable user obtains zero utility whereas a high
preference type capable user achieves a strictly positive utility.

Multiple-User Multiple-Contract (MUMC) method

Another method of incentivizing capable users is proposed where the contracts that
are offered reflect every capable user’s amount of contribution to the BS’s utility. The
BS can design a different and unique contract set for each capable user to ensure that
this user gets a utility proportional to the amount of its contribution in terms of the
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number of other users it can serve. In this case, the performance-reward contract set is
uniquely defined for each capable user and hence this method is called the Multiple-User
Multiple-Contract (MUMC) method. The capable users in this method are greedy and
they expect the right amount of reward and is satisfied only if they get that amount of
reward as an incentive to participate in CCD. Unlike the case in the MUSC method, the
contract sets are obtained in this case by solving Nc number of optimization problems.

In this method, two capable users of the same preference type are offered different
contracts. As a result, they will get different rewards and the amount of the reward is
proportional to the value of Ti. Similarly, the cost of participation required from any two
capable users may vary according to their respective values of Ti. The only disadvantage
of this method is that the complexity of the solution will increase with an increase in the
number of capable users in the system. The BS finds the optimal contract for user i ∈ Nc

by solving the optimization problem given by

maximize
Pk

i ,r
k
i

qH
i {TiPH

i − crH
i }+(1−qH

i ){TiPL
i − crL

i }

subject to θkv(rk
i )−Pk

i ≥ 0, k = H,L (IR),

θkv(rk
i )−Pk

i ≥ θkv(rl
i)−Pl

i , k, l = H,L, k 6= l (IC),

0≤ rL
i < rH

i (M).
(72)

The same procedure as in the MUSC method is used to solve the optimization
problem. The optimal contract obtained by solving this optimization problem for each
capable user results in capable users of low preference type getting zero utility and
capable users of high preference type getting a strictly positive utility .

5.4 Results

In this section, the performances of the proposed methods are evaluated by performing
numerical evaluations and further, by using the MATLAB tool a set of simulations
are performed on the current system setup. Firstly, in Section 5.4.1, the impact of the
preference type of a capable user on its own performance and on the performance of the
BS in CCD, is investigated. Then in Section 5.4.2, the adverse selection problem in CCD
is considered and numerical evaluations are performed to confirm whether the feasibility
conditions of the proposed MUSC and MUMC incentive mechanisms are satisfied.
After that, the performances of the proposed contract methods for different parameters
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Table 3. Physical layer parameters.

Parameter Value

Cellular area radius 1000 meters

WLAN area radius 75 meters

Noise power BS: -100 dBm; user: -40 dBm

WLAN rate range 5-40 Mbps

Cellular rate range 600 kbps-2 Mbps

Path loss constant and path loss exponent k: 1; a: 3

Transmit power BS: 46 dBm; device: 20 dBm

of the contract are analyzed by performing a set of simulations and finally in Section
5.4.3, the performances of capable users for the two proposed methods are compared on
the basis of each capable user’s contribution to CCD in terms of the number of other
users it can potentially serve.

A circular cell is considered in which users arriving at an instant are deployed in
clusters (see Fig. 28) within the cell. The BS selects a set of Nc capable users, who
are given the content directly by the BS and who can potentially distribute the content
locally to other users within their vicinity. The main parameters of the cellular network
for employing CCD are shown in Table 3.

5.4.1 Impact of the preference type of a capable user on the
performances of the BS and the capable users in CCD

Firstly, it is shown that a single capable user’s preference type influences (a) the utility of
the BS, (b) the utility of the capable user i itself. To understand this, it is considered that
the user i ( i ∈ Nc) can be of high or low preference type. Two scenarios are considered:
(i) Scenario A: all the capable users including user i are of high preference type, and
(ii) Scenario B: all the capable users except user i, are of high preference type. The
utilities of the BS and the capable user i are calculated for both the scenarios. The same
procedure is repeated for a different network configuration of the BS and the group
of capable users. After conducting this simulation for multiple iterations, the average
utility of the BS and the average utility of the capable user was obtained.
(1) Average utility performance of the BS: In Fig. 32(a), the graph shows the effect of a

capable user’s preference type on the average utility of the BS for the two scenarios
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Fig. 32. Comparison of BS and user utilities for two scenarios representing different com-
binations of preference types: (a) Average utility of the BS with increasing Ti, (b) average
utility of capable user i with increasing Ti.
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conditions, using the MUSC method.
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described above. It can be observed that the average utility of the BS is always higher
for Scenario A compared to its average utility for Scenario B. It can also be seen that for
Scenario A, the average utility of the BS increases with the number of other users Ti that
a capable user i can potentially serve. On the other hand, for Scenario B, the average
utility of the BS is unaffected and constant, with increasing value of Ti.
(2) Average utility performance of the users: Fig. 32(b) illustrates the effect of a capable
user i’s preference type on its own average utility. It can be observed that the average
utility of the capable user i is always higher for Scenario B compared to its average
utility in Scenario A. Moreover, it can be shown that for both the scenarios, the average
utility of the capable user remains unaffected by increasing the Ti number of other users
that it can potentially serve. Hence, when the capable user i behaves as a low preference
type user, it improves its own average utility, but the BS suffers a loss in its average
utility, in comparison to the case when i behaves as a high type preference user.

5.4.2 Performance analysis of CCD under adverse selection with an
incentive mechanism

In this subsection, numerical evaluations are performed to verify whether the feasibility
conditions of the proposed contract methods (as explained in Section 5.3.3) are satisfied
and then simulations are performed to analyze the system performance of CCD under
adverse selection for different contract parameters. The following results are shown for
the MUSC method of offering contracts to overcome adverse selection in CCD.

Contract feasibility conditions

(a) Individual rationality condition: In Fig. 33(a), the utility of a capable user when it
does not accept the contract is compared to its utility when it accepts the contract item
according to its preference type. Fig. 33(a) shows that the utility of a capable user is
zero when it does not accept any contract irrespective of its preference type. On the
other hand, the utility of a capable user when it accepts a contract item according to its
preference type, is at least equal to its utility when it rejected the contract. Therefore,
the optimal solution for contracts under information asymmetry obtained by applying
the proposed MUSC method, satisfies the IR-constraint.

113



Low High
Preference type of user

0

2

4

6

8

10

E
ff

o
rt

 r
eq

u
ir

ed
 f

ro
m

 a
 c

ap
ab

le
 u

se
r 

(P
)

Adverse selection case
Adverse selection-free case

(a)

Low High
Preference type of user

0

1

2

3

4

5

6

R
ew

ar
d

s 
to

 a
 c

ap
ab

le
 u

se
r 

(r
) Adverse selection case

Adverse selection-free case

(b)

Fig. 34. Evaluation of contract monotonicity condition using the MUSC method by com-
parison of (a) effort required from a capable user of different preference types for different
information cases. (b) reward of capable user of different preference types for different in-
formation cases.
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(b) Incentive compatibility condition: Fig. 33(b) compares the utility of a capable
user when it accepts the contract item designed for its own preference type to its utility
when its accepts the contract item designed for users of another preference type. It
can be observed that in Fig. 33(b) the utility of a user of low preference type is at
its maximum when it accepts the optimal contract item designed by the BS for low
preference type users. On the other hand, the maximum utility of a high preference
type user is achieved when it accepts the contract item designed for high preference
type users. Therefore, it can be concluded that optimal solution for contracts under
information asymmetry using the proposed MUSC method, satisfy the IC-constraint for
contract feasibility.
(c) Monotonicity condition: Here numerical computations are performed to further
compare the performance of the proposed MUSC method under adverse selection for
wireless content delivery against the adverse selection-free method in which the BS
knows precisely about the preference types of the capable users and therefore offers
contracts to them according to their preference types. In Fig. 34(a), the optimal effort
required by a high preference type capable user is compared to the optimal effort
required by a low preference type capable user for both the adverse selection and adverse
selection-free cases. Fig. 34(a) shows that a high preference type capable user always
has a higher required optimal amount of effort compared to a low preference type user
for both the information cases. Also, it can be observed that for a high preference type
user, the optimal effort required for the contract in adverse selection case is very close to
the optimal effort required for the contract in the adverse selection-free case. On the
other hand, for a low preference type user, the optimal effort required for the contract
in adverse selection case is much less compared to the optimal effort required for the
contract in adverse selection-free case. In Fig. 34(b), the optimal incentives rewarded to
a high preference type capable user are compared to the optimal incentives rewarded to
a low preference type capable user. This comparison is also made for both the adverse
selection and adverse selection-free cases. From Fig. 34(b), it can be observed that the
high preference type user is rewarded with higher optimal incentives by the BS and vice
versa for both the information cases for finding optimal contract sets. Moreover, for a
high preference type user, the optimal reward for a contract in the adverse selection
case is same as the optimal reward for a contract in the adverse selection-free case. On
the other hand, for a low preference type user, the optimal reward for a contract in the
adverse selection case is much less compared to the optimal reward for a contract in
the adverse selection-free case. Therefore, it can be concluded that the optimal effort
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Fig. 35. (a) Average utility of a capable user with increasing ∆Ti , (b) Average utility of the
BS with increasing ∆Ti.

116



required from a capable user by the BS and the optimal rewards given to a capable 
user as incentives by the BS, both satisfy the M-condition. Similarly, on performing 
numerical evaluations by using the MUMC incentive mechanism, the contract feasibility 
conditions are satisfied as well.

System performance

Next, the influence of different parameters of the contract on the performance of the 

system, are examined. It is assumed that the BS encounters a group of high and low 
preference type capable users such that the BS knows that a capable user i is of high
preference type with a probability qi

H . The BS applies the MUSC method to find the 

optimal contract and then offers the contract to all the capable users. Multiple iterations 

are conducted over time so that probability distribution of the preference type of the 

capable user i is different in every iteration and the distribution of high preference type
capable users averages qi

H . At each instant, the capable users can choose to reject, or 

accept the contract item that maximizes their utility. Finally, the average utilities of 

the capable users and the BS are found. The same simulation parameters as shown in 
Table 3 are used. In addition, it is assumed that Nc = 30 and the BS’s unit cost for 

providing incentives to capable users, c = 0.05. A performance comparison between our 

proposed MUSC method under adverse selection and the adverse selection-free method 

is conducted. The adverse selection-free method provides an optimal outcome for the 

BS utility that can serve as the upper bound for our proposed methods under information 

asymmetry. Finally, a comparison of the system performance of these two methods with 

the default cellular method where the capable users reject the contract, is made.
(a) The impact of ∆Ti on the performance of the BS and the capable users
In Fig. 35 we simulate the MUSC method. We measure the average utility of the BS and 
the capable user i by conducting simulations for multiple iterations for a constant value 
of T and repeat the same procedure for each increment in the value of T , ∆Ti. It can be 
observed in Fig. 35(a) that for a constant ∆Ti, the average utility of a capable user is 

always higher for our proposed MUSC method compared to its average utility in the 
adverse selection-free case, or when the capable user rejects the contract. Moreover, the 
average utility of a capable user increases with an increment in Ti, ∆Ti for our proposed 
MUSC method, whereas the average utility of a capable user remains constant with ∆Ti 

for the other two methods. The effect of the increasing ∆Ti on the average utility of 

the BS, in Fig. 35(b) is also taken into consideration. The average utility of the BS
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Fig. 36. (a) Average utility of a capable user with increasing θH , (b) Average utility of the BS
with increasing θH .
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Fig. 37. Comparison of utilities of low and high preference type capable user for MUSC and
MUMC methods for different contributions Ti.

is highest for the adverse selection-free case compared to its average utility for our
proposed method under adverse selection. In both the information cases, the average
utility of the BS increases with ∆Ti. The least average utility of the BS is when the
capable users do not accept the contract and in this case the average utility value remains
unaffected by a change in ∆Ti.
(b) Impact of θk on the performance of the BS and the capable users
In order to study the effect of the value of coefficient parameter θk on the performance
of capable users and the BS, the coefficient parameter of low preference type users,
θL is kept constant and the coefficient parameter of high preference type users θH is
increased. Then it can be seen that the average utility of the BS and the average utility of
the capable user changes with an increase in the value of θH . In Fig. 36, simulations are
conducted for multiple iterations for a constant value of θH and the same procedure is
repeated for each increasing value of θH . In Fig. 36(a), it can be seen that the average
utility of the capable user increases with an increasing θH for our proposed method under
adverse selection. On the other hand, for the other two methods, the average utility of the
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capable user remains constant with increasing θH . Moreover, the average utility of the
capable user for the proposed MUSC method under adverse selection is always higher
compared to its average utility when capable users reject the contract or when the there
is no adverse selection. In Fig. 36(b), it can be observed that the average utility of the
BS increases with θH for both the adverse selection case and the adverse selection-free
case. On the other hand, the average utility of the BS is constant and unchanging with
θH value when the capable user does not accept the contract. It is clear that the BS
achieves the maximum average utility when it has complete information about the
preference types of the capable users and offers contracts accordingly. However, under
conditions of adverse selection, by using our proposed methods of offering contracts,
the BS’s average utility is always higher than its average utility when capable users
reject the contract.

5.4.3 Comparison of performances of incentive mechanisms MUSC
and MUMC

Here, using numerical evaluations, an analysis is made of the effect of amount of
contribution of a capable user i to CCD in terms of the number of users it can serve Ti,
on the utility of the capable user for the two proposed incentive methods of offering
contracts. From Fig. 37, it can be observed that if the MUMC method is used to solve
the adverse selection problem in CCD and if a capable user contributes more to the BS
utility, in terms of Ti, then it ends up enjoying a greater utility value, but at the cost of a
solution with higher complexity. Thus, the MUMC method of contracts is suitable for
those cases when a capable user needs an incentive to justify its amount of contribution
toward the process of CCD, saving resources in terms of the number of carriers it saves
for the operator by participating. On the other hand, by using the MUSC method every
capable user gets a constant utility value, even if it contributes more to the resource
savings from CCD by serving a greater number of other users Ti. Hence, the MUSC
method is particularly suited when a user is concerned only that all users cooperate for
the overall welfare of the users and BS.

5.5 Summary

In this chapter, we have addressed the problem of incentivizing users to participate in
CCD using their multiple air interfaces, under the conditions of adverse selection. CCD
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using multiple interfaces is a method in which the cellular BS selects devices with a high
link quality for local content delivery, leading to resource savings for the BS. However,
in this method, a mobile user that is capable of distributing content to other users within
its vicinity through its WLAN interface, may exhibit high or low preferences towards
participating in the cooperation process. The operator BS can provide incentives to such
users provided the BS knows that they exhibit high preferences towards participation
in CCD. Since the information regarding the preference choice of the mobile user is
unavailable to the operator BS, the adverse selection problem arises in CCD.

In order to incentivize these users to show high preferences towards participating in
cooperative content delivery and thus, to tackle the information asymmetry situation, we
have proposed two self-revealing, contract-based incentive methods, (a) the Multiple-
User Single-Contract (MUSC) method and (b) the Multiple-User Multiple-Contract
(MUMC) method. The proposed contract design ensures that the users get the maximum
utility by accepting those contract items which are unique to their preferences. Moreover,
as a result of implementing these contracts, the users that are capable of distributing
content to other users, gain a higher utility when they exhibit high preference towards
participation compared to their utility when they show a low preference. Using
simulation results, we have shown that the proposed methods of offering contracts
can overcome adverse selection to incentivize users to participate in CCD and also to
improve system performance, in terms of the utility of the BS and the users.
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6 Conclusions and future work

In this chapter, a conclusion to the thesis and several future directions in view of
upcoming 5G mobile standards are provided. This thesis proposed different novel
CCD approaches using multiple interfaces of smart devices in heterogenous networks,
and different novel incentive mechanisms for mobile users to participate in these
CCD methods. The future 5G mobile communication networks will have to support
strict requirements such as lower latency, lower costs, and lower energy consumption
compared to the previous generation networks. In addition, ultra-densification and
high heterogeneity will be essential features of the future networks. Unlike traditional
cellular networks, 5G networks will need to utilize every air interface such as WLAN to
ensure high QoS and guarantee that users can experience ubiquitous, seamless wireless
services. The real challenge in supporting such requirements in an appropriate way
is to determine the most efficient way to use the multiple interfaces of smart devices.
Moreover, for 5G networks it would be imperative to search for efficient solutions to
CCD problems that are capable of handling information asymmetry in the network and
can cope with users’ selfishness.

The main focus of this thesis was to investigate and enhance the performance
of cooperative content delivery methods using multiple interfaces in heterogenous
networks by applying tools from game and contract theory. Our focus was mainly
on the challenges related to the design of CCD methods using multiple interfaces.
More significantly, with the growing demand for smart devices, cellular operators
would need to handle more devices with advanced capabilities and connectivity within
a certain geographical region. In this context, in order to keep the cellular network
from becoming congested, the number of frequency carriers utilized for a cellular BS
to deliver popular content to a group of users, needs to be minimized. Therefore, to
address this requirement, novel methods of cooperative content delivery designed for
heterogenous networks were proposed in Chapter 3. Different criteria for selecting
devices for CCD were considered. However, these criteria were based only on the
primary links of the devices because the secondary wireless links were considered to
have the same quality in terms of transmit/receive performance.

In reality, however, these link qualities are different. A single bad link can serve as
a bottleneck in terms of CCD performance. Thus, in Chapter 4, a novel method for
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selection of devices for CCD was proposed, taking into account the link quality of both
the primary (cellular) and the secondary (WiFi/short-range) network interfaces of these
users. In this chapter, the influence of interferences by other independent active users or
APs that used the same channel in the unlicensed bands, on the performance of the
proposed method, was shown. In the second part, the vulnerability of the proposed
CCD method to selfish deviating users was tested, by using the framework of repeated
games with an infinite time horizon. It was shown that this method is vulnerable to free
riding users. Therefore, to address this challenge there is a need to design incentive and
punishment mechanisms for this CCD method. Hence, a carrier aggregation (CA)
based incentive and punishment mechanism was proposed for the SB method. The
proposed mechanism rewarded users that followed the operator selection by giving them
CA incentives. It punished users that disregarded the BS selection, by giving content to
them only through a cellular interface using a single carrier.

In Chapter 5, the problem of adverse selection in CCD was addressed. In the context
of CCD methodologies, the willingness/unwillingness of a user to distribute content
locally to other users, is only partially known at the BS end. As a result, the BS cannot
incentivize these users according to their preference choices. Therefore, a contract-based
method was proposed, according to which the BS offers self-revealing contracts to these
users. Due to these methods, the true preference choices of the users are revealed, and
the BS is subsequently capable of incentivizing the users correctly.

In this thesis, several cooperative strategies were proposed and it was observed that
the proposed strategies provided an energy and delay improvement compared to baseline
strategies, which in our work was a two stage multicasting method. In the later chapters,
it was shown that making intelligent use of multiple network interfaces, by taking into
account the quality of both the cellular and local links of the users, savings could be
made (at a cellular base station) in terms of the number of carriers utilized, and the
average performance of a user in bits-per-Joule also increased in the cellular network.
This satisfies the low latency and low energy requirements which would be useful for
future 5G networks. Moreover, the CA based incentive and punishment mechanism
maximizes individual and network payoffs, and is stable against unilateral selfish
deviations. For the incomplete information case in CCD, offering contracts ensured that
the users revealed their true preferences. Moreover, as a result of implementing these
contracts, the users which are capable of distributing content to other users, gained
higher utility when they showed a high preference towards participating compared
to their utility when they displayed a low preference towards participating. These
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methods based on contracts offered by the operator incentivized users according to
their preferences in spite of the operator having incomplete information about their
preferences at the outset. Therefore, our proposed solutions show that they are capable
of dealing with one of the major requirements of 5G networks which is to deal with
selfish users and information asymmetry in the network.

There can be several ways of extending this work to enhance the process of CCD
using multiple interfaces. Future work could investigate the dynamic framework
of contracts in order to design incentive mechanisms for solving similar problems
with information asymmetry, such as adverse selection or moral hazard for wireless
applications such as cooperative content delivery using multiple interfaces. By exploring
the dynamic perspective of contracts, it can be analyzed whether such dynamicity in
incentive mechanisms would lead to an improvement in the performance of the operator
and the users, compared to their performances for one-period contracts as described in
this work.

Moreover, the network information available at the operator end could be exploited
to overcome congestion in the network, for example, implementation of location-based
incentive mechanisms where the BSs would know the high-demand areas could use this
information to design contracts to solve congestion problems.
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Appendix 1 Method to simplify the optimization
problem (70) presented in Chapter 5

The optimization problem (70) is rewritten as

maximize
Pk,rk

∑
i∈Nc

qH
i {TiPH − crH}+(1−qH

i ){TiPL− crL}

subject to θkv(rk)−Pk ≥ 0, k = H,L (IR),

θkv(rk)−Pk ≥ θkv(r j)−P j, k, j = H,L,k 6= j (IC),

0≤ rL < rH (M).

(73)

This is not a convex optimization problem. Therefore, the given problem is solved
using the following procedure. Firstly, the constraints are reduced to obtain a relaxed
form of the problem. The relaxed problem is formulated without the M-condition and
the optimization problem is solved using the standard procedure for the Lagrangian
multiplier method. It is then checked if the solution to this problem also satisfies the
M-condition.

The following steps are used to reduce the constraints and formulate a relaxed
problem without the M-condition.

– The revelation principle of contract theory is applied according to which it is necessary
to design a contract in such a way that a user accepts the contract that is designed
for users of its own type only, i.e., the user will never benefit from accepting a
contract which is not designed for him. This gives rise to the incentive compatibility
constraints. The problem can be rewritten as

maximize
Pk,rk

∑
i∈Nc

qH
i {TiPH − crH}+(1−qH

i ){TiPL− crL}

subject to

θHv(rH)−PH ≥ 0,(IRH)

θLv(rL)−PL ≥ 0,(IRL)

θHv(rH)−PH ≥ θHv(rL)−PL,(ICH)

θLv(rL)−PL ≥ θLv(rH)−PH ,(ICL).

(74)

– It can be observed that the IR constraint for a high preference type user does not bind
at optimum. The IRH constraint is automatically implied because of the IRL and ICH
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constraints, i.e.,

θHv(rH)−PH ≥ θHv(rL)−PL ≥ θLv(rL)−PL ≥ 0 (75)

where θH ≥ θL.
– The next strategy is to delete the incentive constraint that is satisfied at the first-best

optimum. It is then checked to confirm whether the solution to the new optimization
problem also satisfies the omitted incentive constraint. Considering the outcome
of the first-best problem, it can be observed that the incentive constraint for the
low preference type user is satisfied at the first-best optimum. Therefore, the ICL
constraint is deleted and the new optimization problem is given as

maximize
Pk,rk

∑
i∈Nc

qH
i {TiPH − crH}+(1−qH

i ){TiPL− crL}

subject to

θLv(rL)−PL ≥ 0,(IRL)

θHv(rH)−PH ≥ θHv(rL)−PL,(ICH).

(76)

– The constraints bind at optimum and the optimization problem with reduced con-
straints is given by

maximize
Pk,rk

∑
i∈Nc

qH
i {TiPH − crH}+(1−qH

i ){TiPL− crL}

subject to

θLv(rL)−PL = 0,

θHv(rH)−PH = θHv(rL)−PL.

(77)

The relaxed optimization problem (77) is solved further by using the standard procedure
of the Lagrangian multiplier method and it is verified if this solution also satisfies the
M-condition.
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