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Abstract — Infrastructure sharing for mobile networks has been a prolific research topic for more than three decades
now. The key driver for Mobile Network Operators to share their network infrastructure is cost reduction. Spectrum
sharing is often studied alongside infrastructure sharing although on its own it is a vast research topic outside the scope
of this survey. Instead, in this survey we aim to provide a complete picture of infrastructure sharing both over time
and in terms of research branches that have stemmed from it such as performance evaluation, resource management
etc. We also put an emphasis on the relation between infrastructure sharing and the decoupling of infrastructure from
services, wireless network virtualization and multi-tenancy in 5G networks. Such a relation reflects the evolution of
infrastructure sharing over time and how it has become a commercial reality in the context of 5G.
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1. INTRODUCTION

Infrastructure sharing in mobile networks is a multi-
faceted problem involving not only academic and indus-
trial research entities but also national and international
regulatory entities [51, 52, 65, 66], standardization bod-
ies [1-4] and vendors [45,107]. In essence, infrastructure
sharing in mobile networks is the shared use of existing
or jointly deployed network infrastructure among mul-
tiple Mobile Network Operators (MNOs).

Based on which network elements (nodes) MNOs agree
to/can share, there are two main types of sharing: pas-
sive and active, the latter comprising the former. Pas-
sive sharing (also referred to as site sharing or co-
location [49]) implies the sharing of the site physical
space and of the non-active elements on the site (such
as shelter, cabinet, mast, etc. [49,104]). Instead, active
sharing extends to active elements of the Radio Access
Network (RAN) (such as antennas, Base Transceiver
Stations/Base Station Controller for 2G, Node B/Radio
Network Controller for 3G, eNode B for 4G, and gN-
odeB for 5G) and part of the core nodes (in fact, core
node elements related to user billing and accounting are
not shared).

The phenomenon of infrastructure sharing has disrupted
the business model of a conventional MNO, that is, an
MNO which is by itself responsible for (i) purchasing a
spectrum license, (ii) deploying and managing the net-
work infrastructure, (iii) tailoring services for their sub-
scribers (e.g., voice, data, etc.) and (iv) handling their
billing and accounting. The main reason for MNOs to
share infrastructure is to divide the infrastructure cost

among them and hence make their business more prof-
itable. In these lines, infrastructure sharing has accom-
panied the technology migrations from 2G to 3G and
from 3G to 4G due to the high upfront cost met by
MNOs during these migrations. In turn, in 5G networks,
infrastructure sharing, besides from being a means for
cost-reduction, it is also an important pillar of the 5G
architecture. Another paradigm strongly linked to in-
frastructure sharing is spectrum sharing. The need for
spectrum sharing comes from spectrum being an intrin-
sically scarce resource, even more so in the context of
5@G, given its target throughputs. However, spectrum
sharing alone is a really vast research topic and will be
outside the scope of this survey unless combined with
infrastructure sharing.

What’s more, in this paper we will also address some
literature on Wireless Network Virtualization (WNV)
[91] and network slicing (enabling multi-tenancy) in the
context of 5G [6], since both are based on infrastruc-
ture and spectrum sharing. Conversely, WNV and net-
work slicing can be seen as enablers for infrastructure
and spectrum sharing. Besides, another concept closely
related to infrastructure and spectrum sharing is that
of the decoupling of infrastructure from services, which
was envisioned by some of the early literature on in-
frastructure sharing (see Section 2). The concept has
been further carried out in the context of WNV and
then in the context of network slicing. In fact, the dif-
ferent research efforts on introducing Software-Defined
Networking (SDN), virtualization in general and Net-
work Functions Virtualization (NFV) in particular into
mobile networks seem to have converged into the 5G
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architecture as enablers for network slicing.

Infrastructure sharing in this broader sense has been a
very prolific research topic over the last three decades.
Samdanis et al. in [125] provide a compelling analysis of
the path from infrastructure sharing to multi-tenancy.
However, to the best of our knowledge, our survey is
the first' comprehensive study on how the infrastructure
sharing topic in mobile networks has evolved over time,
i.e., with the advent of the different mobile network gen-
erations, and which research branches have spurred from
this topic. Reviewing this evolution is particularly im-
portant now that networking slicing is being introduced
in 5G (from release 16 onwards) and operators are look-
ing for models for sharing infrastructure costs and to
invest more in new services and applications, collaborat-
ing with different players of vertical industrial sectors.
Moreover, it is becoming clear to the telecommunica-
tions industry sector that some form of infrastructure
sharing will be the common basis on which networks
will be deployed in different countries and services will
evolve and diversify, going beyond 5G and preparing the
ground for the next generation.

This survey is organized in the following fashion. Due
to the change in the nature of problems studied over
time, we first make a broad chronological classification
of the literature into early works and recent and up-to-
date works. For the latter, we further identify several
research branches/categories. The overall picture of our
classification is depicted in Fig. 1. An overview of the
early works on the topic is provided in Section 2. Fur-
ther, in Section 3, we focus on the more recent and up-
to-date works. Then in Section 4 we make a critical
discussion of the research area related to infrastructure
sharing and provide an outlook of future research direc-
tions. Finally, conclusions are drawn in Section 5.

For readers’ ease, in Table 1 we provide the definitions
of the acronyms and abbreviations used in the paper.

2. EARLY WORKS

[16,49,55,70,115,118,142] are among the earliest articles
on infrastructure sharing (combined at times also with
spectrum sharing). With the exception of [70]?, these
articles have tended to:

o address technical issues of different sharing alterna-
tives,

o assess the financial profitability through techno-
economic approaches,

IThis survey is based on the PhD thesis of Lorela Cano [24].

2The study in [70] is an early work on the problem of schedul-
ing users of multiple operators arising from the case when a 3G,
facility-based MNO hosts several Mobile Virtual Network Oper-
ators (MVNOs): the authors propose a non-pre-emptive priority
queuing model for circuit-switched traffic applied through an ad-
mission control scheme.

3GPP 3'd Generation Partnership Project

BS Base Station

C-RAN Cloud Radio Access Network

DCS Digital Cellular System

EDGE Enhanced Data rates for GSM Evolution
GERAN GSM EDGE RAN

GSM Global System for Mobile communications
TaaS Infrastructure as a Service

InP Infrastructure Provider

IoT Internet of Things

1P Integer Programming

JV Joint Venture

MLFG Multi-Leader-Follower Game

mmWave millimiter Wave

MNO Mobile Network Operator

MVNO Mobile Virtual Network Operator

NaaS Network as a Service

NFV Network Functions Virtualization

NSP Network Service Provider

OTT Over The Top

PRB Physical Resource Block

QoS Quality of Service

RAN Radio Access Network

RRH Remote Radio Head

SaaS Software as a Service

SDN Software-Defined Networking

SINR Signal-to-Interference-plus-Noise Ratio
SLA Service Level Agreement

SP Service Provider

UMTS Universal Mobile Telecommunications System
VNO Virtual Network Operator

VO Virtual Operator

W-CDMA  Wideband Code Division Multiple Access
WNV Wireless Network Virtualization

xG x*™ mobile network Generation

Table 1 — Definitions of acronyms and abbreviations

o state regulatory standpoints and provide guidelines
for the latter and

e conceive new paradigms for the mobile market.

In [118], which dates back to 1994, Ramsdale states that
national roaming? is part of the specifications of the Dig-
ital Cellular System at 1800 MHz (DCS 1800), unlike
the Global System for Mobile Communications at 900
MHz (GSM 900), which supported international roam-
ing only. National roaming was introduced in the DCS
1800 to improve coverage due to smaller cell sizes at
1800 MHz (as opposed to 900 MHz).

Instead, the work in [55] shows the positive impact of
infrastructure sharing in financial terms for the Univer-
sal Mobile Telecommunications Systems (UMTS), espe-
cially for lowly populated areas in which network de-
ployment is dictated by coverage instead of capacity.

3National roaming is an infrastructure sharing alternative that
allows users of an operator which does not provide coverage in
certain areas of a country to be served by the network of another
operator of that country covering such areas.
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nfrastructure sharing

Early works
[16,49,55,70,115,118,142]

More recent and up-to-date works
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[40,54,71,81,114,120,139,145] [67,75,80,106] | [3,10,29,34,35, 49,61,84,103,
36.37.38.43 110-112,143]
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72,74,85,86,113, Miscellaneous
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129,152] 82,83,87,88,93,
94,95,96,98,100,
Strategic modeling 101,102,121,128,
131,134,135,140,
Resource management 141,149,150]
] |
Multi-operator WNV 5G
resource allocation [5,6,9,44,47, Conventional Decoupled infrastructure
[34,53,57,69,99,137] 125,144,148,153] MNOs from services
[18,25-27,39,41,94, [28,30,147,156]

1

Pricing metrics Other metrics

[7,8,17,31,42,58,59, [50,62,63,68,73,79,97,
76,136,146,154,155] 123,130,132,138,151]

108,109,126,127]

Fig. 1 — Literature classification map

In turn, MVNOs are suggested as a means to monetize
spare resources of an MNO.

Park et al. in [115] discuss issues faced by MNOs world-
wide when deploying Wideband Code Division Multiple
Access (W-CDMA) and propose spectrum trading and
infrastructure sharing as means to accelerate the deploy-
ment of W-CDMA. However, they emphasize that such
means should be cautiously treated by regulators.

The study in [49] proposes a spreadsheet-based financial
model to estimate the economic profitability of multiple
sharing alternatives and shows that cost can be further
reduced if the network operations are outsourced or a
joint venture is created.

The authors in [142] discuss technical aspects concern-
ing the infrastructure sharing alternatives at the time;
they also anticipate two crucial paradigms: (i) dynamic
spectrum trading and (ii) the decoupling of the network
infrastructure from services, enabled by infrastructure
sharing. It is worth noticing that both these paradigms
are ongoing research topics even nowadays. Similarly,
according to [16], the advantages of network sharing go
beyond cost reduction: based on the product life cy-
cle model, the authors suggest that, under an appropri-
ate regulatory framework, network sharing can steer the
monolithic mobile networks industry toward the decou-
pling of the network infrastructure from services for end
users. In other words, based on [142] and [16] infras-
tructure sharing would lead to new stakeholders such
as network/infrastructure providers (InPs) and service
providers (SPs) which were expected to emerge in the

mobile market, the former being responsible for network
planning, deployment and management while the latter
for dealing only with the development of novel services
(possibly specialized and targeting specific market seg-
ments [16]).

When analyzing these early works on infrastructure
sharing in mobile networks, we have to consider the spe-
cific technical limitations that have constrained the ap-
proaches for 2G, 3G and partially 4G network, to some
aspects of the problem only. In particular, being the
spectrum one of the most important assets of a mobile
network and being it easily shared among physically sep-
arated networks, it has been widely studied considering
the locality of interference generated and the re-usability
in different geographical areas.

As far as the physical infrastructure is concerned, the
first works on sharing have focused on economic aspects
and market regulation policies associated to the intro-
duction of MVNOs. However, the main limitation of
these approaches was due to the mobile technology that
prevented a significant service and performance differen-
tiation among users of MVNOs and MNOs. Therefore,
sharing policies had to be based on other objectives such
as cooperative coverage of low population areas and cost
sharing of radio towers.

As mentioned above, the key aspect that we take from
these works is the decoupling of network services from
the infrastructure that provides them. Only recently,
however, this concept has become fully exploitable
thanks to the network virtualization technologies that
allow a fine grain differentiation of the network behav-
ior with respect to different applications and groups of
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users. This radical change of the technology scenario,
mainly due to the new architectural solutions and ser-
vice definition of 5G, did not cancel the main issues
analyzed by the early works on infrastructure sharing,
such as the economic aspects of cost sharing and their
relation with resource allocation or partitioning.

3. MORE RECENT AND UP-TO-
DATE WORKS

In the more recent and up-to-date literature, there is a
tendency to address specific problems, e.g., the problem
of resource management, for specific sharing scenarios,
e.g., infrastructure and spectrum sharing at the RAN.
There are at least two ways to go about the classifi-
cation of this literature, one being problem-centric and
the other being methodology-centric. We have opted
for the first one in order to highlight the fact that there
are many aspects to infrastructure sharing and hence
provide the reader with the bigger picture on the topic.
Methodology details are discussed only when deemed
necessary.

Under the problem-centric classification, we have iden-
tified the following research branches/categories for the
revised articles: (i) performance evaluation, (ii) resource
management, (iii) enablers and architectures, (iv) energy
efficiency, (v) strategic modeling and (vi) miscellaneous.

It is worth pointing out that some of the articles may
fit in more than one category, but for each such article,
we have opted for a single category, the one we believe
is the most salient.

3.1 Performance evaluation

Several authors have addressed the gains of particu-
lar infrastructure and/or spectrum sharing scenarios in
terms of network performance metrics, such as through-
put, coverage probability etc. (see e.g., [71,114, 139,
145]) and/or economic ones such as CAPEX/OPEX re-
duction (see e.g., [67,75,80,106]). The common ap-
proach is to benchmark such scenarios against the base-
line case when no sharing takes place and the involved
MNOs build individual networks instead. Methodology-
wise, both theoretical, mainly stochastic geometry anal-
ysis (see e.g., [54,71,81,145]), and simulation approaches
(see e.g., [40,114,120]) have been adopted. For instance,
the work in [114] proposes a virtualized architecture to
enable two types of spectrum sharing other than the
classical one and capacity sharing (national roaming)
and compares the different sharing alternatives with no
sharing case. The performance metrics considered in
[114] are the sector load and packet drop probability.

The authors in [40] analyse how the time and space cor-
relation of the MNO individual traffic loads impacts the
gains of infrastructure sharing in the case when MNOs

decide to pool together their respective networks. Ki-
bilda et al. [81] resort to stochastic geometry to cal-
culate the gains of sharing for the cases of infrastruc-
ture and/or spectrum pooling. Their key finding is that
the infrastructure and spectrum sharing gains do not
sum up when combined since full sharing (infrastruc-
ture+spectrum) introduces a trade-off between the data
rate and coverage.

As 5G is expected to make use of the millimeter wave
(mmWave) frequencies [11], the gains of infrastructure
and/or spectrum in these frequencies have become the
object of several recent articles. For instance, Gupta
et al. in [54] provide a stochastic geometry-based the-
oretical analysis on the gains of spectrum sharing us-
ing a simplified antenna and channel model for the
mmWave frequency range. In particular, in [54] it is
shown how narrow beams are key for spectrum sharing
in the mmWaves. A very similar investigation to [81]
is carried by Rebato et al. in [120] for mmWaves; the
authors highlight the impact of the channel model ac-
curacy when carrying out a quantitative analysis of the
sharing gains. The recent work in [71] also addresses
infrastructure and spectrum sharing at mmWaves and
it resorts to stochastic geometry to derive the proba-
bility of Signal-to-Interference-plus-Noise Ratio (SINR)
coverage as a performance metric.

In Table 2 we provide a visual overview of the classi-
fication of the different articles that were included in
the performance evaluation category. As can be seen
from the table, methodologically-wise, the authors use
mainly stochastic geometry, simulation and optimiza-
tion. The other method found was empirical analysis.
With respect to the type of measures used to evalu-
ate performance, we can see that network measures are
fairly diverse: even though most work in this category
deals with physical layer measures such as SINR, net-
working measures such as traffic load, sector overload
or packet drop probability are also considered. Not sur-
prisingly, less diversity can be found in the economic
measures’ category.

3.2 Resource management

Problems of resource management arise whenever infras-
tructure sharing is combined with spectrum sharing, as
users of multiple MNOs/MVNOs have to be assigned
resources from a shared pool.

Several studies ([34, 53,99, 137]) have proposed algo-
rithms for a multi-operator scheduler, namely when
users of multiple MNOs have to be scheduled in the
finite resources available in a shared Base Station (BS).
Assuming MNOs agree a priori on the resource shares,
i.e., how to split the available BS resources among them,
the work in [137] adopts the concept of Generalized Pro-
cessor Sharing for a multi-operator scheduler. For the
same setting, Malanchini et al. [99] explore the trade-
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. . Methodology Stochastic Geometry | Simulation | Optimization | Other
Classification

traffic load [40] [67]

SINR 4], [71] [120] [30]
Network SINR _ coverage [71], [81]
Meastres probability

Throughput [67]

User rate [81], [145]

Sector overload [114]

Packet drop proba- [114]

bility

Revenue [75]
Economic CAPEX [75] [106]
Measures OPEX [75]

Miscellaneous [75] [67], [80]

Table 2 — Performance evaluation classification

off between satisfying the resource shares and improving
the overall (system) spectral efficiency when the agreed
resource shares are violated in a controlled fashion. The
work in [53] considers a global scheduler taking deci-
sions for clusters of BSs and therefore scheduling users of
multiple MNOs over a 3D time-frequency-space resource
grid. In [53] scheduling is performed with the objective
of maximizing the overall system utility. The authors
in [34] propose a BS virtualization scheme which per-
forms scheduling in two levels, namely, among MNOs,
and for each MNO, among its user flows. Hew et al. in
[567] consider a network shared by multiple MNOs, each
of them serving both a set of end users and a set of
MVNOs. In this context, the problem of resource allo-
cation is tackled in two steps: first, the resource sharing
among MNOs, and then the resource sharing among the
users and the MVNOs of each MNO, where the resource
sharing at each step is modeled as a bargaining problem.
The study in [69] suggests an algorithm that fairly allo-
cates the shared radio resources among MNOs. In [105]
the authors propose Remote Radio Head (RRH) assign-
ment algorithms for an SDN-based Cloud Radio Access
Network (C-RAN) shared by multiple MNOs.

Concerning WNV, the problem of resource management
is crucial in the interaction between an InP and its SPs.
In the context of this paper, an InP is an entity which
is responsible for the infrastructure deployment, man-
agement and operation and does not serve end users
directly whereas an SP is an entity which does not have
any resources of its own but purchases or rents resources
from an InP to provision services for its end users. It is
worth noticing that the terminology concerning the SP
varies across different articles: such an entity is also re-
ferred to as a Virtual Operator (VO), a Virtual Network
Operator (VNO) or a Mobile Virtual Network Operator
(MVNO). Also notice that the conventional MVNO ob-
tains resources from an MNO which serves end users
of its own, unlike the InP. The key difference lies in

the fact that a conventional MVNO competes with its
MNO, while there is no such competition between an
InP and its SPs/VOs/VNOs/MVNOs. In these lines,
some articles tend to “misuse” the term InP when they
consider the InP to provide services also to end users.
Additionally an InP is also referred to as a Network
Service Provider (NSP). Moreover, the work in [91] en-
visions three different types of stakeholders in line with
the ones in the cloud computing domain, i.e., the InP
providing Infrastructure as a Service (IaaS), the MVNO
providing Network as a Service (NaaS) and the SP pro-
viding Software as a Service (SaaS). For instance, in [89]
the authors address a scenario in which there are mul-
tiple InPs, a single MVNO and multiple SPs where the
MVNO acts as a reseller of resources from InPs to SPs.
It should also be noted that the terms slicing and slice
are also misused in some articles in non-5G contexts,
in the sense that, such articles do not consider problem
instances that account for 5G service requirements.

There is a large body of literature on resource man-
agements concerning InPs and SPs in the context of
WNV. The vast majority of articles in this litera-
ture considers a single InP and multiple SPs (see e.g.,
[7,8,17,31,42,50,58,59,62,63,68,73,76,79,97,123,130,
132,133,136,138,146,151,154,155]). However, there are
exceptions: e.g., the work in [32] considers a single InP
and a single VNO which serves multiple users through
an SDN-based virtualized network provided by the InP.
The VNO faces the problem of scheduling its users, each
characterized by a maximum delay over a finite time
period, through resources rented by the InP with the
objective of minimizing the payments made to the InP
for the rented resources. There are also articles which
consider both multiple InPs and multiple SPs (and few
other variations with multiple InPs) which however are
more pertinent to Section 3.5 hence discussed therein.

As for the literature on a single InP and multiple SPs,
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it can be broadly classified into two groups based on
whether the resource management is driven by pric-
ing ([7,8,17,31,42,58,59, 76,136,146, 154, 155]) or not
([50,62,63,68,73,79,97,123,130,132,133,138,151]). For
instance, Ho et al. in [58] consider the case when there
is a single InP serving multiple MVNOs, each charac-
terized by a fixed number of users and a Service Level
Agreement (SLA) given in terms of a minimum resource
requirement and a maximum aggregate rate (over all its
users). The InP has to decide how to price and allo-
cate its available BS resources among all users of all
MVNOs so as to maximize its profit while guaranteeing
the SLA of each MVNO. In this work MVNOs are also
self-interested as the goal of each MVNO is to maximize
its own profit given by the difference between the total
rate obtained from resources allocated by the InP and
their cost. The problem is then modeled as a one-leader
multi-follower variant of the Stackelberg game with the
InP being the leader and each MVNO being a follower.
Instead, Kamel et al. in [73] address a scheduling prob-
lem over one time frame which is modeled through math-
ematical programming. In details, there is a single InP
and a set of VOs, each having a fixed number of users
and a minimum resource requirement (total Physical
Resource Blocks (PRBs) over the time frame). The InP
has to decide to which user to assign each PRB and the
amount of power to allocate to each PRB so as to max-
imize the total rate over the time frame while satisfying
the maximum power constraint, the minimum resource
requirement of each VO and a VO-specific proportional
fairness constraint for cell-center and cell-edge users.

In 5G, the problem of resource management reemerges
in the context of multi-tenancy and its enabler, network
slicing ([5, 6]). Tenants (such as MVNOs, Over The
Top (OTT) providers and vertical industries) have dis-
tinct requirements to support their services which have
to be translated into appropriate network resources. It
is worth noting that network slicing does not involve
only the RAN segment but it can be end-to-end. How-
ever, the problem of resource management at the RAN
segment has brought about a significant amount of at-
tention from the research community due to the intrin-
sically complex nature of the radio (wireless) access.
For instance, the authors in [125] propose the “5G Net-
work Slice Broker”, a centralized scheduler based on the
3'4 Generation Partnership Project (3GPP) specifica-
tions for network sharing. The proposed scheduler has
a global view of the shared network and applies admis-
sion control and resource allocation, translating the ten-
ants’ request, with given SLAs, into available network
resources. Other examples on resource management at
the RAN in the context of multi-tenancy/network slic-
ing are given in [9,44,47,122,144,148,153].

Summarizing, the Resource Management category is
a very rich part of the infrastructure sharing litera-
ture. Within this category, we have identified three sub-

categories:

1. partitioning and allocation of resources shared by
multiple operators,

2. the literature on Wireless Network Virtualization
that mostly deals with the sharing of resources
between a single InP and multiple SPs; this sub-
category, can be further subdivided into:

(a) articles that base their modelling on pricing
issues and

(b) articles that base their modelling on other is-
sues, such as performance metrics, and

3. a large body of 5G literature that deals with re-
source management and network slicing.

3.3 Emnablers and architectures

Although the different alternatives for infrastructure
and spectrum sharing can be financially attractive for
MNGOs, they where not always supported by the 3SGPP
specifications; in fact, while a basic type of network shar-
ing was supported as of Release 5, there was no sup-
port for more involved network sharing scenarios for the
3GPP GSM EDGE® RAN (GERAN) prior to Release
10 ([3)).

Standardization apart, the research community has
largely contributed on the topics of enabling network
sharing, e.g., through novel architectures. While passive
sharing (i.e., site/tower sharing) is the simplest network
sharing alternative to implement, the different types of
active sharing demand architectural changes in mobile
networks e.g., to guarantee the isolation of the involved
MNOs in terms of their private information in order to
avoid harming competition, or they demand changes at
the protocol stack level to implement the novel resource
management algorithms etc. According to [64], radio re-
source management should be delegated to a third party
provider to ensure isolation and therefore not to inter-
fere with competition. In [56] the authors introduce
AppRAN which relies on a centralized scheduler to per-
form application-level resource allocation for a shared
RAN.

In particular, different flavors of virtualization have been
widely considered by the research community as candi-
date enablers for network sharing. For instance, the
virtualized network architecture proposed in [60] can
support network sharing. Other papers that resort to
virtualization are e.g., [10,34,72,117,152]. In particu-
lar, the authors of [38] and of [43] propose the “Network
without Borders”, namely the virtualized pool of (het-
erogeneous) wireless resources for which infrastructure
and spectrum pooling are essential. Costanzo et al. in
[37] suggest an architecture for 4G RAN sharing based
on SDN and NFV.

4Enhanced Data rates for GSM Evolution
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In the context of enabling network slicing in 5G net-
works, there is a myriad of papers that propose archi-
tectures or test prototypes based on (i) NFV and/or
SDN (see e.g, [35,36,85,86,113,119]), (ii) changes to
the RAN protocol stack (see e.g., [48,116,124]), or (iii)
using features of the new 5G radio ([44]) etc. In partic-
ular, the work in [29] proposes an architecture to sup-
port network slicing in ultra-dense networks, the one in
[74] presents an architecture that supports Internet Of
Things (IoT) slices whereas the one in [129] dwells on
combining 3GPP specifications for 5G with NFV.

3.4  Energy efficiency

Infrastructure and spectrum sharing allow to reduce the
energy-consumption OPEX cost particularly in cases
when the aggregated network resources (infrastructure
and/or spectrum) are redundant. For instance, in ru-
ral areas where capacity is not an issue, MNOs can de-
commission a subset of the aggregated BSs and/or op-
erate at a subset of the aggregated frequency carriers
[49], which reduces the energy consumption and (indi-
rectly) the environmental impact. In these lines, since
MNOs dimension their networks based on the peak-
load traffic predictions, there is intrinsically resource
redundancy during the off-peak periods in their indi-
vidual networks. Consequently, MNOs can agree to
roam users of each other during the off-peak periods,
e.g., overnight, and switch off a subset of their BSs (see
e.g., [13,21]). While the vast majority of infrastruc-
ture (and spectrum) sharing problems revolve around
economic and technical aspects, some papers (see e.g.,
[12-15,19-22,46,61,84,103,110-112,143]) have taken an
energy-efficiency/green networking perspective.

3.5 Strategic modeling

This branch consists of articles that deal with decision-
making problems such as MNOs deciding whether to en-
ter a sharing agreement or not, SPs selecting InPs from
which to obtain resources etc. In these lines we can
further split this category into two subcategories: (i) in-
frastructure sharing among conventional MNOs and (ii)
infrastructure sharing for decoupled infrastructure from
services (involving InPs and SPs etc.). Such articles
naturally resort to mathematical programming and to
game theory in particular when the involved actors are
assumed rational, self-interested and payoff-maximizing
entities.

3.5.1 Infrastructure sharing among conven-
tional MNOs

The following articles concern either greenfield deploy-
ment of shared networks [18,25-27,108,109,127] or the
case when shared networks are created by pooling to-
gether the existing network infrastructure of at least two
MNOs [39,41,94,126].

Blogowski et al. in [18] deal with the particular scenario
when two MNOs have to deploy BSs over a given set of
candidate sites. For each site, each MNO has to decide
whether to install a BS or not; in the former case, if
both MNOs decide to install a BS, it is assumed that it
is profitable for both to install a single shared BS. The
problem is formulated as a non-cooperative game where
the payoff of each player (MNO) is given by its total
profit (revenues - cost), calculated over all BSs. It is as-
sumed that each site can serve a given (arbitrary) num-
ber of users, e.g., those under its coverage area, which
means there are no capacity constraints associated with
the sites. Instead, coverage constraints are present and
they are expressed as a minimum percentage of users to
be served by each MNO (a common constraint associ-
ated for spectrum licensees). When the coverage con-
straint is absent, MNOs can decide independently for
each site. Otherwise, the game is no longer separable.
The authors describe the propriety of the Nash equilib-
ria of the game for different relationships of the payoff
matrix (i.e., by establishing relations between the pay-
offs obtained under different strategy profiles) and also
suggest a centralized solution which Pareto dominates
all Nash Equilibria.

[108,109,127] address the problem of infrastructure and
spectrum sharing arising when a set of MNOs, each
with a given number of users (market share) and own
spectrum license, plan a greenfield Long-Term Evolu-
tion (LTE) deployment. The strategic problem of coali-
tion formation, namely, which subsets of MNOs volun-
tarily sign long-term infrastructure and spectrum shar-
ing agreements, is modeled by means of non-cooperative
game theory. We address a very similar problem to
[108,109,127] in [25,26] resorting to cooperative game
theory in [26] and non-cooperative game theory in [25].
Unlike in [108,109,127], in [25,26] we (i) account for both
the technical and economic aspects of sharing reflected
in the payoff function definition and (ii) do not split the
shared infrastructure cost among MNOs a priori; how
these cost are split is an outcome of the model (game).
In turn in [27], we address a similar scenario to [25, 26]
but without spectrum pooling. Moreover, in [27] we
consider two different cases deriving from two different
perspectives, the one of a regulatory entity favoring the
users and the MNQOs’ perspective as profit-maximizers.
We model the former case through Mixed Integer Linear
Programming and the latter through cooperative game
theory.

The authors in [41] consider the case when a set of
MNOs agrees to pool together their current individual
RAN networks but make joint decisions for future de-
commissions, network expansion and upgrades of their
shared network; a greedy procedure is proposed to solve
the multi-period network planning.

Similarly to the “sale-leaseback” approach of Tower
Companies (see e.g., [90]), the work in [39] assumes a set
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of self-interested MNOs decide to pool together their re-
spective network infrastructures and create a Joint Ven-
ture (JV), responsible for managing their shared net-
work. In turn, MNOs will leaseback network capacity
from the JV. The authors propose a Stackelberg game
to determine the shares MNOs obtain from the JV and
the prices set by the JV to the MNOs and by the MNOs
to their respective users.

Notably, the user perspective is considered in [94], which
investigates the problem of user-to-BS association when
multiple MNOs decide to pool together their respective
network infrastructures. The authors propose a non-
cooperative game to model the problem of each user
selecting its serving BS from the shared pool, indepen-
dently, so that its individual data rate is maximized.

The work in [126] represents a fresh take on infrastruc-
ture sharing. Its authors consider a set of MNOs with
individual but overlapping infrastructures (BSs) and in-
dividual spectrum licenses; in this setting one of the
MNOs (the buyer) can purchase the use of BSs of the
other MNOs (the sellers) for serving its own users at
its own licensed spectrum. The buyer MNO evaluates
whether it can provide a given (Quality of Service) QoS
to its own users through its own infrastructure by in-
creasing the transmission power of its BSs or by pur-
chasing BSs from the seller MNOs. In the latter case,
the buyer MNO has to decide from which seller MNOs
to buy from and what fraction of their BSs to purchase
so as to minimize its expenditures while satisfying the
QoS of its users. In turn, the seller MNOs have to decide
the fraction of their own BSs to sell so as to maximize
their profit (payment from the buyer MNO minus cost
of sold BSs) where the competition in quantity among
the seller MNOs is modeled as a Cournot market.

3.5.2  Infrastructure sharing for decoupled in-
frastructure from services

We remind the reader that we have discussed the vary-
ing terminology used across different articles related to
the infrastructure sharing for decoupled infrastructure
from services in Section 3.2 and that we have maintained
the authors’ terminology for the considered stakehold-
ers when describing their articles and, when necessary,
we provide clarifications on how they compare to our
definitions of InPs and SPs.

It is worth pointing out that, across the different articles
very distinct mathematical approaches have been used
to study the interaction among InPs and SPs.

Rather exceptionally, the study in [30] tackles the in-
teraction among InPs and MVNOs (analogous to SPs)
from the MVNO perspective. In fact, the authors in [30]
consider multiple InPs but a single MVNO and propose
a model based on contract theory in which the MVNO

acts as the employer whereas the InPs as employees.

Instead, Wei et al. in [147] take a centralized approach.
Specifically, the work in [147] considers multiple InPs
and multiple VNOs (analogous to SPs) in the context
of WNV. Here, each InP has a given set of users of its
own; resources allocated to its own users are referred to
as local slices and the total rate across the local slices
should be above a given minimum for each InP. Instead,
resources allocated to users of an MVNO are referred to
as foreign slices. Each InP is characterized by a given
bandwidth (number of subchannels) and power budget
for the downlink of a BS. The problem consists in deter-
mining the number of subchannels and amount of power
to allocate to each slice by each InP. The objective is to
maximize the total rate across all slices while satisfying
the bandwidth and power constraints and the minimum
rate requirement for the local slices of each InP. Conse-
quently, the problem is formulated by means of an Inte-
ger Programming (IP) model. In this model an MVNO
can be simultaneously served by multiple InPs, likewise
an InP can simultaneously serve multiple MVNOs.

The authors in [156] propose a hierarchical (two layer)
combinatorial auction to model the interactions among
multiple InPs, multiple MVNOs (analogous to SPs), and
multiple end users concerning the resource allocation
at the BS level (the resources here being transmission
power, number of channels and number of antennas).

In [28] we propose a novel framework based on a Multi-
Leader-Follower Game (MLFG) to study the techno-
economic interactions among multiple InPs and multiple
SPs in a 5G context.

Table 3 summarizes the main issues that are considered
in this subcategory: what are the actors that intervene
in the infrastructure sharing scheme and what is the
modelling and mathematical approach that is taken in
each case.

Article Actors Approach
[30] many InPs - one SP contract theory
[147] many InPs - many SPs IP model
[156] many InPs - many SPs  auction theory
[28] many InPs - many SPs MLFG

Table 3 — Infrastructure sharing for decoupled infrastructure from
services

3.6  Miscellaneous

3.6.1 Infrastructure sharing for mobile net-
work segments other than the access

Infrastructure sharing and multi-tenancy can also be ap-
plied to specific segments of a mobile network other than
the access. For instance, the studies in [23, 98,128,140,
141] address sharing of the backhaul network whereas
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the one in [83] deals with the sharing of the core net-
work.

3.6.2 Infrastructure sharing among different
types of networks

In the following paragraph we provide some examples
of heterogeneous infrastructure sharing. The work in
[78] studies sharing among different Radio Access Tech-
nologies (RATS), the one in [102] addresses sharing be-
tween LTE femtocells and Wi-Fi hotspots whereas the
one in [100] investigates 3G offloading over Wi-Fi. Ki-
bilda et al. [82] deal with sharing among MNOs and
OTTs. In [101] the authors propose a RAN architecture
for both infrastructure and spectrum sharing between
the MNOs and safety services. Instead the study in
[95] concerns infrastructure sharing between mobile ser-
vices and smart grid utilities or intelligent transporta-
tion services. Lin et al. in [93] address backhaul shar-
ing among mobile networks and fixed networks whereas
Simo-Reigadas et al. in [131] suggest exploiting the com-
munity infrastructure as backhaul for 3G.

3.6.3  Infrastructure sharing for networks other
than mobile

The concept of infrastructure sharing is not exclusive to
mobile networks. In fact, it has been applied to fixed
access networks and problems related to the latter have
been recently addressed in the literature (see e.g., [33]
and [77]). Apart from fixed access networks, infrastruc-
ture sharing has also been proposed for Wi—Fi networks,
e.g., in [121].

3.6.4  Spectrum sharing

As previously stated, the overall literature on the dif-
ferent types of spectrum sharing alone (i.e., not com-
bined with infrastructure sharing) is per se very vast.
Unsurprisingly, as spectrum is a scarce resource for the
MNOs, many papers within this literature resort to dif-
ferent game theory models (see e.g., [94,135,149,150]).

3.6.5 MVNO business model

The relation among the MNO, its MVNO(s) and the end
users has been largely addressed through game theory
as well (see e.g., [57,87,88,96,134]).

4. DISCUSSION AND OUTLOOK

The large body of literature analyzed in this survey and
the impact it has had over the years on the standard-
ization of mobile technologies and the practices adopted
around the world, testify that mobile networks are im-
portant infrastructures with high costs which can be
shared in some scenarios in order to offer better and
more convenient services to end users. Also, in terms of
regulatory strategies adopted by national authorities in

different countries, that over the years have favoured the
introduction of MVNOs and roaming mechanisms, we
can observe that the wide service availability at reason-
able prices has been considered particularly important
also with respect to natural market competition.

With the arrival of 5G, we are observing a renewed inter-
est in sharing strategies due to the specific virtualization
technology available and the standardization of network
slicing. For the first time, the dynamic allocation of net-
work resources and the service specialization on different
slices, allow serving different groups of users according
to different quality levels. This will likely generate the
interest of new players specialized in vertical applica-
tion domains, in order to take the role of slice tenants
and sharing the resources of the network infrastructures
with others. Even extreme scenarios where communi-
cations resources are traded in real time on automated
markets are now possible [92], like it already happens in
other sectors like energy networks. With this regard, the
use of the large toolbox created by research over several
years will certainly be an important asset to be used to
shape sharing and trading instruments.

There are however, other important evolution trends of
the technology that will probably influence the sharing
methods beyond 5G. We want to mention here two of
them that we believe are particularly relevant:

o the extreme distribution of access infrastructure
with the so-called smart radio environments, and

e the full virtualization of connectivity in open and
cloud-based architectures.

As for the smart radio environments, they consider the
introduction of new equipment at the radio interface of
mobile networks, which includes smart repeaters with
large antenna arrays and controllable reflective surfaces.
This kind of evolution trend is making clear that in the
future the deployment of multiple physical infrastruc-
tures by different operators will become more and more
difficult and the focus of MNO attention will shift from
optimizing their own network to that of efficiently con-
trolling the resources leased from the common infras-
tructure.

While the full virtualization of connectivity will be
complete relatively soon, the evolution started years
ago with the separation of the network logic from the
pure transmission technology. There are here how-
ever, important novelties associated with open source
approaches like Open RAN that are becoming popular
and that are fostering the transition to cloud-based so-
lutions where the value for service providers will be in
designing and implementing advanced services based on
the effective use of transmission resources.



ITU Journal on Future and Evolving Technologies, Volume 1 (2020), Issue 1, 21 December 2020

5. CONCLUSION

Infrastructure sharing in mobile networks has been a
pervasive research topic over the last three decades and
has produced a significant body of work.

One interesting takeaway from this survey is that while
researchers sought enabling technologies to materialize
infrastructure sharing in 3G and 4G networks, in 5G
networks instead, infrastructure sharing became an im-
portant pillar of the 5G architecture which means that
in turn 5G enables infrastructure sharing from a busi-
ness point of view. In these lines one can easily argue
the presence of infrastructure sharing also in future net-
works.

As for the mobile ecosystem, it is worth noting that the
concepts of decoupling infrastructure from services and
dynamic spectrum trading have been anticipated in the
literature over two decades ago but they have come into
being only recently (mainly in 5G networks).

Of the several research branches within the infrastruc-
ture and spectrum sharing topics, resource management
in the context of resource sharing has been and will be
one of the most active research branches given the cur-
rent and future need for dynamic resource sharing.
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