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Abstract—Network sharing is widely accepted as a cost effective approach for mobile network deployment. It remains uncertain,
however, how regulators will evaluate network sharing agreements (NSA) for future networks in the context of the current competition
law. For example, 5G mobile network operators (MNOs) seeking to enter NSAs may risk legal challenges, as regulators have not given
MNOs sufficient guidance for self-evaluation of their NSAs. One way for MNOs to reduce the risk of legal challenge is to avoid sharing
variable costs in the NSA. However, constraining costs to be non-variable (i.e., fixed) rules out the use of most pricing mechanisms that

have been widely adopted for dynamic resource trading between MNOs. In this article, we propose a network sharing framework to
allow dynamic resource sharing without the use of resource pricing. To incentivize sharing without pricing, our framework presents
sharing as a means for MNOs differentiate services and better compete in the service market for profit. We evaluate our framework in a
duopoly market model and demonstrate the economic and regulatory viability of our framework.

Index Terms—network sharing, 5G, beyond 5G, network economics, regulation

1 INTRODUCTION

1.1 Motivation

Network sharing is widely recognized as a key enabler towards
fast and cost effective deployment of future networks [1]. In
light of these benefits, regulators are warming up to network
sharing. However, there are ongoing concerns that cooperation
by operators at the network level can restrict competition at the
retail level, as reiterated in recent statements by the European
Commission.! Amplifying these concerns is a decade-long wave
of mergers in the mobile service market [4], which have con-
solidated market power among a few mobile network operators
(MNO) and increased the risk that future network sharing
agreements (NSAs) harm retail competition. In response, MNOs
have stated their openness to carefully design their agreements
in order to comply with competition law and quickly navigate
the regulatory approval process [5]. Unfortunately, authorities
have not given MNOs sufficient guidance in identifying when
an NSA breaches EU competition law [6], [7]. This lack of
guidance has arguably lead to regulatory challenges following
the formation of agreements. Hence, MNOs may feel the need
to conservatively design NSAs to cautiously avoid regulatory
grey-areas, or otherwise risk more legal challenges, which can
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1. The Commission recently sent a Statement of Objections to T-Mobile,
02 and CETIN based on their 2G/3G/4G NSA in the Czech Republic [2].
See also the Commission’s merger investigation into Telecom Italia and
Vodafone [3].

result in slowed 5G rollout, fines, or loss of investment.?

For operators seeking to conservatively design their NSAs,
some limited guidance is offered in the Commission’s Guide-
lines on horizontal cooperation agreements [9]. The Guidelines
suggest that competition restrictions can be avoided by care-
fully designing the way in which the shared costs of building
and operating the network are allocated between participating
operators. Restrictions can be avoided by allocating costs in a
way that maintains the cost structure of individually deployed
networks. In particular, the Commission warns that changing
fixed costs — costs that do not vary with the number of sub-
scribers — into variable costs — costs that depend on the number
of subscribers - can disincentivize operators from competing in
the service market.> For example, an NSA that allocates costs
based on usage can disincentive an operator from attracting
new subscribers. As mobile networks largely incur fixed costs

[11], [12]%, the NSA cost structure should contain mostly
fixed costs to meet the guidelines. More serious concerns can
arise if the shared costs become a significant amount of the
operators’ total costs®, a scenario the Commission refers to as a
significant commonality of costs. In this scenario, the Guidelines
warn that the sharing of variable costs can allow operators
to more easily coordinate market prices and reach cartel-like
price fixing outcomes, a conclusion which is corroborated by
economic research [13]. This concern particularly applies to 5G,
as 5G properties like dense node deployment, network sharing

2. During a recent evaluation [8] of the European Commission’s Guide-
lines [9], some EU stakeholders reported feeling that the Guidelines en-
couraged companies to perform an overly cautious self-assessment of their
cooperation agreements.

3.In 2012, Danish regulators investigated the Telia and Telenor NSA
based in part on the variable cost structure of the agreement [10].

4. RAN costs are roughly proportional to the cost of RAN equipment
and spectrum bandwidth [12]. Thus, assuming that the quantity of RAN
equipment and spectrum is fixed in the long-term, RAN costs are largely
fixed costs.

5. Total costs refers to the sum of the operators’ individual costs and
shared costs.
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in urban areas, full-RAN/spectrum sharing, and partial core
sharing (e.g., sharing edge computing resources) may result in a
significant commonality of costs compared to previous mobile
generations. Hence, MNOs should avoid creating variable costs
when allocating the costs of shared 5G networks.

In spite of the Commission’s guidelines and the cited
concerns, research efforts to find economically viable NSAs
have largely focused on cost structures that change fixed
costs into variable costs [14]-[19]. These variable costs are
the result of inter-MNO resource pricing mechanisms. Pricing
is used to incentivize dynamic and efficient resource trading
between operators (or between an operator and a 3rd party,
e.g., joint venture) as operators needs change over time.°
While pricing allows efficient resource allocation, this article
considers the resulting cost structures as idealized models
which some operators may avoid in the future to guarantee
regulatory compliance. Instead, we consider how operators can
dynamically share resources under a fixed cost constraint, i.e.,
without pricing mechanisms. When pricing is not available,
incentivizing sharing can be a challenging task. The details of
this challenge are discussed in Section 2.

1.2 Contributions

In this article, we propose a novel network sharing frame-
work which allows two MNOs to dynamically reallocate re-
sources under a fixed cost constraint. To ensure that network
sharing costs remain fixed, our framework avoids using a
short/medium-term resource pricing mechanism. In our NSA,
both MNOs pay fixed costs for an equal long-term share of
the jointly owned network resources (i.e., joint venture). Our
framework allows an MNO to share resources with another
MNO as needed over a medium-term basis. We present our
framework in Section 3.

Duopoly Market Model (Section 4 and Section 5) We
evaluate our framework in a duopoly market model with an
incumbent MNO and new entrant MNO. The new entrant
decides what resources it shares with the incumbent in the
medium term, depending on the revenue it expects to earn later
after selling services to end-users. After the new entrant decides
what resources to share, both MNOs independently choose the
price an end-user must pay for subscription service. In turn,
each end-user decides which MNO to subscribe to, depending
on the MNOs’ service prices and delivered quality-of-service
(QoS). We show that the decisions of the MNOs and end-users
reach a unique equilibrium.

How is (medium-term) sharing incentivized? (Section 5.3)
At equilibrium, the new entrant shares exactly enough re-
sources to maximize its profit. We find that sharing can increase
profit by allowing the new entrant to differentiate its services (in
terms of service prices and delivered QoS) from the incumbent’s
services, and thus better compete with the incumbent for service
revenue. This finding is related to a known result on NSAs [20]:
given the choice between a cost allocation that preserves fixed
costs and a cost allocation that variably depends on number
of subscribers, MNOs prefer to preserve fixed costs when their
services are differentiated. Indeed, we find that MNOs prefer to

6. Time is an important factor in the distinction between fixed and
variable costs. Any cost may be regarded as variable if it can change within
a short timescale.
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differentiate services when their cost allocation rule preserves
fixed costs.

When do MNOs share? (Section 5.3) We compare the
amount of resources shared to several market and network
factors. We find that the new entrant shares more resources
when there are a fewer number of end-users in the market.
In contrast, more resources are shared when the incumbent’s
network and new entrant’s network exhibit strong isolation
— a QoS specification of network slicing. In fact, MNOs can
offset the effect of market factors on the sharing equilibrium
by controlling network factors. Fine-tuned control of network
factors is made possible by leveraging the network slicing
capabilities of 5G networks.

How does sharing impact the end-user? (Section 5.3)
We find that sharing has a mixed effect on the end-user’s
welfare. On the positive side, sharing benefits the end-user by
maximizing delivered QoS. On the negative side, sharing can
harm the end-user by increasing service prices. The net effect
is a subscriber surplus of zero.

Is our framework viable from a regulatory/economic per-
spective? (Section 5.4) To assess the regulatory and economic
viability of our framework, we compare our framework to sev-
eral baseline scenarios. We find that when an NSA relaxes the
fixed cost constraint, the MNOs may choose monopoly prices.
This behavior is expected, as previously known results indicate
that NSAs can result in anti-competitive pricing when MNOs
share variable costs [13]. Furthermore, we identify that our NS
framework meets certain regulatory objectives specified by the
Body of European Regulators for Electronic Communications
(BEREC) conditional on the MNO'’s choice of network parame-
ters. Suggestions for choosing these parameters are discussed.

Finally, we assess the economic viability of our framework
by evaluating MNOs’ profits before and after adopting our
framework. This evaluation suggests that as legacy networks
are phased out, the opportunity cost of not adopting our frame-
work will increase. Hence, we anticipate that our framework will
increase in profitability as the 5G rollout matures and 5G services
become more distinguished from legacy network services.

Does our framework generalize to other settings? (Section
6) We depart from the incumbent/new-entrant setting to evalu-
ate our framework for network sharing between two incumbent
MNO:s. Simulations demonstrate that with 2 incumbents, our
framework does not always incentivize and MNO to share.

2 RELATED WORK

Ex-ante Resource Allocation: In the literature, a number of re-
source allocation mechanisms have been proposed which keep
individual costs fixed [20]-[23]. We broadly refer to these mech-
anisms as ex-ante allocations as they split shared resources
and costs ex-ante — before market shares (i.e., number of sub-
scribers) are observed. For example, an ex-ante allocation may
split resources and costs in proportion to an MNO’s expected
number of subscribers (e.g., budgeted output payments [20],
risk-sharing investments [21]). Since ex-ante allocations do not
depend on observed market shares, they do not violate the fixed
cost constraint. However, an MNO may require more resources
than it has been allocated if observed market shares differ
significantly from expected market shares. It is not guaranteed
that an MNO with a resource surplus will voluntarily reallocate
some resources to an MNO with a resource deficit, as MNOs
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Fig. 1: Network sharing framework for MNO 1 (incumbent) and MNO 2 (new entrant).

are profit driven and costs cannot be reallocated from the latter
to compensate the former. Therefore, solutions other than ex-
ante allocations are needed to incentivize voluntary resource
reallocation. This article addresses the problem of incentivizing
MNOs to reallocate resources ex-post — after market shares are
observed — without changing the ex-ante cost allocation.

Ex-post Resource Allocation: One potential solution to the
above problem is multi-operator scheduling [24]-[29]. Schedul-
ing allows MNOs to temporarily reallocate shared resources on
a short-term basis. Here, short-term means that RAN condi-
tions (e.g., load per MNO) may be variable while market shares
are fixed. Resource pricing is not typically used to incentivize
MNO participation in scheduling, and, therefore, fixed costs
remain trivially fixed. Instead of pricing, the scheduling policy
can incentivize participation by fairly allocating resources in
a manner that benefits all MNOs. However, if an MNO’s de-
mand for resources changes due to a change in market share,
scheduling cannot flexibly adapt without violating fairness.
Hence, scheduling is not viable for resource reallocation in the
medium-term — a time frame which is long enough for market
shares to be variable but too short for costs to be reallocated.
This article focuses on resource reallocation in the medium-
term.

In addition to the scheduling literature, a few other works
have explored concepts that may be applied to our problem.
Revenue sharing between MNOs is one concept that can
incentivize resource reallocation without cost reallocation [30].
Revenue sharing is likely to be seen by regulators as a clear
restriction of competition. Opportunistic access of underuti-
lized resources is another potential solution. This has been ex-
plored mostly in spectrum sharing scenarios involving primary
(licensed) users and secondary (unlicensed) users [31], but also
for resource sharing at the network level [32]. Opportunistic
access can reduce underutilization of resources but does not
allow flexible medium-term sharing.

Markets with NSAs: Our article fits into a larger body of
literature which has studied the economic incentives for oper-
ators to participate in an NSA [15], [33]-[39]. In [15], [33], [34],
[371-[39], the authors consider NS in an existing network and
allow participating operators to trade resources via resource
pricing. These works study the impact of resource pricing
on prices charged to the end-user. Some works additionally

study the impact of resource pricing on user welfare including
received quality-of-service (QoS) [15], [37]-[39] and geographic
coverage [37]. More closely related to the present article, a few
of the above works avoid resource pricing altogether [35], [36].
These works avoid pricing by using a cooperative game theory
framework to allocate costs of the shared network between
participating operators before the costs are accrued. We remark
that the cost allocation rules considered in [35], [36] can
depend on operators’ market shares and thus violate our fixed
cost constraint.

Similar to many of the above studies, we study the impact
of resource sharing on the price charged by each operator to
the end-user, as well as the impact on end-user welfare. In
contrast to the above studies, we focus on operator incen-
tives to share/trade resources when inter-MNO pricing is not
available. Straightforward extensions of the above studies (e.g.,
fixing inter-MNO prices to 0) are not sufficient to address this
focus and result in a trivial equilibrium where no resources are
shared/traded. Thus, a new framework is needed to incentive
sharing without pricing.

Beyond the ecomonic incentives of NSAs, some works have
focused on the technological aspects of NSAs. Many works
have focused on RAN sharing including vertical handoff [40],
spectrum sharing [36], [38], [41], [42], Wifi offloading [43],
and basestation sharing [37]. More broadly than RAN sharing,
some works consider end-to-end network slicing [15], [38],
[44] which the present article also considers. Network slicing
allows two or more operators to dynamically share a common
infrastructure via resource virtualization, and is enabled by
5G technologies like software defined networking (SDN) and
network function virtualization (NFV). Slicing is used in [15],
[38], [44] to enable resource trading between operators while
satisfying end-user quality-of-service guarantees. In this article,
we consider whether slicing can be leveraged to incentivize
sharing in the absence of resource pricing.

3 NETWORK MODEL AND NS FRAMEWORK

In this section, we introduce our network model and network
sharing framework. We describe how resources shared under
our framework are sliced according to network slice QoS spec-
ifications. Lastly, we introduce our model of subscriber utility
and its relationship to the slice QoS specifications.
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3.1 Network Model

Consider a mobile network (depicted in Fig. 1) in a fixed
geographical area operated by an incumbent MNO and new
entrant MNO, referred to as MNO 1 and MNO 2, respectively.
From the perspective of the mobile users, MNO 1 and MNO
2 are competing service providers, e.g., selling subscriptions
for enhanced mobile broadband (eMBB) or ultra-reliable and
low-latency communications (URLLC) services in the area. Ex-
amples of such services include VR, real-time Al, and vehicular
applications. Note that these services may have stringent QoS
requirements. Although we focus on 5G NSAs due to their
topicality, we present our framework in a general way that may
be applicable for future network deployments.

User pool: We model the pool of mobile users as a con-
tinuum where the fraction of the pool that purchases a service
subscription from MNO 1 and MNO 2 are 1; =0 and 1, =0,
respectively, where A; + 1, < 1. The fraction of the pool that
opts out of service is 1 —A; —A,. Often, we refer to A; as the
market share of MNO i. Let A >0 be the total number of users
(i.e., the mass of the continuum), where it follows that AA;
is the number of users subscribed to MNO i for i = 1,2. In
general, each user may have a different QoS requirement for
which its service must be tailored accordingly. To accommodate
heterogeneous QoS needs, MNO i may create multiple slices
through its network, each tailored for a different service level
agreement (SLA) such that one slice serves all subscribers with
similar QoS needs. Therefore, we may assume that all users
served on the same slice have homogeneous QoS needs. In
the sequel, we restrict our attention to one slice of MNO i’s
network, and discuss in Appendix A the extension to the multi-
slice case with heterogeneous QoS requirements. In the sequel,
we redefine the user pool to be all users requesting the same
SLA, i.e., all A users have homogeneous QoS requirements.

Infrastructure and costs: The mobile network infrastruc-
ture in the area consists of a collection of networks resources.
A set of resources R; is owned only by MNO 1 as an indi-
vidual legacy network deployment. The set Ri consists of a
backhaul network as well as some legacy network resources,
e.g., legacy 3G/4G resources in the radio access network (RAN)
(e.g., macrocell base stations (MCBSs)). To build and operate
the resources R1, MNO 1 pays a fixed cost g1 >0 where fixed
means that q; does not depend on 1; A and A, A.

To build a 5G/beyond-5G network deployment, the MNOs
form a joint venture and cooperatively deploy a single network
that both MNOs share. By forming a joint venture, the MNOs
can reduce infrastructure costs compared to the scenario where
both MNOs deploy separate networks. We denote the set of
resources owned by the joint venture as Rj». The set Ri»
consists of local infrastructure, e.g., dense network of small
cell base stations (SCBSs), edge computing resources. Since
MNO 2 is a new entrant, we assume that MNO 2 does not
own individually deployed network resources. Together, MNO
1 and MNO 2 pay a fixed cost ¢12 > 0 for the resources Ri».
This cost is split between MNO 1 and MNO 2 by a cost transfer
Aqi2 € 10, q12] such that MNO 1 pays for the cost Ag;» and
MNO 2 pays for the cost g2 —Ag2. In total, for i = 1,2, MNO i
pays a total cost qf"’“l such that

total

q," " = q12 — Aqra. 1)

total

g1 " =q1+Aqu2,

4

We remark that our fixed cost constraint implies that the transfer
Aqy2 is a fixed cost, i.e., Aq12 does not depend on A1\ and A, A,

and thus q!°"! and q1°'* remain fixed costs.

3.2 Network Sharing Framework

Our network sharing framework allows MNOs to dynamically
share the jointly owned resources R;» in the medium-term,
i.e., a time frame where A, and A, are variable. To decide
how R, is shared in this time frame, the MNOs select two
network specifications: the resource access policy and the slice
QoS specifications.

Access Policy: The MNOs choose which MNO has access
to resources in the set Rj» by selecting the access policy.
For a given resource in a resource set, a resource’s access
policy dictates how each MNO’s subscribers can access that
resource. We consider 2 policies: primary access and priority
access. Under a primary access policy, a resource services the
traffic of all subscribers with equal priority regardless of their
home MNO. Under a priority access policy, a resource only
serves the traffic of a given MNO'’s subscribers. In the long-
term, we assume that both MNOs agree to equally share the
jointly owned resources by assigning a primary access policy
to all resources in R,. Since no resource in R is shared with
MNO 2, we say that MNO 1 has priority access to all of R;.

Slice QoS Specifications: After the MNOs select the access
policy, resources R, are sliced. Network slicing allows each
MNO to build a logical end-to-end network from R;» under
certain performance guarantees. These performance guaran-
tees are defined by the MNOs via the slice QoS specifications.
In Section 3.3, we detail how MNOs can control these specifi-
cations via the slice overbooking policy.

Medium-term sharing: Together, the access policy and slice
QoS specifications offer the MNOs some degrees-of-freedom
to share resources in the medium-term without varying the
cost transfer Ag;». This sharing can allow MNOs to respond to
changes in market conditions. For example, if MNO 1 sees an
increase in its number of subscribers 1; A and correspondingly
requires additional resources, this can be achieved by modi-
fying the access policy of a subset of resources in R, from
primary access to priority access (for MNO 1).

Access Conditions: We now consider certain conditions on
how the MNOs can modify a resource’s access policy. To in-
centivize voluntary participation in network sharing, an access
policy must be modified in a way that is fair to both MNOs.
Furthermore, the MNOs must be able to modify an access
policy in a way that does not enable collusion. We summarize
our conditions for modifying a resource’s access policy in the
following three Conditions.

1) (Default Access) The default access policy for all resources
in Ry, is primary access.

2) (Fair Access) If an access policy is modified, then the mod-

ified policy must satisfy the following fairness condition:

For i, j=1,2 and i # j, a policy cannot be modified to give

MNO i priority access to a given resource unless MNO j
agrees to the new policy.

3) (Non-cooperative Access) A resource’s access policy is

modified non-cooperatively by the new entrant MNO 2.

Condition 1 is consistent with the MNOs’ long-term agree-

ment to equally share the jointly owned resources. Condition

2 states that the access policy cannot be modified in a way
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that violates an MNO’s right to access the shared resources.
In some cases, an MNO may temporarily waive this right over
a given resource. Lastly, Condition 3 safeguards against MNO
collusion by requiring that the modified access policy be cho-
sen non-cooperatively, i.e., unilaterally by MNO 2. Furthermore,
Condition 3 minimizes the incumbent MNO 1’s control over the
access policy. This may help to avoid increasing the dominance
of an MNO that may already have substantial market power.

We now introduce our network sharing framework which
is consistent with the above three Conditions. Our framework
is illustrated in Fig. 1 at three different stages of network
sharing: before access, after access and before slicing, and after
slicing. To satisfy Condition 3, the access policy of R, is set
by the operator of the jointly owned local network, i.e., the
new entrant MNO 2. To grant priority access, MNO 2 selects a
subset AR, from R, and gives MNO 1 priority access to each
resource in AR;,. The remaining resources R \ AR, retain
the default primary access policy. To satisfy Condition 2, we do
not allow MNO 2 to grant itself priority access to any subset of
Rlz.

Lastly, we consider the possibility that MNO 1 may share
some of its own resources R; with MNO 2. Regulators may
require that the incumbent provide the new entrant essential
connectivity to outside the network so that MNO 2 is capable
of delivering basic services to its subscribers [45]. Hence,
we assume that MNO 1 provides these essential connectivity
resources to MNO 2. Beyond these essential resources, we let
MNO 1 select a subset AR of R; and assign primary access
to ARy, as illustrated in Fig. 1.

3.3 Network Slicing

Slicing begins with two inputs provided by the MNOs: the
access policy and slice QoS specifications. As the output of
network slicing, each MNO is delivered one slice. As illustrated
in Fig. 1, an MNO’s slice is a composition of two subslices where
one subslice is orchestrated from reserved resources while the
other is orchestrated from shared resources. In particular, MNO
1 is delivered a subslice SLICE; orchestrated from resources
with a priority access policy: R;\ AR, and AR, and another
subslice SLICE], orchestrated from resources with a primary
access policy: Ri2\ AR, and AR;. Similarly, MNO 2 is de-
livered a subslice SLT CE%2 orchestrated from resources with a
primary access policy: Ri12\ AR, and AR;.

All subslices are orchestrated according to slice QoS specifi-
cations negotiated between the MNOs. Following the modeling
work of [46], we consider two slice QoS specifications: guar-
anteed demand and overbooking penalty. These specifications
play a leading role in characterizing subscribers’ received QoS.

3.3.1 Guaranteed Demand

Slicing is performed to provide QoS guarantees for the users’
traffic it serves. Realistically, a slice (or subslice) may not be able
to provide QoS guarantees for all serviced traffic. Some traffic
may receive QoS violations. Thus, we consider a subslice’s
guaranteed demand, defined as the percentage of all traffic
serviced by a subslice according to the users’ requested QoS. We
assume that any traffic outside of this percentage is provided
with best-effort service that may violate the requested QoS.
Let the guaranteed demand of subslices SLICE; and SLI CE{2
be s; € [0,1] and siz € [0,1], respectively. On a user-by-user

5

case, we make the following assumption: For any users with
services supported by subslice SLICE; (SLICEL,), the event
that a user is guaranteed to receive their requested QoS is
i.i.d. with probability s; (s{z). Otherwise, a user receives a QoS
violation. In practice, a user’s empirical probability of receiving
its requested QoS may be lower due to resource overbooking.
Overbooking is discussed in Section 3.3.2.

Guaranteed demand is closely related to the quantity
of a subslice’s underlying resources. Intuitively, the more
(less) resources available to a subslice, the larger (smaller) its
guaranteed demand. We denote the maximum guaranteed
demand supported by the resource sets R;, Ri2, AR,
and AR;» as the values (in [0,11) di, di2, Ady, and Ado,
respectively. Without loss of generality, we normalize the above
values such that their sum is less than or equal to 1. With some
accounting, we find that the guaranteed demand of subslice
SLICE, is equal to s; = d; + Ady2 — Ad;. Since both MNOs
are given primary access to the set R \ AR 2, these shared
resources are fairly sliced such that both SLICE], and SLI CE%2
are specified with equivalent guaranteed demand. Hence, the
guaranteed demand of SLICE{2 is s{z =812 =dip — Adyp + Ady
fori=1,2.

3.3.2 Overbooking Penalty

In addition to guaranteed demand, we consider slice QoS
specifications related to resource overbooking. In the context
of slicing, overbooking occurs when the same virtualized re-
source is allocated to two or more subslices. In [46], resource
overbooking has been identified as a promising strategy for
improving network utilization during network slicing.

When an overbooked subslice requires all booked capacity,
congestion will occur in the overbooked resources. As a result,
some percentage g of the guaranteed demand will not receive
the quality-of-service (QoS) promised in the SLA, but instead,
be treated according to best-effort service. Hence, overbooking
can result in QoS violations. Intuitively, the more traffic that
is serviced by overbooked resources, the larger g will be.
Therefore, we let g be an increasing function of the number of
users sharing the overbooked resources. Recall that for i =1,2,
the number of users sharing overbooked resources to subslice
SLICE; and SLICE{2 is M1A and (A; + A2)A, respectively.
We assume that event that a user receives a QoS violation
due to overbooking is i.i.d. with probability g(). Therefore,
a user’s empirical probability of receiving its requested QoS
is the guaranteed demand multiplied with (1 — g(-)). We refer
to this probability as the subslice QoS, where the subslice
QoS of of SLICE; and SLICE{2 is QoS; = s1 — g1 A)s; and
Qo812 = s12 — 8((A1 + A2) A) 512, respectively.

3.4 Services

The utility that users derive from services is affected by subslice
QoS and pricing in the service market. To motivate our user
utility model, we consider several properties that impact a
user’s service experience.

3.4.1 Subscription

To subscribe to MNO i = 1,2, a user must pay the MNO
a service price p; > 0 set by the operator. Once set, this
subscription fee is fixed for the medium-term.
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3.4.2 Service valuation

The subscriber receives a service valuation that depends on
how its MNO handles its traffic. If the subscriber’s traffic
is serviced according to the requested QoS, the subscriber
receives a positive valuation of v. Otherwise, if the subscriber’s
traffic is given best-effort service, then the subscriber receives
a valuation of 0. Since the user pool is pre-selected to have
similar QoS requirements, we consider service valuation v
to be homogeneous. Therefore, the expected valuation for a
subscriber to MNO 1 and MNO 2 is v(QoS; + QoS;2) and
v(Qo0S12), respectively.

3.4.3 Linear Congestion

When overbooking occurs, overbooked resources are allocated
to users according to an overbooking scheduling policy. The
scheduling policy determines when users are denied access
to resources, and, hence, we may consider the congestion
function g(:) to be a property of the scheduling policy. Although
we do not assume a particular policy, we restrict g to be linear
in the number of users using overbooked resources, i.e., for a
constant a >0, g(x) =ax if ax <1, g(x) =1 otherwise. A linear
g may correspond to a scheduling policy that prioritizes fair
resource allocation to all users. For example, in [47], the use of
a round-robin scheduling policy to schedule traffic in a small
cell network has an observed delay outage probability (i.e.,
congestion) that is approximately linear when traffic is heavy.
The parameter @ depends on the MNOs’ overbooking policy
where large (small) a corresponds to aggressive (conservative)
overbooking. Note that by construction, QoS; + QoSi2 < 1,
QoS; =0, and QoS;2 = 0. Putting the above properties together,
it follows that the subslice QoS terms are QoS; = s; —as;A; A
and

Qo812 = s12 —asi2(A; + A2)A, 2

and the expected utility of a subscriber to MNO 1 is

u1(A1,42) =v(QoS1 + QoS12) — p1

(3)
=v(s1+812) — Bs1A1 — Bs12(A1 + A2) — 1

and
uz(A1,12) =v(QoS12) — p2

4)
=vsi2— Bs12(A1 +A2) = po

where 8 = vaA. For brevity, we simply refer to (3) and (4) as
the user utility. In the context of discussing user welfare, we
sometimes refer to (3) and (4) as user surplus.

4 MARKET MODEL

We turn our attention to the service market depicted in Fig.
2, which we model as a three-stage game played by MNO 1,
MNO 2, and the mobile user pool. To satisfy the fixed cost
constraint, the cost transfer Aqg;» is set to a constant value
prior to the game that cannot vary throughout the game. Thus,
Aqy2 is exogenous to our model.

4.1

In the first stage, the MNOs choose their resource access
policies. Note that the user utilities (cf. (3)) only depend on the
access policies in terms of guaranteed demand. Consequently,
a market equilibrium can only depend on guaranteed demand.
Therefore, without loss of generality, we let MNO 1 and MNO 2

Stage 1: Priority Access

Stage ] - Stage D E—

AdI! ! Ady,
MNO 1 MNO 2 MNO 1 MNO 2
(incumbent) (entrant) (incumbent) (entrant)

P1 P2
e el

Fig. 2: Service market as a three-stage game.

choose Ad; and Ad; as their first stage strategies, respectively.
To reflect this choice, throughout the rest of the article we
refer to Ad; and Ad,, as the primary access strategy of MNO
1 and priority access strategy of MNO 2, respectively. Neither
operator can give access to more resources than are available,
and therefore, the strategies are bounded by 0 < Ad; < d; and
0<Ad» < dy2. MNO 1 and MNO 2 choose their access policies
to maximize profit 7, = plxllA—ql“”“l and 7y = papAaA— qzmml,
respectively.

4.2 Stage 2: Service Pricing

Once the MNOs have chosen their access strategy, each MNO
may set service prices. For i = 1,2, MNO i chooses a service
price p; = 0. We assume that the price p; is a flat-rate service
price. Currently, mobile services are charged at a monthly flat-
rate; thus, our assumption is in accordance with the current
practice. MNO i chooses its service price to maximize profit
;.

4.3 Stage 3: Mobile User Subscriptions

In the third stage, the pool of mobile users selects subscriptions
in an one shot game. To maximize its utility, each user may
subscribe to either one MNO or forgo service with no sub-
scription. If a user subscribes to MNO 1 or MNO 2, its utility
is given by (3) or (4), respectively. If a user chooses not to
subscribe to either operator, its utility is 0. To streamline our
equilibrium analysis, we assume that a user is able to know
its utility ahead of choosing a subscription. However, such an
assumption is not necessary for users to learn the equilibrium if
we were to extend this one shot game to a repeated game. In the
following subsection, we discuss how best response dynamics
would allow the users to converge to the equilibrium without
knowing their utilities.

4.4 Multi-Stage Market Equilibrium

Assuming that all players will make rational decisions in future
stages, we proceed with equilibrium analysis using backward
induction. We analyze the equilibrium of each stage separately,
beginning with the third stage while assuming the strategies
of the previous stages are fixed. In the third stage, we seek
to characterize the Wardrop equilibrium (Definition 1), which
can be shown to be a Nash Equilibrium. In the second and
first stages, we characterize the Nash Equilibrium. We refer to
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a sub-game perfect Nash equilibrium of this multi-stage game
as a market equilibrium.

We now comment on a possible generalization of the third-
stage Wardrop equilibrium. In Section 4.3 we assumed that a
user is able to know its utility ahead of choosing a subscription.
Assume instead that users do not know their utility expression
(3), but can only observe an evaluation of their utility after
choosing a subscription. Here, we redefine the third-stage so
that users can play a dynamic game, interatively updating
their strategies over a discrete time horizon. We argue that the
users’ subscription choices in the dynamic game converge to
an equilibrium of the one shot game (Section 4.3) where users
know their utilities.

Consider a modified user pool model where the number
of users is a large, but finite, number M. Let a denote the
users’ subscription profile where the jth element a; denotes
the jth user’s subscription for j =1,..., M. The M users update
their subscriptions in the following manner: at the current
time step, pick an arbitrary j and let the jth user choose an
updated subscription @', to maximize its utility u/ (a},a_ hK
It is easy to show that the users’ utilities admit an exact
potential function, that is, there exists a function P(aj,a-;)

such that for any user j and any a;., a;.’, and a-;, we have

that u/(a’,a_j) - u/(a},a_j) = P(d’,a_j) - P(d’,a_j). Follow-
ing the existence of the exact potential function, the game is
guaranteed to converge to a Nash equilibrium [48, Theorem
19.12]. Since the Wardrop equilibrium is the Nash equilibrium,
we conclude that generality is not lost by assuming that users
know their utilities and use this information to compute the
Wardrop equilibrium in a one shot game. We proceed by using
the simpler Wardrop equilibrium conditions.

5 MARKET EQUILIBRIUM UNDER NS FRAMEWORK

In this section, we characterize the market equilibrium when
MNOs can reallocate network resources via our NS framework.
The third stage equilibrium (Section 5.1) and second stage
equilibrium (Section 5.2) have already been characterized in
[41] under a spectrum sharing model. We restate these results
for the reader’s convenience, accompanied by a new discussion
focused around network sharing. We present our main findings
in Section 5.3 and Section 5.4. Proceeding with equilibrium
analysis, we apply backward induction and begin with the third
stage game.

5.1

We first characterize the third stage equilibrium, alternatively
referred to as the user equilibrium. We define the user equi-
librium in terms of the Wardrop equilibrium [49], which is a
popular solution concept for network games with non-atomic®
users [34], [41], [50].

User equilibrium

Definition 1 (Wardrop Conditions). The profile (11,A,) is the
third-stage Wardrop equilibrium if the following two conditions
are satisfied.

7. uj(aj,a,,j) is defined as the utility (3) with A; redefined
as (1/M) times the number of wusers in the set f{userk :
ay. indicates a subscription to MNO i}.

8. In the context of our model, non-atomic means that an individual
user’s strategy does not affect the strategy of any other user.

7

1) (Substitute Services) If both MNOs have subscribers, i.e.,
M, A2 >0, then the utilities of all subscribers must be equal,
i.e, ui(Ai,A2) = up(Ay,A2). If instead MNO i has subscribers
and MNO j does not, ie., ;>0 and Aj =0, then the utility
of a subscriber to MNO i must be larger than the utility of a
subscriber to MNO j, i.e., uj(A1,12) = uj(A1,A2).

2) (Individual Rationality) For MNO i = 1,2, if A; > 0,
then uj(A1,12) = 0. Otherwise, if A;j =0, then u;(A1;,A2) < 0.
Furthermore, if A1,A2 >0 and A, + A2 <1, then u;(A1,12) =0
fori=1,2.

The first condition states that a subscription to MNO 1 and
MNO 2 are substitutes, i.e., a user will subscribe to the operator
whose service will offer them the largest utility. Note that at
equilibrium, both MNOs cannot have subscribers if u; and up
are not equal. If this scenario occurred, then subscribers with
the lower utility would change their subscription to the service
with a higher utility.

The second condition states that, in equilibrium, a user will
not subscribe to an MNO if it expects to receive a negative
utility. If a user anticipates its utility to be negative, it can always
forgo service to receive a utility of 0. The second condition
can also be considered as a special case of the first, i.e.,
we can consider service subscription and service opt out as
substitutes. What follows is that if some users have chosen to
subscribe to an MNO while others have opted out of service,
then subscribing to MNO 1, subscribing to MNO 2, and service
opt out must provide the same utility.

5.2 Price Equilibrium

We now turn to the second stage game where each MNO
chooses their service prices. We refer to the equilibrium of the
second stage game as the price equilibrium and denote it by
the tuple (p1, p2). Define y =v/f =1/(aA) as the slice isolation
factor. Recall that «a is related to the MNOs’ overbooking policy,
where large (small) a corresponds to aggressive (conservative)
overbooking. As overbooking increases the amount of resources
shared between two slices, the resource isolation between these
slices necessarily decreases. Therefore, y describes the degree
to which resources are isolated between slices, where large
(small) y corresponds to strong (weak) network slice isolation.
We begin by characterizing the price equilibrium when y is
large.

Lemma 1. Ify =2, then only MNO 1 offers service and the price
equilibrium is py = s;(v— ). Furthermore, the market shares are
A1 =1 and Ay =0, and the MNO profits are m; = p1 A — qf"ml

and my = —qzt‘”“l.

We follow the convention that if an MNO has no sub-
scribers, then the operator’s price of the subscription is 0.
Therefore, we set p, = 0 when y = 2. The above result shows that
if y is large, MNO 2 may not have any customers. Therefore,
MNO 2 will not enter the market, resulting in a monopoly
for MNO 1. Intuitively, if y is large, a user’s expected payoff
increases when they subscribe to MNO 1 compared to MNO
2. Hence, a higher value of y will keep MNO 2 out of the
market. The next equilibrium illustrates that for y <2, MNO
2 participates in the market.

25143
Lemma 2 ([41, Theorem 5]). If % <y <2, then the

unique price equilibrium is py = 3 (v + p) and po = 3 (2 -v).
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Furthermore, the market shares are A = % and Ay = 2h-

3
and the MNO profits are 7; = 95—}3(/3+ VA - gl and 7, =
S_Iﬁ(zﬁ_,v)ZA_ qztotal.

Similar to the previous equilibrium, no user here is unsub-
scribed, i.e., 1; + A, = 1. It is easy to verify that user surplus is
strictly positive, i.e., u; = up >0, when the LHS of Lemma 2’s
condition holds with strict inequality. Note that service prices
and MNO profits depend on s;. As s; increases, the profits
of both operators increase. Additionally, as MNO 2’s priority
access strategy Ad), increases, s increases. This suggests that
priority access may be an effective strategy for increasing profit.
Note that such an increase in Adj; must also decrease sjs.
Since profits do not depend on si», this suggests that MNO 2
may be able to increase its profit at the expense of reducing
the guaranteed demand of its slice. Although counterintuitive,
we explain in the following subsection why this strategy is
effective and show when it occurs at market equilibrium. The
next lemma characterizes the equilibrium when y decreases to
a value slightly above 1.

451+3312 25143812
(41, Theorem 6]). If 35=08 < v <= T30

then the unique price equzlzbrtum is p1 =813 +SlgT and

Lemma 3

p2 = S12(v — B). Furthermore, the market shares are A =
—s1v+2s/]525(1v—p ! and 1, = sl[zﬁ_vz]/;s?m_p) and the MNO prof-

. _ v v-PB total

its are m = (515+812—2 ) B — 4
s12B—v)—s12(v—P) total

p) 2Ps1 A_qZ :

and 7wy = Sp2(v —

At this equilibrium, A; + A, =1, but user surplus is zero. Un-
like the previous equilibrium, it is not immediately clear here
if both operators receive higher profits by increasing access, as
profits and the market shares of both operators are a function of
s1 and s12. As with the previous equilibrium, the market share
of MNO 1 and MNO 2 decreases and increases, respectively, as
Y decreases. Intuitively, decreasing y corresponds to decreasing
service valuation v (w.r.t. 8), and hence, users are more willing
to tolerate MNO 2’s lower QoS in exchange for the lower service
prices, as compared to MNO 1’s service. Note that for a fixed
Y, it is possible (depending on s; and s;2) for both MNOs to
have larger profits compared to the previous equilibrium. This
suggests that priority access may be an effective strategy for
increasing profit when y is slightly above 1. The next lemma
characterizes the equilibrium when vy is small.

451+3812 +3512

Lemma 4 ([41, Theorem 7)). If y < 355505, then the unique

price equilibrium is py = % and pz = 35132 . Further-

more, the market shares are A, = % and Ay = %
2

and the MNO profits are 7 = %(—22’8(5}522)) A- qlt"ml and

total

_‘72

2
+
Ty = S1812(81+512) ( v )

451+3812

Unlike each of the previous equilibria, in this equilibrium,
some users opt out of service by not subscribing to either MNO.
This shows that when network slices are weakly isolated, i.e.,
when y is smaller than some value slightly greater than 1,
users experience heavy network congestion and the resulting
low slice QoS discourages some users from participating in the
market. Similar to the equilibrium of Lemma 3, it is not obvious
by inspection whether priority access can increase MNO profit
here. Therefore, to provide such insights, it is necessary to
characterize the first stage equilibrium.

8
0.4 —
-------- dis = 0.40 e
035 - dis = 0.35 ““c“" |
——dy2 = 0.30
03 ||=-=rdi=0.25
——dyy = 0.20
0.25 -
x
= 02+
<
0.15 -
0.1 -
0,05 frem
0 :
0.8 1

Fig. 3: First stage equilibrium strategy Ad}, where d; =

5.3 Access Policy Equilibrium

We refer to the equilibrium of the first stage as the access
equilibrium and denote it by the tuple (Ad;,Ad;,). Recall that
Y =v/B=1/(ah) is the slice isolation factor. We first present a
result on MNO 1’s priority access strategy.

Lemma 5 (no primary access). For any value ofy >0, there does
not exist an equilibrium path where MNO 1 will share resources
with primary access, i.e., Adf =0

The above lemma follows from the observation that
0my/0Ad; <0 for any value of Ad; and y, implying that MNO
1’'s second stage equilibrium profit is uniquely maximized at
Ady = 0. As a result, MNO 1 will not give primary access of any
resources to MNO 2. The above lemma supports a conclusion
of [45] which states that regulatory access is needed to provide
MNO 2’s subscribers end-to-end connectivity.

We now focus our attention on MNO 2’s priority access
equilibrium strategy Ady,. Due to its lengthy presentation, the
exact characterization of Ady, is deposited in Appendix B. As
a summary of this characterization, the following Theorem is

structured to highlight Ad;,’s dependency on the degree of
network slice isolation.

Theorem 1 (access equilibrium). For some number T (d,,d;2) >
0, the unique first stage equilibrium is given by Ad; =0 and

di2,
hi(dh, di2,7),
hZ (dI; derY)v

where hy and hy are functions of dy, dip, and y with the
following properties:
1) hy(-,di2,) and hy(-,dy2,") are strictly less than d,.
2) hi(,+,y) is positive and an increasing function of y.
3) Fordy, < %dl, hy=0
4) There exists a constant ¢ > % such that for dy» = cd,
ho(dy, dy2,7) is positive and independent of y.

y=2
r(dl,dlz) <’)/<2 (5)
Y = r(dlr dlZ)

Ady, =

Interpretation of Access Equilibrium: Fig. 3 illustrates the
above Theorem, showing Ady, plotted against y where circular
line markers indicate F(dl,dlg). The value I can be interpreted
as a threshold between strong and weak slice isolation. When
the network slices are strongly isolated, (i.e., y = I'), MNO 2
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Fig. 4: Second stage price equilibrium as a function of Adi;
for d; = 0.7 and d;» = 0.3. Circular line markers indicate the
first-stage/priority-access equilibrium.

always offers some priority access to MNO 1. The stronger the
isolation, the more resources MNO 2 offers to MNO 1 with
priority access. This trend continues until y increases to 2
and MNO 2 gives MNO 1 priority access to all of its network
resources. Here, MNO 2 has no resources to support subscriber
services, and therefore, leaves the market (as consistent with
Lemma 1).

NS decisions: Theorem 1 provides insight into how MNOs
can share resources in the medium-term under a fixed cost
constraint. MNOs can control the amount of resources they
share by choosing their overbooking parameter a. To share
more resource, MNOs should choose a more conservative
overbooking policy (i.e., smaller a). To share fewer resources,
MNOs should choose a more aggressive overbooking policy (i.e.,
larger a). Theorem 1 also shows that the amount of shared
resources is sensitive to certain market conditions, in particular,
the total number of users A. This follows from the observation
that y = ﬁ is a function of A. However, MNOs can offset the
impact of this market factor on resource sharing by choosing an
appropriate overbooking policy.

To understand how sharing impacts other parts of the
market, we turn our attention to the unique market equilibrium
which occurs when MNOs choose access (Ady,Ad)») according
to the access equilibrium, MNOs choose service prices (p1, p2)
according to the pricing equilibrium, and users choose their
subscription numbers (1;,1,) according to the user equilib-
rium.®. The market equilibrium is illustrated in Fig. 4 and Fig.
5 which show MNO profit, total number of subscribers, and
subscriber utility. Here, profit and utility are normalized by
BA and B, respectively. Note that for some values of (Ady2,7),
subscriber utility (i.e. user surplus) is positive, but is always
zero at market equilibrium. The following corollary generalizes
this trend.

Corollary 1 (zero surplus). There is no path through the market
equilibrium in which users have positive utility, i.e., user surplus
is always zero. Thus, the MNOs will offer priority access so that
the user’s surplus becomes zero.

9. Since a subgame equilibrium exists and is unique for each of the three
stages, it follows that the market equilibrium is also unique.

9
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Fig. 5: Second stage price equilibrium as a function of Ad»
for d; = 0.3 and d;» = 0.7. Circular line markers indicate the
first-stage/priority-access equilibrium.

Proof. This can be shown by evaluating the pricing equilibrium
at the priority access equilibrium (Lemma 8 — Lemma 12 in
Appendix B) and observing that the pricing equilibrium of
Lemma 2 cannot be in any equilibrium path. ]

Priority Access Incentives: Corollary 1 provides insight
into how MNO 2 is incentivized to provide priority access. To
highlight this insight, we walk through the market decisions
which ultimately drive surplus to zero. Suppose that (contrary
to Corollary 1) pj, p2, A1 and A, are at the pricing equilibrium
of Lemma 2 and thus the user surplus is positive. At this
equilibrium, A; and A, do not depend on Ad;,. MNO 2
can exploit this fixed market share by using priority access
to increase the QoS that MNO 1 provides to its subscribers.
Although counterintuitive, this strategy benefits MNO 2 in the
following two ways. First, by increasing MNO 1’s QoS (.e.,
Qo081 + QoS8y») relative to its own QoS (i.e., QoS;2), the relative
value of MNO 1’s service increases, where it follows that MNO
1 can increase its service prices to reflect the increase in service
value. Second, the increase of its competitor’s service price
also allows MNO 2 to increase its price, albeit a comparatively
smaller increase in the latter case. Note that the QoS provided
by MNO 2 is actually decreasing in Ad,. Since A, is constant
here, this decrease does not affect MNO 2’s profit. Hence, when
user surplus is positive, MNO 2 adopts a priority access strategy
that differentiates its provided QoS from that provided by MNO
1 in order to increase its service price and drive surplus to 0. This
differentiation allows MNO 2 to better compete in the service
market with MNO 1.

Impact on end-user: Corollary 1 also provides insight into
how priority access impacts the user. We can characterize this
impact in terms of service prices, user surplus, and QoS. So
far, we have observed that priority access drives user surplus
to zero and can result in increased service prices. While these
effects harm the user, we find that priority access can have
some positive impact on the user in terms of QoS. This positive
impact is summarized by the following corollary.

Corollary 2 (maximized total QoS). When user surplus is zero,
MNO 2 uses priority access to maximize the total QoS provided
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to its subscribers, i.e., AoAQ0S12.

Proof. By (3), zero surplus implies that vQoS;» = p,. Since
Ad, maximizes profit 7 = Ao ps — qz“’“”, Ady, also maximizes
A2AQo0S1,. |

By maximizing total QoS, MNO 2 provides the highest
possible QoS to the largest number of users. This behavior is
the result of MNO 2 using priority access to differentiate its QoS
with MNO 1 where differentiation is achieved by maximizing
total QoS. If we take QoS instead of total QoS, we can draw the
following conclusion.

Remark (nearly maximized QoS). When user surplus is zero,
MNO 2 uses priority access to nearly maximize QoSyy for its
subscribers. In some cases, this is achieved by shrinking its
market share by more than 30 % compared to no priority access.
Evidence for this remark is provided in Appendix D.

Combining the last several observations, we can draw the
following conclusions on how medium-term sharing impacts
the user. On the positive side, sharing benefits the user by
maximizing QoS delivered to subscribers of MNO 2. On the
negative side, sharing can harm the user by increasing service
prices and driving user surplus to zero. In some cases, users
may be pushed out of the market. In Section 5.4, we take a
more holistic view of the user impact question by considering
our NS framework from a regulatory perspective.

5.4 Comparisons

We compare service market outcomes under our framework
to the following three baselines: when MNOs 1 & 2 share
the network but offer no further access (i.e., Ady» = Ad; =0),
when the fixed cost constraint is relaxed, and when MNO 1
monopolizes the market. These baselines will help us evaluate
the regulatory and economic viability of our network sharing
framework. First, we characterize the monopoly equilibrium.

10
Notation Description Relation to Pricing Equil.
MNO i’s service price un-
p} der network sharing frame-  p; = p,-’ i
work Adi2=Ady,
] MNO i’s service price un- o ’
Pina der no access Pina=Ppi Ady2=0
service price under _ )
Pmono monopoly Pmono = P1 Adip=dr2
MNO i’s service price un-
Pi,relax der relaxed fixed cost con- P1,relax = Pmono»
straint
MNO i’s service price un- .
Dirr d . . simulated,
’ er running royalties
B g* 77777 average QoS under NS 7{* - ;27 ; 7777777
QoS framework Qos = =Qo Adip=Ads,
s average QoS under no ac- s _s
QoS,na cess QoS,na = ~QoS Adyp=0
average QoS under
2008, 2Qos, =2Qos
QoS,mono monopoly QoS,mono Qo Adpp=diz
average QoS under
z:Qas,re‘lavc monopoly onS,relax = ZQaS,muno
maximum average QoS _
ZQoS,max over all Ad,» € [0, do] 2Q08,max = MaXAd,, ZQoS
average QoS under runnin .
ZQos,rr royalt?es 8 Simulated
B ; 77777 total no. of subs. under NS 721 ;g ‘7 77777777
A framework AT M s d=adr,
total no. of subs. under no
ZAna access Zana = ZA‘MH:O
s total no. of subs. under s -5 ’
A,mono monopoly A,mono A Adip=dy
s total no. of subs. under re- s =5
Asrelax laxed fixed cost constraint Arelax = =A,mono
maximum no. of subs. over _
ZA,max all Adss € [0, dyz] ZA, max = maxag,, Zp
total no. of subs. under .
ZA simulated

running royalties

TABLE 1: Description of notations and their relationship to the
pricing equilibrium.

5.4.1 Monopoly Baseline

In the monopoly baseline, we suppose that MNO 1 is the only
service provider. In the scenario, MNO 1 uses both its individual
network deployment and the shared network deployment to
support services for its subscribers.

Lemma 6 (monopoly equilibrium). Suppose that MNO 1 is the
only service provider and let pmono and Amono be the service
price and market share at equilibrium. Then fory =2, pmono =
(dy+d12)(v—PB) and Ayono = 1. Otherwise, if y < 2, then pmono =
(dy +di2)vI2 and Apono =Y/12.

The above Lemma follows from Lemma 1 through Lemma
4 when s12 =0.

5.4.2 Relaxed Cost Constraint Baseline

The second baseline we consider is when MNO 1 and MNO
2 share the network and the fixed cost constraint is relaxed.
For this baseline, we suppose that cost qi"”“l for i = 1,2 may
vary as an arbitrary function of Ady, and Ad;. W.L.O.G., let
qlotl = gy + Aqip + 12 — 121 and g1 = g1p — Aqio + oy — 12
where MNO 1 pays MNO 2 a price t;2 = 0 for priority access
Ady2, MNO 2 pays MNO 1 a price f»; = 0 for primary access
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Ady. Hence, g/°"! and ¢!°' are not fixed costs. In this sce-

nario, we modify the first stage game such that MNO 1 chooses
o1 and Ad;, and MNO 2 chooses t12 and Ad;>. Hence, f1o
and 1) are strategic choices. We assume that MNO 1 and MNO
2 cooperatively bargain for access and prices. The following
lemma characterizes the resulting market equilibrium.

Lemma 7 (relaxed fixed cost constraint). Suppose that costs
glotal giotal gre not fixed and let p reiax and Ay reiax be the
service price and market share of MNO 1 at equilibrium. Then
there is an equilibrium where pi rejax = Pmono and Ay relax =

Amono-

Proof. At one possible equilibrium (e.g., the Nash bargaining
solution [51]), MNO 2 chooses Ad;, to maximize the sum profit
71 + 7o (after which the MNOs strategically choose t12 and 21
to split the maximized sum profit). Our goal is to show that
Ady» = di» maximizes 7 + . We first observe that 77 + 7 is a
convex function of Ad;». To see this, the reader can verify that
71 + w2 (when evaluated at the pricing equilibrium Lemma 1
through Lemma 4) always has a non-positive second derivative
(w.r.t. Ad;). Furthermore, we can show that

oy +73)

=0. 6
0Ad 2 (©)

Adyz=d12

Together, the convexity of 7y + 7, and (6) imply that 7y + 7, is
non-decreasing in Ady; € [0,d2]. Hence, ) + 72 is maximized
at Ad;» = dy2 which coincides with a monopoly. [ |

5.4.3 No Access Baseline

The next baseline we consider is when MNO 1 and MNO 2
share the network with no additional access to resources, i.e.,
Adyy = Ady = 0. The equilibrium for this baseline is given by
the pricing equilibrium Lemma 1 through Lemma 4 evaluated
at s = d; and s;» = djp. This baseline captures the network
sharing scenario considered in a few prior works [41], [42].

5.4.4 Running Royalties Baseline

The last baseline we consider is when MNO 1 and MNO 2
share the network and and shared costs are allocated based on
each MNO'’s output. This baseline was studied in [20] under the
name running royalties and is a special case of the relaxed fixed
cost constraint baseline. For the running royalties baseline, we
set the cost transfer so that each MNO pays a fraction of the
shared cost g;» proportional to their number of subscribers,

. A A
1.e., Aqlg =12 /11_*_112 .10 Thus, C]foml =q1+q12 _/11+1/12 and qztoml =

q12 ﬁ We remark that equilibrium depends on g2, and thus
a value of g2 must be chosen to simulate the equilibrium. We
choose a value of g;2/A =0.15 to reflect the average net profit
margin (7 %) of the telcom services sector [52].!!

5.4.5 Comparison Metrics

We use the following metrics to assess the regulatory and
economic viability of our NS framework. To assess the regu-
latory viability of our NS framework, we check whether the
NSA meets certain regulatory objectives defined by the Body of
European Regulators for Electronic Communications (BEREC).
According to the BEREC, an NSA should maintain the following

10. No access is granted, i.e., Adj2 =0.

A }71/.\T6t71e value gi2/A = 0.15 is the solution to 0.07 = fevenue—cost _
1P1A—q12

Tpih where 1) p; = 0.16 at the no access equilibrium.

11

two regulatory objectives: effective competition and efficient
network utilization [53).12 It is important to consider both
competition and network utilization when assessing whether
an NSA benefits or harms the end-user.

As a metric of competition, we use service prices p; and
p2. Prices are arguably the most important metric in assessing
competition. We say that an NSA maintains effective compe-
tition when service prices are low compared to the baselines.
As a metric of network utilization, we use the total number
of subscribers X, = (1; + 12)A and the average QoS per user
2ZQos = A1(QoS1 + QoS12) + 12Q0S812. We say that an NSA ef-
ficiently utilizes resources when both Z, and Zq,s are large
compared to the baselines. We denote the above metrics under
our framework with a * superscript. We denote the above
metrics under the no access, relaxed fixed cost constraint,
monopoly, and running royalties baseline with a ‘na’, ‘relax’,
‘mono’, and 'rr’ subscript, respectively. The metrics for each
baseline are summarized in Table 1.

To assess the economic viability of our NS framework, we
compare the profitability of our NS framework to the no access
baseline. This comparison allows us to evaluate how profitable
it is for two MNOs to adopt our framework given that their
current NSA does not allow dynamic sharing in the medium-
term. We say that our framework is profitable if the service
revenue of both MNOs is large compared to the no access
baseline.

5.4.6 Results

The following result compares regulatory objectives of an NSA
under our NS framework to the baselines.

Theorem 2 (comparison of regulatory objectives). Fori=1,2,
service price p; of MNO i under our network sharing framework
is upper bounded such that

]9? = P1,relax = Pmono- (7)

The average QoS 26 os and total number of subscribers ; under
our network sharing framework are bounded such that

z:QoS,na = zags = z"QOS,max = onS,relax = z:QOS,mono (8)

and
Z A relax = ZA,mono < 27\ < 2A,max = ZAna- 9

Proof. Equation (7) follows from 3 observations: 1) p2 < p1, 2)
p1 is non-decreasing in Ad)», and 3) p; evaluated at Ad» = d»
is equal to pmono- Equation (8) (equation (9)) follows from the
observation that Zg,s (Z5) is non-decreasing (non-increasing)
in Ad]g. |

Effective Competition: Theorem 2 shows that, in general,
service prices under our framework are smaller than under the
relaxed fixed cost constraint baseline and monopoly baseline.
Thus, we can conclude that our NSA framework maintains
effective competition compared to a monopoly setting. This
conclusion, however, may not be sufficient to convince a
regulator that the framework maintains effective competition.
A regulator may be concerned that framework distorts com-
petition compared to an NSA without medium-term sharing,

12. The BEREC also considers connectivity as an objective. However, in
our assessment, we omit this objective as connectivity is not well-defined
in our network model.
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Fig. 7: service prices p; under network sharing framework
normalized by monopoly prices and no access prices. d; = 0.3
and dlg =0.7.

i.e., the no access baseline. To address this setting, we turn to
numerical evaluations which are illustrated in Fig. 7.

Fig. 7 shows that service prices under our framework can
be much larger than under no access baseline. Indeed, service
prices can be more than 3 times larger depending on the value
of the isolation factor y.'® Thus, a regulator may conclude that
the framework stifles competition. However, to ensure that their
NSA maintains effective competition, MNOs can choose a value
of y that yields low services prices. For example, Fig. 7 shows
that this value may be closer to 1 than to 2. We expect that
some negotiation between MNOs and regulators will be needed
to choose an appropriate value of y which will allow the NSA to
maintain effective competition.

Efficient Utilization: Similar to the above competition
metrics, our results show that the network utilization metrics
depend on y. Fig. 8 shows that the total number of subscribers
under our framework can be much larger compared to the
monopoly setting and even reach the maximum value for large
enough y. Furthermore, average QoS under all baselines be-
comes tight as y approaches 2. Thus, a regulator may conclude
that the framework maintains effective utilization for large
enough y. Comparing this result to the results so far, we find
the following tradeoff in y between effective competition and
efficient utilization: smaller vy yields more competitive prices
and larger vy yields more efficient network utilization. Guidance
from regulators may be needed to find the right balance in this
tradeoff.

Economic Viability To assess the profitability of our frame-
work, we compare MNO revenue before and after they adopt
our NS framework. While this comparison can be performed
for all y, we provide a more concise comparison by choosing a
specific value of y and comparing revenues for that given value.
We consider the case where MNOs choose v to jointly optimize
their individual profits. That is, we choose y to be the Pareto
optimal solution y* to the problem maxyq(m1,72). Note that
the value of y* may differ depending on whether the MNOs
use our framework or provide no access.

13. A similar trend appears for the running royalties baseline, although
this trend may be less of a concern for regulators since p] is much less than
p1,rr and thus MNO 1’s prices are more competitive under our framework
than under the running royalties baseline.

12

18 ‘ ‘ ‘ ‘ ‘
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Fig. 8: Average QoS Z*Q os and total number of subscribers
Z7 under network sharing framework normalized by their
respective monopoly quantity, no access quantity, and max
quantity. d; = 0.3 and d;2 =0.7.

Theorem 3 (comparison of revenue). Suppose that di» = d;
and y =y*. Then the revenue of MNO i under our framework is
larger than its revenue under the no access baseline by a factor

of

9(dy + dr2) (d +3d12)? 10)
32d, (d; + 2d12)2
fori=1 and a factor of
(dy + di2)(dy +3d12)? an
32d,d?, ’

fori=2.

Proof. We first characterize y*. When no access occurs, we
observe that m; is increasing in y. It follows that y* =
argmax, o 772. Hence, y* can be shown to be (2d; +3d12)/(dy +
3d,») by solving the corresponding optimization problem at the
pricing equilibrium (Lemma 2 through Lemma 4) at Adj» = 0.
Under our framework, 7; is not increasing in y. However, we
observe that argmaxo<y<s/471 is equal to 5/4 by solving the
problem where m; is evaluated at the pricing equilibrium at
Adyz = Ady, where Ady, is given by Lemma 9 through Lemma
12. Furthermore, argmaxy¢ 72 can be shown to be 5/4. Hence,
under our framework, y* =5/4.

To prove Theorem 3, we can show equation (10) and
equation (11) by dividing MNO i’s revenue A;Ap; evaluated at
Ady» = Ady, and y* =5/4 by its revenue evaluated at Adyp =0
and Y* = (Zdl +3d12)/(d1 +3d12). [ |

Theorem 3 shows that it can be profitable for MNOs to
adopt our framework given that their current NSA does not
allow medium-term sharing. Furthermore, Theorem 3 provides
insight into how profitable our framework is over various stages
of the 5G rollout. We broadly consider two stages: early 5G and
mature 5G. Early 5G services (e.g., enhanced mobile broadband
(eMBB)) are largely similar to 4G services. In fact, 4G networks
may be able to offer the 5G-like performance that early 5G
services require, especially as some MNOs continue to improve
their LTE networks (e.g., LTE Plus, 5G Evolution). As 5G matures
and new services emerge that have performance requirements
exceeding 4G capabilities, legacy networks will prove to be
weaker substitutes for 5G networks.
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Fig. 9: Two incumbent MNOs. Isolation factor y = 1. d; =0 and d;» = 0.8. Solid black line markers indicate the priority access

strategy Ad;, that maximizes MNO 2 profit.

In terms of our model, this trend implies that the guar-
anteed demand d; of MNO 1’s legacy network will decrease
over time as 5G rollouts transition from early 5G to mature 5G.
Assuming that the joint venture between MNO 1 and MNO
2 is responsible for the 5G rollout as well as the transition
from early 5G to mature 5G, the guaranteed demand d;, of
the shared 5G network can be expected to stay constant or
increase during this time. Correspondingly, Theorem 3 shows
that our framework will be more profitable over time, as both
factor (10) and factor (11) are increasing as d; decreases.

6 Two INCUMBENT MNOs

This section investigates an extension of our framework from
network sharing between an incumbent MNO and new entrant
MNO to network sharing between 2 incumbent MNOs. We
illustrate via simulations that our framework is not effective
when both MNOs are incumbents. In the sequel, we redefine
MNO 2 to be an incumbent MNO such that it has legacy
2G/3G/4G resources in the geographic area of focus. Like MNO
1, MNO 2 can use its legacy resources to serve its subscribers.
We now extend the slicing model of Section 3.3 to account for
these legacy resources.

We let MNO 2 use its legacy resources to orchestrate a
subslice SLICE, with guaranteed demand d», > 0. Only users
subscribed to MNO 2 will have their traffic serviced by this
subslice. After accounting for the guaranteed demand lost to
overbooking, i.e., d,g(A,), the QoS of SLICE, can be verified
to be QoS82 = d,—ad»g(12). We can now extend the subscribers’
utility (4) to account for this extra QoS term. It follows that the
utility of a subscriber to MNO 2 is up = v(QoS2 + QoS12) — p2.
Note that the utility of a subscriber to MNO 1 is not affected by
SLICE,, and therefore, is still equal to utility (3).

In the simulations that follow, we simulate the market
equilibrium for the service market consisting of MNO 1, MNO
2, and the user pool. Specifically, we simulate the second stage
(and third stage) market equilibrium (defined in Section 4.4).'
In the following figures, profit and utility are normalized by SA
and B, respectively.

We begin by simulating a market with a small isolation fac-
tor. Fig. 9 shows the resulting second stage market equilibrium
when y = 1. We consider d; =0 and d;, = 0.8. Fig. 9a shows

14. The only non-trivial difference now is that we must exclude from the
equilibrium path cases where QoS;2 given by (2) is negative. Note that the
condition u, = 0 was sufficient to prevent this from happening when MNO
2 was a new entrant.
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strategy Ad;, that maximizes MNO 2 profit.

MNO 2’s profit for various values for d,. Unsurprisingly, we
notice that profit is increasing in d,. Here, an increase in d»
results in an increase in MNO 2’s total guaranteed demand,
allowing MNO 2 to provide better QoS and increase its market
share (where market share is depicted in Fig. 9c). However,
some market share is unobtainable, as depicted in Fig. 9d. Since
the isolation factor is small, a large number of QoS violations
may occur. Therefore, some users will forgo the poor QoS and
a fraction of the user pool remains unsubscribed.

As d, increases, we observe that MNO 2’s priority access
strategy changes from one that maximizes QoS,+ QoS> to one
that maximizes market share A,. In other words, the conclusion
of Remark 5.3 no longer holds. To see how this happens, con-
sider MNO 2’s market share and the total share of the market
subscribing to an MNO in Figs. 9c and 9d. Fig. 9d shows that as
d, increases, the rate at which 1; + A, decreases in Ad;» around
Ady, = 0 slows. Therefore, as MNO 2 offers a larger QoS, to the
user pool, users become more inclined to stay in the market.
This trend suggests that when MNO 2 is redefined from a new
entrant to an incumbent, priority access is less effective at
decreasing 1; + A, and pushing users out of the market. Hence,
for larger d, priority access becomes less effective at increasing
Qo08;2, which is a function of A; + 1,. Meanwhile, for ds > 0,
priority access forces a sudden decrease in A, around Ad;p =0

as illustrated in Fig. 9c. Therefore, MNO 2 adopts a priority
access strategy that maximizes its market share. This change in
strategy has a detrimental impact on MNO 1’s profit. Note that
when d; is large enough, the priority access equilibrium Ady,
is 0. Fig. 9b shows that although variation in d, has a minimal
effect on MNO 1’s profit for fixed Ad2, profit will plummet
after we account for the fact that Ad;, decreases in dp from a
positive quantity to zero.

Few of these observed market dynamics change when the
isolation factor is increased to y = 1.5, as depicted in Fig. 10.
As d, increases (and MNO 2 optimizes profit over Ad,), we
again see MNO 2’s profit increase and priority access decrease
(see Fig. 10a) followed by a significant drop in MNO 1’s profit
(see Fig. 10b). Compared to the case when y =1, one notable
difference here is the change in user behavior. Specifically, Fig.
10c illustrates that when d, and Ad,», increases and decreases,
respectively, a dramatic shift in market share occurs where
the majority of users leave MNO 1 to subscribe to MNO 2.
Furthermore, Fig. 10d shows that all users, regardless of their
subscribed MNO, may see a large increase in utility. In contrast
the conclusion of Corollary 1, it is now possible under reserved
sharing for user surplus to be strictly positive.

These simulations suggest that when both MNOs are in-
cumbent MNOs, the proposed network sharing framework does
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not always incentivize priority access. This conclusion is illus-
trated in Fig. 9 and Fig. 10. Hence, the framework is not always
an effective solution for dynamically sharing resources in the
medium-term when both MNOs are incumbents. However, as
shown in the above figures, the framework does incentives
priority access for some network parameters.

7 CONCLUSION

This article proposed a network sharing framework that allows
dynamic resource sharing between an incumbent MNO and
new entrant MNO under a fixed cost constraint. The framework
allows sharing in the medium-term - a time frame where
market shares are variable but network costs remain fixed.
Via market equilibrium analysis, we characterized the effect
of our framework on MNO revenue and various metrics of user
welfare. We assessed the regulatory and economic viability of
our framework. We conclude that our framework will increase
in profitability as the 5G rollout matures and 5G services
become more distinguished from legacy network services. Sim-
ulations suggest our framework may not be effective for sharing
between two incumbent MNOs.

There are several directions in which this article can be
extended. To address more practical markets, the framework
can be extended for network sharing settings between 3 or
more MNOs. The Authors conjecture that a careful extension
of the framework can allow for effective sharing between a
new entrant MNO and 2 incumbent MNOs. Evidence for this
conjecture follows from an observation that the user utili-
ties can have a similar form to the user utilities of a new-
entrant/incumbent setting. Beyond a multi-MNO setting, user
utilities can be remodeled to capture the heterogeneous nature
of service valuations. The tools and insights we have developed
will be useful to address these extensions.

REFERENCES

[11 BEREC, “Summary Report on the Outcomes of Mobile Infrastructure
Sharing Workshop,” 2020.

[2] European Commission, “Antitrust: Commission sends statement of
objections to 02 CZ, CETIN and T-Mobile CZ for their network sharing
agreement,” Press Release, 2019.

[3] ——, “Mergers: Commission clears acquisition of joint control over
INWIT by Telecom Italia and Vodafone, subject to conditions,” 2020.

[4] C. Genakos, T. Valletti, and E Verboven, “Evaluating market consolida-
tion in mobile communications,” Economic Policy, vol. 33, no. 93, pp.
45-100, 2018.

[5] GSMA, “Unlocking rural coverage: enablers for commercially sustain-
able mobile network expansion,” Tech. Rep., 2017.

[6] Jiri Mnuk, “Geographical scope of mobile network sharing: prima facie
and ordinary compliance with EU competition law,” in Competition
and Telecommunications ~ Network Sharing, International workshop,
2020, pp. 36-43.

[7]1 M. Jakab, “Will the new generation of networks face stricter com-
petition law enforcement?” in Competition and Telecommunications’
Network Sharing, International workshop, 2020, pp. 32-35.

[8] European Commission, “Commission staff working document evalu-
ation of the Horizontal Block Exemption Regulations,” 2021.

[9] ——, “Guidelines on the applicability of Article 101 of the Treaty on

the Functioning of the European Union to horizontal co-operation

agreements,” Official Journal of the European Union, 2011.

Danish Competition and Consumer Authority, “Radio Access Network

sharing agreement between Telia Denmark A/S and Telenor A/S,”

2012.

GSMA, “Comparison of fixed and mobile cost structures,” 2012.

J. Zander, “On the cost structure of future wideband wireless access,”

in IEEE Vehicular Technology Conference, vol. 3, 1997.

(10]

[11]
[12]

(13]

(14]

[15]

[16]

(17]

(18]

(19]

[20]

[21]

[22]

(23]

(24]

[25]

[26]

[27]

[28]

[29]

(30]

(31]

[32]

(33]

(34]

[35]

15

Z. Chen and T. W. Ross, “Cooperating upstream while competing
downstream: A theory of input joint ventures,” International Journal
of Industrial Organization, vol. 21, no. 3, pp. 281-397, 2003.

A. Lieto, I. Malanchini, V. Suryaprakash, and A. Capone, “Making the
case for dynamic wireless infrastructure sharing: a techno-economic
game,” in WiOpt, Paris, France, 15-19 May 2017.

O. U. Akgul, I. Malanchini, and A. Capone, “Dynamic resource trading
in sliced mobile networks,” IEEE Transactions on Network and Service
Management, vol. 16, no. 1, pp. 220-233, 2019.

X. Deng, J. Wang, and J. Wang, “How to design a common telecom in-
frastructure for competitors to be individually rational and collectively
optimal,” IEEE Journal on Selected Areas in Communications, vol. 35,
no. 3, pp. 736-750, 2017.

L. Cano, A. Capone, G. Carello, M. Cesana, and M. Passacantando, “On
optimal infrastructure sharing strategies in mobile radio networks,”
IEEE Transactions on Wireless Communications, vol. 16, no. 5, pp.
3003-3016, 2017.

J. Hou, L. Sun, T. Shu, Y. Xiao, and M. Krunz, “Economics of strate-
gic network infrastructure sharing: a backup reservation approach,”
IEEE/ACM Transactions on Networking, vol. 29, no. 2, pp. 665-680,
2021.

B. Qian, H. Zhou, T. Ma, K. Yu, Q. Yu, and X. Shen, “Multi-operator
spectrum sharing for massive IoT coexisting in 5G/B5G wireless
networks,” IEEE Journal on Selected Areas in Communications, vol. 39,
no. 3, pp. 881-895, 2021.

K. Fjell, O. Foros, and H. Jarle Kind, “On the Choice of Royalty Rule
to Cover Fixed Costs in Input Joint Ventures,” International Journal of
the Economics of Business, vol. 22, no. 3, 2015.

R. Nitsche and L. Wiethaus, “Access regulation and investment in next
generation networks - a ranking of regulatory regimes,” International
Journal of Industrial Organization, vol. 29, no. 2, pp. 263-272, 2011.
M. Bourreau, C. Cambini, S. Hoernig, and I. Vogelsang, “Co-
investment, uncertainty, and opportunism: ex-ante and ex-post reme-
dies,” Information Economics and Policy, 2021.

M. Bourreau, C. Cambini, and S. Hoernig, “Cooperative investment,
access, and uncertainty,” International Journal of Industrial Organiza-
tion, vol. 56, pp. 78-106, 2018.

I. Malanchini, S. Valentin, and O. Aydin, “Wireless resource sharing
for multiple operators: generalization, fairness, and the value of
prediction,” Computer Networks, vol. 100, pp. 110-123, 2016.

S. L. Hew and L. B. White, “Cooperative resource allocation games in
shared networks: symmetric and asymmetric fair bargaining models,”
IEEE Transactions on Wireless Communications, vol. 7, no. 11, pp.
4166-4175, 2008.

O. Aydin, E. A. Jorswieck, D. Aziz, and A. Zappone, “Energy-spectral
efficiency tradeoffs in 5G multi-operator networks with heterogeneous
constraints,” IEEE Transactions on Wireless Communications, vol. 16,
no. 9, pp. 5869-5881, 2017.

Z. Song, Q. Ni, and X. Sun, “Spectrum and energy efficient resource
allocation with QoS requirements for hybrid MC-NOMA 5G Systems,”
IEEE Access, vol. 6, pp. 37 055-37 069, 2018.

S. H. Park, O. Simeone, and S. Shamai, “Multi-tenant C-RAN with
spectrum pooling: downlink optimization under privacy constraints,”
IEEE Transactions on Vehicular Technology, vol. 67, no. 11, pp. 10492-
10503, 2018.

I. Malanchini and M. Gruber, “How operators can differentiate
through policies when sharing small cells,” in IEEE Vehicular Tech-
nology Conference, vol. 2015, Glasgow, UK, 11-14 May 2015.

Y. Wu, Q. Zhu, J. Huang, and D. H. Tsang, “Revenue sharing based
resource allocation for dynamic spectrum access networks,” IEEE
Journal on Selected Areas in Communications, vol. 32, no. 11, pp. 2280-
2296, 2014.

M. El Tanab and W. Hamouda, “Resource allocation for underlay
cognitive radio networks: a survey,” I[EEE Communications Surveys
and Tutorials, vol. 19, no. 2, pp. 1249-1276, 2017.

S. Zhang, Z. Qian, J. Wu, and S. Lu, “An opportunistic resource sharing
and topology-aware mapping framework for virtual networks,” in
Proceedings - IEEE INFOCOM, 2012, pp. 2408-2416.

S. Liu, C. Joe-Wong, J. Chen, C. G. Brinton, C. W. Tan, and L. Zheng,
“Economic viability of a virtual ISP,” IEEE/ACM Trans. Netw., 2020.

Y. Zhu, H. Yu, R. A. Berry, and C. Liu, “Cross-network prioritized shar-
ing: an added value MVNO'’s perspective,” in Proc. IEEE INFOCOM,
2019.

L. Koutsopoulos, A. Anastopoulou, and M. Karaliopoulos, “Economics
of Investment and Use of Shared Network Infrastructures,” in INFO-
COM 2019 - IEEE Conference on Computer Communications Work-
shops, INFOCOM WKSHPS 2019, 2019.

1536-1233 (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TMC.2022.3155586, IEEE
Transactions on Mobile Computing

16

[36] L. Cano, A. Capone, G. Carello, M. Cesana, and M. Passacantando,
“Cooperative infrastructure and spectrum sharing in heterogeneous
mobile networks,” IEEE J. Sel. Areas Commun., 2016.

[37] T. Sanguanpuak, S. Guruacharya, E. Hossain, N. Rajatheva, and
M. Latva-Aho, “Infrastructure sharing for mobile network operators:
analysis of trade-offs and market,” IEEE Trans. Mobile Comput., 2018.

[38] D. B. Rawat, A. Alshaikhi, A. Alshammari, C. Bajracharya, and M. Song,
“Payoff optimization through wireless network virtualization for IoT
applications: A three layer game approach,” IEEE Internet Things J.,
vol. 5, pp. 2797 - 2805, 2019.

[39] M. G. Kibria, K. Nguyen, G. P. Villardi, W. S. Liao, K. Ishizu, and
E Kojima, “A stochastic geometry analysis of multiconnectivity in
heterogeneous wireless networks,” IEEE Transactions on Vehicular
Technology, vol. 67, no. 10, 2018.

[40] C. Sun, E. Stevens-Navarro, V. Shah-Mansouri, and V. W. Wong, “A
constrained MDP-based vertical handoff decision algorithm for 4G
heterogeneous wireless networks,” Wireless Networks, vol. 17, no. 4,
2011.

[41] A. Ghosh, R. A. Berry, and V. Aggarwal, “Spectrum measurement
markets for tiered spectrum access,” IEEE Trans. on Cogn. Commun.
and Netw., vol. 4, no. 4, pp. 929-941, 2018.

[42] A. Ghosh, V. Aggarwal, and P. Chakraborty, “Tiered Spectrum Measure-
ment Markets for Joint Licensed and Unlicensed Secondary Access,”
IEEE Transactions on Network Science and Engineering, vol. 7, no. 3,
2020.

[43] X. Wang and R. A. Berry, “Market Competition between LTE-U and
WiFi,” IEEE Transactions on Network Science and Engineering, vol. 8,
no. 1, 2021.

[44] M. G. Kibria, G. P. Villardi, K. Nguyen, W. S. Liao, K. Ishizu, and
E Kojima, “Shared Spectrum Access Communications: A Neutral Host
Micro Operator Approach,” IEEE J. Sel. Areas Commun., 2017.

[45] M. Matinmikko, M. Latva-aho, P. Ahokangas, and V. Seppénen, “On
regulations for 5G: Micro licensing for locally operated networks,”
Telecommunications Policy, vol. 42, no. 8, pp. 622-635, 2018.

[46] C. Marquez, M. Gramaglia, M. Fiore, A. Banchs, and X. Costa-Perez,
“Resource sharing efficiency in network slicing,” IEEE Trans. Netw.
Service Manag., 2019.

[47] H. H. Yang, Y. Wang, and T. Q. Quek, “Delay analysis of random
scheduling and round robin in small cell networks,” IEEE Wireless
Communications Letters, 2018.

[48] N. Nisan, T. Roughgarden, E. Tardos, and V. V. Vazirani, Algorithmic
game theory. New York: Cambridge University Press, 2007.

[49] J. G. Wardrop and J. I. Whitehead, “Some theoretical aspects of road
traffic research,” Proc.of the Inst. of Civil Engineers, 1952.

[50] Y. Zhu, H. Yu, and R. Berry, “The cooperation and competition
between an added value MVNO and an MNO allowing secondary
access,” in IEEE WiOpt, Avignon, France, 2019.

[51] J. Nash, “Two-person cooperative games,” Econometrica, vol. 21, no. 1,
pp. 128-140, 1953.

[52] A. Damodaran. Margins by sector (US). [Online]. Available:
http://pages.stern.nyu.edu/~adamodar/New_Home_Page/
datafile/margin.html

[53] BEREC, “BEREC Common Position on Infrastructure Sharing,” BoR
(19) 110, 2019.

1536-1233 (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



