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Abstract

Mobile broadband services have become a big success over the last
several years. Innovative, smart handsets have caused explosive traffic
growth which has led to a severe capacity shortage. Since the majority
of traffic originates from indoor locations or hotspots, significant invest-
ment in indoor wireless infrastructure is predicted in order to resolve
the capacity problem. While existing public operators mainly focus on
high-mobility wide-area services, non-traditional local access providers
(LAPs) such as facility owners are more and more interested in high
data rate indoor services for their employees or customers. An obstacle
is that they do not have access to dedicated spectrum. One proposal
is spectrum sharing between LAPs. In shared spectrum, interference
management emerges as a key technical challenge, and this becomes
more critical as indoor systems become increasingly dense.

This thesis concentrates on the interference management problem
when spectrum is shared between high-density indoor wireless systems.
There are two different design directions which require different system
architectures. A Wi-Fi or femtocell system works in a fully uncoordi-
nated manner without any inter-cell signaling. This allows high network
scalability with cheap devices but leads to poor performance. Alter-
natively, advanced interference coordination can be used. It certainly
improves the performance; however, it usually requires expensive infras-
tructure for real-time information exchange. A key question asked in
this thesis is if the interference coordination gives sufficient economic
gain to a LAP in terms of a total deployment cost. In order to an-
swer this question, we first develop a conceptual framework to define
and compare various levels of coordination. Then, we measure the re-
quired number of access points (APs) at a given area capacity demand
to estimate the economic gain.

The coordination decision problem for a LAP is divided into two.
Firstly, the LAP needs to choose the right level of coordination within
its own network. Secondly, it determines whether or not to cooper-
ate with neighboring LAPs for coordinating interference across the net-
works. Regarding the intra-network decision, the comparison ranges
from uncoordinated CSMA/CA to ideal interference cancellation. We
find the total deployment cost of the uncoordinated CSMA/CA network
soars when an area capacity requirement exceeds a certain threshold.
The performance gain of the ideal coordination does not pay off the cost
of high-speed backhaul because walls effectively suppress interference.
Therefore, the most viable approach in a typical indoor environment
is using dynamic coordination schemes via existing backhauls, for ex-
ample Ethernet or xDSL. As for the cooperation decision, our major
finding is that non-cooperative spectrum sharing is feasible provided
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that the transmit power of the APs is properly regulated. Although
cooperation with advanced inter-network coordination schemes brings
about cost savings, it is not sufficient to overcome practical barriers to
a cooperation agreement especially when the capacity demand is high.
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Chapter 1

Introduction

1.1 Background

Wireless traffic grows exponentially as mobile broadband services become a com-
modity. The industry predicts that this trend will continue over the next several
years and create a severe capacity shortage problem [13, 14]. One popular strat-
egy to cope with the capacity crunch is deploying a heterogeneous access network
where the different types of nodes and radio access technologies are used according
to long-term non-uniform traffic demand [15, 16]. While traditional macro-cellular
systems provide wide-area coverage, various forms of low-power wireless systems,
e.g., picocell/femtocell or Wi-Fi, support high capacity services, as shown in Fig-
ure 1.1. Since more than 80% of mobile traffic originates from indoor areas [17,18],
the majority of low-power wireless systems will be deployed indoors.

To date, heterogeneous networks are usually assumed within a homogeneous
operator scenario, where a single public mobile network operator (MNO) controls
all systems and end-to-end traffic flows. However, in reality we clearly see a het-
erogeneous operator environment. As illustrated in Figure 1.2, traditional wide-
area networks are deployed by MNOs, whereas indoor wireless networks are often
owned and run by non-traditional local access providers (LAPs)1. LAPs can be not
only small business organizations but also facility owners or white-labeled opera-
tors [19, 20]. They provide high data rate services at different places, and MNOs
support the wide-area availability of low-to-mid data rate services. From a spectrum
perspective, an obstacle is that LAPs do not have access to dedicated spectrum.
In addition, traditional exclusive spectrum is not so appropriate for LAPs since a
LAP is interested in service provisioning in one particular place2. One proposal

1We define a local access provider as one who owns/runs/maintains a local wireless network.
According to this definition, facility owners can be considered a special type of operator if they
deploy an indoor wireless network for private usage. We also interchangeably use the term LAP
and an operator unless a clear distinction between LAP and MNO is needed.

2A LAP provides a service to “all” users at one inbuilding area and different LAPs have non-
overlapping service areas. This is clearly different from a local offloading scenario by a traditional

3
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DAS

Femto/Wi-Fi

Picocell

Metrocell

“Macro towers

for coverage”

“Short range small cells

for capacity”

Figure 1.1. A heterogeneous network: wide-area high-power systems for coverage and ultra-dense
low-power indoor systems for capacity.

to solve the spectrum issue is flexible spectrum sharing. It can provide spectrum
accessibility to LAPs and can also encourage indoor wireless infrastructure invest-
ment.

As wireless traffic quickly grows, more and more access point (APs)3 are ex-
pected to be deployed. At this point, interference will be stronger and more un-
predictable than traditional wide-area systems, and its management will emerge
as one of the key technical challenges. This problem becomes even more compli-
cated when spectrum is shared among multiple indoor wireless systems. We see
two different approaches for managing interference, which lead to different system
architectures. An uncoordinated system like Wi-Fi works and provides the high-
est network scalability thanks to zero-touch configuration capability. However, it
may lead to inadequate performance without any inter-cell signaling. Alternatively,
advanced interference coordination schemes can be applied in a shared spectrum
scenario, and obviously they yield better performance. A drawback is that they
usually need expensive infrastructure for fast information exchange and processing,
for instance high-speed backhauls. Therefore, it is still a non-trivial question if the
interference coordination can give sufficient economic gain to a LAP in terms of
total deployment cost.

1.1.1 What is Shared Spectrum?

We consider an inter-operator shared spectrum scenario where a common frequency
band is accessed by any LAPs with an equal priority. The term “shared” is defined

MNO. Unlike a LAP, a MNO serves only parts of users distributed across multiple public inbuilding
areas.

3Without loss of generality, we interchangeably use an AP and a base station (BS).
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Figure 1.2. Non-traditional indoor/hotspot investments from local access providers, for example
facility owners or third party entities.

with respect to spectrum authorization which is an administrative process by a
national regulator. We distinguish specific interference coordination technologies
from the authorization. The coordination is purely related to technologies to en-
able spectrum sharing. Spectrum authorization is about deciding who (or which
operators) has the right to access the spectrum for a certain period. The most flex-
ible authorization regime is unlicensed authorization. On the contrary, the least
flexible one can be block licensing which often comes with a dedicated frequency
band for single licensee. A difference between the two licensing methods is whether
the number of licensees is limited or not. There is also an intermediate procedure
called individual licensing [21]. This is similar to the unlicensed approach in terms
of the unlimited number of licensees, but there is usually an explicit authorization
process with a small usage fee when there is a need to control interference.

1.1.2 Overview of Indoor Wireless Systems

A number of indoor and hotspot system concepts have been developed. Most of
them are designed to operate in dedicated spectrum and are centrally coordinated
from an interference management perspective. In contrast, we can only find two
extreme system concepts in shared spectrum.

Systems in Dedicated Spectrum

Distributed Antenna System. A distributed antenna system (DAS) has been
widely deployed in high-rise office buildings and used for voice services. A typical
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Capacity Solution: Creating More Cells

BS

Antenna element

Dedicated 

distribution network

Core networks

“Single DAS Cell”

Capacity Solution: Creating More Cells

BS

Core networks Core networks

Pico BS

Dedicated backhaul 

“Several Pico-cell”

Figure 1.3. Inbuilding wireless systems: (a) a single cell distributed antenna system (left); and
(b) a multi-cell pico-cellular system (right).

Femtocell/picocell

Internet DSL gateway

Shared backhaul

(via Ethernet or DSL)

Core networks

Standalone femto AP

with limited coordination

“Dense Femto-cell”

picocell architecture

DSL gateway
Standalone Wi-Fi AP

w/o coordination

“Dense Wi-Fi”

Figure 1.4. Inbuilding wireless systems: (c) a very dense femtocell system (left); and (d) a very
dense Wi-Fi system (right).

DAS system layout is illustrated in Figure 1.3-(a). It consists of multiple antennas
(either active or passive) to repeat the same signal over a whole indoor area. Each
antenna is connected by a building distribution network based on coaxial cables in
order to transport analog or digital signals to the central BS. Additional antenna
elements leverage a diversity gain to provide better coverage, but this does not
create a “new cell” for more capacity. Thus, interference management between
different antenna elements is not a major issue. Instead, it is limited to high-
capacity wireless data services.

Picocell. A capacity expansion can be supported by a picocell system which
is an extended concept of an outdoor microcell by relaxing technical specifications.
Similar to the DAS system, it is usually connected to an operator’s core network
via a dedicated backhaul infrastructure, as shown in Figure 1.3-(b). However, each
stand-alone pico BS creates new “cell” to expand the system capacity. A logical
inter-cell coordination architecture is necessarily to be implemented to support a
real-time mobility and interference management.

Femtocell. Both academia and industry recently showed large interest in this
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Inter-building solution

Wi-Fi node-level coexistence

without network-level control

Private infrastructure

building solution

Dynamic cross-network 

coordinator 

(e.g., spectrum controller)
Intra-RRM server

Common infrastructurePrivate infrastructure

Figure 1.5. Two extreme system architectures in shared spectrum (a) node-level Wi-Fi coex-
istence; and (b) (Hypothetical) a cross-network coordination proposed in the dynamic spectrum
access (DSA) literature [1–3].

concept. Relatively lower transmission power and the reuse of an existing shared
backhaul are usually considered a key differentiated feature from the picocell. Fig-
ure 1.4-(c) gives a typical setting of a femtocell network. Using the shared backhaul
of other services, inter-cell coordination features may be restricted. In addition, a
deployment density level is much larger than the picocell so that expected coor-
dination complexity will be prohibitive. Thus, an uncoordinated/self-organizing
femtocell architecture is also heavily studied [22–24]. In this case, a boundary be-
tween Wi-Fi and the femtocell becomes blurred from an interference coordination
point of view.

Systems in Shared Spectrum

While different coordination architectures in traditional indoor cellular systems
were developed in dedicated spectrum, interference coordination in shared spec-
trum is still not trivial. There are two extreme types of wireless systems. Wi-Fi is
certainly one representative system. The basic form of IEEE 802.11 based Wi-Fi
does not have a coordination architecture with any inter-cell signaling. It does not
differentiate interference for the inside of a network and one from other networks.
There is another extreme case where all systems are fully coordinated with the sup-
port of a central inter-network coordinator. This was proposed from the literature
but not yet implemented in practice.

Wi-Fi. The original definition of Wi-Fi is a device certified by a Wi-Fi alliance4.
Its certification is based on an IEEE 802.11x MAC and PHY layer standard [25].

4http://www.wi-fi.org/
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A basic functionality by the so-called distributed coordinated function (DCF) is
present to mitigate inter-AP interference. Since there is no a logical control plane
architecture to support multi-cell (or AP) radio resource management (RRM), each
AP operates in a fully distributed manner as given in Fig 1.4-(d). In principle, every
Wi-Fi AP follows the same etiquette rule. Thus, multiple Wi-Fi networks deployed
by different LAPs can coexist in different indoors as shown in Figure 1.5-(a). This
system design creates very good scalability since a network size can grow without
a critical problem or break-down. Due to this, it covers very broad applications.
A Wi-Fi system also uses an existing shared backhaul and appears very similar to
the femtocell concept. Recently, there is a new approach to enable a “coordinated”
Wi-Fi. IEEE 802.11 high efficiency WLAN (HEW) study group has been organized
to make an efficient dense Wi-Fi network with coordination architectures [26]. In
this case, Wi-Fi becomes similar to the traditional coordinated picocell concept.

Hypothetical Concepts from Academia. While Wi-Fi is commercially a
dominant solution to the local service provisioning, there are growing research
activities on centralized coordination approaches in shared spectrum [1–3]. Fig-
ure 1.5-(b) shows us one indoor application of a typical centralized architecture in
shared spectrum. Seemingly, it may be considered a traditional hierarchical RRM
architecture. However, it is different in terms of the ownership of an inter-network
coordinator which controls shared spectrum accessibility in a dynamic manner. At
a given inter-network coordination, actual radio allocation at each network will be
governed by an intra-network RRM entity.

1.1.3 Key System Design Requirements in Shared Spectrum

An indoor wireless system in shared spectrum has several new characteristics com-
pared with a traditional single operator system. Firstly, it is still not so straightfor-
ward that existing coordinated systems in dedicated spectrum will work in shared
spectrum, where external interference across networks is present. Secondly, most
indoor places already have good wireline backhaul. This can be an opportunity to
significantly lower backhaul costs. At the same time, the reuse of existing backhaul
gives a constraint in inter-cell signaling design. Thirdly, several orders of magni-
tude more APs than traditional wide-area systems will make a strong impact on
system design due to unmanageable planning and architectural complexity. All of
the above features should be considered in designing indoor wireless systems in
shared spectrum. With regard these aspects, below is a list of key system design
requirements in shared spectrum.

• Affordability. Already today the unit equipment cost of a low-power AP is
low due to low power amplifiers and simple antenna systems [15,27]. However,
a unit deployment cost per AP may not be cheap anymore since it usually
includes all manual labor efforts, for example wiring and manual configura-
tion. In addition, a total deployment cost grows linearly to the number of
placed APs. Thus, high-capacity indoor services may still need significant
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investment. In light of this, a low-cost indoor wireless system that requires
the minimal manual effort is the primary design goal.

• Cross-network Interference Protection. Due to system operation in
shared spectrum, interference leaking from nearby indoor wireless systems
exists. In dedicated spectrum, interference coming from the inside of a net-
work is under the full control of a single operator. On the other hand, cross-
network interference is unpredictable and uncontrollable. The latter could be
naturally mitigated when networks are well isolated. However, high-density
deployment and irregular indoor to indoor propagation characteristics can cre-
ate severe cross-network interference. There should be a proper mechanism
or an inter-network coordination.

• Existing Backhaul Reusability. Most indoor areas already have backhaul
infrastructure, which is in stark contrast to outdoor networks that initially
need new backhaul installation. Thus, indoor wireless systems can make the
best use of existing backhaul. A problem, however, is that the backhaul
network is not under the control of LAPs and instead is shared by other fixed
line Internet services. This leads to a large variance in the inter-cell signaling
latency. This should be taken into account when designing both data and
control plane architectures.

• Network Scalability. Network scalability is another important requirement
for quick roll-out and fast network dimensioning. Increasing a network size (or
a deployment density) should be supported by the minimal reconfiguration
of an existing system. Network automation is one of the enabling technolo-
gies. Particularly in ultra-dense indoor systems, a configuration complexity is
prohibitively large, and autonomous features are essential to ensure scalable
systems without expensive human interruption.

1.2 Motivation

1.2.1 Massive Interference by Ultra-dense Deployment

Mobility support and interference management are two fundamental design prob-
lems in mobile communication systems. In traditional wide-area wireless networks,
a main design emphasis was put on voice service availability and fast mobility sup-
port. This has led to large coverage with high output power systems mounted in a
tower, and tight inter-cell coordination was developed for fast handover signaling.
Inter-cell interference was conservatively avoided by using a careful static planning
and resource partitioning. In indoor scenarios, users are stationary or nomadic
most of time; therefore, fast mobility support is not a main design goal anymore.
Instead, each cell is often fully activated to create more harmful interference at
a very close distance. Thus, in high-density indoor situations the design focus of
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A private inbuilding wireless system
by a local access provider

Self interference

Cross-network interference

Figure 1.6. Massive interference by high-density deployment in shared spectrum. Traditional
interference from the inside of a network and uncertain external interference across neighborhood
networks.

Table 1.1. Pros and Cons of Interference Coordination in Shared Spectrum

Interference
coordination

Appropriate
centralization Advantages Disadvantages

Tight
coordination

Highly centralized
architecture with the

most frequent
inter-cell signaling

Highest performance

Expensive dedicated
backhaul installation

and very low
scalability

Moderate
coordination

Semi-distributed
architecture with

periodic or on-demand
inter-cell signaling

Good network
adaptability Limited scalability

No coordination

Fully distributed
(self-organized)

architecture without
inter-cell signaling

Highest network
scalability with

zero-touch
configuration

Poor performance and
almost no

network-level
adaptability

inter-cell coordination has shifted from the mobility support to interference man-
agement. In shared spectrum, there are two different sources of interference as
shown in Figure 1.6: self-interference and cross-network interference. Depending
on which type of interference is dominating, this leads to the different domain of
interference coordination. Intra-network coordination copes with self-interference
from the inside of a network and can be controlled by individual LAP’s decision.
Inter-network coordination cannot be managed by the stand-alone decision of one
LAP. It is less predictable and cooperation between LAPs is essential to mutually
mitigate cross-network interference.
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1.2.2 Coordination or Not?: Trade-offs

Table 1.1 summarizes the pros and cons of different coordination alternatives. A
fundamental tradeoff between coordination alternatives is spectral efficiency im-
provement and design complexity/costs.

Every AP in a fully uncoordinated system does not have explicit signaling to
exchange information. Thus, the simplest and highest scalability can be achieved.
However, each AP can only access locally available information within single cell
coverage. It cannot access global knowledge on a multi-cell network and a de-
ployment environment. In order to mitigate interference in this type of system,
simple fixed rule based mechanisms are adopted. It inherently lacks a network-
level adaptability which lowers performance. Especially when multiple networks
share spectrum, the absence of inter-network coordination cause another type of
problem. Different networks could be individually controlled and selfishly designed
due to independent service provisioning. This leads to unfair spectrum utilization
between LAPs.

Alternatively, proper interference coordination enables good network adaptabil-
ity to dynamic load and propagation conditions, and support more timely radio
resource allocation. It certainly increases system performance. Furthermore, inter-
network coordination lowers the interference uncertainty in shared spectrum. How-
ever, advanced coordination schemes inherently involve large design complexity and
require expensive infrastructure for fast information exchange. The complexity and
expenses substantially grow with network densification [28, 29]. For instance, the
cost of dedicated backhaul for for real-time signaling outweighs the price of low-
power AP equipment [30]. In addition, tight coordination usually comes with a
centralized architecture to reduce an uncertain network state and RRM instability,
and this eventually limits network scalability. With regard to coordination between
different systems, there is non-traditional overhead as well. One naive solution for
inter-network coordination is cooperation between LAPs. In reality, this requires
a painful joint decision process [31–36]. Thus, LAPs cooperate only when the ex-
pected benefit is sufficiently large in order to overcome the involved barriers. There
is also the intermediate level of coordination. It does not necessarily require ex-
pensive infrastructure but increases performance compared with an uncoordinated
system.

1.3 Brief Literature Review

Historical Review on Interference Coordination

Interference coordination is a very broad research area that has been extensively
studied over the past couple of decades. Since research on cellular communication
systems became popular after the early 1990’s, multi-cell downlink coordination is
one of the fundamental challenges. In traditional circuit switched cellular networks,
a well-known dynamic channel allocation (DCA) scheme was widely studied [37].
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A gain with respect to a call failure probability was typically 2-3 times more than
a fixed channel allocation [38]. During early 2000, multi-cell coordination for data
transmissions has gained a large interest. In modern OFDM data cellular networks,
rate adaptation and flexible resource block allocation give more degree of freedom
to enhance the spectral efficiency. At the same time, they complicate the coordi-
nation problem. More diverse schemes were proposed to fully exploit flexible data
resource allocation, for example multi-cell dynamic power control of bandwidth re-
strictions [39, 40]. Popular techniques were multi-cell scheduling in both a time
and frequency domain. As MIMO technologies became more mature, sophisticated
spatial domain schemes were developed in a multi-cell environment such multi-cell
multi-user MIMO [41, 42]. Due to the great potential, they still gain much at-
tention from academia. Information theoretical limits have been investigated in
various multi-antenna and power constraints [43–47]. More practical studies fo-
cused on developing PHY-layer precoding strategies with low-complexity and low
pilot overhead [48, 49]. Several recent survey papers are also available, detailing a
number of interference coordination schemes [38,50,51].

Although significant research efforts were historically devoted to general inter-
cell coordination, a main research direction has evolved toward developing more
advanced schemes and algorithms that drove more complicated system architec-
tures. On the other hand, we still did not see a concrete comparison between
uncoordinated Wi-Fi and coordinated cellular systems.

Economic Gain of Interference Coordination

Existing technical studies typically measured area spectral efficiency gain when
the number of deployed APs is a constraint. However, the total deployment cost
savings is far more important from an operator perspective. In light of this, the
spectral efficiency gain may not be directly interchangeable to the total cost sav-
ings. There are two reasons. First, network densification completely changes the
interference situation so that it is still unclear if the spectral efficiency gain is lin-
early converted to the savings in the number of APs. Second, the savings in the
number of APs is not always equivalent to a total deployment cost since advanced
coordination may increase the price of an AP or need additional expensive infras-
tructure. Nevertheless, a quantitative analysis of the economic gain of inter-cell
coordination is extremely rare. Only few studies have explicitly studied the eco-
nomic aspects of interference coordination [52, 53]. Authors in [52] compared the
required number of sites with and without point-point multi-antenna techniques at
a given capacity level. Similar work has been done on multi-cell clustering [53].
Those studies mainly focused on an outdoor deployment scenario where dedicated
backhaul investment was given. In addition, a considered deployment density and
a propagation condition generated a relatively low level of interference. In indoor
scenarios, high-density deployment is well expected and it would lead to more eco-
nomic gain of interference coordination. Moreover, there exist a large variety of
indoor propagation conditions, which creates more variance in the economic gain
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than outdoor scenarios.

Tele-economics

There are several cost comparison studies of different wireless systems in tele-
economics literature. They usually focus on financial benefits with realistic em-
pirical capital expenditures (CAPEX) and operational expenditure (OPEX) fig-
ures while simplifying a capacity analysis. Average cell capacity is usually assumed
to be constant regardless of interference environments and propagation conditions
so that the total area capacity is linear to the number of deployed APs [54, 55].
This approximation is valid when cell coverage is very large and inter-cell inter-
ference is statistically well predicted, for example traditional wide-area networks
with frequency planning. However, this may not be so accurate anymore when
dynamic or randomized interference management schemes are used. Particularly,
dense indoor and hotspot deployment has more dynamics due to load so that linear
capacity approximation may not be valid. There are some tele-economic studies
that considered explicit MAC and PHY models for a more accurate capacity anal-
ysis [15, 27, 56]. The empirical cost figures also vary over time so that the results
of a traditional tele-economic approach may be limited to a specific case and time.
Authors in [27, 52] avoided a cost sensitivity issue by considering a relative cost
approach instead of calculating absolute costs. However, the interference coordina-
tion was one of the given assumptions in a system rather than the objects to be
compared.

Inter-operator Shared Spectrum

We found two main research directions in the spectrum sharing literature, of which
secondary spectrum access is one of those areas. From a technical perspective, this
imposes a priority in spectrum access. It is common that a non-communication
system, for example radars or TV systems, has the highest priority in (is the pri-
mary user of) a certain frequency band, and communication systems access the
spectrum as secondary users. The secondary access problem is often formulated in
terms of aggregate interference constraint to a primary system [57–59]. In the other
research track, spectrum is equally accessed without a priority and is dynamically
allocated (e.g., see [1–3]). Unlike the secondary access, this is usually assumed to
be used for spectrum sharing between operators. From an architecture perspective,
there is an inter-network coordinator, in other words a so-called broker (owned by
a government authority or the third party). The coordinator dynamically controls
the spectrum access and spectrum exclusivity between operators is maintained. It
certainly avoids service-critical interference across networks and improves perfor-
mance. However, it is not straightforward if such coordinated spectrum sharing
is really worthwhile especially when indoor systems are deployed inside different
buildings.
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With no inter-network coordination, inter-operator spectrum sharing creates
non-traditional network-level coexistence. It is still not so well understood what
technical problems or challenges are created in spectrum sharing between wireless
systems. There were few studies on the network-level coexistence in shared spec-
trum [60–62]. They mostly assumed uncoordinated systems using random access
protocols like Wi-Fi. However, dynamic intra-network (multi-cell) coordination is
one of the crucial features in emerging systems [48, 51]. The coexistence between
internally coordinated systems is still unclear.

1.4 Is Coordination Worthwhile?

We focus on non-traditional indoor deployment by LAPs in urban areas. The
LAPs own indoor backhauls and deploy a number of APs simultaneously in order
to provide professional work environments or attract their customers. However,
spectrum is shared between LAPs in different indoor places, and interference man-
agement becomes a key technical problem especially as a deployment density is
very high for a high-capacity service. We have witnessed the great commercial suc-
cess of the CSMA/CA-based network over the last decade although it operates in
an unlicensed band. It takes a completely different system design approach from
a traditional cellular system in dedicated spectrum. The CSMA/CA network is
highly scalable without any network-level coordination architectures. We study the
use of various advanced interference coordination schemes as alternative solutions
to lower a total deployment cost. Such coordinated systems are chosen only when
significant enough economic benefits are expected for a LAP. Therefore, we ask the
following high-level question:

• Can a coordinated system provide a significant enough economic benefit com-
pared with a fully uncoordinated CSMA/CA system when a large number of
low-power access points are deployed in shared spectrum?

If this is the case, there are various levels of interference coordination which work in
different time scales and usually require distinct system architectures. In addition,
the coordination in shared spectrum is still not trivial due to an involved inter-
operator relation. Therefore, the second question is posed:

• How should a local access provider coordinate interference in shared spectrum
in order to be sufficiently cost-effective?

We approach these questions in two decision domains. First, we investigate an
intra-network coordination decision when external interference is not present. Sec-
ond, we assume intra-network coordination similar to a traditional cellular system
and explore an inter-network coordination decision. Since the LAPs can dimension
and choose the number of deployed APs to fulfill a service requirement, the main
analysis is about quantitatively estimating the required number of APs in a system
in order to assess the economic gain.
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1.5 Scope and Delimitations

The time frame of our analysis is the period beyond 2020, which will require
several orders of magnitude more capacity than now but with the similar level
of a cost constraint as today. We consider new frequency bands below 10
GHz which is shared for LAPs’ service. As identified in the recent EU project
QUASAR [63], there are still large spectrum opportunities for indoor services in
non-communication frequency band, for example radar or aeronautical band, even
below 10 GHz. Those spectrum may not be so proper for traditional outdoor
wide-area services. However, low-power indoor wireless systems can coexist well
in a secondary basis. A green-field deployment is assumed which does not include
existing networks. In this regard, our quantitative results will be used 1) to identify
future need for coordinated indoor wireless systems; 2) to develop spectrum sharing
regulation for LAPs; and 3) to provide design implications on a proper interference
coordination architecture.

Developing specific algorithmic solutions and techniques for interference man-
agement is not the main interest of this thesis. Instead, we mainly consider the
interference management aspects, which affect an system architecture. Especially,
we focus on information exchange rate and type for managing interference
across cells or networks. This classifies various levels of coordination alternatives.
However, we leave physical architectural implementations and specific protocol de-
sign out of scope. Furthermore, the implementation and logical or physical locations
of coordination functions, that is if these functions are implemented distributed or
centralized, are not be explicitly investigated in this thesis. Intra-cell coordination
such as scheduling among links at a given serving cell, is also not the main interest.
However, it will be specified depending on a particular research focus by stating
the underlying intra-cell scheduling policies. Since we assume that the number of
required AP is decided based on downlink traffic, we concentrate on downlink
interference management. Handover issues, in other words association control
or load balancing, from local to wide-area networks or between indoor networks are
not studied.

Economic gain consists of revenue and costs parts. Since the revenue is in general
very unpredictable due to market dynamics and involved business models, we focus
on the cost aspect. In addition, identifying specific cost elements of coordination
and empirical absolute cost figures of different systems are out of scope. Instead, we
make a relative cost comparison where cost is normalized by a reference. In this
regard, main study efforts will be put on estimating the required number of APs or
the financial condition of cost elements related to coordination. Antenna systems
and power amplifiers can be dominant production costs of low-power equipment.
Since we concentrate on the architectural aspects of interference coordination in
system comparison, we assume that transmit power and antenna capability is the
same regardless of coordination alternatives.
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1.6 Methodological Approach

We will answer the two questions above by quantifying the economic gain based on
a radio network simulation. Thus, a methodological question can be:

How much economic gain can be obtained by interference coordination when high-
density indoor wireless systems are deployed in shared spectrum?

Several analysis challenges still remain. The first issue is how to define a coor-
dinated system and differentiate it from an uncoordinated CSMA/CA network.
Due to involved abstraction, different studies in the literature have interpreted it
in a different way so that an explicit criterion is required in system modeling for
analysis work. In addition, spectrum sharing extends a coordination solution space
from a traditional single operator network to a multi-operator coordinated system.
The second issue is how to define the economic gain. Although a relative cost com-
parison approach is taken, we still need a cost model to associate the number of
APs with the total deployment cost. The third issue is how to numerically evaluate
the performance of the (un)coordinated systems. Since we focus on the architec-
tural aspect of coordination in terms of information type and exchange rate, actual
system-level performance could be sensitive to a particular choice of a radio resource
allocation model at a given coordination architecture. In the following paragraphs,
we describe the high-level approach to these issues.

Coordination Model. Coordination itself has been interpreted differently de-
pending on the context of technical studies. Since there is no a well-established
common concept, this leads to a significant ambiguity. Comparative studies be-
tween an uncoordinated system and a coordinated system need a clear and explicit
boundary for system modeling purposes. In addition, coordinated systems may
have several categories that lead to completely different physical implementation
and cost drivers. In shared spectrum, there will be more ambiguity due to a selfish
resource access domain. We introduce a conceptual framework to define coordina-
tion alternatives in shared spectrum. The conceptual framework is one of effective
research tools to structure specific solutions comprising a broad concept by provid-
ing a distinct criterion [64]. This is purely a qualitative approach for an explorative
research purpose5. It is not usually useful for actual decision-making by itself. Nev-
ertheless, it can provide a significant insight for modeling alternative coordination
solutions by giving a clear-cut distinction.

Measure of Economic Gain. Coordination gain was often evaluated with
respect to spectral efficiency improvement at a given number of deployed APs.
From an operator perspective, the number of APs is not a constraint anymore.
Since a total deployment cost is approximately linear to the number of APs, we
estimate saving the number of APs subject to an area capacity requirement. For

5In other words, our purpose is only to find the best coordinations solution for shared spectrum,
not providing accurate absolute cost figures
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this, we formulate a dimensioning problem at a given (un)coordinated system and
quantify the required number of APs to support a target area capacity. If there is
a non-neglectable cost element to enable coordination, for example new backhaul
installation, we provide a break-even condition of the coordination cost at which
one alternative is cheaper than the other.

Performance Evaluation of Coordination Alternatives. There are a num-
ber of interference mitigation/avoidance schemes and radio resource allocation algo-
rithms both in commercial systems and theories. They are supported by a similar
coordination architecture. Hence, there could be the variance of system perfor-
mance according to a specific choice of algorithm and scheme. Unfortunately, it is
extremely difficult to develop the best algorithm and scheme. In addition, taking
into account all existing schemes and algorithms is also very demand and may not
be feasible. Thus, we select a well-known scheme and resource allocation algorithm
approach, which yields the lower-bound performance of a given coordination archi-
tecture. Thus, our assessment of economic gain gives lower-bound estimate which
can be achieved by having an alternative coordination architecture.

1.7 Summary of Contributions

1.7.1 Novel Aspects of Thesis

The contributions of this thesis consists of three parts:

• Problem. A main contribution is that we highlight the importance of under-
standing both service and spectrum aspects to design future indoor wireless
systems. Unlike traditional wide-area services, different LAPs provide services
at non-overlapping indoor areas and shared spectrum is essential. The second
contribution is the way that non-traditional cost factors for interference co-
ordination in shared spectrum are stressed. The last contribution is that we
express the benefit of coordinated systems in terms of economic gain which
is far more relevant to an operator’s decision instead of a spectral efficiency
gain.

• Approach and Methodology. A main methodological contribution is the
techno-economic analysis framework that is used to compare coordination al-
ternatives in shared spectrum. The core parts of it consist of two aspects: 1)
the explicit definition of a coordination concept in shared spectrum, and 2) a
relative cost comparison model between alternatives. We propose the quali-
tative definition of coordination with the aid of a conceptual framework. We
model new cost elements for coordination in shared spectrum and measure
economic gain as a function of the number of deployed APs. The other minor
contribution is that we formulate and propose a novel coordinated indoor sys-
tem concept in shared spectrum. Each system employs dynamic interference
coordination as a traditional cellular system. However, inter-network coor-
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dination does not exist so that all APs in a given network act selfishly as a
group.

• Findings. There are two important findings. For intra-network coordination,
we demonstrated that there is no universal solution which gives the lowest to-
tal cost. Wall losses/density as well as an area spectral efficiency requirement
should be very carefully taken into account when choosing the lowest cost co-
ordination solution. An uncoordinated CSMA/CA network will be expensive
in very high capacity requirement. Real-time coordination with a dedicated
backhaul will be rarely cost-effective in typical wall environments. The most
viable approach could be dynamic coordination under existing shared back-
hauls. For inter-network coordination, non-cooperative spectrum sharing at
different indoor locations can be feasible without inter-network coordination.
Cost savings of cooperative coordination is marginal provided that a deploy-
ment density is high and the transmit power per AP is equally regulated.

1.7.2 Overview of Publications

This thesis is the composition of eleven peer-reviewed publications and submitted
papers. The publications consist of three parts: a techno-economic analysis model,
an intra-network coordination decision problem, and an inter-network coordination
decision problem.

Techno-economic Analysis Model: The first article defines a coordination
concept in shared spectrum with the aid of a conceptual framework. It consider
both technologies (coordination or not) and strategic decisions (cooperation or not)
in shared spectrum. It also models new cost elements to enable coordination in a
traditional linear cost model. This methodology guides the rest of the papers. The
idea of investigating the conceptual framework and the coordination cost elements
emerged during a discussion with Jens Zander and Ki Won Sung in early 2011. The
author of this thesis wrote an initial paper draft and provided a cost comparison
approach with numerical results. The other co-authors were actively involved in
editing the draft and elaborating on the conceptual framework.

• Paper 1. Du Ho Kang, Ki Won Sung and Jens Zander, “High Capacity
Indoor & Hotspot Wireless Systems in Shared Spectrum - A Techno-Economic
Analysis”, published in IEEE Communications Magazine, Vol. 51, No. 12,
pp.102-109, Dec. 2013.

Intra-network Coordination Decision Problem: The following two articles
compare different coordination alternatives in terms of intra-network interference
management. We ignored external interference from other coexisting systems at
nearby places. Paper 2 compares real-time coordination based on an interference
cancellation scheme with a static coordination, and indoor wall loss sensitivity on
coordination gain is investigated. Paper 3 studies the economic gain of using coordi-
nated picocell over a uncoordinated CSMA/CA network. Two levels of coordination
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are considered: the real-time coordination and static coordination. The impact of
various area capacity and propagation conditions on the economic gain is explored.
The author of this thesis initially proposed an idea on wall and capacity sensitivity
and developed an optimistic performance evaluation model of a dense downlink
CSMA/CA network. Ki Won Sung and Jens Zander advised the refinement of the
problem formulation and offered valuable feedback.

• Paper 2. Du Ho Kang, Ki Won Sung and Jens Zander, “Is Multicell Inter-
ference Coordination Worthwhile in Indoor Wireless Broadband Systems?”,
published in Proc. of IEEE Global Communications Conference (Globecom),
Anaheim, USA, 2012.

• Paper 3. Du Ho Kang, Ki Won Sung and Jens Zander, “Economic Hotspot
Deployment Strategy: Denser Wi-Fi or Coordinated Pico-cellular?”, submit-
ted to IEEE Journal on Selected Areas in Communications, 2013.

Although the CSMA/CA network is inefficient due to the lack of coordination,
5GHz unlicensed band is still not heavily used. Assuming that Wi-Fi will be a
dominant technology for LAPs, the attainable average capacity of a 5GHz Wi-Fi
network is a necessary condition to require interference coordination. Paper 4 esti-
mates attainable user throughput of aggregate 5 GHz channels with IEEE 802.11ac
PHY features. A network densification and various indoor wall environments are
specifically explored. Paper 5 asks why Wi-Fi is so inefficient. It answers the ques-
tion from a spectrum regulation perspective. It discusses a future shared spectrum
policy in order to support coordinated indoor wireless systems. The idea of 5GHz
capacity was initially proposed by Jens Zander. The author of this thesis derived a
spectrum authorization analysis model and conducted numerical results. Ki Won
Sung and Jens Zander advised the refinement of problem formulation and offered
feedback during discussions.

• Paper 4. Du Ho Kang, Ki Won Sung and Jens Zander, “Attainable User
Throughput by Dense Wi-Fi Deployment at 5 GHz”, published in Proc. of
IEEE Personal, Indoor and Mobile Radio Communications (PIMRC), Lon-
don, UK, Sep. 2013.

• Paper 5. Du Ho Kang, Ki Won Sung and Jens Zander, “The Validity of
Unlicensed Spectrum for Future Local High-capacity Services”, published in
Proc. of European Regional International Telecommunications Socienty (ITS)
Conference, Florence, Italy, Oct. 2013.

When coordinated systems are cost-effective compared with the uncoordinated
CSMA/CA network, a more sophisticated coordination architecture needs to be
designed. It is very common that indoor wireless systems use existing shared back-
hauls such as xDSL or Ethernet. As a network may be very dense and the shared
backhaul restricts inter-cell signaling, devising simple, yet effective forms of inter-
ference coordination is very challenging. Paper 6 asks if dynamic coordination can
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still give sufficiently large cost savings compared with a static coordination, when
existing shared backhaul is used. The author of this thesis initially proposed the
idea of a research problem and provided the best-effort backhaul based coordina-
tion model with numerical results. Jens Zander advised the refinement of problem
formulation and Ki Won Sung gave valuable comments on the coordination model
and radio resource allocation algorithms.

• Paper 6. Du Ho Kang, Ki Won Sung and Jens Zander, “Cost saving
of Dynamic Coordination using Best-effort Backhaul”, submitted to IEEE
Transactions on Vehicular Technology, 2014.

Inter-network Coordination Decision Problem: The third part of this
thesis studies cross-network interference coordination. Dynamic intra-network co-
ordination is a baseline assumption which is similar to a traditional single operator
cellular network. When inter-network coordination is not present, different indoor
wireless systems are selfish and multiple APs in a given system act as a group. We
model a competitive network power control game and analyze a system behavior.
Two simple networks with several APs are considered and their interactions are
modeled as a strategic game. Papers 7-9 explore the impact of unfair spectrum
access due to various network asymmetry. They ask if unfair spectrum access is
severe enough for LAPs to seek a cooperative inter-network coordination. Paper
7 copes with a maximum transmit power asymmetry; Papers 8 and 9 consider a
service asymmetry in terms of traffic load and a quality of servic (QoS) level. Jens
Zander initially suggested the network power control game. The author of this the-
sis formulated a competitive network power control game model. He also provided
the ideas of various asymmetric aspects and problem formulation. Ki Won Sung
offered technical comments on modeling and was involved in refining paper drafts.
Paper 7 was coauthored with the students of a wireless project course during the
winter of 2011 and they contributed in simulation parts. Sang-wook Han improved
the mathematical modeling and formulation of the strategic game in Paper 8.

• Paper 7. Du Ho Kang, Zhe Li, Qiuchan Luo, Farnaz Fathali, Alexandre
Vizcaino, and Jens Zander, “Impact of Asymmetric Transmission Power on
Operator Competition in Shared Spectrum”, published in Proc. IEEE Swedish
Communication Technologies Workshop (SWE-CTW), Lund, Sweden, Oct.
2012.

• Paper 86. Du Ho Kang, Sang-wook Han, Ki Won Sung, and Jens Zan-
der, “Competitive Network Power Control between Operators in Shared Spec-
trum”, submitted to IEEE Transactions on Vehicular Technology, 2014.

• Paper 9. Du Ho Kang, Ki Won Sung and Jens Zander, “Operator Compe-
tition with Asymmetric Strategies in Shared Spectrum”, published in Proc. of

6This is an extended version of Paper 7 for a journal submission including asymmetric load
effects.
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IEEE Wireless Communications and Networking Conference (WCNC), Paris,
France, Apr. 2012.

The following articles discuss cooperation possibilities between LAPs for inter-
network coordination, assessing the incentive of cooperation between LAPs. This is
compared with the competitive case without any inter-network coordination. Paper
10 uses a simple toy game model used in Papers 7-9. It identifies key technical
parameters to affect an inter-network coordination decision. Paper 11 analyzes this
in terms of economic gain. It considers a more general deployment scenario where a
large number of APs are deployed and multiple LAPs’ systems coexist nearby. The
author of this thesis developed a large scale analysis model and a novel economic
spectrum reuse distance concept as a break-even separation condition. Jens Zander
made valid suggestions on a large-scale deployment and interference model. Ki Won
Sung gave valuable comments on a cooperation model.

• Paper 10. Du Ho Kang, Ki Won Sung and Jens Zander, “Coopera-
tion and Competition between Wireless Networks in Shared Spectrum”,in
Proc. IEEE Personal, Indoor and Mobile Radio Communications (PIMRC),
Toronto, Canada, Sep. 2011.

• Paper 11. Du Ho Kang, Ki Won Sung and Jens Zander, “Economic
Spectrum Reuse between Inbuilding Wireless Access Networks”, submitted
to IEEE Communications Letters, 2014.

The rest of this thesis consists of five parts. Chapter 2 provides the overall
methodology used in a techno-economic comparison analysis. Key results of articles
are summarized in Chapter 3. Implications on a future spectrum sharing policy
and coordination design in indoor wireless systems are discussed in Chapter 4. We
conclude this thesis in Chapter 5 with future work. At the end, the reprints of the
eleven publications are attached.





Chapter 2

Methodology

In this chapter, we provide a conceptual coordination model and a techno-economic
analysis model. Both models guide the high-level approach to modeling different
coordination alternatives and on estimating the economic gain.

2.1 Conceptual Coordination Model

A conceptual framework aids in classifying and showing the relative difference be-
tween coordination alternatives in more a organized manner. Two criteria are used
in the classification of coordination schemes: global information availability and
operator’s intentions. As a technical capability, coordination is defined as the
capability of sharing relevant information. We measure the level of coordination
with the amount of available information of the decision makers (either distributed
or centralized) during a given time duration. In general, “tighter” coordination
(more and faster information sharing) has the potential to achieve more technical
performance. It can capture more dynamic network states both in propagation
and load conditions. Thus, the level of coordination is closely related to the differ-
ent time scales of inter-cell signaling. Without the signaling, coordination cannot
be achieved so that an uncoordinated system fully relies on local information and
predetermined rules. We clearly differentiate centralization from coordination. In
principle, we can achieve the same performance regardless of centralization as long
as the same information is available. Considering practical constraints, for example
a RRM stability and protocol design limit, tight coordination is usually associated
with a centralized architecture.

In shared spectrum, the intention of each operator will affect how to exploit the
available information. In light of this, two types of networks are identified. We
differentiate them according to the extent that the operators agree on a common
technical objective. A cooperative network has intentionally acting for maximiz-
ing a common objective function agreed by involved operators. A competitive

23
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Cooperation

(Operator’s Intentionality)

Competition

Tight Coordination

(Global Information Availability)

Loose Coordination

How much can we save a cost?

Is it enough to be pursued?

Which way to go?

Fully self-organizing network

(e.g., CSMA/CA)

Figure 2.1. The visualization of a conceptual framework: key aspects to differentiate coordina-
tion alternatives in shared spectrum, and positioning research problems in this thesis.

network1 has selfish operators acting for maximizing the individual objective func-
tion, which possibly results in resource usage conflict with its competitors. We can
also envision competitive but tightly coordinated systems. This is possible when the
third party coordinator is involved, as discussed earlier in Section 1.2.3 [1–3]. Fig-
ure 2.1 visualizes a coordination solution space and research questions throughout
this thesis.

2.2 Techno-economic Analysis Model

The objective of a traditional MNO is maximizing return on investment (ROI).
Its main revenue source is service provisioning by selling subscriptions. However,
in indoor or hotspot scenarios, business cases are much more diverse and often
completely different from traditional wide-area services. LAPs provide services as
supplements to enhance their core businesses such as office rentals or attracting
customers in their retail shops. While revenue is hard to predict in these cases, we
mainly consider economic gain in terms of a total deployment cost.

1In shared spectrum, we consider that a ‘non-cooperative’ network is exactly equivalent to the
competitive network.
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2.2.1 Cost Model

The absolute total wireless infrastructure cost consists of two parts: the last mile
cost, which is linear to the number of deployed APs Nb, and the other common
infrastructure cost. We assume that a total cost is dominated by the last mile
costs since ultra-dense deployment scenarios are mainly considered. Throughout
this thesis, a simple linear cost model is assumed [30, 65]. Then, we have a total
cost Cbasic of a basic indoor wireless system:

Cbasic(Nbasic
b ) ' cbasic

b Nbasic
b [monetary units (m.u.)]. (2.1)

The cost coefficient cib includes all capital expenditure (CAPEX) and operational
expenditure (OPEX) aspects and its value is discounted to a present value [30].

While a traditional cost model simply emphasizes the amount of invested re-
sources, for example network elements or spectrum, coordination in shared spec-
trum involves new cost elements and practical barriers:

• New backhaul installation cost. If no backhauls are available in a legacy
building, extra backhauls should be installed regardless of coordination archi-
tectures in order to transport data traffic. In other cases, an existing shared
backhaul is accessible but may not be feasible for fast inter-cell signaling. At
this point, a new dedicated backhaul should be installed to enable real-time
coordination. This cost usually dominates equipment costs [30]. There may
also be a common backhaul cost to be shared by nearby LAPs if a very tight
inter-network coordination is required.

• Strategic cost. The LAPs may consider to cooperate when neighboring net-
works in shared spectrum is expected to create service critical interference. In
practice, however, there are barriers that hinder cooperation. These are re-
lated to the operator’s perception and uncertain limitation in future network
operations. We term such cooperation barriers as strategic cost. Cooperation
is realized only when significant enough cost savings are made that can out-
weigh the strategic cost [34–36]. To model the strategic cost, we introduce a
new cost item (penalty) in the linear cost model in Equation (2.1). This is
not a new concept in strategic decision making in the business domain where
one often considers an uncertainty margin, for example a “required rate of
return” or “hurdle rate” when comparing different investment options [66].

We normalize such coordination cost by Nb and denote it as ∆cib. Then, we model
a total deployment cost Ci of a coordination alternative i as

Ci(N i
b) = cibN

i
b = (cbasic

b + ∆cib)N
i
b [m.u.]. (2.2)

2.2.2 Metric of Economic Gain

The economic gain of interference coordination can be estimated if we know N i
b ,

cbasic
b , and ∆cib in Equation (2.2). We assume that N i

b is independent from cbasic
b
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and ∆cib. Still, knowing both cbasic
b and ∆cib is essential. However, they are both

time-varying or case specific. Since our objective is to identify the best solution
among coordination alternatives, assessing the absolute economic gain is less rele-
vant. Thus, we can take a relative cost comparison approach as described in the
following paragraph.

Depending on a relative dominance of ∆cib over c
basic
b , we take two ways to define

the economic gain.

• Non-coordination cost dominated case. Although technical gain by co-
ordination is still unknown, there could be cases where certain forms of coordi-
nation do not increase the costs very much compared with cbasic

b . For instance,
implementing dynamic coordination using an existing backhaul needs devel-
opment efforts and possibly upgrades in some electronics. However, these pro-
duction costs are usually not dominating equipment price. Especially when
a large number of APs are produced, the incurred incremental cost per AP
due to the coordination is very marginal. When ∆cib is marginal, that is
cbasic
b >> ∆cib, we aim to estimate relative total cost savings ∆C:

∆C(Nbasic
b , N i

b)
∆
=
Nbasic

b −N i
b

Nbasic
b

× 100 [%]. (2.3)

• Coordination cost dominated case. When ∆ci is not ignorable compared
with cbasic

b , we estimate a break-even cost condition of ∆ci. A similar approach
is also used in [27]. A LAP should choose an alternative i if the total cost
ratio Ci

Cbasic ≤ 1. By reordering this inequality, we can define a permissible
coordination cost ∆ciperm which is relative to cbasic

b :

∆cib
cbasic
b

<
Nbasic

b

N i
b

− 1
∆
= ∆ciperm(Nbasic

b , N i
b). (2.4)

Coordination alternative i provides total cost savings whenever ∆cib
cbasicb

is lower
than ∆cib,perm. It works as a necessary condition for cost savings in which ∆cib
should not exceed in order for alternative i to be cheaper. We can estimate
∆cib,perm by obtaining Nb and N i

b in a dimensioning problem. Higher ∆cib,perm
represents the alternative i will be more likely cheaper than a basic system.

2.2.3 Technical Performance Measures

A service area is characterized by a set of spatial points Ω and a set of propagation
conditions L, for example a wall density or loss. Nb is an essential input to the
economic gain estimation in Equations (2.3) and (2.4). We suppose that a network
is dimensioned to support a peak hour service requirement SΩ during weekdays.
Then, N i

b is a function of SΩ and L. In order to obtain Nb(SΩ,L), we solve a
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network dimensioning problem. Mathematically, it can be formulated as

minimize C(Nb)

subject to J(Nb,L) = SΩ,
(2.5)

where J(·) represents a function to return offered capacity when Nb APs are de-
ployed. This is exactly equivalent to minimizing Nb by assuming that a unit cost of
CAPEX and OPEX per AP is independent of Nb. Since we assume that a network
is properly dimensioned, the offered capacity is equivalent to service requirement
SΩ.

In order to solve the problem (2.5), we evaluate SΩ by gradually increasing
Nb where APs are placed in regular grid positions2. When Nb APs are placed,
we assume that buffers at any APs with users are full. Although this assumption
may not be true in a real network, this approach still gives us the best possible
estimate of network performance by assuming full network utilization. This is
desired for comparing hypothetical systems for a design purpose. The long-term
average of system-level performance is defined in terms of different realizations of
user geometry during a peak hour. Depending on particular scope of an individual
paper, we consider different average performance measures. A basic measure is area
spectral efficiency (ASE) subject to a coverage outage probability Pout. In an indoor
location, an area size is relatively small and finite so that average capacity per cell
may not be identical. Thus, we define ASE in a given area Ω. It is mathematically
expressed as:

ASE(Nb,L)
∆
=

1

|Ω|
∑

i∈cell

∫

Ω

R(γ)fi(γ|s)hi(s)dγ [bps/Hz/m2]. (2.6)

Here, R(γ) is the instantaneous data rate of a scheduled user and is modeled by
Shannon capacity when an instantaneous SINR γ is given. There is a certain link
scheduling event s at a given cell i. Then, the scheduling event is characterized by
probability density function (PDF) hi(s). Once a scheduling event occurs, γ will be
a random variable due to independent user geometry in different cells and random
fading. We model this with another PDF fi(γ|s). Furthermore, Pout is defined
with respect to γ:

Pout(Nb,L)
∆
= g(γt|s), (2.7)

where g(γt|s) is a cumulative distribution function (CDF) of SINR at a scheduling
event and γt is a target SINR to define a coverage outage.

A traditional network dimensioning problem often assumed fixed resource par-
titioning among cells. When dynamic inter-cell coordination or random access

2This reflects very good location planning which usually takes manual labor costs due to mea-
surement or rewiring. Since our focus is on interference coordination architectures, this assumption
gives us the optimistic estimate of performance. In indoor scenarios, a random deployment is also
more widely assumed. For this matter, the author of this thesis refers to our study about a
comparison analysis between location planning and random deployment [67]
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protocols are included, the PDF functions in general are very difficult to be analyt-
ically characterized due to highly involved non-linearity and dependency on radio
resource allocation algorithms [68]. We estimate fi(·) and hi(·) by a static snapshot
based Monte-Carlo simulation in different coordination schemes. We also define a
mean area throughput mΩ for an area capacity measure considering a total system
bandwidth W [MHz]. It is simply approximated by multiplying ASE with W :

mΩ(Nb,L) ≈W ·ASE [Mbps/m2]. (2.8)



Chapter 3

Key Results

We divide the key results into two parts based on the coordination decision mak-
ing strategy employed;an intra-network coordination decision or an inter-network
coordination decision1. The research problems of all the eleven papers and their
relationships are illustrated in Figure 3.1.

3.1 Intra-network Coordination Decision

In this section, we aim to identify the right level of intra-network coordination to
provide the lowest cost when external interference from nearby LAPs is ignored. For
this, we compare the various intra-network coordination alternatives. As we defined
in Chapter 2.1, the coordination alternatives are modeled in terms of global infor-
mation availability. The lowest level of coordination is a uncoordinated CSMA/CA
network, and we consider the highest level of coordination real-time interference
cancellation, for example multi-cell zero-forcing (ZF). Two intermediate alternatives
are also taken into account: traditional static coordination and dynamic coordina-
tion. We further specify these coordination alternatives in the following subsections.
We also assume that existing backhauls can be reused with negligible costs unless
advanced real-time coordination needs an expensive high-speed backhaul.

3.1.1 Economic Significance of Coordination

We aim to estimate the largest possible economic gain of interference coordination
compared with an uncoordinated CSMA/CA network. We model the optimistic
CSMA/CA network and an ideal multi-cell ZF. A traditional static frequency par-
titioning is also considered as a reference. Both mean area throughput requirements
and indoor propagation conditions are taken into account as key control parame-
ters. The mean area throughput is increased by a network densification at a given

1Notations in each subsection follow original ones used in paper reprints in order to avoid
confusion between papers and this composite thesis.

29
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Figure 3.1. Research problems asked in papers and their relationships.

system bandwidth. The propagation conditions are parameterized by three ele-
ments: the path loss exponent α, wall density Dw (wall/m), and average loss per
wall Lw (dB/wall).

We found that there is no universal solution that yields the lowest total cost for a
range of typical wall environments. In Figure 3.2, we bring out an intuitive economic
system solution map which summarizes our findings. At low user demands, the
CSMA/CA network can be the lowest cost solution due to its low AP equipment
cost and almost free backhaul cost by reusing existing shared backhauls, for example
DSL or Ethernet. However, densifying such a network does not increase the area
capacity after a certain limit due to the lack of explicit coordination. We clearly
see that there is a certain area capacity requirement level above which coordinated
systems will outperform the CSMA/CA network in economic terms. At a high
demand level, the coordinated systems will be cheaper than CSMA/CA networks.
However, the decision to install a new backhaul network for real-time coordination
highly depends on wall environments. In closed environments such as offices with
plenty of walls, we see that a traditional static coordination approach can be cheaper
than real-time coordination in terms of a total deployment cost. It is because
indoor walls themselves sufficiently well mitigate interference so that advanced real-
time coordination gain diminishes despite new backhaul investment. Nevertheless,
real-time coordination can have significant enough technical gain to motivate new
backhaul investments in open environments such as concert halls or stadiums where
a line of sight (LoS) conditions are likely to occur. More details on wall sensitivity
impact can be found in Paper2. A dense CSMA/CA network model and the
estimation of economic gain are provided in Paper3.
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The lowest cost system solution map
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Figure 3.2. A novel economic system solution map with numerical examples (Total system
bandwidth 60 MHz. For the real-time coordination, new backhaul installation cost per AP is
assumed to be 2.3 times more expensive than other unit deployment costs.) [4]. Environmental
openness is characterized by path loss exponent α, wall density Dw (wall/m), and average loss
per wall Lw (dB/wall).

3.1.2 Capacity Condition for Coordinated Systems

We identified that the area spectral efficiency increase of a dense CSMA/CA net-
work is limited when exceeding a certain deployment density. However, actual
end-user experience can be simply enhanced by more system bandwidth. As shown
in Table 3.1, there is 480 MHz Wi-Fi bandwidth at 5GHz ISM band which is still
underutilized. We would like to know when coordinated indoor wireless systems
are required. As one necessary condition, we aim to estimate the average capacity
level that cannot be met by Wi-Fi densification under 5GHz ISM band. We quan-
tify the optimistic mean area throughput (Mbps/m2) of a dense downlink Wi-Fi
network when unwanted collisions and idle time slots are avoided. Figure 3.3-(a)
illustrates a basic capacity scaling trend and PHY parameter sensitivity in a typical
office scenario. There is a saturation deployment density above which the capacity
increment is marginal. This is mainly because a fixed carrier sensing threshold
limits the maximal spatial reuse. Also, higher link spectral efficiency and channel
bonding yield limited average capacity improvement. Higher transmit power “kills”
more neighboring APs and reduces area capacity. For the best-case estimate, we
assume a hypothetical full channel bonding and peak data rate given in the re-
cent IEEE 802.11ac standard [69]. We define the attainable mean area throughput
(Mbps/m2) as the capacity when aggregate 5GHz Wi-Fi channels are fully utilized
at the saturation deployment density. Figure 3.3-(b) provides its sensitivity ac-
cording to average loss per wall (dB/wall) in different wall density scenarios. From
this figure, we can clearly see that even a few dB difference considerably changes
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Table 3.1. Unlicensed band for Wi-Fi at 2.4 and 5 GHz

Frequency band
(GHz)

Supportable
bandwidth W by

IEEE 802.11
(MHz) [70]

PSD limit
(dBm/MHz) [71]

2.400 - 2.483 60 7
5.150 - 5.350 160 10
5.470 - 5.725 220 17
5.725 - 5.850 100 23
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Figure 3.3. (a) A basic trend of mean area throughput according to a deployment density.
Sensitivity to output power spectral density pt, peak link spectral efficiency ηmax, and channel
bonding are also shown (left). (b) Attainable mean area throughput when 480 MHz of 5GHz
aggregate Wi-Fi channels are fully used at a saturation deployment density (right) [5].

the attainable capacity. Paper 4 provides more details on models and simulation
methods.

3.1.3 The Wi-Fi Limit: Regulatory or Technology Bottleneck?

We found that Wi-Fi densification has a capacity limit even though best-effort
services are considered and CSMA/CA operation is idealized. A main technical
reason is the use of fixed carrier sensing threshold which is defined in IEEE 802.11
standards as a mandatory coexistence condition [25]. In principle, we can achieve
higher capacity by intelligently adjusting a random access probability or carrier
sensing threshold [72,73]. This can be realized if long-term statistical information,
for example topology geometry or long-term propagation statistics, is available at a
network side. Costs to enable coordinated Wi-Fi may also be negligible compared
with equipment costs. A key question is why Wi-Fi was not originally designed
that way. We answer this question from a spectrum regulation perspective.

As shown in Figure 3.4, spectrum authorization works as a precondition to de-
velop technical coexistence conditions. Traditional unlicensed spectrum allows any
device level access to a common frequency band. Various node-level coexistence
approaches have been used in wireless systems in unlicensed band. Wi-Fi also
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Figure 3.4. Relationship between wireless system design and regulatory policies for inter-
operator spectrum sharing [6].

adopts the “Listen Before Talk” approach. For a user-deployed scenario, this may
be the most viable approach. However, if a single LAP simultaneously coordinates
multiple APs, a coordinated system would “kill” the transmissions of the mobile
end-user devices. In order to prevent the non-traditional coexistence between co-
ordinated systems and end-user devices, a traditional unlicensed approach needs
to be avoided. Instead, locally exclusive spectrum access is more desired although
interference coordination between LAPs are still an open issue from a regulator
perspective. More detailed discussions and suggestions for future spectrum sharing
can be found in Paper 4.

3.1.4 Cost Savings by Best-effort Backhaul based Coordination

If coordinated systems are beneficial compared with the CSMA/CA network, the
next question is how to design and implement coordinated systems. There are a
number of coordination alternatives that support interference management in dif-
ferent time scales. Most indoor wireless systems often use already deployed wired
Internet access as a backhaul such as xDSL or Ethernet. Connections usually pass
through routers not under the control of wireless systems, which leads to “best-
effort” style inter-cell signaling. We aim to know if the benefits of dynamic coor-
dination are large enough to be pursued when the best-effort bakchaul is used in
ultra-dense indoor wireless systems. We assume that a cost of dynamic coordination
is marginal compared with a basic equipment price. Thus, we answer this question
by estimating the relative total cost savings. For this purpose, we derive and ap-
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Figure 3.5. (a) Relative total cost savings according to per-user demand (left) at mean wall
attenuation per distance ρw = 0.5 (dB/m), and (b) Wall environment sensitivity (right) at a
given 4 Mbps 5-percentile of average data rate [7]

proximate an upper bound for the savings, by investigating the (hypothetical) best
possible dynamic coordination strategy. It is modeled based on perfect global aver-
age path gain knowledge. We compare results to a static frequency division strategy
based on statistical information. Both interference coordination schemes assume
that instantaneous local channel information is available for intra-cell scheduling.
In order to model wall environments, we introduce a mean wall attenuation per
unit distance ρw (dB/m) which is a function of both wall density and mean loss
per wall. It is usually less than 1 (dB/m) in typical wall environments [74]. Fig-
ure 3.5 shows that the dynamic coordination strategies can have more than 40% of
total deployment when an indoor system is reasonably dense. It grows with higher
per-user demand particularly when short-term user clustering happens. Detailed
radio resource allocation algorithms and explanations on the results can be found
in Paper 5.

3.2 Inter-network Coordination Decision

In this section, we consider multiple systems at different inbuilding areas so that
cross-network interference appears. Each indoor wireless system internally employs
an advanced coordinated scheme similar to a traditional single operator cellular
network. In this situation, this section presents an inter-network coordination de-
cision problem. From a LAP perspective, the inter-network coordination can be
achieved by cooperation with nearby LAPs2. A main research question in this
section is if cooperation provides a sufficiently large economic benefit, compared
with non-cooperative spectrum sharing without inter-network coordination. In the
following, we first investigate unfairness issues in spectrum utilization when the

2Strictly speaking, inter-network coordination can be enforced by a regulator as our conceptual
coordination model illustrates in Figure 2.1. However, we consider only inter-network coordination
caused by cooperation throughout this thesis.
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Figure 3.6. Uncoordinated spectrum sharing: There is no inter-network coordination archi-
tecture between indoor wireless systems and each system is selfish against neighboring systems.
However, an individual indoor system still dynamically coordinate the transmit strategies of its
own APs.

inter-network coordination does not exist. Then, these results serve as a reference
and is compared with a cooperative inter-network coordination in order to answer
the question.

3.2.1 Unfair Spectrum Utilization without Cooperation

In order to make a comparison with cooperation, we need to properly understand
the operation of an indoor wireless system when there is no inter-network coordina-
tion architecture. Specifically, we analyze the impact of unfair spectrum utilization
between competitive indoor wireless systems due to service and power asymmetry.
For this, we model competitive networks without inter-network coordination. The
concept of these networks is illustrated in Figure 3.6. By using the definition given
in Chapter 2.1, the competition is modeled in terms of an technical objective which
the individual systems selfishly aim to maximize. Since there is no inter-network
coordination, we assume that each system cannot access information about channel
gain to other nearby systems. However, channel gain information in the inside of
one system is available for dynamic internal coordination. Then, we consider two
networks for a simplified (“toy”) game analysis as shown in Fig 3.7. For numerical
experiments, we formulate a slot-level competitive network power control in down-
link by using a strategic game. At a given time slot, each network jointly decides
the transmit power of its own all APs. We characterize network power allocation
strategy in Nash equilibrium (NE) and evaluate statistical performance in arbitrary
user geometry.
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Figure 3.7. Two networks model for a competitive network power control game without inter-
network coordination.
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Figure 3.8. (a) Network power allocation characteristic at Nash equilibrium according to power
asymmetry (left), and (b) the benefit of spectrum sharing compared to fixed spectrum split
(right) [8, 9].

3.2.1.1 Power Asymmetry

We assume that all APs at a given network have the same maximum transmit
power. Then, the power asymmetry is defined with respect the difference of the
maximum power level between two networks. Figure3.8-(a) characterizes a network
power allocation strategy at NE. We found that users at a service boundary may
severely experience outage. In the figure, APs at the border between two networks,
in other words APs 2 and 3, are more often turned off than the other APs. As the
power asymmetry grows, the higher-power network more likely turns off one of its
APs since self-interference becomes more dominant. On the other hand, the lower-
power network prefers to activate both APs for shielding cross-network interference.
Figure 3.8-(b) plots average spectrum sharing gain over fixed spectrum split. Both
networks have a positive frequency reuse gain up to a certain power asymmetry
level. After this, spectrum utilization becomes unfair enough so that a fixed split is
required. A proper power etiquette is essential to achieve reasonably fair utilization.



3.2. INTER-NETWORK COORDINATION DECISION 37

1 1.2 1.4 1.6 1.8 2
4

5

6

7

8

9

10

11

12

13

14

15

Load asymmetry

A
v
e
ra

g
e
 a

g
g
re

g
a
te

 d
a
ta

 r
a
te

s
 (

b
p
s
/H

z
)

 

 

Heavier−load network

Lighter−load network

10 dB power asymmetry

0 10 20 30 40 50 60
−6

−4

−2

0

2

4

6

8

10

12

14

Network seperation (dB)

B
e
n
e
fi
t/
lo

s
s
 f
ro

m
 s

y
m

m
e
tr

ic
 c

o
m

p
e
ti
ti
o
n
 (

%
)

 

 

Sum−rate network

Min−rate network

Figure 3.9. (a) Load asymmetry effect (left), and (b) QoS asymmetry effect (right) [9, 10].

More details on system modeling and results can be found in Papers 7 and 8.

3.2.1.2 Service Asymmetry

Service asymmetry is considered in terms of application layer traffic load and QoS.
The traffic randomly arrives with an arrival probability at a given time slot and
the probability is assumed to be same for all APs in a given network. We define
the ratio of the arrival probability between two networks as a load asymmetry η.
As illustrated in Figure 3.9-(a), the heavier-load network leads to higher average
inter-network interference to worsen the performance of the lighter-load network.
We model the QoS asymmetry as different radio resource allocation objectives. Two
objective functions to be maximized are taken into account: the sum of rates and
the minimum rate. At NE, Figure 3.9-(b) shows that the min-rate network benefits
from the QoS asymmetry thanks to the adaptability of the sum-rate network. On
the other hand, the sum-rate network takes on a disadvantage due to a fairness
requirement reflected in the min-rate network. Nevertheless, both the load and QoS
asymmetry do not create severe unfairness compared with the power asymmetry.
Especially when networks are separated by walls or street widths, such asymmetry
effects becomes negligible. Extended explanations on the service asymmetry are
outlined in Papers 8 and 9, respectively.

3.2.2 Cooperation Challenge and Potential

We model the cooperation between LAPs in terms of an objective function and
information availability, as defined in Chapter 2.1. Cooperative networks aim to
maximize a common objective function, and full channel gain information of overall
networks is available to all involved networks. The cooperative network now oper-
ates as as a single network with one traditional operator. However, we only consider
users belonging to one LAP to measure performance. The cooperation regime is
compared with competition regime without any inter-network coordination. We
study this comparison both in a two networks case and a large-scale analysis case.
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Figure 3.10. (a) A cooperation challenge with a different QoS service (left), and (b) cooperation
incentive according to network size and separation (right) [10,11].

3.2.2.1 Two Networks Analysis

We consider the previous “two networks” analysis model and formulate a cooper-
ative network downlink power control problem. We assume that all networks are
fully loaded. When two networks pursue different QoS service targets, finding a
proper common objective function can be a challenging task. Let us assume that
one network maximizes the sum data rate and the other maximize the minimum
data rate. We examine the potential of using a weighted linear sum of the two ob-
jective functions. Figure 3.10-(a) plots average cooperation gain in various weights.
Although there at least exists a proper weight that improves the performance of
both operators, either one of the operators loses performance by cooperation with-
out a careful agreement on the common objective function. The detail explanation
can be found in Paper 9. When both networks maximize the sum data rates, we
assume the cooperative coordination maximized the overall aggregate data rates
regardless of networks. Figure 3.10-(b) shows that the average sum data rate im-
provement of each network according to the number of APs and network separation.
It is observed that cooperation gives better average performance in both networks.
As the network size increases, its gain diminishes significantly. Furthermore, the
marginal separation of network deployment can notably shrink the cooperation in-
centive. Paper 10 gives more detailed assumptions and simulation methodologies.

3.2.2.2 A Large-scale Analysis: Economic Spectrum Reuse

In the “two networks” analysis, we only consider a simplified toy game model and
estimate spectral efficiency gain in order to understand a basic network operation
in shared spectrum. In this study, we investigate a more general scenario where a
large number of APs are deployed and one network is surrounded by anonymous
multiple networks. Economic gain is explicitly measured. We answer where the
cooperative coordination strategy is (or not) profitable compared with one without
inter-network coordination. We introduce penalty margin for cooperation in order



3.2. INTER-NETWORK COORDINATION DECISION 39

5 6 7 8 9 10
0

10

20

30

40

50

60

B
re

a
k
−

e
v
e
n
 i
n
te

r−
b
u
ild

in
g
 d

is
ta

n
c
e
 (

m
)

Mean building penetration loss (dB)

 

 

δ c
cp

=0.10

∆ c
cp

=0.15

Non−cooperative strategy

Cooperative strategy

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
0

5

10

15

B
re

a
k
−

e
v
e
n
 i
n
te

r−
b
u
ild

in
g
 d

is
ta

n
c
e
 (

m
)

Area spectral efficiency (bps/Hz/m
2
)

Non−cooperative strategy is cheaper

Figure 3.11. (a) An economic spectrum reuse distance in various average building penetration
loss and a relative cooperation cost penalty δccp (left), and (b) An economic spectrum reuse
distance according to area spectral efficiency (left) [12]

to model practical barriers. We define a break-even inter-building distance, namely
economic spectrum reuse distance, at which one strategy is cheaper than the other.
An ideal cooperative gain is estimated by comparing the best-case interference-
free inter-network coordination with the worst-case external interference. Both
cases ignore self-interference. This approach gives the best estimate of cooperation
gain. Numerical results in Figure 3.11-(a) illustrate that the cooperation strategy
is rarely chosen in most inbuildings unless the penalty cost margin is very low
at a given area spectral efficiency and outage requirement. Considering that a
typical building penetration loss is more than 10 dB [75, 76], the result implies
uncoordinated spectrum sharing can be economically feasible if all networks are
deployed indoors to have a doubled wall protection. In addition, Figure 3.11-
(b) demonstrates that a network densification reduces the break-even distance.
This means that cooperative inter-network coordination is less cost-effective as a
capacity requirement is higher. Readers can find more detailed assumptions and
methodologies in Paper 11.





Chapter 4

Discussions

We have studied interference management in indoor wireless systems when spec-
trum is shared between LAPs. Our studies mainly focused on coordination schemes
and LAPs’ strategies to manage interference in shared spectrum. In order to sup-
port services scenario by LAPs, there are two important decision makings in reality,
which are related to the interference management. One is a future regulatory policy
on flexible spectrum sharing. The other is an indoor system architecture in shared
spectrum. In this chapter, we discuss implications of our results on a regulator pol-
icy and a system architecture for spectrum sharing between LAPs. Furthermore, we
discuss alternative scenarios of investment in indoor systems by traditional MNOs.

4.1 On Local Spectrum Sharing Policies

Shared spectrum is essential for LAPs’ services. Proper rules for spectrum autho-
rization are important since they work as input constraints for designing future
indoor wireless systems. We found that coordinated systems can provide economic
benefits especially in high-density scenarios. Current unlicensed bands are most
flexible and give the highest spectrum accessibility. However, as discussed in Chap-
ter 3.1.3 (or Paper 4), the main feature and problem of a traditional unlicensed
approach is that it allows the coexistence of user-deployed APs (or mobile devices)
and LAP-deployed systems in the same inbuilding area and creates interference
between them. In order to resolve this problem, etiquette-based systems can be
used, but it was shown that they are very inefficient due to conservative interfer-
ence management especially in high-density deployment scenarios. Therefore, a
national regulatory needs to develop local spectrum sharing polices which main-
tain the highest access flexibility and at the same time allow the use of efficient
coordinated systems.

For this, we can apply a “coordinated license-exempt” approach1. In this ap-

1Traditionally, the license-exempt regime has often been associated with ‘no coordination’.
Strictly speaking, the license-exempt approach is the domain of spectrum authorization and it
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proach, we still keep the flexible accessibility by having unlicensed bands but con-
trol interference by using more advanced coordination technologies. From a radio
resource management perspective, all deployed APs can be enforced to be coor-
dinated as a traditional single operator cellular network, but the parts of APs
are deployed by different owners. However, anyone can access spectrum as long
as such enforced coordination protocols are met due to the license-exempt prin-
ciple. Therefore, we maximize spectrum accessibility from LAPs without license
restriction while mandatory coordination protocols deal with the coexistence issue
between end-users and multiple LAPs. A similar approach is seriously under con-
sideration in the context of secondary access to TV white space band in the United
States [77–79]. Shortcomings in this idea are that this approach needs a neutral
RRM coordinator from the third party and a closed network access policy may
destroy the benefits of coordination due to inefficient user associations to APs in
overlapping areas.

There is another approach that limits spectrum access from user-deployed de-
vices by the means of an explicit authorization procedure instead of using advanced
coordination technologies. For instance, a regulator requires a simple but explicit
pre-registration for the approval of using spectrum. This is very similar to individual
licensing which has been widely used in spectrum for fixed microwave backhauls [21].
We also find a similar example in 3.5 GHz in the United States [80]2. However, the
existing individual licensing approaches are mostly applied to scenarios where the
exact locations of interferers are predictable or the number of interferers are limited.
Massive system-level deployment in indoor locations still need strict mechanisms
to protect interference between LAPs. One important finding in Chapter 3.2.2.2
(or Paper 11) is that coordination between indoor systems is not required provided
that the transmit power per AP is well regulated. However, this result is valid only
when single indoor system per building is deployed. Currently, it is not uncommon
that multiple systems exist even inside of one building. Thus, a regulator need to
enforce a certain rule to avoid this unwanted situation. One simple method is that a
regulator approves an indoor deployment based on the postal address of a building
land. Consent from a facility owner may be required as a mandatory condition in
order to indirectly ensure single indoor system at one building location. We call
this “postal address based individual licensing”3. In this, single deployment per
building is ensured and no advanced inter-network coordination is needed. One
potential drawback is that this approach is applicable only for indoor systems for
a deployment density that is sufficiently high in large indoor locations, for example
large offices or shopping malls. Thus, the traditional unlicensed approach may be
still desired for a relatively small SME types of buildings with few APs or outdoor
local services.

needs to be differentiated from actual technologies for interference management.
2It is sometimes called light licensing [80,81].
3This idea was elaborated during a discussion with Dr. Ki Won Sung in December of 2013.

The author of this thesis would like to acknowledge him.
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4.2 On Coordination Architectures in Shared Spectrum

A system architecture for managing interference in shared spectrum is another
important aspect to be discussed. In general, there are many factors to be decided
in a system architecture. In this section, we discuss inter-cell (or node) signaling
and centralization4 aspects in a control-plane architecture in order to implement
the most cost-effective interference management scheme in shared spectrum.

Compared with uncoordinated systems, we see the need of interference coordina-
tion when a capacity requirement is very high. The coordination is supported only
when relevant information is exchanged among involved nodes. Thus, an explicit
coordination architecture should exist for exchanging information and processing
it. It could be very dependent on interference coordination schemes due to very
different time scales of information updates and algorithm stability. According to
our results, dynamic and adaptive coordination schemes via existing shared back-
hauls are the most cost effective approach in typical indoor wall environments.
When the shared backhauls are used for control signaling of the dynamic inter-
ference coordination, a robust architecture should be designed in order to support
delay-tolerant control signaling. In traditional cellular systems, the control-plane
architecture has been usually implemented by assuming that signaling is fully under
the control so that the unexpected loss or delay of control packets between network
nodes was not so much taken into account. In addition to the inter-cell signaling
issue, a centralization is also important in a system architecture. When long-term
performance matters, the main reason of using a centralized architecture is the syn-
chronized control and the stability of multi-cell radio resource allocation, which are
certainly required in real-time coordination. However, a distributed architecture
can be used for a scalability reason if the time scale of dynamic coordination is
slow enough not to strictly require a fast synchronized coordination decision. In
shared spectrum, we found that inter-network coordination between indoor wire-
less systems is not needed in most cases because a typical building penetration loss
provides good enough isolation from neighbors. In this regard, a physically sep-
arated inter-network coordinator and signaling across networks are not necessary
in most cases. Nevertheless, indoor systems should be prepared to support the
inter-network signaling from a standardization perspective because there still exist
extreme deployment scenarios. For instance, services at a building boundary are
especially problematic when building penetration loss is very low (less than 5 dB).

4.3 Alternative Investment Scenarios

In this thesis, we consider a deployment scenario where the infrastructure is de-
ployed by LAPs. However, existing MNOs will still play an important role in

4From an interference management perspective, we consider that the centralization is about
the position of a radio resource allocation control unit which gathers global information and
process it.
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wireless services. Their interests in indoor services have grown recently. In this
section, we discuss two alternative scenarios where MNOs invest in indoor wireless
infrastructure.

Firstly, an MNO may be interested in locally providing a high data rate as a
competitive advantage in an existing wide-area service market. As the market of a
mobile broadband service becomes saturated, the competitive advantage is crucial.
The faster mobile broadband service is one important means to attract users. Nev-
ertheless, indoor investment is passively driven by service competition. In addition,
the total budget constraint of MNOs without much new revenue generation could
limit a countrywide large scale of new investment in indoor locations. Thus, only
few public indoor locations with crowds would be selected by MNOs to deploy in-
door wireless systems. From a spectrum perspective, MNOs still prefer traditional
exclusive spectrum even in this case since their service areas are highly overlapping.

Secondly, the other scenario is that MNOs enter a local high-capacity service
market such as private enterprise solutions, and create new revenue models. This is
a business to business (B2B) model between a MNO and a small business entity who
is interested in private indoor wireless systems. This is fairly similar to an existing
B2B Wi-Fi business model. This model can be continued with indoor coordinated
systems in shared spectrum. the MNOs can take an advantage of connecting exist-
ing wide-area systems (or services) and private indoor systems (services). In this
scenario, the MNOs may want to share spectrum at a given indoor area in or-
der to lower a deployment cost. However, they would not prefer flexible spectrum
licensing. Instead, MNOs tend to favor block licensing, which fixes the number
of licensees for a certain long-term period so that it limits the market competition
and uncertainty. Furthermore, this scenario is only justified when B2B local service
markets are expected to be more profitable than the traditional wide-area market.
Otherwise, the MNOs are not so interested in the new local service markets.



Chapter 5

Conclusions

5.1 Lessons Learned

The general question addressed in this thesis was if interference coordination is
worthwhile from an economic point of view when high-density indoor wireless sys-
tems are deployed and a common frequency band is shared by LAPs in different
locations. The analysis was based on a comparative study between coordination
alternatives. We developed a conceptual framework to define coordination alterna-
tives in shared spectrum. Economic gain was explicitly defined and quantitatively
measured in various capacity and propagation conditions by using system-level sim-
ulations. We divided the high-level question into two decision problems of a LAP:
an intra-network coordination decision; and an inter-network coordination decision.

In the intra-network decision problem, we aim to identify which types of inter-
ference coordination schemes provides the lowest cost for a LAP. For this purpose,
we compared the various levels of coordination with respect to different global in-
formation availability. CSMA/CA represents the lowest level of coordination. This
scheme operates based on predetermined rules and local information. The highest
level of coordination is ideal interference cancellation using instantaneous channel
gain and data information. The other two intermediate coordination schemes are
static coordination and dynamic one. These schemes are based on information
about deployment geometry and average channel gain, respectively. Findings in
the intra-network coordination decision problem are outlined as follows:

• Intra-network Coordination Decision: Coordinated systems can save
total deployment costs significantly compared with the fully uncoordinated
CSMA/CA system when a required area spectral efficiency is very high. Nev-
ertheless, they are not urgently needed since the large amount of existing
unlicensed spectrum supports reasonably high capacity for best-effort ser-
vices, and typical indoor walls are advantageous for protecting interference.
Although traditional unlicensed spectrum works ideally for user-deployed sce-
narios, shared but locally exclusive spectrum is more appropriate in order for
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LAPs to use coordinated wireless systems. The reason is that a traditional
unlicensed approach creates a coexistence issue between LAP-deployed sys-
tems and unpredictable user-deployed APs (or mobile devices). Once the
coordinated systems are used, a sophisticated coordination scheme should be
carefully selected in order to lower a total deployment cost. In most of indoor
environments with walls, using dynamic coordination schemes via existing
backhaul networks is the most viable approach. This approach provides suffi-
cient cost savings in high-density indoor scenarios by slow inter-cell signaling.
Widely-studied real-time coordination, which ideally removes interference,
provides economic gain only in few places such as in crowed stadiums or large
outlet malls where the probability of a LoS propagation condition is very
high. This happens because the cost of new backhaul installation is difficult
to recover by performance gain in the walled-in environments.

Regarding the inter-network decision problem, we assumed that a cooperation
agreement between LAPs is involved for coordinating cross-network interference.
We asked if the cooperation provides large enough cost savings to overcome the
practical barriers caused by the cooperation agreement between involved LAPs.
Cooperation was compared with competition without any inter-network coordina-
tion. Advanced internal coordination was included in both cases. We summarize
our findings as below:

• Inter-network Coordination Decision: Without any inter-network co-
ordination, we take the risk that spectrum utilization may be unfair due to
asymmetric network operation and service provisioning. The cooperation ide-
ally increases performance and can resolve the unfairness. However, we found
that the cooperation does not give sufficiently large economic benefits in most
cases as long as the transmit power per AP is equally regulated. The coop-
eration gain is in particular marginal provided that 1) no outdoor systems
are allowed in shared spectrum, which ensures doubled building penetration
losses, and 2) a deployment density is sufficiently dense in a given indoor area
size. Therefore, uncoordinated spectrum sharing between LAPs is feasible if
high capacity demand is required indoors. Otherwise, LAPs needs to seek
cooperation in order to protect users at a building boundary. However, the
cooperation is a challenging task when involved LAPs aim for different QoS
service types.

5.2 Limitations and Future Work

5.2.1 Cost and Service Model

We used a linear cost model which does not have a constant term independent
from the number of APs. This model was originally developed in a traditional
wide-area network [30]. In indoor scenarios, depending on physical implementations
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of coordinated systems, the constant term may be dominant. If we consider the
deployment cost of a traditional DAS system, a central BS connected to individual
antenna elements is one of dominant costs. Since the advanced coordination scheme
is highly centralized, its appearance could be similar to the DAS. Then, an advanced
centralized architecture to enable real-time coordination schemes may have more
costs so that it is less attractive even in a LoS condition. A more sophisticated cost
model is needed.

Most of our studies assumed high traffic load with full user data buffers in
order to estimate the best estimate of network performance, in other words the
full utilization of a system. This approach is needed when comparing hypothetical
systems for a design purpose. Nevertheless, the full buffer assumption is not so
realistic because dynamic traffic generation in a very short time scale often causes
buffers to be partially occupied or empty. In addition, we were mainly interested
in services whose delay requirements can be met by existing indoor backhauls. If
the delay requirements are very strict, we could expect more gain by tighter co-
ordination. Thus, it would be interesting to see how much economic benefit from
the interference coordination changes if tight delay constraints and dynamic traffic
load are included. Another key assumption in service models is a service area. One
conclusion is that the cost savings achieved by using inter-network coordination is
marginal when the deployment density is very high. We mainly considered a rela-
tively large building size in typical urban areas. In reality, we see the large variety
in a inbuilding area size. SME types of buildings have few numbers of employees
where still dense but only few numbers of APs are placed. In this situation, the
incentive of using inter-network coordination could be different. Thus, a sensitivity
analysis with respect to the service area size is necessary.

5.2.2 Radio Network Model

We developed a simplified CSMA/CA network model that retains basic CSMA/CA
operation but allows us to efficiently evaluate a multi-cell downlink performance in
large-scale deployment. For instance, the IEEE 802.11 based binary exponential
backoff mechanism is simplified by assuming perfect sensing and no collisions. Thus,
the average mean area throughput of a CSMA/CA network is overestimated. A
more accurate estimate is needed in order to avoid too much of an overestimate of
the capacity condition for coordinated indoor systems.

One of our findings is that real-time coordination can be cost-effective under
a LoS condition. However, the gain assessment is highly overestimated in two
aspects. Firstly, we simply ignored pilot channel overhead. In practice, it becomes
very large especially when the number of coordinated APs grows [46]. Secondly, we
used static coordination as a reference. Various forms of dynamic coordination are
still feasible via the best-effort backhaul and these should be referenced. Therefore,
a relevant question is: how much is a break-even backhaul cost for using real-time
coordination in LoS condition when a more realistic pilot overhead is included and
dynamic coordination via an existing backhaul is referenced?
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We only considered an interference model in a two-dimensional space by assum-
ing that an inter-floor wall loss is sufficient to block interference from other floors.
However, when a deployment density is very high, aggregate interference from other
floors may not be negligible anymore. At this point, a three-dimensional interfer-
ence model needs to be taken into account. In addition, we did not include inter-
ference from upper or lower floors in neighboring buildings when the inter-network
coordination problem is studied. From an interference coordination perspective,
the two-dimensional interference model may underestimate the coordination gain.
In this regard, our analysis needs to be further studied under a three dimensional
interference model by asking: how will economic gain change if a three-dimensional
interference model is included?
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1 For the remainder of the
article , an operator refers
to any business entity that
owns and operates its own
network. In this context,
the facility owners can be
considered operators.

INTRODUCTION

EMERGING LOCAL OPERATORS IN
SHARED SPECTRUM

Over the last few years, mobile and nomadic
broadband access has achieved tremendous suc-
cess. Innovation in mobile handsets (e.g., smart-
phones and tablets) has caused a virtual data
tsunami, leading to severe capacity problems for
many operators. The dramatic surge in traffic is
expected to continue in upcoming years. Since
the majority of the traffic is likely to be generat-
ed inside buildings, significant investment in
indoor network deployment is foreseen.

Some of the investment will be made by
incumbent mobile network operators (MNOs)
for deploying heterogeneous networks. Another
type of investment, which is the focus of this
article, will be provided by new market actors,
such as facility managers, real estate owners, and

private companies [1]. The main driver for them
is to deploy and operate dedicated networks for
wireless Internet access inside their buildings to
increase their attractiveness to tenants or cus-
tomers (e.g., hotels or office space providers).
The private networks may also serve those MNO
customers that happen to be in the buildings (i.e.
provide offloading). This is a business model
similar to the one seen in current fixed network
access: public operators provide connection to
buildings, whereas in-building networks are
deployed and managed by the facility owners.
An additional problem compared to fixed net-
work access is that such local operators1 do not
have their own dedicated spectrum. One possi-
ble solution is using shared spectrum, where the
sharing takes place between neighboring indoor
operators. 

REGULATORY TRENDS IN SHARED SPECTRUM
There are regulatory initiatives worldwide aim-
ing to promote shared access to new spectrum
for fostering more competition and innovation
in a wireless access market. The national regu-
lators of Sweden and the Netherlands recently
announced that a portion of the spectrum
around 1800 MHz was opened for cellular
technologies with indoor usage in an unli-
censed or a preregistration manner [2, 3]. In
the United Kingdom, 1781.7–1785 MHz paired
with 1876.7-1880 MHz band was allocated to
12 operators with shared licenses in 2006 for
low-power indoor networks [4].  The l ight
licensing of nationwide 3650–3700 MHz was
also adopted by the United States in 2007 [4].
An overview of regulatory initiatives can be
found in [5, 6].

CONTRIBUTION OF THIS ARTICLE
Local wireless access operation in shared spec-
trum presents new research challenges from a
techno-economic perspective. In this article, we
provide an analysis framework that effectively
navigates and compares potential deployment
strategies of the operators. We define a strategy
space that integrates technology and business
aspects. Then a legacy cost model for a single
operator is reformulated by introducing new
inter-operator cost factors. The validity of our
framework is demonstrated by numerical com-
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Predictions for wireless and mobile Internet
access suggest an exponential traffic increase,
particularly in in-building environments. Non-tra-
ditional actors such as facility owners have a
growing interest in deploying and operating their
own indoor networks to fulfill the capacity
demand. Such local operators will need spectrum
sharing with neighboring networks because they
are not likely to have their own dedicated spec-
trum. Management of internetwork interference
then becomes a key issue for high capacity provi-
sion. Tight operator-wise cooperation provides
superior performance, but at the expense of high
infrastructure cost and business-related impair-
ments. Limited coordination, on the other hand,
causes harmful interference between operators,
which in turn will require even denser networks.
In this article, we propose a techno-economic
analysis framework for investigating and compar-
ing indoor operator strategies. We refine a tradi-
tional network cost model by introducing new
inter-operator cost factors. Then we present a
numerical example to demonstrate how the pro-
posed framework can help us to compare differ-
ent operator strategies.  Finally, we suggest areas
for future research.
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parisons of selected strategies in a two-operator
example. Finally, we outline important research
areas to be addressed for future studies. 

DEPLOYMENT CHALLENGES FOR
HIGH CAPACITY

WIFI MAY NOT BE ENOUGH IN
UPCOMING YEARS

The local operators certainly need a low-cost
system to provide high-capacity services in the
new shared spectrum. WiFi naturally seems the
first candidate because a substantial amount of
indoor traffic is already offloaded to WiFi in an
industrial, scientific, and medical (ISM) band.
However, it has been reported that WiFi may
not cope with very large traffic loads due to the
“performance wall” caused by the underlying
carrier sense multiple access with collision avoid-
ance (CSMA/CA) mechanism [7]. In these situa-
tions, we need to consider cellular-type systems
with interference coordination capabilities.

TRADE-OFF IN
INTERFERENCE MANAGEMENT OPTIONS

In shared spectrum, interference management
between adjacent operators is one of the key
issues. The easiest option would be not to coop-
erate with neighbors. However, this may inflict
mutual interference, which may in turn lead to
poor performance. Alternatively, a cellular tech-
nology developed in a single operator context
can be applied. The simplest form would be tra-
ditional interference avoidance techniques with
static resource partitioning (e.g., frequency plan-
ning), which, however, comes at a significant
performance loss. More advanced techniques
(e.g., interference cancellation, joint multicell

processing, or coordinated scheduling) can be
further exploited to enhance system capacity.

Improvement in technical performance is
obviously expected from tighter interference
coordination. However, additional cost and vari-
ous business constraints are the hidden barriers
that should not be overlooked. The coordination
may require better infrastructure and extra net-
work resources for reliable information
exchange, which incurs a higher cost. Further-
more, a strategic cooperation agreement in a
business domain needs to be made for the inter-
operator coordination. An operator may be lim-
ited in his/her business strategies due to forming
an alliance with its neighbor because he/she may
lose competitive advantages by limitations in
network operation and network upgrades [8, 9]. 

NEED FOR A TECHNO-ECONOMIC
ANALYSIS FRAMEWORK

As summarized in Table 1, the system design in
shared spectrum is inherently a multidimension-
al problem where technology, business, and reg-
ulatory issues are intertwined. The problem of
choosing an operator strategy brings up several
research challenges that have rarely been
addressed in the literature. First, the analysis of
operator-wise competition or cooperation is
nontrivial due to the business complexity
involved, although competition between individ-
ual users inside a network has been extensively
studied [10]. Second, the operators need to be
able to compare different levels of technical
coordination in addition to their associated busi-
ness complexity. There is a lack of systematic
evaluation methodology for this. Third, a proper
cost model should be in place for a cost-perfor-
mance trade-off analysis. There are some
attempts to model the network cost of a conven-

Table 1. Changing business landscape and paradigm shift on system design in shared spectrum.

Traditional wide area single-operator
system Local area system in shared spectrum

Business
landscape

Who and why? MNOs: revenue generation from service
provisioning

• MNOs: data offloading
• Facility owners: complements facility services
• Hotspot operators: new revenue generation in niche markets

Where? Large-scale public outdoors Mainly private/public indoors controlled by facility owners 

Inter-operator
relation Service/price competition in markets

• Service/price competition in markets
• Cooperation/competition for internetwork interference
coordination

Major network-
related cost

• Network cost
• Spectrum cost

• Network cost
• Inter-operator cost 

System
design

Design problem Minimizing network cost at a given
traffic demand

Minimizing network cost + inter-operator cost at a given
traffic demand 

Decision domain Mainly technology Both technology and business 

Main decision
maker MNO Both operators and a regulator 

Coordination
target Nodes (e.g., BSs) Networks
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tional single operator network [11]. However,
the cost model in a multi-operator context has
not been covered yet. 

DEFINING THE SOLUTION SPACE: 
A CONCEPTUAL FRAMEWORK

A fundamental network design problem that the
operators face is minimizing their total network
cost while satisfying their users’ demands. In
order to achieve this, the cost of different
deployment options should be compared with
respect to the performance (e.g., capacity)
requirement. This comparison becomes more
complicated in a shared spectrum environment
because both cost and performance are heavily
affected by neighboring operators.

Since cooperation intrinsically involves strate-
gic decisions in the business domain, a means to
assess the combined effects of a technology
choice and business aspects is needed. In this
section, we provide a conceptual framework to
effectively categorize potential strategies. As
shown in Fig. 1, various operator strategies are
characterized on one hand by the strategic deci-
sion of the operators, i.e., cooperation and com-
petition, and on the other hand by the technical
solution expressed as the level of coordination. 

STRATEGIC DECISION: 
COOPERATION OR COMPETITION

The strategic decision in the business domain
influences the way neighboring networks are
coordinated. In this article, we model coopera-
tion and competition by using different technical
objective functions that each operator aims to
maximize. The two types of strategies are: 
• Cooperation: The operators aim at maxi-

mizing a common objective function agreed
between them.

• Competition: Each operator aims at maxi-
mizing its own objective function in a self-
ish manner.

Cooperating operators who synchronize their
technical behaviors form a network alliance.
Reaching an agreement on a common objective
function is in itself challenging, particularly when
the partners have chosen different criteria for
their quality of service (QoS), for example, a
guaranteed-rate video service vs. a best effort ser-
vice. From a radio resource allocation perspec-
tive, the network alliance behaves as a
conventional single-operator network. The coor-
dination issues turn into a problem of internal
resource management for the combined network. 

Competition between the operators requires
a non-traditional system design. Regulators must
provide guidelines for operator behavior by issu-
ing coexistence rules (“etiquettes”), which can
coordinate the network rivalry to some extent.
For the case of network-wise competition, inter-
network interference is coupled with intranet-
work interference control, which creates new
challenges.

TECHNICAL SOLUTIONS: 
COORDINATION BETWEEN NETWORKS

The technical solutions of the operators imple-
menting their strategic decisions directly affect
the network’s performance. We define coordina-
tion in a technical domain as the process of shar-
ing relevant information. The level of
coordination is measured by the amount of infor-
mation shared in the process. The information
relevant to the interference coordination can be
statistical or instantaneous traffic load, or path
gains between all the involved access points
(APs) and user terminals, usually referred to as
channel state information (CSI). 

More accurate and frequent information
exchange increases the global knowledge of the
whole system. A system with complete informa-
tion sharing can be interpreted as a centralized
network (whether decisions are made centrally
or not). Such a system is desirable from a per-
formance perspective since it can provide real-
time resource allocation (e.g., beamforming or
coordinated scheduling [12]). On the other hand,
only slow-varying information (average propaga-
tion conditions and the number of users per cell)
might be shared. This requires considerably less
sophisticated equipment, and the information
may be exchanged using existing IP connections. 

SHARED SPECTRUM COST MODEL
Recall that the network design objective is to
find the operator’s strategy that enables them to
offer the lowest total cost for the required capac-
ity. The cost in a shared spectrum environment
has an additional element with regard to techni-
cal inter-operator relations. In addition, there is
“strategic cost” representing the business uncer-
tainty caused by the decision to cooperate. In
this section, we recap a traditional single-opera-
tor cost model, and highlight new inter-operator
cost items. 

TRADITIONAL SINGLE-OPERATOR COST MODEL
For a legacy operator in a wide area, the cost of
a wireless network mainly consists of two parts,
infrastructure and spectrum, as described in [11]: 

Figure 1. A conceptual framework to define a strategy space and navigate the
operator strategies.
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Ctot = Cinfra + Cspectrum = NCr + WCw (1)

where N and Cr are the number of deployed
APs and the normalized cost per AP (€/AP),
respectively. W represents the allocated spec-
trum (MHz), and Cw the cost per unit of spec-
trum (€/MHz). Here, Cr includes all capital
expenditure (CAPEX) and operational expen-
diture (OPEX) aspects. CAPEX is mostly relat-
ed to all one-time investments (e.g., APs or
core network equipment, site installation/build-
out, and antenna systems). Cost during opera-
tion (e.g., backhaul transmission, site rental,
operation and maintenance [O&M], and elec-
tricity) is categorized as OPEX. OPEX is typi-
cally discounted to present value assuming
expected annual running cost and network life-
time. 

Indoor and hotspot systems may have a
s impler  cost  s tructure  than convent ional
macro networks due to the small  physical
size of equipment. For instance, cost related
to s i te  instal lat ion/bui ld-out ,  s i te  rental ,
antenna systems, and O&M may be free or
ignorable ,  whereas  expenses  for  the  AP
equipment and the new backhaul installation
may be  dominant .  However ,  we can s t i l l
employ a linear model as a function of the
number of APs as in Eq. 1. By sharing spec-
trum, spectrum cost is also likely to become
negligible. 

INTER-OPERATOR COST IN SHARED SPECTRUM

(Invisible) Strategic Cost — Operators have
traditionally been reluctant to share networks or
to cooperate across business boundaries mainly
due to the limitations and uncertainties they per-
ceive regarding their marketing strategies. Coop-
eration takes place only if large economic gains
are foreseen (e.g., mobile broadband in rural
areas where a small customer base cannot sup-
port multiple parallel networks). In the business
literature, such barriers against strategic alliance
with competitors have been widely studied (e.g.,
see [13]). Similar issues have also been discussed
in [9] in the context of outdoor network sharing.
Some key network-related obstacles are:
• Management overhead: Decision making on

network deployment/upgrade can be
delayed because it requires an agreement
with the cooperation partner.

• Limited network controllability: An opera-
tor may lose control over the deployment
and operation of its own network, which
can restrict individual network dimension-
ing and make its service indistinguishable
from its competitors.

• Risk of information leakage: The coordina-
tion may reveal customer statistics and
know-how on network optimization to the
other operator.

• Lack of trust: An operator may suspect that

Figure 2. Examples of Ccoord according to the cooperation level.
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a partner is delivering false information to
take advantage of the coordination when
there is no trustable intermediate coordina-
tion entity.
One way for decision makers to handle uncer-

tainty or risk is to present a risk margin when
calculating the expected profits of the operation.
In this article, we do this by introducing an addi-
tional fictitious cost, denoted by the strategic cost
Cstex. Notice that Cstex may not be strictly mea-
surable because it may be related not only to
objectively computable risk but also to perceived
uncertainty about the future. This is not a new
concept in strategic decision making in the busi-
ness domain, where one often considers an
uncertainty margin, such as using a fictitious
“required rate of return” or “hurdle rate” when
comparing investment options [14]. 

Coordination Cost — From a technical point
of view, information sharing between networks
requires additional complexity and infrastructure
cost. The coordination cost Ccoord is spent for
acquiring relevant information for resource allo-
cation. Depending on the amount of information
to be shared, Ccoord can be negligible or signifi-
cant. As exemplified in Fig. 2, the extra cost
mainly emanates from installing a dedicated
backhaul and/or an intermediate entity to coor-
dinate the interference between networks. For
instance, real-time interference coordination
may necessitate expensive dedicated backhaul
both inside and between buildings to allow for
reliable low-latency information sharing. In addi-
tion, an internetwork coordinator should be put
in place for fast and synchronized resource allo-
cation. While in-building backhaul would be
paid by an individual operator, the common cost
(i.e., inter-building backhaul or the intermediate
equipment) can be shared. In a moderate coor-
dination scenario, each network may use its

existing in-building IP connection to control its
own APs. Even in this case, intermediate coordi-
nation equipment may need to be introduced by
a third party due to a regulatory constraint (e.g.,
spectrum broker) or a trust reason in the busi-
ness domain. The cost for extra coordination
equipment can also be saved by directly exchang-
ing information between neighboring operators,
resulting in a distributed network architecture.
In general, a lower level of coordination requires
more APs to satisfy required traffic demand [7].
Thus, finding a proper level of coordination to
give the lowest total cost is an important issue. 

By including the two inter-operator cost fac-
tors, the total cost model of an operator in
shared spectrum is extended to

Ctot = Cinfra + Cspectrum + Ccoord + Cstex (2)

In the following section, we demonstrate how to
use our proposed techno-economic modeling
approach in a typical scenario.

COMPARISON OF
OPERATOR STRATEGIES

TWO-BUILDING SCENARIO
Let us consider a scenario with two nearby build-
ings as illustrated in Fig 1. Two indoor operators
without exclusive spectrum want to deploy net-
works in their respective buildings. We assume
that the regulator has arranged a shared fre-
quency band in order to foster such local deploy-
ments under a light licensing regime. This band
only requires cost-free preregistration to avoid
uncertain interference from end users. Both
operators run their networks in this frequency
band. In this scenario, two operators want to
find the most economic deployment strategy. 

CANDIDATE OPERATOR STRATEGIES
A multitude of solutions for operators can be
envisaged that combine technology and business
aspects. However, we choose three candidate
strategies as follows for illustrative purposes.

Strategy I (no cooperation): Neither operator
wants to cooperate due to the potential limita-
tions of strategic alliance. Instead, they choose
to deploy a CSMA/CA network imposed by a
regulator as a coexistence mechanism unless
cooperation between operators is implemented. 

Strategy II (loose cooperation): The opera-
tors decide on joint deployment of cellular tech-
nology based on a mutual contract. Although
this improves network performance compared to
strategy I, it increases dependence on the neigh-
bor operator. They choose a traditional picocell
system across the two buildings employing con-
ventional frequency planning that can be imple-
mented without further investment in
infrastructure. 

Strategy III (tight cooperation): The opera-
tors jointly deploy a cellular network. This time,
they want to use a system with an advanced
multi-cell joint processing technique, zero-forc-
ing (ZF) coordinated beamforming, in order to
have higher system capacity with fewer APs. In
this strategy, they essentially need to invest in
intra/inter-building optical fiber infrastructure. 

Figure 3. Comparison of the total cost between no cooperation and loose
cooperation; the economic strategy differs depending on traffic demand level
(Cn

r = 1, Cl
r = 2, Lw = dB, 95 percent coverage requirement).
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COST COMPARISON OF STRATEGIES

Evaluation Assumptions — For analysis sim-
plicity, we assume that each local propagation
condition and average traffic demand l (giga-
bytes per month per user) are symmetric. Two
neighboring single-story buildings with the size
of 50 m × 100 m accommodate 500 employees
each. Wall loss of Lw dB exists both inside of a
building and between buildings. The CSMA/CA
network assumes channel bonding (aggregation)
to fully exploit available frequency range. Perfect
carrier sensing without redundant idle APs is
assumed to have optimistic CSMA/CA perfor-
mance. Loose cooperation uses the best static
frequency reuse subject to a given outage con-
straint. The tight cooperation assumes ideal ZF
without any CSI at the transmitter (CSIT) error
and feedback delay in an uncorrelated channel.
Some of the important simulation parameters
used are summarized as follows: 
• Path loss exponent and transmission power:

3 and 20 dBm
• Maximum link spectral efficiency: 6.67

b/s/Hz
• System bandwidth and signal-to-interfer-

ence-plus-noise (SINR) outage threshold:
60 MHz and 3 dB

• Carrier sensing threshold for the CSMA/CA
network: –72 dBm
More detailed system modeling and simula-

tion parameters can be found in [7]. Hereafter,
the three strategies (i.e., no cooperation, loose
cooperation, and tight cooperation) will be
denoted by superscripts n, l, and t, respectively.

No Cooperation vs. Loose Cooperation —
We assume a unit price for an AP with no coop-
eration (Cn

r = 1) without loss of generality. Fig-
ure 3 illustrates and depending on l . The
strategic cost Cstex can have a heavy influence on
the lowest cost strategy. If two operators are
very reluctant to cooperate, Cstex will be high,
potentially significantly enough to prevent coop-
eration, as depicted by the dotted lines in Fig. 3. 

From an analysis perspective, we can quantify
the condition for Cstex given that Nl (l)Cl

r + Cstex
≤ Nn(l)Cn

r. Then let us define maximum accept-
able cooperation risk (MACR) for a given
demand l:

MACR = max(Nn (l)Cn
r – Nl (l)Cl

r, 0). (3)

This quantitatively provides us with the upper
bound of risk the operators are willing to take
when choosing their cooperation strategy.
MACR of zero means that cooperation is worth-
less because Cl

r is already too high. On the con-
trary, high MACR indicates that operators need
to cooperate even if they perceive a high risk of
cooperation. As shown in Fig. 4, MACR can be
explicitly plotted as a function of l and Cl

r for a
given unit cost Cn

r = 1 in order to aid an opera-
tor’s decision making. This only requires estimat-
ing Nn (l ) and Nl (l ) for varying l .  In this
particular example, we can observe from Fig. 4
that MACR rapidly increases after a certain
demand level because the CSMA/CA mecha-
nism cannot satisfy such a high demand. This
indicates that operators will have to rely on the

cooperation in the end as the traffic demand
continues to grow. 

Loose Cooperation vs. Tight Cooperation
— Tight cooperation additionally incurs the cost
of fiber installation between all APs (or remote
radio head) and a central baseband processor.
Let Cfiber denote the fiber installation cost per
AP. Then, unlike Cstex, Ccoord is assumed to be
approximately linear to the number of placed
APs: Ccoord = Nt (l) Cfiber. We assume the costs
for the central processor and inter-building fiber
are relatively negligible and Cstex is same for
both strategies. Then we can assess the condition
for Cfiber. Similar to the MACR, let us define
break-even fiber cost (BEFC) per AP:

Break-even fiber cost per AP (BEFC)
= max (h(l)Cl

r – Ct
r, 0) (4)

where

represents coordination efficiency indicated by
the relative difference in the required deploy-
ment density between two system solutions. The
BEFC provides an upper bound on fiber cost
per AP to make tight cooperation more econom-
ic than loose cooperation. When the actual fiber
cost per AP is larger than the BEFC, the system
with advanced coordination does not yield a cost
benefit even with its superb performance. The
zero value of BEFC suggests that the tight coop-
eration cannot be economic regardless of fiber
cost due to too high equipment cost Ct

r. BEFC is
quantitatively shown in Fig. 5 according to wall
loss at a given traffic demand. When wall loss is
small, the tight cooperation provides more tech-
nical gain by cancelling a significant amount of
interference. Thus, h(l) becomes large so that

η λ λ
λ

= N

N
( )

( )

( )

l

t

Figure 4. The maximum acceptable cooperation risk depending on traffic
demand (Cn

r = 1, Lw = 0 dB, 95 percent coverage requirement).
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tight cooperation is preferred for given Cfiber.
Nevertheless, closed environments with higher
wall loss do not bring about total cost benefit by
tight cooperation. In this situation, a more
sophisticated system may not be desirable due to
the marginal performance benefit compared to
the fiber investment. 

FUTURE RESEARCH AREAS
Although substantial work has to be done to
realize affordable high-capacity provisioning,
research on the design of local operator net-
works in shared spectrum is still in its early
stage. In the following, we suggest high-level
research areas to be addressed. 

TRADE-OFF BETWEEN
DIFFERENT LEVELS OF COORDINATION

Various levels of intra-/inter-network coordina-
tion result in different system performance as
well as coordination costs. Therefore, the quanti-
tative comparison of different forms of coordina-
tion needs to be done to identify the most viable
coordination strategy. The main tasks are cate-
gorizing relevant information to be shared and
quantifying network performance in various
local environments. Performance improvement
by coordination can be converted into cost sav-
ing in terms of the reduced number of APs.
Then operators can examine if this compensates
for the associated coordination cost. 

IMPACT OF NETWORK SEPARATION
Indoor and hotspot networks will be located
close to each other, particularly in dense urban
districts, inflicting mutual interference. However,
they are usually separated by walls and geo-
graphic distance. Their internetwork interfer-
ence can be outweighed by intra-network
interference if the separation between the net-

works is large enough. This means that the bene-
fit of internetwork coordination relies on net-
work separation, which requires thorough
investigation. We scratched the surface in [15].

ASYMMETRY BETWEEN OPERATORS IN A
DEMAND AND DEPLOYMENT ENVIRONMENT

It is likely that nearby networks have different
user demands, QoS requirements, or in-building
propagation conditions. Such asymmetry in
demand and physical environments may lead to
unequal incentives or even negative cooperation
gain to one of the participants. Moreover, find-
ing a proper common objective function for the
cooperation is a challenging task, especially
when the partners aim at different QoS require-
ments specific to local services. 

MULTITUDE OF INTERFERING
NETWORKS/COOPERATION PARTNERS

It is common that a multi-story building accom-
modates several networks. At the same time, the
building is surrounded by multiple neighboring
buildings. Thus, the number of networks generat-
ing interference can be substantial. As the num-
ber of potential cooperation partners increases,
the performance gain would be higher since
more interference could be controlled. However,
it would come at the expense of inflating business
complexity. Therefore, the relation between
cooperation incentive and the number of involved
partners needs to be further explored. 

IMPACT ON EXISTING MNOS
As more investments are made by local opera-
tors, subscribers of existing MNOs can have
more opportunities to enjoy high-speed access.
Such investments indirectly relieve the soaring
traffic burden in wide area networks owned by
MNOs. In addition, new local infrastructure can
be shared by MNOs via roaming agreements.
This can provide MNOs with competitive advan-
tages over other competitors. While most of the
literature focuses on the technical performance
of a single operator’s heterogeneous network,
the impact of local operators on existing MNOs
has to be studied further in both the technical
and business domains.

CONCLUSION
We have proposed an analysis framework to
explore the trade-off between performance ben-
efits of operator cooperation in shared spectrum
and involved technical and strategic costs. The
key application in mind has been indoor wireless
access networks that could potentially offload
wide area cellular networks. In this framework,
the implications of various operators’ strategic
decisions to cooperate or compete, and the
related costs of internetwork coordination level
are explicitly modeled. We have also validated
our framework by showing a quantitative analy-
sis example in which we compare the total cost
of the candidate deployment strategies. Future
research challenges involve assessing different
operator strategies in various business situations
and physical environments by using the frame-

Figure 5. The break-even fiber cost per AP for different indoor environments
(Cl

r = 2, l = 200 Gbytes/mo/user, 95 percent coverage requirement).
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work, with the objective of finding the strategy
that provides the lowest cost satisfying perfor-
mance requirements. 
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Abstract—The rapid growth in demand for mobile and no-
madic wireless access forces the use of more and more base
stations (BSs). In such dense networks, various techniques for
multicell interference coordination have been investigated. How-
ever, whether or not the interference coordination provides cost
benefit compared with a loosely coordinated system is not obvious
because the tight coordination at PHY-layer is likely to need
an expensive high-speed backbone infrastructure. In this paper,
we assess the worthiness of the tight interference coordination,
referred to as coordination gain, in various indoor environments.
We compare a hypothetical interference-free system as an upper
bound with a simple interference-limited system opportunistically
avoiding interference. The range of possible coordination gain is
examined for various wall losses, path loss exponents, building
shapes, and deployment density. Results show that substantial
gain can be achieved in dense deployment at open areas with
low path loss exponent, e.g., lightly furnished offices partitioned
with soft walls. Nevertheless, the coordination gain significantly
drops in the presence of marginal wall loss regardless of the
other environmental factors.

I. INTRODUCTION

As a mobile broadband access widely spreads out, a recent
survey reports that the orders of magnitude of more mobile
data traffic will be generated at indoors in the near future [1].
Obviously, operators will seek a low-cost and high data rate
indoor system to meet the unrelenting capacity demand. Inter-
cell interference is one of the limiting factors for a downlink
transmission in multicell environments. For enhancing the
system capacity, various multicell interference coordination
schemes were proposed [2]. Several studies investigated the
system capacity in the ideal case where all base stations (BSs)
know global knowledge by instantaneously exchanging in-
formation via the backhaul with unlimited capacity [3]–[6].
The authors of [7], [8] also considered a more realistic finite
backhaul capacity for interference coordination. However,
such tightly coordinated system needs dedicated backhaul
installation to share channel state information (CSI) or user
data streams among BSs in order to mitigate or cancel inter-
cell interference.

Alternatively, the extent of interference coordination can be
lowered by means of fully distributed operations or limited
information sharing via existing IP connections [9]. A prob-
abilistic approach has been adopted in the widely deployed
Wi-Fi systems, i.e., distributed coordination function (DCF).
A number of different distributed schemes have also been pro-
posed in cellular systems [10]–[16]. The authors of [10]–[12]
proposed distributed iterative algorithms based on broadcast

message in the air, e.g., the gradient of interference when
channel state varies slowly enough until the algorithm con-
verges. In [13], [14], the random shuffling of resource blocks
for transmission was considered to opportunistically avoid co-
channel interference. Beside, [15], [16] proposed algorithms to
exploit the statistical information, e.g., the average number of
users per cell, which can be exchanged via low-cost backhaul.

Although the tighter interference coordination with more
knowledge certainly provides better system capacity [9], this
comes along with extra infrastructure cost in the deployment
perspective, e.g., dedicated optical fibers to instantaneously
share information among BSs [6]. Accordingly, it is crucial
to know if such tight interference coordination is worthwhile
compared with the loosely coordinated system. Moreover, due
to the wide variety of in-building structures that leads to
different interference characteristics [17], the tightly coordi-
nated system may lose its performance advantage in some
environments. Overall, the benefit of interference coordination
has not been explicitly assessed yet despite the importance of
quantitative analysis in the multitude of indoor environments.

In this paper, we aim to explore the worthiness of coordina-
tion by explicitly quantifying the performance gain of multicell
interference coordination with different environmental factors,
which have been largely ignored in the literature. We aim to
address the following questions:

• How much interference coordination gain can be poten-
tially achieved?

• In which type of indoor environments is the coordination
worthwhile?

For this, we compare a hypothetical interference-free system
and a loosely coordinated system which employs probabilistic
interference mitigation. Two simplified building structures are
considered where we assess the coordination gain depending
on wall loss, path loss exponent, and deployment density. The
remainder of the paper is organized as follows: we describe
the general network model and indoor environments in Sec-
tion II. In Section III, we discuss two inter-cell interference
coordination models. Section IV provides numerical results,
and then we draw a conclusion in Section V.

II. SYSTEM MODEL

A. Radio Network Model

For simplicity of the exposition, we investigate two indoor
building shapes as depicted in Fig. 1 where internal walls
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Fig. 1. Indoor models and BS deployment examples

evenly divide a finite service area to create the equal size of
15 m × 15 m partitions. Note that real indoor environments
may be irregular, e.g., uneven partition size and asymmetric
building shapes. More various indoor environment scenarios
can be explored as a future work. Then, we assume that NBS

single-antenna BSs are deployed in both building shapes on
the same frequency band. As illustrated in Fig. 1(a)–(b), BSs
are placed such that the same per-BS coverage is maintained.
Although this may not be the optimal deployment due to
boundary effects in the finite service area, it can reflect one
of realistic indoor deployment cases which follow a basic
planning guideline given in a technical manual [18]. In the
above premise, let us focus the downlink transmission. Then,
users experience distinct inter-cell interference characteristic
depending on the building shape. A user at the corridor
shape in Fig. 1(a) can be surrounded by the fewer number
of neighboring interferers than one at the square shape in
Fig. 1(b) where interferers exist on the vertical side as well.

It is also assumed that single user with single-antenna is
uniformly distributed in a given cell at a given time. Note
that the cell covered by a BS is defined as the service area
in which the BS provides the highest average received signal
strength to a user. This represents a fully loaded system and
equal time-sharing scheduling among users in a given cell
when a number of users arrive. The full load assumption may
result in the optimistic gain of interference coordination since
it creates the maximal interference to neighboring cells on
average. However, this can provide us with a good reference
scenario for upper bound analysis.

B. Propagation Model

Each radio link is affected by the path loss attenuation and
Rayleigh fading. For the path loss between BS i and user j,
we adopt a general Indoor Multiwall and Floor model which
considers all walls intersecting the direct ray between a BS

and a user [17], [19]. By assuming single floor, the path loss
between BS i and user j can be dependent on the internal wall
and distance as given in

L
(dB)
ij = L0 + 10αlog10(dij) + kLw (dB), (1)

where L0, α, dij , and k represent the constant loss, the
pathloss exponent, the distance in meter between BS i and
user j, and the number of walls across a BS i and a user j,
respectively. Note that Lw is the constant loss per wall since
we assume the homogenous indoor materials for the analysis
simplicity. Also, α depends on the size or the surroundings
of the partitions as well as operating frequency. In general,
the bigger size of partitions with hard obstacles at higher
frequency creates the higher α [17], [20], [21].

Additionally, we assume a small-scale Rayleigh fading
channel component zij which is characterized by independent
zero-mean unit-variance complex Gaussian distribution. By
assuming rich scattering, all channels are perfectly uncorre-
lated. This can be justified by a fact that BSs and users are
sufficiently separated. Then, let us define the complex channel
response between BS i and user j as

hij =
√

Lijzij . (2)

Note that Lij represents the linearly scaled path gain, i.e.,

Lij = 10
−L

(dB)
ij

10 . Then, a complex channel coefficient matrix
is denoted by H = {hij}. Due to independent channel fading
and user placement, H becomes a NBS by NBS square matrix
with the full rank. Also, the channel gain gij can be computed
from squaring the amplitude of hij , i.e., gij = |hij |2.

III. INTER-CELL INTERFERENCE COORDINATION

In order to quantify the coordination gain in the downlink
transmission, we consider two interference coordination sys-
tems as an upper bound and a lower bound, respectively: 1)
a hypothetically interference-free system where both BSs and
users fully cooperate and know ideal knowledge, and 2) a
loosely coordinated system which probabilistically mitigates
inter-cell interference.

A. Hypothetical Coordination with Ideal Knowledge

The aim of this subsection is to explore the maximum
achievable performance of intercell interference coordination
for the network configurations described in the previous sec-
tion. In this regard, we employ several assumptions which are
ideal and somewhat impractical to fulfill in real environments.

First, we assume that users report the perfect CSI of both
signal and interfering links to their serving BSs via ideal
feedback channels and BSs share them for joint processing.
The availability of CSI allows BSs to coordinate their signal-
ing strategies, e.g., power allocation and beamforming direc-
tions [22]. Second, the BSs are connected by high-capacity
delay-free backhaul so that they can share the data stream of
their respective users as well as the CSI information [6]. Then,
a tight interference coordination can be achieved such that all
BSs jointly transmit designed waveforms to the users. In this
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case, the concept of an individual serving BS for one user
disappears since multiple antennas belonging to different BSs
can be simultaneously utilized to send data streams to a user.
Besides the ideal knowledge at the BSs, we further assume
that users fully cooperate to share CSIs and received signals.

In principle, such a full cooperation transforms the multicell
network into a NBS by NBS virtual MIMO channel. In
practical systems, full cooperation and ideal knowledge by
users may not be realized due to considerable signaling over-
head. Also, BSs can be linked by limited-capacity backhaul.
However, the hypothetical system provides the upper bound
of system performance below which the performance of any
practical systems stays. The practical constraints on users and
backhaul capacity need to be further investigated as a future
work.

In this hypothetical system, it is well known that the optimal
solution to maximize aggregate data rates is water-filling
power allocation at transmitters, i.e., BSs for our case, with
appropriate joint precoding and decoding [23], [24]. To obtain
the optimal precoding and decoding vectors, we can simply
apply singular value decomposition (SVD) in H matrix. The
precoding and decoding vectors make H diagonalized by cre-
ating NBS interference-free channels. Then, we can compute
the optimal data rate in the interference-free link for a user j
as follows:

Rideal
j = log2 (1 + SNRj) (bps/Hz), (3)

where

SNRj =
λ2

jP
∗
j

N0
. (4)

Here, λj is the channel eigenvalue corresponding to user j
of H . Note that P ∗

j can be obtained from water-filling power
allocation on the channel eigenvalue [23]:

P ∗
j =


µ −

(
λ2

j

N0

)−1



+

, (5)

where µ is chosen such that
∑

j P ∗
j = Ptot. Note that (·)+

is zero if its argument is negative. We here presume the sum
power constraint which reflects the power pooling among BSs.
For the comparison with a lower bound, let us restrict our-
selves to Ptot = NBSPt where Pt denotes constant individual
BS transmit power in the loosely coordinated system in the
following subsection. Therefore, the system capacity of the
hypothetical system is given by

Cideal = E


∑

j∈U

Rideal
j


 , (6)

where the user set served by the BSs at a given time is denoted
by U.

B. p-persistent Opportunistic Transmission

The forementioned hypothetical system needs, besides the
other challenging requirements, costly dedicated backhaul on
which information can be instantaneously shared among BSs.

An option to lower the dedicated backhaul cost is to use IP-
based broadband connections already built in the buildings.
Generally, these broadband connections are provided in a best-
effort basis. Thus, it is difficult to share instantaneous channel
matrix or user data stream in a guaranteed manner. It will be
only the long-term local information, e.g., user distribution or
load statistics per cell, that can be consistently shared among
BSs to aid the statistical multicell interference coordination.

As the representative of a loosely coordinated system,
we consider a statistical information based interference co-
ordination which we compare with the hypothetical MIMO
system. Specifically, we adopt probabilistic multicell interfer-
ence mitigation where BSs opportunistically avoid concurrent
transmissions in fully shared frequency band [11], [13], [14].
In this scheme, each BS is randomly activated by following
an activation probability p which can be initially configured in
the deployment phase or be automatically adapted according
to environmental changes, e.g., the change of BS topology or
the statistics of user distribution. It is worth to noting that p
is chosen once at the deployment phase since we restrict our
attention to a stationary system in a sense that user statistics
and BS topology remain same. At a given time, the data rate
of a user j served by its activated BS i can be computed by

Rj = log2 (1 + SINRj) (bps/Hz), (7)

where
SINRj =

gijPt

Ij + N0
. (8)

Note that Ij represents aggregate interference received at a
serving user j from all active neighboring BSs which transmit
with fixed power Pt at a given time. Then, let us define the
system capacity for a given p probability as

Cprob(p) = E


∑

j∈Up

Rj


 (bps/Hz). (9)

We here use a term Up for the user set served by activated
BSs at a given time.

While leaving the practical method of configuring p out of
scope in this paper, we assume that all BSs are always assigned
with the optimal p∗ to provide the best performance in a given
indoor environment. For any indoor environments, p∗ can be
obtained by solving the following optimization problem:

maximize Cprob(p)

subject to νprob(p) < β

θmin ≤ p ≤ θmax

where νprob(p) = Pr(SINRj < γt) represents the outage
probability of serving users from the activated BSs with
minimum SINR threshold γt. Note that θmin, θmax, and β
represent the minimum activation probability, the maximum
activation probability, and outage probability threshold, re-
spectively. In order to obtain Cprob(p

∗), we employ the fine-
grained quantization of p, and perform an exhaustive search
to find the best estimated Cprob(p) subject to νprob(p) < β.
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Fig. 2. System capacity according to Lw (Corridor shape with NBS = 6
and α = 3).
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Fig. 3. Outage probability according to Lw (Corridor shape with NBS = 6
and α = 3).

C. Coordination Gain

By comparing Cprob(p
∗) with Cideal of the hypothetical

system where ideal MIMO channel capacity can be achieved,
we can quantify coordination gain defined as

Coordination gain :=
Cideal

Cprob(p∗)
.

This reflects the average system performance improvement
over the statistical information based coordination by in-
stantaneously coordinating the inter-cell interference. Higher
coordination gain can be interpreted as the larger cost benefit
of interference coordination for a given extra infrastructure
cost.

TABLE I
AVERAGE WALL LOSS ACCORDING TO COMMON BUILDING MATERIAL [17]

Material Type Loss (dB) Center Frequency (MHz)

All metal 26 815
Concrete block wall 13-20 1300

Empty cardboard 3-6 1300
Light textile 3-5 1300

IV. NUMERICAL RESULTS

A. Simulation Parameters

In the numerical evaluation, L0 = 37 dB, N0 = −95 dBm,
and Pt = 20 dBm are used, respectively. We also limit our
evaluation with γt = 6 dB and β = 0.05. For a given
Lw, we average the performance over 1000 different channel
realizations to estimate Cideal and Cprob(p

∗).

B. Wall Effects on Coordination Gain

Fig. 2 and 3 illustrate the system capacity and the outage
probability of two systems in the corridor shape when NBS =
6. Since each BS is located at the center of each partition,
all users in each partition are likely connected to the BS in
the same partition. As a result, Cideal is constant with almost
zero outage probability regardless of Lw since the desired
signals are not weakened by the walls while the interference is
perfectly eliminated. Note that the outage in the hypothetical
interference-free system can occur when the optimal waterfill-
ing assigns insufficient power on a particular link to maximize
the sum of rates at a given time. However, as shown in 3, it
rarely happens in the considered evaluation scenario so that the
hypothetical system easily meets the same outage probability
constraint β = 0.05 imposed in the p-persistent coordination.
On the other hand, the p-persistent coordination is heavily
affected by Lw due to inter-cell interference. With the fixed p
allocation, it may violate outage constraint β in relatively small
Lw due to excessive interference from neighboring BSs. By
lowering p, the system can satisfy the outage constraint thanks
to the conservative transmission, but it has fewer opportunity
to transmit, i.e., lower system capacity. With the optimal p∗

configuration, Cprob(p
∗) increases as Lw grows while meeting

the outage constraint.
Fig. 4(a)–(b) illustrates the effects of different α and

building shapes on the coordination gain, respectively. Lower
α generates more interference since interference can reach
further users. Besides, the corridor shape has less coordination
gain than the square shape since users in the corridor hurts only
from horizontally deployed BSs due to the building structure.
Thus, the figures show that the square shape and the smaller α
have higher coordination gain since they create larger interfer-
ence which can be totally removed in the hypothetical system.
Nevertheless, the gain significantly drops as Lw increases
regardless of the building shape and α. For instance, Fig. 4(a)
shows that the gain in the corridor shape drops by 63%
with Lw = 10 dB regardless of α. Also, in Fig. 4(b), the
gain decreases by 63% and 70% with Lw = 10 dB in the
corridor and the square shape, respectively. In Table I, several
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examples of average wall loss are listed according to the
typical materials at different center frequency. It shows that
10 dB attenuation corresponds to typical concrete block walls
which are usually used for dividing large areas, e.g., office
divisions or households in apartments.

C. Deployment Density and Coordination Gain

Depending on the user demand, operators can deploy more
(fewer) number of BSs to increase (decrease) the system ca-
pacity in a given service area. However, more BSs cause more
downlink interference in general. We explore the effects of
deployment density on the coordination gain. Fig. 5 provides
how the coordination gain is changed with more or fewer BSs
deployment in the corridor shape. Note that each BS is evenly
placed in a horizontal axis to cover the same geographical area.
Since there are six partitions with five walls, at least one of
BSs faces with another BS without any wall separation when

NBS = 8. In the p-persistent transmission, such exposed BS
loses any benefit from wall shielding so that the performance
deterioration is inevitable due to the more conservative trans-
mission setting. Consequently, the coordination gain curve is
shifted toward right in the figure. On the other hand, there can
be multiple walls between serving users and associated BSs
when NBS = 2. Due to the wall penetration loss in traversing
signals, some of users positioned in partitions without BSs
experience much weakened signals which do not occur when
NBS is more than the number of partitions. Accordingly,
the capacity of the hypothetical system drops regardless of
the interference elimination to let the coordination gain curve
shifted leftward.

V. CONCLUSION

We investigated the potential benefit of practical multicell
interference coordination. For this, we quantitatively assessed
the optimistic performance gain of coordination on purpose
in the various range of indoor environments. We compared a
hypothetical interference-free system as the upper bound and
a loosely coordinated system with probabilistic interference
mitigation as the lower bound. The coordination gain was eval-
uated under various wall loss, path loss exponents, building
shapes, and deployment density.

Numerical results demonstrate that the multicell interference
coordination is not always worthwhile. In open areas such as
conference halls, the coordination can ideally provide the sub-
stantial gain especially when BSs are densely deployed. How-
ever, the gain considerably declines with marginal increase
in wall loss between BSs regardless of other environmental
factors, e.g., 60–70% drop in the presence of 10 dB wall
loss which corresponds to the typical brick wall in offices.
This suggests that the cost of dedicated backhaul to enable
the tight coordination may not be compensated in network
deployments with reasonable wall losses. As a future work, the
refined coordination gain should be evaluated especially where
significant gain is identified by comparing a more practical
upper bound with a lower bound in a more realistic load and
shared backhaul scenarios.
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Abstract—Low-cost provisioning of high capacity is a
formidable challenge for wireless industries. While equipment
prices continue to drop, a total cost for hotspot services is
dominated by installing dedicated backhauls to enable a real-time
cellular interference coordination across access points (APs). In
light of this, two deployment strategies are mainly considered: a
densification of cheap uncoordinated Wi-Fi APs, and a fewer but
expensive pico-cellular deployment with a real-time coordination
functionality. A conventional static cellular coordination is also
considered as a reference. In this paper, we aim to quantitatively
identify the most effective hotspot deployment strategy with
respect to a total deployment cost. For this, we propose a
framework of a cost-capacity analysis with a novel concept
of permissible coordination cost. It is found that there is no
universal winner from a total cost perspective. The cost-effective
region of each strategy is highly dependent on an area capacity
target and a specific indoor propagation condition. A Wi-Fi is
the cheapest solution at a relatively low capacity requirement.
However, its deployment cost grows drastically at a critical
capacity level regardless of propagation conditions due to the
fundamental lack of coordination in a CSMA/CA operation.
Beyond this limit, the conventional cellular coordination can be
cheaper in obstructed propagation environments, e.g., furnished
offices with walls, than an ideal real-time coordination such as
multi-cell zero-forcing (ZF) beamforming. In open spaces like
stadiums, the real-time coordination becomes the most viable
solution due to a considerable site reduction gain, provided that
an extremely accurate channel state information at transmitters
is available.

Index Terms—Cost-capacity analysis, Wireless network deploy-
ment, Wi-Fi densification, Inter-cell interference coordination.

I. INTRODUCTION

With unprecedented growth of mobile traffic demand, sig-
nificant investment in hotspot wireless access networks is pre-
dicted in the next decade. Certainly, a network deployment cost
is a major constraint of such investment to make a business
case. There are two different deployment strategies mainly
considered in industries. One choice is densifying cheap Wi-
Fi access points (APs) which does not have any architectural
supports for inter-cell interference coordination. An alternative
is deploying fewer pico-cellular base stations (BSs)1 with real-
time coordination features. Although an explicit cellular co-
ordination provides better spectral efficiency, it involves high
costs to enable the coordination [1], [2]. It is because a cost
structure for high-density hotspot deployments is dominated

1Without the loss of generality, we interchangeably use a term BS and an
AP at the remainder of paper.

by installing a new dedicated backhaul to support timely inter-
cell coordination [3]. Therefore, it is still not trivial which
strategy can provide a lower total deployment cost.

The technical gain of inter-cell interference coordination has
been extensively studied as the hot topic of wireless research
over decades (see [2], [4] for a recent survey). However, exist-
ing approaches are not sufficient for a cost comparison due to
two reasons. First, the majority of studies focused on a spectral
efficiency gain by an additional coordination capability at a
given BS density rather than a site reduction gain subject to a
capacity requirement. It is not straightforward if the spectral
efficiency gain can be linearly converted to the site density
reduction because a different deployment density completely
changes an interference situation. Secondly, a cost-capacity
analysis model is missing to explicitly compare two strategies
from a cost perspective. The site reduction itself cannot be
translated into a total cost benefit without a cost model which
defines cost elements and linkages to a site density. Most of
previous work typically ignored the importance of a cost model
to draw economic findings.

Only very little work explicitly investigated the economic
aspects of the coordination despite of the increasing awareness
of cost issues in a future wireless system design. The authors
of [5] assessed a site reduction by employing point-point
multi-antenna techniques compared with SISO configurations.
An area spectral efficiency was computed in [6] according to
the site density of network-level power control and networked
MIMO at a given total energy constraint. Impacts on CAPEX
and OPEX saving by inter-BS cooperation according to a
cluster size have been investigated with a given empirical
cost figure in [7]. However, the existing economic compar-
isons were in the cellular context, and there has not been a
direct cost comparison with a Wi-Fi network which adopts
a completely different CSMA/CA mechanism from cellular
systems. In addition, the sensitivity of an economic gain to
the propagation conditions of indoor hotspots were not well
studied yet although indoor environments are very diverse due
to inconsistent wall densities and losses [8].

Our main objective is to quantitatively investigate which
deployment strategy can be better with respect to a total cost
and how the answer changes according to propagation condi-
tions and area capacity requirements. For this, we propose a
framework of analyzing a tradeoff between a system efficiency
gain and coordination cost. Note that cost factors associated
with multi-cell coordination are highly dependent on imple-
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mentations, and thus hard to measure in practice. Therefore,
we introduce a novel concept of permissible coordination cost
which can be estimated by solving a dimensioning problem.
This enables us to provide the condition of a coordination cost
for resulting in lower total cost than Wi-Fi deployment. For
numerical analysis, two extreme levels of cellular coordination
are considered: one exploiting real-time channel state infor-
mation at transmitters (CSITs) and data information, and the
other relying statistical propagation information. Particularly,
multi-cell zero-forcing (ZF) techniques with and without CSIT
errors and a static frequency planning are chosen for numerical
experiments. Since there are several techniques outperforming
multi-cell ZF and the frequency planning at each level of
coordination [4], [9], our approach will yield the lower-bound
estimation of the permissible coordination cost.

The contribution of this work can be summarized threefold:
1) Firstly, we develop a techno-economic framework in

order to analyze the tradeoff between coordination and
the involved costs. We model a coordination cost with
respect to a unit deployment cost by using a linear cost
model. The key of the framework is the permissible
coordination cost which will be explained in detail in
Section 2.

2) Secondly, we provide a system-level evaluation model to
assess a required site density of each deployment strat-
egy in any indoor propagation conditions. Especially,
we introduce a simple model of describing CSMA/CA
to obtain an ideal capacity estimate of a dense Wi-Fi
network. For multi-cell ZF, the impact of CSIT errors
are taken into account for a more realistic capacity
estimation.

3) Thirdly, we present a quantitative map of deployment
strategies for the lowest cost. It considers two critical
parameters affecting a winning strategy: propagation
conditions and mean area throughput requirements. It
also highlights the practical bottlenecks of future system
design.

The rest of this paper is organized as follows. A novel cost-
capacity analysis model is provided in Section II. Section
III shows common assumptions on environments, user traffic,
and a network deployment. Then, radio network models of
uncoordinated Wi-Fi and coordinated pico-cellular systems are
given in Section IV and V, respectively. Section VI describes
a simulation methodology to estimate the permissible coordi-
nation cost. Numerical results are illustrated in Section VII.
Finally, we draw conclusions in Section VIII.

II. COST-CAPACITY ANALYSIS MODEL

A. Infrastructure Cost Model

Throughout this study, a simple linear cost model for a
wireless system type i is assumed which was widely adopted
in a cost analysis [3], [10]. Then, the absolute total cost of
whole wireless infrastructure can be approximated as

Ci
tot ' cibN i

b [monetary units (m.u.)], (1)

where cost coefficient cib includes all capital expendi-
ture (CAPEX) and operational expenditure (OPEX) aspects.
CAPEX is mostly related to all one-time investment, e.g.,
APs or core network equipment, site installation/build-out, and
antenna systems. Costs during operation, e.g., backhaul trans-
mission, site rental, operation and maintenance (O&M), and
electricity, are categorized as OPEX. The costs for equipment
and site build-outs are accounted for in the first year. That
is, the whole network is deployed during the first year. The
OPEX aspect is calculated in a present value using a standard
economical method for cumulated discounted cash flows [11].
Then, we take both first year investments and running costs
in a total cost comparison of different system types. This is
simply done by summing up the discounted annual cash flows
for the whole T years of a network life cycle according to

cib = cCAPEX
b +

T−1∑

k=1

cOPEX
k

(1 + d)
k

=
T−1∑

k=0

ck

(1 + d)
k

[m.u./AP],

(2)
where d is a discount rate, e.g., 0.1. Indoor and hotspot
systems may have a even simpler cost structure than the
conventional macro networks due to the small physical size of
equipment and low transmit power. For instance, cost related to
site installation/build-out, site rental, antenna systems, O&M
becomes relatively ignorable whereas expenses for AP equip-
ments and new backhaul installation are dominant. However,
we can still employ the linear cost model [12].

B. Permissible Coordination Cost

Although various perspectives on the abstract coordination
exist in many studies [2], we define coordination as a ca-
pability to share a relevant system-level information [13].
Inherently, this is closely related to different time-scales of
resource allocation and a control-plane architecture design.
Thus, the amount (or level) of coordination can be a function
of information exchange rate among nodes (e.g., BSs) [14].
In principle, tighter coordination can have more technical gain
based on a wiser radio resource allocation decision. Depending
on the level of involved coordination, a large variety of coor-
dination cost exists. For instance, it could be marginal if it is
easily implemented by software configurations, e.g., protocol
modification to allow delay-insensitive statistical information
exchange. In other cases, much higher cost than the original
equipment cost can be involved. For instance, completely
different control-plane/physical architectures are needed from
the stage of a equipment design to support more stable and
shorter time scales of coordination, e.g., a physically separated
central processing unit and the installation of low-latency
dedicated fibers. Therefore, costs related inter-cell interference
coordination are very dependent on actual implementations
and they are often interrelated to other cost elements. Hence,
our approach takes to aggregate all cost elements related to the
coordination into one parameter, namely a coordination cost.
By assuming that the total coordination cost is linear to the
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number of BS2, let us denote ∆cib as a coordination cost per
BS. Then, cib can be modeled by taking into account additional
features of coordination as:

cib = crefb + ∆cib. (3)

For a certain area capacity requirement, a total deployment
cost comparison between a basic reference system and one ad-
vanced system i with a coordination feature can be formulated
in a relative manner as:

Ci
tot

Cref
tot

=
cibN

i
b

crefb Nref
b

≷ 1. (4)

According to this, an operator should choose the system i if
the ratio Ci

tot

Cref
tot

is less than 1. By reordering this inequality, the
system i can be cheaper than the basic system if the following
condition is fulfilled:

cib
crefb

<
Nref

b

N i
b

. (5)

Without loss of generality, we redefine a relative coordina-
tion cost per BS ∆c

i/ref
b :=

∆cib
crefb

. Then, we can express the
inequality condition (5) in a more efficient way as

∆c
i/ref
b <

Nref
b

N i
b

− 1. (6)

The right hand side in the above condition can be seen
as the upper bound of ∆c

i/ref
b . Let us define it as

permissible coordination cost in a system i compared with a
basic reference system:

Γi/ref :=
Nref

b

N i
b

− 1. (7)

This can work as an economic necessary condition that the
∆c

i/ref
b should be met to save a total cost by implementing

an additional coordination functionality in a system i. The
higher Γi/ref represents a more relaxed cost condition on
coordination, which implies that the coordinated system would
be a more economic choice. Therefore, the assessment of
Γi/ref can be a more intuitive measure with respect to a cost-
oriented system design compared with a traditional spectral
efficiency improvement measure.

C. Estimation of Γi/ref

In order to estimate Γi/ref , computing Nref
b and N i

b subject
to a certain capacity requirement is an essential step. Inher-
ently, this is closely related to a dimensioning problem. We
suppose that a network is dimensioned to support a mean area
throughput mi

Ω (Mbps/m2) subject to an outage probability

2Depending on an initially available infrastructure situation, it may be step-
wise linear to the number of placed APs, e.g., reusing existing backhaul for
first several BSs and new installation of a bakchaul. Our framework can be
easily extended to capture this situation.

lx

ly
APs in channel 1

APs in channel 2

Co-channel interference

User

Signal

ij=2

Fig. 1. A service area layout with the example of AP deployment in nine
rooms.

νi during a busy hour. Then, the dimensioning problem with
system i can be mathematically formulated as

minimize Ci
tot

subject to mi
Ω = Rtot,

νi < β.

(8)

when a specific capacity level is given with Rtot and β. This
is exactly equivalent to minimizing N i

b by assuming that cib
is independent from a deployment density. By comparing the
outcomes of the above problem, we can assess Γi/ref . In order
to estimate N i

b for a cost comparison in various propagation
and capacity conditions, it is essential to efficiently evaluate
a large-scale system performance by taking into account of
distinct coordination features. In light of this, the following
sections will mainly discuss technical modeling details of the
uncoordinated Wi-Fi and the coordinated cellular networks.
Static frequency planning and real-time multi-cell ZF are
especially chosen for cellular coordination techniques. For
a notation simplicity, we indicate Wi-Fi and the cellular
coordination techniques as wifi, fp, and zf at the rest of
this paper, respectively.

III. SYSTEM MODEL

A. Indoor User and Traffic Model

As depicted in Fig. 1, we consider a square service area
Ω with the size of lx by ly in meters. We assume that
there exist internal walls to create the constant signal strength
loss Lw (dB). wx × wy walls are regularly placed in the
locations (xw, yw) =

(
lxa

wx+1 ,
lyb

wy+1

)
where a = 1, ..., wx and

b = 1, ..., wy . This represents a homogenous indoor structure
and materials for simplicity. We also define a wall density
Dk

w = wk

lk
(wall/m) for k ∈ {x, y} to characterize different

indoor environments.
We use a fluid traffic model, i.e., infinitely many virtual

users with full buffers at MAC layer. This assumption makes
all APs always have receivers to transmit data regardless
of a deployment density. Although this model ignores the
delay distribution of the individual packets, it can give us the
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estimate of one system performance by removing the chance
of network under-utilization without idle APs in a very dense
situation. A persistent downlink traffic is presumed with no
or negligible upstream traffic. This is reasonable since the
downlink generally limits the network capacity [15].

B. Propagation Model

We assume that both an AP and a user have single antenna
for the analysis simplicity. Each radio link is affected by the
path loss attenuation and Rayleigh fading. For the path loss
between AP i and user j, we adopt a general Indoor Multiwall
and Floor model which considers all walls intersecting the
direct ray between an AP and a user [8], [16]. By assuming
single floor, the path loss between AP i and user j can be
dependent on the internal wall and distance as given in

L
(dB)
ij = L0 + 10αlog10(dij) + φijLw (dB), (9)

where L0, α, dij , and φij represent the constant loss, a
pathloss exponent, a link distance in meter, and the number of
walls across the link, respectively. Also, α depends on the size
or the surroundings of rooms, or an operating frequency. In
general, the bigger size of rooms with hard obstacles at higher
frequency leads to a higher α [8], [17].

Additionally, we assume an independent and identical small-
scale Rayleigh fading channel component zij ∼ CN (0, σ2

z).
By assuming rich scattering, all channels are perfectly uncor-
related. This can be justified by a fact that APs or users are suf-
ficiently separated and many scattering objects in indoors [18],
e.g., furniture or uneven wall surfaces. Then, let us define
the complex channel response between AP i and user j as
hij =

√
Lijzij . Note that Lij represents a linearly scaled path

gain, i.e., Lij = 10
−L

(dB)
ij

10 . Then, a complex channel coefficient
matrix is denoted by H = {hij} for all active links at a given
time. Then, the channel power gain gij can be computed by
squaring the amplitude of hij , i.e., gij = |hij |2. We also
consider a block fading model, where H remains quasi-static
within a fading block, but varies between contiguous fading
blocks.

C. Performance Measure and Deployment Model

As a network dimensioning metric, a performance measure
needs to be defined. Since we focus on downlink traffic during
a busy hour which is the main consideration of network
deployment, two long-term average downlink performance
metrics of a system i are used: mean area throughput mi

Ω

(Mbps/m2) and outage probability νi. They are mathematically
defined as

mi
Ω :=

E

[
∑

j∈Li

R̂i
j

]

Ω
[Mbps/m2], (10)

and
νi := Pr(SINRj < γt), (11)

where R̂i
j and SINRj account for an instantaneous data rate

and signal to interference and noise ratio (SINR) of a user,

respectively. γt is the required minimum SINR for an outage
definition. Li represents a set of active links in a whole
system as a function of a specific MAC layer and inter-cell
coordination. Here, the expectation is taken with respect to a
link selection by a MAC layer and channel conditions.

We also assume that APs are placed regularly in order to
maintain the equal geographical area per BS. That is, nx by ny
APs are placed as shown in Fig. 1. The location planning could
be further optimized considering the building geometry and
its indoor structure. Since our objective is comparing different
systems with respect to interference coordination, we leave the
location optimality issue out of the scope. Instead, we refer
interested readers to our previous work on this aspect [19].
We simply assume the locations (xb, yb) of deployed APs are
given as (xb, yb) =

(
lx
nx

(
1
2 + (a− 1)

)
,

ly
ny

(
1
2 + (b− 1)

))

where a = 1, ..., nx and b = 1, ..., ny .

IV. UNCOORDINATED WI-FI NETWORK

The capacity estimation of a dense Wi-Fi network is a
challenging task since the complex behavior of multiple APs
is difficult to model. A popular queuing based collision model
stemming from [20] is usually applicable to single cell uplink
and hard to be extended to a multi-cell downlink context in
general indoor environments. An accurate packet-level simu-
lation is also very time-consuming for a large-scale analysis.
Thus, we in this section propose a a simple Wi-Fi network
model where practical impairments in MAC and PHY layer
are idealized, but the key features of a CSMA/CA operation
are captured. This model can be used to estimate the optimistic
mean area throughput of downlink multi-cell Wi-Fi network
in any obstructed indoor environments.

A. MAC and PHY Layer Model

In a CSMA/CA-based IEEE 802.11 standard, there are
several components that are related to an inter-AP interference
avoidance: 1) multi-frequency channels, 2) physical carrier
sense for detecting simultaneous transmissions and mitigating
interference, 3) a binary exponential back-off mechanism for
resolving contention.

Depending on operating frequency band and standard vari-
ants, different numbers of non-overlapping frequency channels
are defined [21]. We assume that there is Kwifi number of
orthogonal channels defined by a set Kwifi. Then, each AP i
accesses one of non-overlapping channels whose bandwidth
wwifi

i is given by a total system bandwidth W (MHz), i.e.,
wwifi

i = W
Kwifi (MHz).

Let us define a set of APs operating in a frequency channel
k as Ak. At a given data transmission time, only a subset of
Ak can be concurrently active due to a CSMA/CA operation.
Let Ak

x be the set of all co-channel APs which are in the
contention domain of AP x operating in a channel k. It is
mathematically expressed as follows:

Ak
x := {i ∈ Ak, i 6= x|gixPt > CSthr}.

The collision probability (outage in a cellular context) and the
spatial reuse gain are affected by CSthr since it defines the
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size of the contention domain. Intuitively, the higher CSthr

makes APs aggressively reuse the space domain, i.e., more
simultaneous transmission for higher capacity but with more
collision. IEEE 802.11 standard says a mandatory CSthr

for coexistence in unlicensed band [21]. For this, we use
CSthr = 10−8.5 mW as defined in [21] which is named as
Baseline Wi-Fi. Nevertheless, there may be a strong motivation
for operators to adjust CSthr for striking their own balances
between the capacity and he collision probability. Thus, we
also examine lower CSthr for a comparison purpose which is
referred to as Aggressive Wi-Fi. In a practical Wi-Fi network,
collisions among APs in a contention domain can occur
because of the mismatch in the timing of carrier sensing
and actual transmission. However, we assume that all APs
in Ak

x always listen when AP x transmits data, i.e., perfect
carrier sensing. It is noticeable that collisions due to a spatial
mismatch between carrier-sensing APs and receiving users, a
so-called hidden node problem, can still occur.

Let us refer to the set of all active APs elected by the MAC
protocol in a frequency channel k at a given time as Φk ⊂ Ak.
Since Φk plays an important role in the performance of a
Wi-Fi network, a precise and yet simple model describing
this set is necessary while capturing the important features
of CSMA/CA. Matérn hard core point process has been
recently paid an attention to estimate data rates of a generic
CSMA/CA network. This is theoretically founded on Poisson
point process (PPP) with an additional thinning process [22]–
[24]. However, the homogeneous PPP assumption suffers from
several drawbacks in practical indoor situations, as argued
in [24]–[27]. First of all, the effect of obstructed indoor
environment, which creates spatially varying interference, is
hard to be analyzed even though it is one of crucial factors
to affect the performance of indoor deployment. Secondly,
it probabilistically permits some APs out of the contention
domains to be silent. This leads to the reduced spatial reuse
gain, i.e., fewer number of simultaneous transmission. Thirdly,
the spatial average of AP locations in infinite service areas
is estimated by assuming homogeneous interference. Practical
indoor Wi-Fi networks have finite service areas such that users
near a boundary experience a lower interference level than
those at a center.

These motivate us to consider a Simple Sequential Inhibition
(SSI) process which is applicable to more realistic indoor
environments by empirical simulation [28]. As a family of
random sequential packing process, the SSI is known to be
more appropriate to model CSMA/CA networks [28]–[31].
Let us define a SSI process Ψ in a constructive manner on
a finite and discrete set Ak. Ψ(n) is composed of a sequence
of n random variables denoted by X1, ..., Xn which are
independently and uniformly distributed in Ak. Initially, X1

is added to Ψ(1). Then, Xi is systematically added to Ψ(i)
if and only if it does not belong to the contention domain of
any APs in Ψ(n−1), i.e., Xi /∈ ∪Xj∈Ψ(i−1)Ak

Xj
. The process

stops whenever entire APs in Ak are either active APs or in
the contention domain of any active APs. A sample of active

Transmitting APs

Waiting APs

Carrier sensing range

User

Coverage

Co-channel interference

Signal

Dcs

Fig. 2. An example of realization of active Wi-Fi APs when single channel
is available without any walls.

APs Φk can be built by such SSI process as exemplified in
Fig. 2. This process always lets APs transmit unless it is in the
range of the contention domain of other active APs, contrary
to Matérn point process. Unlike deterministic interference
and rate models where rate is a simple inverse function of
deployment density with a fixed interference level, e.g., [32],
our model can also give a good balance between accuracy and
simulation flexibility for irregular indoor environments.

For a given realization Φk, each active AP i randomly
selects a user j to transmit data. Then, the set of active links
Lwifi for all frequency channels is created. For an active user j,
its instantaneous data rate can be achieved as

R̂wifi
j = min

{
wwifi

i log2

(
1+

gijPt∑
x∈Φk\i gxjPt + σ2/Kwifi

)
, Rwifi

max

}
[Mbps], (12)

where , Rwifi
max = wwifi

i ζwifi
max and σ2 (mW) are the maximum

peak data rate and average noise power for whole system
bandwidth W . Note that a practical Wi-Fi system uses a
discrete rate and the rate adaptation is also imperfect due
to the lack of explicit channel information feedback from
users unlike the cellular systems [21]. In this regard, the rate
model implicitly assumes the perfect rate adaptation without
any quantization.

V. COORDINATED PICO-CELLULAR NETWORK

Compared with the uncoordinated Wi-Fi mainly relying
on fixed etiquette rules, the cellular coordination can be
enabled by exchanging or gathering a relevant system-level
information to maximally exploit environment differences and
dynamic network conditions [13]. Several broad categories of
cellular inter-cell coordination exist depending on information
availability in a different time scale and even more detailed
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techniques are extensively studied in the literature [2], [33].
Instead of a holistic comparison, we in this section consider
two extreme categories of cellular coordination for a cost
comparison with the uncoordinated Wi-Fi: 1) a real-time co-
ordination based on instantaneous CSIT and data information
and 2) static coordination with statistical long-term network
information. Specifically, a multi-cell ZF and a conventional
frequency planning technique are chosen for a numerical anal-
ysis, yielding a lower-bound of each coordination category.

A. Multi-cell ZF with Instantaneous CSI and Data Information

All APs can ideally act as transmitters to share CSI and
all user data information, traditionally known as a networked
MIMO 3. Then, all user data and CSI information can be
jointly combined at the network side to cancel the inter-
cell interference by fully exploiting whole system bandwidth
in all APs [4], [34]. Although a number of techniques are
proposed and available both in theories and practice (see [4],
[35] for an extensive survey results on the networked MIMO),
their performances are comparable relative to the performance
of a conventional static cellular coordination and Wi-Fi. In
particular, we choose a linear multi-cell ZF beamforming tech-
nique which is one of most technically feasible solutions [34],
[36]–[38]. Especially, it is well known that the multi-cell ZF
technique becomes near-optimal in high SNR regime which is
at the focus of our interest, i.e., a dense indoor network [37].
Although the multi-cell ZF has a great potential to improve
the performance, it may be sensitive to imperfect channel
estimation or feedback delay [7], [39], [40]. Therefore, we
also consider both ideal ZF with perfect CSIT and one with
CSIT errors.

1) Ideal ZF: Let us refer to the vector of signals transmitted
by N single antenna APs as x ∈ C[N×1]. Then, the vector of
received signals y ∈ C[M×1] in M single antenna users can
be described as

y = Hx + n, (13)

where H ∈ C[M×N] and n ∈ C[M×1] is referred to as an
additive white noise vector with covariance E[nn†] = σ2I.

Suppose that H is perfectly known at the network side
without any feedback delay and estimation/quantization errors.
x can be now reconstructed with a linear beamforming matrix
W ∈ C[N×M] as:

x = Wu = H†(HH†)−1u, (14)

where the j-th element in the vector u ∈ C[M×1] is the
information-bearing data symbol intended for the j-th user.
We also assume that the elements of u are independent
zero-mean complex Gaussian random variables with variance
E[uju

†
j ] = pj (mW). Then,

y = Hx + n = HH†(HH†)−1u + n = u + n. (15)

3An ideal cooperation among BSs which fully share all information are
sometimes called in different names, e.g., a multi-cell joint processing or a
multi-user MIMO, depending on a research community [4]

User j receives yj = uj + nj so that it can achieve instanta-
neous data rate

R̂zf
j = min

{
W log2

(
1 +

pj
σ2

)
, Rzf

max

}
[Mbps], (16)

where Rzf
max = Wζzf represents the maximum peak data rate.

For the fair comparison with other systems, we disregard a
multiuser diversity gain by randomly selecting single active
user at a given cell and a given time. Thus, all channel matrices
considered in the sequel are N -by-N by setting N = M .
Because we assume that data symbols heading to different
users follow independent and zero-mean Gaussian distribution,
per-antenna power constraint (PAPC) can be expressed as lin-
ear constraints, i.e. E[|xi|2] =

∑
j |wij |2pj ≤ Pt. Moreover,

aggregate rates
∑

j R̂
zf
j are concave in the symbol power

pj . Then, instantaneous power allocation for the sum rate
maximization can be formulated as a convex programming
problem:

maximize
p

∑

j

R̂zf
j

subject to
∑

j

|wij |2pj ≤ Pt,∀i.
(17)

This can be efficiently solvable by standard optimization tech-
niques to have the optimal symbol power allocation vector p∗

to obtain R̂zf∗
j [41]. By assuming that a fast fading dynamic is

a time and link-independent process and a system is ergodic,

we can estimate mzf*
Ω = E

[∑
Lzf

R̂zf∗
j

]
. The average is taken

over different channel realization H where one active link at
every cell is randomly selected to create Lzf.

2) ε-erroneous ZF: When the multi-cell ZF is used in
a practical cellular network, the interference may not be
perfectly removed since some elements of H can be outdated
or impaired due to feedback delay or estimation errors. Let
us denote the erroneous CSIT information as H̃†. We assume
that only fading component zij varies in consecutive fading
blocks with consistent Lij and errors occur only in zij . The
errors are characterized by two elements: a link-level error
event probability ε and a correlation factor ρ between original
zij and erroneous ẑij . The error probability is defined with
respect to a probability that the event of non-zero deviation
between zij and ẑij happens as

ε := Pr (|zij − ẑij | > 0) . (18)

Since we assume that the CSIT error occurs independently
and identically among links, all arbitrary links have same ε
probability. Once the error event happens, ẑij is modeled as the
first order of autoregressive process with a correlation ρ [42]:

ẑij = ρzij +
√

1− ρ2qij (19)

where qij ∼ CN (0, σ2
z) is independently and identically

distributed for arbitrary links.
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Therefore, H̃† information leads to an inaccurate precoding
matrix W̃ = H†(H̃H̃†)−1 design and a non-diagonal matrix
V appears:

y = Hx + n = HH̃†(H̃H̃†)−1u + n = Vu + n. (20)

This creates a new interference term Iεj =
∑

i 6=j |vij |2pεi .
In addition, a sub-optimal received power pεj is obtained
as a result of the optimization problem in (17). Then, the
instantaneous data rate with erroneous CSIT for Lzf can be
modeled as:

R̂zf,ε
j = min

{
W log2

(
1 +
|vjj |2pεj
Iεj + σ2

)
, Rzf

max

}
[Mbps].

(21)

B. Static Frequency Planning with Statistical Information

When long-term statistical network conditions are known,
one of common traditional techniques is to ensure a certain
orthogonal resource reuse distance among APs and allocate the
orthogonal set of resource within a reuse distance, e.g., time
or frequency [2], [43]. We adopt a frequency planning which
statically reuse frequency over a space domain. Whole system
bandwidth W is partitioned into K non-overlapping equal-
width bands in a centralized planning process. Dissimilarly to
the Wi-Fi where Kwifi is permanently given by IEEE 802.11
standard for coexistence among anonymous APs, K can be
optimized to be adaptive to a deployment geometry and a
statistical propagation condition. Each AP i transmits at full
power Pt using one out of K disjoint bands whose amount is
given as wfp

i = W
K [MHz]. For a given K, a user j is randomly

selected at a given time and achieves a data rate R̂fp
j :

R̂fp
j = min

{
wfp

i log2

(
1+

gijPt∑
x∈Ak\i gxjPt + σ2/K

)
, Rfp

max

}
[Mbps], (22)

where Rfp
max = wfp

i ζ
fp accounts for the maximum peak data

rate supported by PHY layer. The objective of a traditional
frequency planning is to maximize per-cell bandwidth (or
minimize K) subject to an outage probability of the worst
case user [43]. This can be formulated as

minimize K

subject to νfp < β.
(23)

Thus, this may lead to a conservative cell-level resource alloca-
tion. However, with knowing global statistical information on a
propagation condition, the optimal K∗ will be adaptively cho-
sen according to environments or a deployment density unlike

a Wi-Fi network. Then, we can estimate mfp
Ω = E

[∑
Lfp

R̂fp
j

]

where Lfp is generated by randomly choosing a link at a given
cell.

VI. SIMULATION METHODOLOGY

Recall that the objective of a simulation is to quantify
N i

b with different coordination features subject to a capacity
requirement. For this, we estimate mi

Ω by gradually increasing
the number of deployed APs. In this section, we provide a
simulation methodology to estimate mi

Ω subject to νi < β by
facilitating a snap-shot based Monte-Carlo simulation when
N i

b APs are deployed.

A. Simulation Procedure

A snapshot based Monte-Carlo method is applied to es-
timate the average performance of each system. In each
snapshot, we generate one realization of a channel matrix H
of active links which is chosen by inter-cell coordination and a
MAC layer in each system and evaluate a sample performance
by a following procedure:

1) A sufficiently many virtual users to avoid idle APs
are uniformly and independently dropped and each user
associates with the AP providing the strongest average
signal strength.

2) For the case of a Wi-Fi network, one realization of Φk

is first generated by the SSI process to create the active
set of APs and then, each active AP randomly chooses
one user. In cellular networks, all APs randomly selects
their serving users. Then, the active channel gain matrix
H for chosen users is generated for both systems.

3) Then, we estimate Eq. (12), (21), and (22) for all served
users, and compute the sample values of aggregate data
rates in each system and the number of active users in
outage.

We estimate mi
Ω and νi by averaging the independent sample

values. Afterward, we enumerate mi
Ω by increasing the number

of APs and apply the same simulation procedure to different
propagation conditions.

B. Numerical Optimization for Resource Allocation

In the above simulation procedure, different multi-cell radio
resource allocation decisions are made depending on an inter-
cell coordination model at a given N i

b . In the Wi-Fi network,
Kwifi orthogonal frequency channels are assigned. Tradition-
ally, the frequency assignment problem was formulated as
a graph-coloring problem. However, it is generally known
as a NP-hard problem due to its combinatorial property [9].
Especially when the large number of APs are considered for a
cost comparison, a search for the optimal resource allocation
is prohibitive. Instead, we employ a greedy heuristic algorithm
where each AP is randomly and sequentially chosen and
is allocated the frequency channel generating the minimum
aggregate interference, inspired by [44]. Dissimilarly to the
Wi-Fi, determining K itself in the static frequency planning
is a crucial part of planning. In a classical hexagonal grid
model, cells are infinitely repeated under a mathematically
well-characterized propagation model so that K∗ was approx-
imately determined by the closed-form of expressions as long
as channel statistics are known [43]. However, it is generally
very difficult for indoor environments with walls. Therefore,
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TABLE I
SIMULATION PARAMETERS

Parameter Name Values
Service area size lx = ly=100 m
Average number of users E[λu] 105 users/km2

Constant pathloss L0 37 dB
The maximum link spectral effi-
ciency in the Wi-Fi system4 ζwifi 2.7 bps/Hz

The maximum link spectral effi-
ciency in the cellular system5 ζfp,
ζzf

3.75 bps/Hz

Noise power spectral density -174 dBm/Hz
Noise figure 5 dB
Fading variance σ2

z 1
Correlation factor in feedback
delayρ 0.9

Average transmission power Pt 100 mW
The minimum required SINR γt 3 dB
The minimum outage probability
constraint β 0.05

The number of available non-
overlapping channel for the Wi-Fi6
Kwifi

3

we exhaustively search the lowest K∗ subject to νi < β
by estimating and comparing SINR distributions in different
possible K. In the multi-cell ZF, the optimal symbol power
allocation vector across APs p∗ is found in every channel
realization by using a convex optimization package [45].

VII. NUMERICAL RESULTS

In this section, we provide numerical results obtained by
simulations with the parameters summarized in Table I. We
illustrate a required AP density as a function of mΩ. Unlike
traditional large outdoor service areas, the LoS condition is
likely to occur in wide open areas, e.g., shopping malls or
outdoor hotspots on streets. In addition, typical indoor envi-
ronments consist of many walls and higher α, e.g., furnished
offices [8]. Thus, the impact of different propagation condi-
tions on the deployment options needs to be studied. To make
a contrast, we consider two different symmetric environments
with lx = ly = 100 (m). One open environment is the line
of sight (LoS) conditions with α = 2 and Lw = 0 (dB).
The other case is a closed and obstructed environment where
Dx

w = Dy
w = 0.04 (wall/m) and Lw = 10 (dB) are present

under α = 4.

A. Asymptotic Permissible Coordination Cost

1) Cost Benefit of Cellular Coordination: As identified in
both Fig.3, the required deployment density of Wi-Fi rapidly
increases after a ceratin critical capacity level regardless of
propagation conditions. Since all co-channel APs are in the
contention domain, only one AP in each channel can be active
in a given time regardless of an AP density. Thus, there can

4We assume ζwifi achievable in popular 802.11a/b/g systems which support
up to 54 Mbps for 20 MHz bandwidth.

5It is assumed that ζfp and ζzf are equivalent to the link spectral efficiency
required in IMT-Advanced systems in single antenna configuration [46]

6We implicitly assume three non-overlapping channel as 802.11b/g in 2.4
GHz.
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Fig. 3. The required deployment density as function of mean area throughout
in an open environment (α=2, Lw=0 dB).

be three active APs at maximum which is equal to Kwifi. In
addition, every served user can reach the highest rate Rwifi

max

regardless of its location in Ω because a high received signal
strength can be achieved due to very low propagation loss.
Consequently, the densification does not result in an capacity
expansion, i.e., no gain from spatial reuse and shorter service
range. In the closed environment, the Wi-Fi densification can
support more user demand thanks to better spatial reuse, i.e., a
reduced contention domain, as shown in Fig. 4. Accordingly,
the range of user demand where a Wi-Fi can stay as the
lowest cost solution is extended. Still, the required AP density
rapidly grows after a certain demand level. In the end, a Wi-Fi
network capacity is bounded due to the fundamental limitation
in CSMA/CA which lacks a network-level adaptability without
an inter-AP coordination. It is also noticeable in Fig. 5 and
Fig. 6 that the densification decreases a collision probability
since it lets APs stay closer to their users while interference
is maintained by CSthr. In the aggressive configuration of
CSthr, an extra capacity is gained. In return, it creates more
collision in a sparse deployment due to aggressive spatial reuse
by higher CSthr.

The required deployment density rapidly grows again when
average user demand exceeds a certain level. Beyond this
limit, additional Wi-Fi densification marginally increase the
network capacity which is contributed by the diversity gain
of an AP activity. In any cases, after the certain level of mΩ,
Γfp/wifi asymptotically goes to infinity which indicates that an
interference coordination across APs is essential to meet the
demand level exceeding the critical level. As several studies
proposed in the literature (e.g., [47], [48]), adaptive CSthr or
transmission power according to environments or density may
be possible to further expand the Wi-Fi capacity. Nevertheless,
it inherently needs an inter-AP coordination for information
exchange such as AP density or propagation statistics which
theoretically is not so different from a traditional cellular
coordination concept.
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Fig. 4. The required deployment density as function of mean area throughout
in a closed environment (α=4, Dw = 0.04 (wall/m), and Lw=10 dB).

2) Economic Potential of Networked MIMO: While the Wi-
Fi network has the capacity limit, a cellular densification with
coordination almost linearly increases the network capacity as
shown in Fig. 3 and Fig. 4. When compared with the frequency
planning, it is noticeable that the ideal gain by multi-cell ZF
is significantly higher, i.e., Γzf/fp = 24 in LoS than typically
reported results in the literature [34], [36], [37]. This is mainly
due to the optimistic propagation assumption compared to a
LoS condition with respect to interference. However, LoS may
likely occur in local dense situations. In contrast, we have
Γzf/fp = 2.3 for the obstructed environment. This indicates the
real-time coordination has order of magnitude more relaxed
coordination cost condition in LoS, e.g., stadium or concert
halls, than typical rich wall and harsh material environments
such as furnished offices. The environmental impact on the
cost benefit of cellular coordination has been thus far neglected
in most of existing work although indoor environments have
very case specific and much more diverse than outdoor areas
at which the advanced real-time coordination studies have
mainly focused until now. More discussions on this issue with
a wall loss sensitivity analysis can be found in our previous
work [49].

B. Technical Bottlenecks of Cellular Coordination

The ideal multi-cell ZF can have significant economic
potential especially in open areas. Nevertheless, its application
is still not mature enough for commercial products due to
high CSIT accuracy requirements. In Fig. 5 and 6, we quan-
tified the accuracy requirement level especially in terms of
a deployment density. The result demonstrates that only 2%
errors even with high correlation ρ = 0.9 results in very large
outage and it is almost linearly magnified with densification.
We can corroborate a common belief on an extremely high
accuracy requirement on CSIT by a quantitative measure and
its sensitivity to a deployment density which often is ignored
in the literature. In addition, the outage of ideal multi-cell ZF
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Fig. 5. Outage probability according to a deployment density (α=2, Lw=0
dB).
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Fig. 6. Outage probability according to a deployment density (α=4, Dw =
0.04 (wall/m), and Lw=10 dB).

is higher at a low AP density than other systems as given in
Fig. 6. This is because a reduced signal strength due to the
energy spent to penetrate walls for interference cancellation
may outweigh the gain of removing interference especially in
a sparse density or a low user demand level.

In this regard, a conventional cellular coordination approach
could be practically feasible although more detailed algorithms
and verifications are further needed for automatic configura-
tions in future high-density networks. However, the available
bandwidth per cell becomes very little particularly under the
LoS due to considerably high reuse number subject νfp < β.
If some service types require the minimum data rate per user
within a certain delay, this may be problematic although mean
area throughput seemingly grows with a densification. For
instance, video streaming services need the various ranges
of consistent minimum data rate according to the type of
devices and resolution as provided in Table II. Fig. 7 illustrates
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TABLE II
EXAMPLES OF TYPICAL BIT RATE FOR VIDEO STREAMING [50]

Device type Screen size Typical Typical H.264/
screen resolution MPEG4 Bit rate7

Smartphones 3-3.5′′ 480×320 500 K to 1 Mbps
PMP 4-7′′ 800×480 800 K to 1.5 Mbps

Tablet PCs 7-9′′ 800×480, 1 to 2 Mbps
1024×600

Laptops 12-17′′ 1280×800, 3 to 4 Mbps
1920×1200

the maximum supportable data rate per user depending on
available total system bandwidth W and α without walls.
Even without any waste of spectrum usage for a guard band
protection or other protocol overhead, we can find that more
than 5 MHz is required in the LoS condition to serve a
single smartphone user whereas typical laptops at least need
25 MHz. Therefore, the amount of spectrum will be one
practical bottleneck in the conventional static coordination in
order to provision such high-bandwidth real-time service in
open environments.

C. Economic System Map for Hotspot Services

In Fig. 8, we bring out an intuitive economic system
solution map in terms of total deployment cost which well
summarize our findings. We have three regions defined by
two crucial factors, i.e., environmental openness characterized
by α, Dw, and Lw, and mean area throughput mΩ. In low
user demand, an existing Wi-Fi network can be the economic
solution due to its low AP equipment cost and almost free
backhaul cost by reusing existing shared backhauls, e.g., DSL
or Ethernet. However, as the demand increases, a denser AP
deployment cannot support it due to limited spatial reuse
gain from the uncoordinated CSMA/CA mechanism. In the

7These rates include typical IP overhead, but do not include audio (which
may add a few 10’s of Kbps depending on audio encoding)
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high demand, a cellular system with inter-cell coordination
will be cheaper even with respect to a total deployment cost.
When a large variety of inter-cell coordination categories
exist in a cellular system, we can see that the conventional
static coordination can be economic even compared with the
advanced networked MIMO approach particularly in closed
environments, i.e., high α and rich walls such as offices.
However, in open environments such as concert halls or
department stores where the LoS condition is likely to occur,
the ideal networked MIMO can save a total deployment cost
despite pricey new dedicated bakchaul installations. This can
be enabled only when extremely high CSIT accuracy can be
achieved. However, the relative area of the three regions will
be depending on actual available spectrum and coordination
costs. For instance, if W for cellular systems is much less
than an unlicensed band, the economic region for Wi-Fi will
expand to right. Similarly, if ∆zf/fp

b becomes relatively cheap in
some countries, the area for the ideal networked MIMO grows
downward. Conversely, if costs for the fiber installation and
cabling are significant due to high costs for a manual labor,
its area will shrink.

VIII. CONCLUSION

We quantitatively compared a cheap uncoordinated Wi-Fi
densification and a fewer but expensive picocell deployment
with real-time coordination in terms of a total cost in order
to identify the lowest cost solution for future high-capacity
hotspot services. For this, we developed a novel techno-
economic framework and a simplified large-scale performance
evaluation model reflecting different coordination capabilities.
We found that there is no universal solution from a total
deployment cost perspective. Two critical parameters were
identified to divide the lowest cost solution region: a mean
area throughput requirement and environmental openness char-
acterized by a wall density and loss. The Wi-Fi densification is
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the lowest cost deployment option as of now when an expected
traffic demand is relatively low. After a certain demand level,
a total Wi-Fi deployment cost rapidly grows due to the lack of
inter-cell coordination in the CSMA/CA operation regardless
of propagation conditions. Beyond such a Wi-Fi network limit,
a static cellular coordination approach can be cheaper in
the obstructed environments, e.g., furnished offices, than an
ideal real-time coordination such as multi-cell ZF. However,
the real-time coordination is identified as the only viable
solution in open environments such as stadiums provided that
a extremely accurate CSIT is assured especially in a ultra-
dense situation. We considered a static cellular coordination as
a reference although several moderate-time scale coordination
techniques which can rely on existing shared backhauls, e.g.,
DSL or Ethernet, are available. Thus, a next step would
be quantifying their economic gains in comparison with the
schemes examined in this work.
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Abstract—Most of currently deployed Wi-Fi networks use
the IEEE 802.11b/g standard and operate in 2.4 GHz ISM-
band. As mobile traffic demand rapidly increases, significant
Wi-Fi deployment in the still very lightly used 5 GHz band is
anticipated. In combination with the recent PHY amendments,
e.g., 802.11ac, such Wi-Fi in many settings emerges as a strong
competitor to small cellular deployment. In this paper, we aim
to quantify what total capacity and which data rates per user
can be supported by high-density, the state-of-the-art 5 GHz
Wi-Fi deployment. Unlike previous studies, we consider the
effect of densification by explicitly modeling the different level
of interference among access points for office-type scenarios
with various internal wall losses. Although abundant spectrum
availability at 5 GHz may compensate for system inefficiency
caused by carrier sensing and contention, we find that there
is a capacity limit. This capacity limit depends on propagation
environments and is especially low in “open” environments or
environments with low wall losses. To operate at capacities above
this limit, cellular systems with their more advanced interference
mitigation techniques are required.

I. INTRODUCTION

Since smartphones have been widely spread out, Wi-Fi
deployment has played an important role to offload mobile
traffic in a cost-effective manner. So far, 2.4 GHz has been
heavily congested due to better coverage property and the
early market take-off of 802.11b/g. As traffic demand increases
rapidly, it is well anticipated that the significant number of
Wi-Fi access points (APs) will be deployed at 5 GHz where
roughly eight times more frequency channels are available [1].
In addition, the recent PHY amendments in 802.11n/ac, e.g.,
higher order modulation and coding schemes or channel
bonding, may further enhance capacity. Thus, using large free
5 GHz channels with the PHY layer improvement in Wi-
Fi networks may be a strong competitive advantage against
emerging small cellular deployment which employs more
sophisticated interference mitigation schemes. In this regard,
the assessment of Wi-Fi capacity in aggregate 5 GHz channels
is a very crucial task since it can provide a necessary condition
for the small cellular deployment.

In principle, the capacity assessment of using 5 GHz chan-
nels will be heavily influenced by AP density. Nevertheless,
most of research efforts were thus far devoted to Wi-Fi
performance evaluation at a given AP density and system
bandwidth, e.g., see [2]. Some industry measurements were
available to show the superiority of 802.11a in 5 GHz over
802.11b/g when several APs are deployed in more realistic
environments [3]. There was few analytical work on dense

CSMA/CA networks in homogeneous environments [4]–[6]. In
reality, propagation conditions in typical indoor environments
are very dependent on the types of local premises [7]. In
addition, frequency channels in the standard and regulation
conditions have also strong influence on the capacity of actual
Wi-Fi deployment at 5 GHz. With our best knowledge, none
of existing studies explicitly assessed the potential capacity of
real aggregate 5 GHz Wi-Fi channels when densification is
considered in the presence of internal walls.

The objective of this study is to quantify the system-level
capacity and throughput per user which can be supported by
the full usage of real 5 GHz Wi-Fi channels with consider-
ing densification and various indoor propagation conditions.
Specifically, we aim to answer the following two questions:
• How much capacity can be ideally supported by dense

Wi-Fi deployment in aggregate 5 GHz channels?
• How sensitive is this to local propagation conditions

caused by different internal wall losses?
Since the performance assessment of large-scale Wi-Fi deploy-
ment itself is prohibitively complex due to contention among
multiple APs in irregular indoor structures, our approach takes
the best-case estimate of 5 GHz capacity. For this, we explic-
itly model stochastic interference and data rate of a dense Wi-
Fi network based on idealized carrier sensing and contention
in MAC layer. Based on a sensitivity analysis, we choose an
AP density level which yields the largest network capacity.
Then, mean area throughout density (Mbps/m2) is quantified
by using 802.11ac PHY parameters. It is used as an input for
calculating attainable average throughput per user (Mbps/user)
in three propagation scenarios. The main contribution of this
study is the first attempt to estimate the potential capacity of
aggregate 5 GHz Wi-Fi channels by taking densification and
wall loss sensitivity into account.

The paper organizes as follows. Section II describes three
representative Wi-Fi deployment scenarios according to wall
density and provides a relevant propagation model. Then,
MAC and PHY layer assumptions to model random interfer-
ence and rate are given in Section III with a performance
metric definition. Numerical results are illustrated in Section
IV. Then, we conclude this study at Section V.

II. DEPLOYMENT SCENARIO AT LICENSE-EXEMPT 5 GHZ

A. Scenarios and Propagation Model
The propagation conditions are typically very dependent

on indoor premises. Throughout this study, we consider three
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Fig. 1. An example of an indoor environment scenario.

TABLE I
PARAMETERS FOR LOCAL ENVIRONMENT SCENARIOS

Local
Environments

Average wall
density α
(m−1) [9]

Mean
attenuation per
wall Lw (dB) 1

LoS 0 0
Office 0.231 5

Shopping mall 0.047 12

representative environments, categorized based on wall density
α (m−1): line of sight (LoS), a shopping mall, and an office.
All three scenarios have square service area A with the size of
50 by 50 in meters, as shown in Fig. 1. In the LoS, α is set to
zero. In the shopping mall and office cases, mean attenuation
per wall Lw (dB) can be further dependent on used material
types and center frequency at a given α. We use WINNER-II
indoor pathloss model [8] as given in:

Lij = 46.4+20log10 (dij)+20log10

(
fc
5

)
+nwLw(dB)

(1)

where dij and fc represent the distance in meter between
AP i and user j and center frequency (GHz), respectively. We
assume that a wall obstructs a line of sight radio link with a
probability α. Then, the average number of walls nw between
a transmitter and a receiver is estimated as nw = α · dij . This
can give us the average performance of different in-building
structures with the same wall density, leading the another level
of model generality. A similar approach has been taken and
its validity is shown in [9]. Key parameters related to three
scenarios are summarized in Table I.

B. Frequency Channel Availability at 5 GHz

Although the exact amount of 5 GHz license-exempt band
varies between different countries and regions, Table II shows
typical 2.4 GHz and 5 GHz frequency band candidates2 for
Wi-Fi deployment. When including guard channel overhead,
maximum aggregate bandwidth Wmax in 5 GHz channels can

1We use mean wall loss corresponding for light wall and thick wall given
in [8]

2We here also include 5.470 to 5.725 GHz band where Wi-Fi may follow
more strict regulatory rules to operate in a secondary basis for existing primary
radar systems.

TABLE II
LICENSED-EXEMPT BAND FOR WI-FI AT 2.4 AND 5 GHZ

Frequency band
(GHz)

Supportable
bandwidth W by

IEEE 802.11
(MHz) [10]

PSD limit
(dBm/MHz) [11]

2.400 - 2.483 60 7
5.150 - 5.350 160 10
5.470 - 5.725 220 17
5.725 - 5.850 100 23

be up to 480 MHz as defined IEEE 802.11 standard. The
480 MHz bandwidth is divided into the different number of
non-overlapping frequency channels depending on standard
variants. For instance, 802.11a only supports 20 MHz channel
width to create 24 non-overlapping channels. In contrast, re-
cent amendment 802.11ac supports four options for bandwidth
per channel, i.e., 20, 40, 80, and 160 MHz, based on a channel
bonding technique in order to increase spectrum availability
per AP. It is also noticeable that the power spectral density
(PSD) limit is different according to individual frequency band
in 5 GHz. In general, higher center frequency allows higher
PSD pt (dBm/MHz) to overcome coverage issues.

III. SYSTEM MODEL

In this section, we model random interference and instanta-
neous data rate caused by a CSMA/CA operation and provide
a performance measure. We focus on downlink traffic which
is the main consideration of network deployment.

A. Stochastic Interference Model for Co-channel APs

In a CSMA/CA-based IEEE 802.11 standard, there are sev-
eral components that are related to arbitrating medium access
and optimizing the protocol capacity: 1) predefined multiple
frequency channels, 2) physical carrier sensing, 3) a binary
exponential back-off, 4) data rate adjustment according to the
signal quality. We in this subsection model these features for
the performance evaluation of large-scale Wi-Fi deployment.

As basic interference mitigation schemes, we assume that
a dense Wi-Fi network employs K non-overlapping channels
belonging to a channel set K with bandwidth wk = W

K (MHz).
Let us define a set of APs operating in a frequency channel
k as Ak. Each AP transmits with power Pt = pt · wk (dBm)
where pt (dBm/MHz) follows the regulation PSD limit which
channel k belongs to. Then, in each frequency channel, a
transmitter compares its currently sensed signal strength to
carrier sensing threshold CSthr (mW) before a transmission
attempt. We refer to the carrier sensing range of an AP as
Dcs such that Lij(Dcs)Pt = CSthr. Dcs defines the spatial
reusability by allowing the concurrent number of transmis-
sions. Fig. 3 shows the different Dcs for three deployment
scenarios. IEEE 802.11 standard defines fixed mandatory
CSthr for coexistence among anonymous Wi-Fi APs in the
unlicensed band. For the 5 GHz capacity estimation, we use
CSthr = 10−8.2 (mW) which is defined in [1] for OFDM
PHY.
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Let us define the set of all co-channel APs in a frequency
channel k as Ak. Then, Ak

i is referred to as the set of APs
which are within Dcs of AP i operating in a channel k. It is
mathematically expressed as Ak

i := {x ∈ Ak, x 6= i|gixPt >
CSthr}. We assume that all APs in Ak

i can perfectly detect an
active AP, no causing unlucky concurrent transmission within
Dcs. Then, the set of active APs is elected by the MAC
protocol in a frequency channel k at a given time and is
referred to as Φk ⊂ Ak. Since Φk plays an important role
in the characteristics of interference and data rate of a Wi-
Fi network, a precise and yet simple model describing this
set is necessary while capturing the important features of the
contending property. In addition, a simulation-based approach
is inevitable to capture the various wall loss effect while
existing analytical models are only applicable for idealized
homogeneous environments [4]–[6].

In order to model the random variable Φk in more realistic
indoor environments, we adopt Simple Sequential Inhibition
(SSI) process which is a family of a random packing pro-
cess [12]–[14]. Let us define a SSI process Ψ in a constructive
manner on a finite and discrete set Ak. Ψ(n) is composed of a

sequence of n random variables denoted by X1, ..., Xn which
are independently and uniformly distributed in Ak. Initially,
X1 is added to Ψ(1). Then, Xi is systematically added to Ψ(i)
if and only if it does not belong to the contention domain
of any APs in Ψ(n − 1), i.e., Xi /∈ ∪Xj∈Ψ(i−1)Ak

Xj
. The

process stops whenever entire APs in Ak are either active
APs or in the contention domain of any other active APs.
This process always lets APs transmit unless it is in the
range of Dcs of other active APs, i.e., no idle time slots
which may occur due to random backoff in IEEE 802.11
MAC. It is also noticeable that |Φk| is random variable due
to random sequential selection at a given deployment density
λa (AP/m2). Unlike a deterministic simulation-based model
in [15], this reflects more realistically instantaneously-varying
interference and the number of active links which are hard
to be characterized analytically and is also applicable in any
general indoor environments.

B. Data Rate Model

Each user associates with an AP with the highest signal
strength. We assume that both an AP and a user have single
antenna stream configuration for the analysis simplicity3. For
a given realization Φk, each active AP i ∈ Φk randomly
selects one user to transmit data. Then, instantaneous signal
to interference and noise (SINR) ratio of the served user by
AP i can be given as

ŜINRi =
giipt∑

x∈Φk\i
gxipt + σ2

, (2)

where σ2 accounts for noise PSD (mW/Hz). Then, the instan-
taneous data rate4 of the selected user, namely R̂i, can be
ideally achieved as

R̂i = wk min

{
ζ1 log2(1 + ζ2ŜINRi), ηmax

}
(Mbps), (3)

where ηmax (bps/Hz) represents the maximum link spectral
efficiency. ζ is the bandwidth efficiency coefficient which
captures the protocol overhead of MAC and PHY layer, e.g.,
packet header or control signaling. In this regard, the rate
model implicitly assumes the perfect rate adaptation without
any quantization loss unlike a practical discrete rate model.
Note that the rate adaptation in practical Wi-Fi is imperfect
due to the lack of explicit channel information feedback.

C. Deployment Model and Mean Area Throughput Density

For a given λa, we assume that APs are deployed in a grid
basis [9]. Instead of assuming realistic random deployment,
this model indeed provides optimistic performance. Specif-
ically, nx by ny APs are equally placed to maintain equal
sub-square areas whose size is 50

nx
× 50

ny
(m2). For the sake

of simplicity, we assume nx = ny . Let us define mean area

3Ideally, our results can be easily extended to MIMO enabled applications
by simply scaling the capacity with the number of antenna.

4We here refer to the effective data rate at MAC layer.
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Fig. 4. Mean area throughput density Ω as a function of deployment density
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throughput density Ω for λa and W which is feasible during
a busy hour as:

Ω(λa,W ) :=
1

A
E


∑

k∈K

∑

i∈Φk

R̂i


 (Mbps/m2) (4)

The expectation reflects a long-term average over the random
variable Φk and user locations when the system is fully
utilized. By assuming that all users have statistically same
channel access opportunity and link capacity in long-term, the
average throughput per user R̄ (Mbps/user) can be approxi-
mated for a given average user density E[λu] (user/m2) by

R̄ ' Ω(λa,W )

E[λu]
(Mbps/user). (5)

IV. NUMERICAL RESULTS

A. Simulation Methodology and Parameters

Recall that our objective is to estimate Ω and R̄ in 5 GHz
Wi-Fi channels. For this, we facilitate a snapshot based Monte-
Carlo simulation. In each snapshot, users are uniformly and
independently dropped. The channel gain matrix is generated
when each AP randomly selects one user to be served. The
realization of Φk is produced by the SSI process. Then, we
evaluate one sample value of

∑
k∈K

∑
i∈Φk

R̂i. We estimate Ω by

averaging independent sample values in different snapshots.
For K frequency channels, we employ a heuristic channel
assignment algorithm where each AP chooses randomly and
sequentially a frequency channel generating the minimum
aggregate interference. We conducted 1000 different channel
and contention realizations. σ2=-174 dBm/Hz is assumed with
noise figure 5 dB. fc = 5.5 GHz is used. We consider
CSthr = 10−8.2 mW at 20 MHz which is a requirement from
5 GHz OFDM standard [1]. We use ζ1 = ζ2 = 1 for ideal
PHY and MAC efficiency.

B. Selection of λa and Key PHY Parameters

Fig. 4 illustrates Ω according to λa in an office scenario
where the lowest interference and the largest spatial reuse
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Fig. 5. Mean area throughput density Ω∗ at the saturation AP density λ∗a
as a function of system bandwidth W .

among three scenarios are expected. We found that Ω hardly
increases after certain λa. This is mainly because CSthr limits
spatial reuse. Let us define saturation deployment density λ∗a at
which extra deployment density ∆ (AP/m2) has the marginal
capacity increment. It can be mathematically expressed as

Ω(λ∗a + ∆)− Ω(λ∗a)

∆
< ε (Mbps/AP), (6)

where ε is sufficiently small constant. We use ε as
0.01 (Mbps/AP). We observe from Fig. 4 that PHY ad-
vances in 802.11ac by better ηmax and channel bonding
yield limited improvement in an average system-level capacity.
In order to perform the best case estimate, we assume the
full channel bonding of whole available W , i.e., K∗ = 1.
η∗max=5.42 (bps/Hz) is also used which is equivalent to the
highest achievable data rate 866.7 Mbps at wk=160 MHz of
802.11ac [16]. In addition, the figure shows that lower transmit
power limit is helpful since it increases more concurrent
APs, i.e., reduced Dcs. Thus, we use conservative p∗t =7
dBm/MHz although higher frequency channels may allow
more aggressive transmit power as shown in Table II. With
the 802.11ac PHY parameters, Fig. 5 plots Ω∗(λ∗a,W ) in
λ∗a according to W in three scenarios. Since noise effect is
marginal, Ω∗(λ∗a,W ) almost linearly increases with W . We
can finally assess attainable mean area throughput density of
5 GHz Ω∗max(λ∗a,Wmax) in three scenarios when using the
maximum channel bandwidth Wmax = 480 MHz. However,
the slope of three lines is significantly different due to distinct
propagation conditions. For instance, the office has five times
more capacity than LoS due to increased spatial reuse and
reduced interference by walls.

C. Wall Sensitivity and Attainable User Throughput R̄∗max

Indoor partition materials and dielectric properties vary
widely as well summarized in [7], making it difficult to
generalize the indoor wall loss. Thus, the mean wall loss is
one of important study parameters to be investigated since
it may strongly influence the interference emission. Fig. 6
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provides the sensitivity of Ω∗max according to Lw. It shows
that even a few dB difference considerably changes Ω∗max.
For instance, 3 dB reduction in the office makes 40% drop of
Ωmax. Similarly, 4 dB increase in the shopping mall makes
50% of capacity rise. For a given 5 GHz capacity Ω∗max, actual
user experience depends on the number of users who share the
capacity. From Eq. (5), we can calculate attainable average
throughput per user, namely as R̄∗max, from the estimated
Ω∗max. Fig. 7 shows R̄∗max as a function of user density E[λu].
Due to the fundamental limit on dense Wi-Fi network capacity,
we can find that there is an unattainable user throughput region
above each curve in the figure.

V. CONCLUSION

We quantified attainable capacity and average throughput
per user by fully exploiting Wi-Fi 5 GHz channels when both
802.11ac PHY features and Wi-Fi densification are considered.

For this, we estimated ideal mean area throughput density
as a function of deployment density and available channel
bandwidth. Results showed that the substantial level of user
data rates can be ideally supported by 5 GHz Wi-Fi deploy-
ment mainly due to large spectrum availability, especially in
an office scenario with many walls. However, densification
did not much contribute the capacity expansion because of
limited spatial reuse enforced by carrier sensing mechanism in
unlicensed band. This implies that small cellular deployment
based on more advanced MAC is indeed required at the end
for high-capacity services. Due to the prohibited complexity
of dense network performance evaluation, we assumed perfect
carrier sensing and no idle APs which led the optimistic
estimate. As a next step, we need to validate our estimates
by comparing them with packet-level simulations.
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Abstract 

 

Unlicensed spectrum indeed initiates high-data rate wireless services with the 
combination of the great success of Wi-Fi technology. Interestingly, the local high data 
rate services are deployed and invested by non-traditional local actors, e.g., facility 
owners who have local fixed line infrastructure. Motivated by the great success of the 
Wi-Fi eco-system, there are growing interests from various regulatory initiatives on 
short-range indoor shared spectrum access to continuously foster new business 
innovations and local investment by new players. Despite of flexible spectrum access and 
almost no regulatory management overhead, it is still not so clear that the traditional 
unlicensed approach can work for future high-capacity services where require extremely 
denser deployment than today. In this paper, we aim to discuss the validity of the 
traditional unlicensed approach for the new local operators in an economic aspect. We 
evaluate the required deployment cost of conventional Wi-Fi system and compare it with 
a hypothetical cellular-like system with marginal regulatory coordination. We found that 
the traditional node-level etiquettes in unlicensed band work as system design constraints, 
leading to too conservative full distributed systems. Although the current unlicensed band 
approach is the lowest cost solution for relatively low-capacity services, it may not be 
work at future high-capacity provisioning. Thus, regulations need to be designed to allow 
more coordinated systems such as cellular-like technologies with certain inter-network 
regulation.  

 

 

1. Introduction and Motivation  

Mobile broadband (MBB) service markets are rapidly growing, leading to exponential 
increase of mobile data traffic [1]. One of main enablers to achieve such high data rate 
MBB services in a reasonable cost was the use of Wi-Fi infrastructure at 2.4 and 5 GHz 
utilizing unlicensed band [2]. Unlike a wide-area network in exclusive licensed band, it is 
characterized as spectrum access by anyone in anywhere anytime. Thanks to the flexible 
spectrum accessibility, significant local infrastructure investments have been made by 
non-traditional types of local network operators (LNOs), e.g., facility owners or 3rd party 
network-only providers, with various purposes [3,4]. As shown in Figure 1, their interests 
are particularly focused on far higher data rates than outdoor services in particular areas, 
e.g., public indoor areas or professional working environments. For instance, the facility 
owners may want high-capacity wireless access for better customer relations and private 
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companies may support their employees by establishing high-capacity wireless 
connections.  

By being stimulated by the Wi-Fi eco-system, we see now that there are growing 
interests of having more shared spectrum for indoor short-range services in a regulatory 
side to keep continuing the business innovation and encourage the local high-speed 
network deployment by such non-traditional players. For instance, USA recently 
encouraged FCC to release new unlicensed band at 470-698 MHz in a secondary basis [5]. 
Swedish regulatory PTS also recently announced a part of 1800MHz under the condition 
of an indoor purpose. This regime can be the most flexible authorization with respect to 
accessibility and lowest regulatory management overhead. However, it is also true that 
there is still a serious concern about unknown interference by deploying more and more 
access points (APs) and hand-held devices in an uncontrolled manner, which typically 
enforces node-level coexistence requirements. In addition, traditional regulations in 
unlicensed band do not have any specific bureaucratic control on who (or not) to access 
spectrum as long as technical coexistence conditions are met. Thus, it may be very 
difficult to reallocate afterward if there will be problems in future, i.e., the risk of junk 
spectrum. In contrast, traditional exclusive licensing based on license 
allocation/termination contract is very limited with respect to spectrum accessibility at 
the gain of almost no need for interference protection as compared in Table 1.   

 

 

 
Figure 1. In-building wireless infrastructures by non-traditional facility owners and 3rd 

party local network providers  
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Table 1. Pros and cons in traditional binary licensing 
 

 
Spectrum Access 

Flexibility 
Coexistence Design 

Unlicensed  
(+) Open to everyone  
(MNO, new market 
players, end-users) 

(-) Robust interference 
protection from unknown 

transmitters 

Exclusive 
licensing 

(-) Limited to single MNO
(+) No co-channel 

interference 

 

In the presence of tradeoff between spectrum accessibility and interference 
controllability, several countries currently investigate non-traditional 3rd way of licensing, 
e.g., light-licensing, license shared access (LSA), in order to resolve interference issues 
while ensuring flexible spectrum sharing for social benefits [6,7,8]. Even if most of them 
are still in a conceptual level and evolves, there are several examples which are already 
implemented. Nevertheless, their actual implementations are different and a country by a 
country. For instance, a registration scheme was proposed in the U.S for use of the 3650 
– 3700MHz band for fixed wireless access. Thus, spectrum access rights is basically not 
limited to a specific group of operators and dynamically allocated or terminated. 
Licensees are mutually obliged to cooperate and avoid harmful interference to one 
another. In contrast, the UK regulator Ofcom awarded twelve low power concurrent 
rights of use of the frequencies 1781.7-1785MHz paired with 1876.7-1880MHz through 
auction. The number of operators is fixed. Licensees are expected to co-ordinate their use 
of the spectrum to avoid harmful interference.  

 

Research Questions  

From a research perspective, it is highly valuable to analyze potential consequences of 
growing interference in traditional unlicensed spectrum and identify key regulatory 
considerations to design spectrum policies for the LNOs. The purpose of this paper is to 
suggest some key regulatory decision making to foster future local investment by LNOs 
with reasonable cost. In this paper, the following questions are asked: 

 
1. Can traditional unlicensed approach still work for future indoor high-capacity 

services by non-traditional local operators?  
2. What will be key regulatory considerations in future indoor short-range spectrum 

sharing? 
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2. Related Work and Study Approach 

Shared spectrum has been one of hot research topics in both telecom policy and 
technical studies. Several spectrum sharing schemes are investigated with different 
terminologies, motivations, and target scenarios [14]. A co-primary shared access model 
is typically considered when primary license holders agree on a joint use of their licensed 
spectrum in order to reduce license fee or overcome the failure of license acquisition. The 
technical coexistence conditions is mostly based mutual agreements between sharing 
partners while regulatory technical conditions are not so much involved.  Sharing with 
non-communicating incumbents, namely License Shared Access (LSA), is also under 
discussion. Differently from the co-primary access, the existing incumbents have access 
priority than LSA licensee and the technical coexistence condition among secondary 
operators are still under discussion. More liberalized licensing without exclusive access 
rights, so called light-licensing regime. It involves much simpler simplified procedure of 
issuing spectrum license than previous two approaches. Compared with previous two 
approaches, the spectrum access is in principle not limited similar to unlicensed band. 
However, license allocation history is maintained for regulatory management purpose. It 
is typically used when severe or immediate interference concerns are not so highly 
expected. Although their shared access models are proposed in different context, explicit 
and clear boundaries are not well understood and agreed yet.   

Besides of different regulatory frameworks, authors in [2] quantitatively assessed the 
economic benefit of unlicensed band in today’s life. In a technical perspective, the 
different forms of coexistence mechanism are studied in vast studies. [10] investigated 
dynamic license allocation by the means of technologies advances, a so-called spectrum 
broker. In [4], the author investigated thoroughly new business opportunities in local 
deployment and growing interests of having private networks by non-traditional actors. 
Regarding regulatory initiatives on future spectrum sharing for MBB services, there are 
recent several public reports available about future shared spectrum policies. The 
document from [8] well summarized different practices in European countries about light 
licensing. The others focused more on secondary spectrum sharing at existing non-
telecom incumbents [9]. A recent report from European commission discussed more 
general spectrum usage for future IMT systems [7]. In technical studies, authors in [11] 
theoretically studied interference issues between random access networks.  

Different spectrum sharing schemes and technical solutions may be required 
depending on the potential usage and operator scenarios, which makes extremely 
challenging to bring up one solution to fit all scenarios. In this study, we particularly 
focus on future indoor local operators and discuss the validity of traditional unlicensed 
spectrum for the indoor short range spectrum sharing. Regulatory decision making is 
intrinsically a complex task since it involves not only technical aspects but also business 
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and social aspects. Our study approach is followed. We first characterize and define a 
LNO and identify their high-level key requirements both in technical and non-technical 
aspect in Section 3. Then, Section 4 proposes the model of regulatory decision domains 
and their linkages with wireless system design for a more systematic analysis. Afterward, 
a Wi-Fi example is taken and technical problems related to the unlicensed authorization 
are discussed in Section 5. Regulatory implications on future shared spectrum policy 
making are drawn in Section 6. Then, we conclude Section 7.  

 

3. Who Are Local Operators and What Are Their Fundamental 
Requirements? 

We in this section define a LNO and their requirements on spectrum policies and 
system design. A LNO is defined as a network provider which deploys a wireless 
network at particular geographical area. According to this definition, LNOs do not 
necessarily exclude traditional mobile network operators (MNOs) who have typical 
exclusive license for voice coverage at a country level. If they are interested in local 
business, e.g., enterprise services or offloading in hot-zones, they still can be considered 
as local operators. Nevertheless, if they make a roaming agreement with 3rd party 
network providers, they may not be considered as local operators since they do not 
directly control and deploy a network to require local spectrum access.  Especially in 
indoor cases, we can easily find many practical examples of network sharing among 
multiple service providers in traditional cellular networks [12]. In this case, there will be 
a 3rd party network-only provider involved which provides wireless access to end-users of 
multiple outdoor operators and need spectrum access. They can be also considered as 
local operators.  

Local Network Operators

A business entity who wants to 
build/control a network at a particular 

small geographical location

Timely spectrum availability at 
a particular location upon 

investment decision

Total deployment cost as low as 
possible at a given QoS level

 

 

Figure 2. Definition of local network operators (LNOs) and high-level requirements 
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For those LNOs, two fundamental high-level requirements are identified for local 
capacity provisioning shown in Figure 2. First, it is essential that spectrum should be 
accessible as soon as they decide to install networks. Unlike wide-area services which 
typically accompany the quick roll-out of network deployment with huge investment to 
ensure nation-level coverage in short time, the investment decision of local operators will 
be very case specific since it is highly dependent on individual local needs and service 
purposes. Secondly, future local wireless systems should be cheap enough to provide 
high-capacity services to be invested under a budget constraint. Although spectrum 
policies allow timely spectrum access rights to LNOs by flexible licensing, the future 
local network systems should be economically feasible at a given high-capacity service.  

Along with the spectrum and system requirement, interference protection at network 
boundaries is highly important as shown in Figure 3. In traditional unlicensed band, too 
severe interference experienced at a particular node likely to happen even in co-located 
areas due to fully unexpected user positions and completely random deployment. 
However, we assume that there is only one LNO in a given local area of interest. This 
assumption can be justified by a fact that most of indoor sites are controlled by facility 
owners unlike traditional outdoor areas. Although the co-located deployment may be 
avoided at the deployment decision moment by the site control, interference leakage to 
neighbors is still problematic for QoS services. The main challenging task of regulations 
will be how to deal with such interference protection at network boundaries.  

 

 

LNO ’s infrastructure

Unexpected interferers
form neighbors

LNO’s service area

Requirements on interference 
protection from neighbors

 

Figure 3. Coexistence requirements for interference protection at network boundaries. 
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Authorization 

Who have spectrum 
access rights and how to 

be authorized? Regulatory
Coexistence rule

What to be technically 
enforced for interference 

protection?
(e.g., Listen before Talk)

Pre-conditions for 
global coexistence rules 
design

Operator-specific 
system design

Protocol/interface/
architecture design

(Wi-Fi, WiMAX, LTE)

Global technical 
constraints to specific 
operator’s network

Non-technical 
decision domain

Technical 
decision domain

Spectrum accessibility Required deployment cost 
at target QoS level

 

Figure 4. Model of Regulatory Decision Making 

 

4. Model of Key Regulatory Decision Making 

The analysis of regulatory decision making itself is a complex task and its impact to 
business and system design is also not trivial. Especially, this becomes more non-trivial 
when shared spectrum is considered due to additional complexity on operator coexistence. 
In this section, we discuss such complicated procedure of regulatory decision making in 
more details. In Figure 4, we particularly identify three key decision domains which are 
interconnected with spectrum flexibility and technologies: 1) authorization, 2) regulatory 
coexistence rules, 3) operator-specific commercial system design.  

The authorization is about who will have access rights and how they are authorized, 
e.g., license allocation/termination/period. We strictly differentiate spectrum 
authorization from the technical decision domains although it ultimately affects spectrum 
accessibility and flexibility by controlling the number of operators in the same frequency 
and its predictability. For instance, in a traditional unlicensed case, any organizations as 
well as individual end-users or devices can have implicit permit to access the spectrum 
without explicit access request procedures. This leads to no limitations on the number and 
types of operators. The FCC approach taken at 3.5 GHz has a mean to control the access 
rights by mandatory pre-registration with small usage fee. This method at least prevents 
access from anonymous end-user devices and may end up hundreds of operators in 
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unexpected places although the history of spectrum access can be recorded. In UK, more 
conservative shared licensing was adopted at 1800 MHz by giving only twelve operators 
access rights. Thus, the number of operators can be limited and expected/known before 
network deployment. The license allocation to a limited number of operators also ensure 
a national regulator to have a control mean in future to reallocate the spectrum for a 
different purpose based on the future change of spectrum needs. Nevertheless, it may 
limit the investment opportunities of new players who fail to acquire licenses and market 
competitions among network providers at the advantage of reducing the uncertainty in the 
number of operators.  

 

Authorization as a Precondition for Technology Design 

In a technical aspect, the authorization works as a precondition for designing 
coexistence rules and future radio systems. For example, co-channel coexistence is not an 
issue in the traditional single operator exclusive licensing. However, when multiple 
operators are allowed to access, technical solutions are essential to prevent the worst case 
interference situations where no communications are feasible. Various technical means to 
enable coexistence among (known or not) operators have been studied and some of them 
were commercially implemented [5]. It could be traditional simple etiquette based 
approaches or server-based centralized coordination, e.g., database or spectrum brokers. 
In any cases, coexistence rules will be applied to all operators in the shared spectrum. 
Then, a commercial wireless system which can (but not necessarily) be specific to one 
operator’s requirement can be standardized/implemented subject to regulatory technical 
constraints. Although standardization can be done general enough to apply all types of 
operators, individual deployment and network configuration which at the end decide the 
overall network capacity will be operator-specific. Such technical solutions both from 
regulatory decisions and future system design will finally decide network performance 
and are converted into required deployment cost.  

 

5. Deployment Cost of a Wi-Fi System for Future High-capacity 
Services 

 

In this section, we exemplify the required deployment cost of Wi-Fi system in 
unlicensed band for future high capacity services based on a simplified system-level 
simulation. This can guide us to discuss the potential barriers in unlicensed band.  
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Figure 5. Total deployment cost comparison between Wi-Fi in unlicensed band and a 

conventional cellular system. The cellular system is assigned the half of spectrum by 3rd 
party spectrum broker to avoid inter-building interference while Wi-Fi system fully 

access whole spectrum based on CSMA/CA.  

 

Wi-Fi Deficiency – Technology or Regulatory Bottleneck? 

In traditional unlicensed band such as 2.4 GHz and 5GHz, anyone can access spectrum 
as long as transmitters follow predetermined technical conditions since no pre-procedure 
on authorization is required. Thus, coexistence rules are only a regulatory mean to control 
shared spectrum access. Typical approaches were based on node-level etiquettes [5]. 
Transmit Power Control (TPC), Dynamic Frequency Selection (DFS) and Listen Before 
Talk (LBT) are some of examples. Such regulatory requirements naturally ended up a 
fully distributed system design which does not explicitly have control plane architecture, 
working in a fully self-organizing manner. This also applied to the commercially 
successful Wi-Fi system. For instance, individual AP makes a transmission decision 
based on a detected energy level, so-called CSMA/CA [13]. If a shared channel is 
considered busy, an AP takes a conservative decision, i.e., waiting although actual 
transmission can transmit data successfully. Without any architectural support, common 
carrier sensing threshold is given by W-Fi standard as a mandatory requirement in order 
to coexist with other anonymous transmitters even including mobile end-users. Although 
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the probability of interferences from co-located areas are very low in most cases, all 
individual nodes should follow globally fixed rules , e.g., common carrier sensing 
threshold or maximum backoff window size. Similar design approach was widely 
adopted in many other communication standards in unlicensed band, e.g., IEEE 
802.15.1/4.  

We evaluate supportable traffic demand with increasing Wi-Fi AP deployment density 
in a typical office environment in order to see the impact of such conservative design to 
deployment cost. As shown in Figure 5, as capacity requirement grows, required 
deployment density rapidly grows after a certain demand level. The coexistence 
requirements with anonymous mobile users make Wi-Fi densification redundant to let 
them wait until others do not use channels although the others are the part of one 
operator’s network. Although specific numerical results are dependent on actual 
simulation parameters, e.g. the considered network geometry of office areas, such trend 
will be maintained. Technically, the Wi-Fi deficiency at very high-capacity may be easily 
resolved by centrally coordinating all APs at the same time in the unlicensed spectrum as 
traditional cellular systems. However, this may not be allowed if regulators enforce listen 
before talk as a basic coexistence requirement in the unlicensed spectrum.  

The key issue is how the regulations should be made to allow such cellular 
technologies to overcome Wi-Fi deficiency. One of naïve approach could be divide 
whole spectrum into several subband at the level of local areas instead of a traditional 
nation-level and coordinate subband allocation between networks to avoid excessive 
interference at network boundaries (shown in the blue curve at Figure 5). Thus, the 
subband is repeatedly reused by other operators which is not the closet interferers. One 
shortcoming of this approach is that each local network accesses less amount of whole 
spectrum. However, the gain appears when very high-capacity is required by allowing 
that individual operator can fully control multiple APs in their own network. Therefore, a 
local cellular-like system with the combination of regulatory network-level coordination 
may be needed for very high-capacity services. 

 

6. Discussions on Future Local Spectrum Sharing Policies 

 

In this section, we discuss future spectrum sharing policies for indoor short range 
services by local operators. Both technical coexistence design and authorization 
perspectives are considered.   
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Global Node-level Restrictions vs. Network-level Access Coordination 

Unlike technical (frequency band, max power, channel access rules) or operational 
(e.g. geographical area of network deployment) requirements, the authorization is of 
administrative nature and necessitates - as a prerequisite for use - that an operator 
contacts the Spectrum Management Authority and meet its obligation. Without 
administrative control in unlicensed band, spectrum access is regulated solely by 
adherence to pre-defined technical conditions. As identified in the Wi-Fi example, the 
unlicensed authorization based on a node-level etiquette possibly leads to unnecessarily 
conservative wireless system in order to ensure communications even at the worst case 
where nodes are deployed or stayed in a completely random manner. Such approach may 
work relatively low capacity services and be cost-effective. Nevertheless, the 
coordination among APs at a given network will be essential if LNOs aim much higher 
data rate services than today. First, node-level constraints given by a regulator need to be 
relaxed to allow more network-wide control by operators. Equally importantly, regulator-
driven centralized inter-network coordination is inevitable for mitigating network 
boundary interference.  

 

Limited Several vs. Potentially Many Operators? 

Besides of technical conditions in spectrum policies, the number of access rights may 
also seriously affect the scene of business and local investment, e.g., competition in B2B 
markets or speed of infrastructure investments. In society perspective, fast and wide local 
investment is desirable and can be better fostered by giving spectrum access opportunities 
to more operators. In this regard, there are two different approaches in authorization. One 
is simple and flexible license allocation without predetermined restrictions in the operator 
group. This theoretically allows unlimited number of operators. The other one is more 
limited by allowing pre-fixed several operators. A key difference between two 
approaches is the uncertainty in the number of operators. In a technical perspective, a 
fixed licensing approach and flexible registration-based approach could result in the 
similar level of interference uncertainty at a given local operator since the amount and 
uncertainty of interference is dominated by technical parameters, e.g., network 
deployment and site density, rather than the number of operators. More flexible license 
allocation is desirable for fast local investment by a number of non-traditional operators, 
compared with more rigid shared license, e.g., auction-based contract, since the 
uncertainty in the number of operators is not so dominant as site density and geometry of 
network deployment in an interference protection perspective. Such approach will 
potentially lead to many operators, which may need government-driven network-level 
coordination instead of purely relying on individual operator’s agreement with neighbors.  
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7. Conclusions  

We discussed the future indoor short-range spectrum sharing polices for non-
traditional local operators compared with a traditional unlicensed approach in the 
presence of tradeoff between spectrum access flexibility and interference uncertainty. We 
developed a model to investigate complex regulatory decision domains and their relations 
with both business and technologies. We evaluated the deployment cost of Wi-Fi systems 
for future high-capacity services and identified the potential problems of the traditional 
unlicensed approach.  

From the local operator perspective, the unlicensed band with too much conservative 
coexistence rules e.g., the fixed node-level etiquettes, will lead to a fully distributed 
system without any inter-node communication supports. It may significantly sacrifice 
overall network performance at very high capacity region and eventually increase the 
order of magnitude more deployment cost than a traditional cellular system in exclusive 
band. Thus, a traditional transmitter access control approach, e.g., node-level etiquettes, 
needs to be avoided for ensuring network-level controllability. In addition, regulatory 
focus needs to be moved from traditional node-level etiquettes to more adaptive 
coordination to protect interferences at network boundaries to support future high-
capacity services.  

Although we showed one plausible technical coexistence solution which at least can 
yield lower cost than uncoordinated Wi-Fi at a high-capacity region, recent technological 
advances may help to increase efficiency in shared spectrum. Studies on the efficiency 
and feasibility of new coordination technologies, e.g., dynamic spectrum pooling, for 
enabling local operator coexistence will be a next step.  
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Abstract—Low cost deployment strategies have become a
critical issue in high-capacity ultra-dense networks. By reducing
interference, the number of required access points (APs) at a
given service requirement may be saved. Most studies have
thus far focused on real-time coordination schemes using signal
level interference cancellation, e.g. CoMP in LTE-Advanced.
However, it is very common in indoor scenarios that the APs are
connected to existing shared backhauls not under the control
of wireless operators, e.g. xDSL or Ethernet. Such networks
may provide “best-effort” inter-cell signaling which limits the
performance of the dynamic interference coordination. In this
paper, we explore if significant cost saving can be achieved
by the dynamic coordination when indoor systems use the
existing best-effort backhaul. For this purpose, we derive an
approximate upper bound on the performance by using perfect
global average path gain knowledge. The bound is compared
with the performance of a conventional static frequency division.
The cost saving is expressed with respect to the reduction of the
number of required APs to meet a certain user demand level.
Short-term user clustering and the sensitivity to varying wall
loss are also taken into account. Despite the best-effort backhaul
restriction, numerical results demonstrate that the cost saving
potential of dynamic coordination strategies is significant enough
to be considered in ultra-dense indoor systems at most wall
environments. The coordination is particularly advantageous
when the user demand level is high and short-term user
clustering often occurs.

Index Terms—Deployment cost saving, Interference coordina-
tion, Ultra-dense indoor networks, Shared backhaul.

I. INTRODUCTION

Lowering the total deployment cost becomes crucial to
ensure an operator’s profitability against ever-increasing mo-
bile traffic. In order to reduce the total cost, the number of
deployed access points (APs) can be minimized by developing
a more efficient indoor system. One approach can be employ-
ing advanced inter-cell interference coordination techniques.
Although some of them are already in use at commercial wide
area networks, their indoor applications are still not so mature
yet [1]. One reason is that most of indoor traffic goes through
already existing shared backhauls, e.g., xDSL or Ethernet. This
inherently leads to “best-effort” packet transmissions and will
limit real-time inter-cell signaling. The other reason is that the
number of APs is order of magnitude more than traditional
outdoor deployments. This will create more unpredictable and
stronger interference as well as the instability of radio resource
management (RRM) entities at a network layer [2], [3]. These
make an even simple form of coordination strategy require

substantial implementation efforts and system complexity in
practice [4]–[6]. It is still unclear if the cost saving of the
dynamic coordination is sufficiently large to outweigh the
practical overhead when the best-effort backhaul is in use for
indoor systems.

The dynamic inter-cell interference coordination has been
one of hot research topics over decades. There were some
studies which particularly considered indoor systems con-
nected to the best effort backhaul. Their research emphasis
has mostly been put on radio resource allocation algorithm
proposals [3], [7]–[11]. They usually showed the practical
usefulness of the proposed algorithms by comparing them
with fixed coordination strategies. However, their algorithms
often require a large number of iterations to converge. Thus,
evaluations were restricted only to a few number of APs setting
so that the existing results are hard to be generalized to ultra-
dense situations. In addition, they typically measured a spectral
efficiency gain in terms of either outage probability or average
system throughput. From a cost perspective, saving in the
number of required APs subject to a user demand level is
a far more relevant metric. In light of this, it is not obvious
if the existing results on performance improvements can be
linearly converted to the AP density saving because a dif-
ferent AP density completely changes multi-cell interference
characteristics.

Only very few attempts exist to address the dynamic coor-
dination benefit in terms of an economic aspect [12], [13]. For
instance, authors in [12] compared an instantaneous multi-cell
power control and zero-forcing (ZF) in a millisecond frame
level. They focused a real-time multi-cell coordination in
outdoor macrocell networks which presume very low latency
dedicated backhaul. In indoor ultra-dense situations, the best-
effort backhaul constraint may only allow moderate time scale
of coordination strategies, e.g., a second to minute level [9].
In addition, loads and propagation characteristics are very
different from outdoor scenarios. Users are more dynamically
gathered and this will create more idle APs without active
users. These appears more often with a denser deployment. At
the same time, a indoor wall loss exists to affect interference
characteristics.

In this paper, we aim to quantify the cost saving of dynamic
multi-cell coordination when ultra-dense indoor networks are
connected to the best-effort backhaul. The cost saving is mea-
sured in terms of the reduction of the number of required AP
at a given service requirement. For this, the required number
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of APs is estimated by solving a dimensioning problem in
different coordination strategies. When best-effort backhaul
based dynamic coordination is used, we approximate the
minimally required number of APs by assuming perfect global
average path gain information. Its result is compared with a
conventional static frequency division and we assess the cost
saving potential. In any cases, we assume a real-time intra-cell
scheduling at a fast fading level. The contribution of this paper
can be summarized as follows. First, we quantify the perfor-
mance improvements of best-effort backhaul based multi-cell
coordination strategies with respect to a AP density saving
instead of a traditional spectral efficiency gain. Secondly,
computationally efficient multi-link radio resource allocation
models are proposed for solving a large-scale dimensioning
problem. Thirdly, the impact of per-cell load dynamics and
wall loses are particularly included in the assessment of an
AP density saving.

The paper is outlined as follows. We formulate an overall
problem in Section II. A system model and multi-cell coordi-
nation strategies are given in Section III and IV, respectively.
Numerical results are illustrated in Section V. Then, we
conclude this work in Section VI.

II. PROBLEM FORMULATION

We aim to quantify the cost saving potential of employ-
ing a dynamic multi-cell coordination strategy when the use
of best-effort backhaul limits a coordination capability. The
cost saving is defined by a comparison with a conventional
static frequency division strategy. A key constraint is an
area capacity requirement mΩ which should be met by any
coordination strategies. We assume that additional production
costs for the dynamic strategies are negligible since new
logical functionalities and signal processing units will have
a marginal cost increment [14]. Since a total cost is linear to
a number of deployed AP Nb, we assume that the cost saving
is equivalent to saving of the required number of APs ∆Nb
at a given mΩ. Let us denote the required number of AP of a
dynamic coordination strategy and frequency division strategy
as N dyn

b and N fp
b , respectively. Then, we define ∆Nb as:

∆Nb(mΩ) :=
N dyn
b −N fp

b

N fp
b

× 100 (%). (1)

To estimate ∆Nb, Nb should be individually decided for each
coordination strategy and compared. Inherently, this is closely
related to a dimensioning problem whose goal is finding Nb to
meet a certain area capacity [14]. We suppose that a network
is dimensioned to support a peak hour service requirement mΩ

during weekdays. Then, it can be formulated as

minimize Ctot

subject to J(Nb) = mΩ,
(2)

where Ctot is a total deployment cost and J(·) represents
a function to return a provided network performance mΩ

when Nb APs are deployed. This is exactly equivalent to
minimizing Nb by assuming that a unit cost of CAPEX
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Fig. 1. A TDMA system with hierarchical coordination decision dynamics.
A multi-cell coordination is repeated every Tmc slots based on slowly-varying
global information while an intra-cell scheduling is in a individual slot level
using an instantaneous local information.

and OPEX per AP is independent from Nb. The following
sections will mainly discuss technical model details of a
general network environmental dynamics and a dynamic multi-
cell coordination coordination model.

III. SYSTEM MODEL

The dynamic multi-cell coordination is closely linked multi-
link radio resource allocation decision dynamics and network
environment dynamics. Both dynamics span very different
time scales and also related to a long-term network dimen-
sioning decision particularly in our cost saving analysis. Thus,
they should be carefully modeled. In this section, we model
the decision dynamics both in a global multi-cell level and a
local cell level. Then, the network environment dynamics is
discussed in terms of service and physical wireless channels.

A. Frame Structure and Coordination Hierarchy

Let us consider a square service area Ω with the size of x
by y in meters. During a busy hour, there are U active users
downloading data. We denote the active user set in a whole
system by U . A user set belonging to AP n is represented as
Un whose cardinality is Un, i.e., U =

∑Nb

n=1 Un.
We consider a fully synchronized cellular system and each

cell schedules multiple users in a TDMA manner, i.e., only one
active user at a given time and a given cell. We assume that
the smallest resource unit through which data is transported
is referred to as slot which is indexed by t and whose
length is ∆t. Without loss of generality, all time scales are
defined in a relative manner in this paper. Thus, the unit
of time period is less meaningful. There are not only an
inter-cell coordination but also an intra-cell scheduling issue
among Un users in a given AP n. This complicates more the
multi-cell coordination problem and needs a careful modeling
assumption. In general, a multi-cell coordination time interval
is lower bounded by the intra-cell scheduling interval. We
consider the best possible intra-cell scheduling regardless of
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Fig. 2. Fundamental wireless system dynamics in service and physical
domains for coordination opportunities.

multi-cell coordination. It is assumed that each cell can obtain
the perfect g(t) of signal links of associated users, i.e., fast
channel quality indicator feedback. Although each cell makes
a radio resource allocation in every slot level based on the
perfect g(t) knowledge, the fast global information may not
be available for a multi-cell coordination due to the best-effort
backhaul latency constraint. Thus, we assume that dynamic
multi-cell coordination decision is made in every Tmc slot
to exploit a relatively slow global information as depicted in
Fig. 1. Since actual radio resource allocation is eventually
affected by the fast local information which is unknown to
the multi-cell coordination, a dynamic multi-cell coordination
inherently involves a data rate prediction. We will discuss this
issue in more detail at Section IV.

B. Service Model

As illustrated in Fig 2, network environment dynamics
consists of user service requests at an application layer and
a physical wireless channel variability. The service request
dynamics usually spread over very different ranges of time
scales. In a dimensioning literature [15], a hourly basis service
load variation has been often used. In contrast, a number
of radio resource management considered much shorter time
scales of dynamics, e.g., packet arrivals and burstiness in
hundreds of milliseconds [16]. Although the service dynamics
in short time scale is present during a busy hour, the buffer
size at a MAC layer also depends on total amount of radio
resource, i.e., the number of APs and system bandwidth. Since
our preliminary goal is solving the dimensioning problem (2),
minimizing Nb at a given service requirement is essential.
In this light, we make two important assumptions. First, we
focus a downlink traffic only which typically is a bottleneck in
deciding Nb from a capacity expansion perspective. Secondly,
we assume the best possible network utilization during a busy
hour to require as the minimal Nb as possible. We model
this as the full buffer of all individual users. Thus, users in

a considered network download data as long as a network
assigns resource. It is noticeable that a per-user full buffer
does not mean a per-cell full buffer. Especially in a ultra-dense
scenario, idle cells without active users often occurs. This may
reduce downlink interference to adjacent cells. Beside of a
traffic volume, a service type is one important aspect since
it affects a coordination design objective. We consider a rate
guaranteed service type where average data rate R̄l during Td
time slots is statistically ensured.

C. Global User Motion Dynamics

Nomadic indoor users only are regarded and we ignore the
events of moving users to consume wireless data, i.e., a very
short position transition time. The stationary periods of all
users are statistically equal and an individual position update
event independently occurs. Thus, all different realizations of
user positions are independent and identical. This justifies that
statistical models used in this work is ergodic and single user
performance represents well a long-term average performance
of a wireless network. Let us denote a n-th position update
time instance of user i by mi

t(n). Then, a dynamic user
position update event can be expressed by a totally ordered set
dim = {mi

1,m
i
2, ...} whose elements represents a time instance

of the motion event of user i. From a multi-cell coordination
perspective, a network-level dynamics is important. Thus, we
model global motion dynamics with a totally ordered set

Dm =
⋃
i∈U

(∞⋃
n
mi
n

)
= {M1,M2, ...} which consists of time

instances that any single user updates its position at whole
network.

Since every user position is independent and identical in a
long-term perspective, every user has the same probability to
be present at a given location in Ω. This justifies that users
are uniformly distributed over a service area and motivates
a regular AP deployment. Nevertheless, a spontaneous user
cluster can be created to make spatial irregularity in the global
user motion dynamics. This type of a short-term fluctuating
spatial distribution will be in a denser indoor situation. To
model this, Un users are distributed over Ω by following a
Matérn cluster point process [17]. In this process, we have a
single representative cluster whose center follows a uniform
distribution. The τc portion of points out of Un users is still
uniformly distributed in the representative cluster so that it
can ensure a long-term uniform distribution. The cluster is
modeled as a circle with radius Zc in meter. At the inside of
the circle, a daughter process follows a density function u(x)
which is given by

u(x) =

{ 1
πZ2

c
, ‖x‖ ≤ Zc

0 otherwise.

D. Local Link Level Dynamics

We assume that average path gain is purely dependent on
the user motion and room geometry which typically varies
with minutes to hours time span. However, a fast fading
dynamics still exists in a instantaneous time scale (i.e., several
to hundreds milliseconds) which are hard to be used by the
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best-effort backhaul based coordination decision at a network
layer. A key difference in indoor propagation from outdoor
environments is the additional wall loss with distance. Indoors
pathloss has been found to be well characterized by free space
loss plus exponential loss [18], [19]. Let us denote a free space
path gain L̄fs = −20log10( λ

4πd ) = L̄0(1m)+20log10(d) (dB)
where d is the distance in meter between AP and user, and
λ a wavelength. L̄0(1m) is the pathloss at 1 meter at the
carrier frequency fc (GHz) of interest. Then, we can express
the indoor path loss model with the exponential loss due to
walls as:

ḡ = min(L̄fs, L̄fs − β · d · L̄w + S)

= min(L̄fs, L̄fs − ρw · d+ S) (dB). (3)

β (m−1) is a probability that a wall obstructs a line of sight
link and it is a function of wall density per unit distance. When
this event occurs, the signal strength is reduced by an average
wall penetration loss L̄w (dB). We can also define the average
wall attenuation per unit distance ρw(dB/m) := β ·L̄w to more
efficiently characterize indoor wall environments. S indicates
a lognormally distributed random variable with zero mean and
standard variance σ (dB). We assume that a Rayleigh fading is
independently and identically created in every time slots while
ḡ is maintained. Thus, an instantaneous channel gain g(t) for
a given average ḡ can be expressed by

g(t) =
√

10−
ḡ
10 · h2(t), (4)

where h2(t) are exponentially distributed.

E. Rate Model

In any given time slot in a cell, a single user is supported
with allocated link bandwidth wl (MHz). Then, signal to
interference and noise ratio (SINR) γl(t) of link l is defined
as:

γl(t) =
prx,l(t)∑

x∈B(l)

Ixl(t) +No
. (5)

Then, an instantaneous data rate of a user l is obtained by
Shannon formula:

Rl(γl(t)) = wl min {ζ1log2 (1 + ζ2γl(t)) , ηmax} [Mbps],
(6)

where prx,l(t) = gll(t)Pt, Ixl(t), and No presents an instanta-
neous received power, interference, and noise spectral density
to a user l. B(l) represents a set of interfering APs with active
users to user l. In addition, a link-level inefficiency is modeled
with a bandwidth efficiency coefficient ζ1 and a SINR gap ζ2 is
introduced due to a limited block length. ηmax represents the
max link spectral efficiency which is restricted by a maximum
modulation and code scheme.

We define a time slot assignment indicator θlt which is set
to be 1 if user l is scheduled at a slot t. Otherwise, it is zero.
One or a collection of time slots can be allocated to meet

average data rate within Td slots. Then, average data rate R̄l
of a user l during arbitrary n-th Td slots is defined as

R̄l =
1

Td

(∑

t

∫ ∞

0

Rl(x)f(x|θlt = 1)h(θlt = 1|t)dx
)
,

(7)
where f(·) and h(·) represents the PDF of scheduled SINR
and scheduling event, respectively. f(·) is closely related to
fast fading randomness at every time slot and h(·) is a function
of intra-cell scheduling and multi-cell coordination which is a
function of user geometry. It is noticeable that h(·) may have
a correlation with a time index when intra-cell scheduling and
multi-cell coordination have any history based slot allocation,
e.g., proportional fair scheduler. Those functions in general
are very difficult to be analytically characterized due to highly
involved a non-linearity and algorithm dependency. Thus, slot-
level empirical models are inevitable. We will discuss this
issue in Section IV.

F. Deployment Model and Performance Measure

Nb APs are located in a hexagonal grid since a long-term
uniform user distribution over Ω is assumed although sponta-
neous user cluster events happen. At a given deployed Nb APs,
an offered network performance satisfies service requirement
mΩ. Since all users’ statistical service requests and mobility
characteristics are same, an ergodic network performance is
represented by single user. In addition, determining Nb is a
long-term decision problem. Thus, the long-term service level
of one user over multiple busy hours during whole network life
cycle is measured. Since we are mainly interested in average
data rate guaranteed service regardless of user position and
network-level load imbalance, 5-percentile of average data rate
of one user is measured as denoted by mΩ = R5−perc.

IV. BEST-EFFORT MULTI-CELL COORDINATION MODEL

In this section, we formulate the best possible dynamic
coordination strategy when the best-effort backhaul is used
in order to approximate the cost saving potentials. Since
fast fading level local information still is not available, a
prediction based multi-cell coordination decision algorithm
is also proposed. As a reference, a static frequency division
strategy with SINR statistical distribution is modeled. Both
coordination strategies involve a fast intra-cell scheduling
based on instantaneous local channel knowledge.

A. Dynamic Best-effort Coordination

In typical shared backhauls, the range of backhaul delays
is less than several hundreds of milliseconds [9] which can
allow a relatively slowly varying information exchange in
second to minute level with a reasonably low error by simple
repeated inter-cell signaling. Under the best-effort backhaul
latency, several dynamic coordination strategies are possible.
One typical approach is cell load adaptive schemes based on
the number of users per cell information [5], [20]. Although
it may be sufficient in a circuit-switched network, a packet-
switched data network may further enhance the performance
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by knowing average path gain information to fully exploit
the rate adaptation gain and flexible radio resource allocation.
Nevertheless, it is still too difficult for a real-time exchange
of all instantaneous signal and interfering link gain in a
less than tens of milliseconds. As the best possible dynamic
coordination using best-effort backhauls, we assume that
global average path gain knowledge is ideally exchanged to
adaptively recommend or restrict each cell resource depending
on all user positions and per-cell load dynamics. Specifically,
a system updates all users’s ḡ from all APs every Tmc slot.

We invoke the following assumptions for the remainder
of this paper in order to formulate the dynamic best-effort
coordination:

• Assumption 1: An information of fast fading channel gain
g(t) of signal links is still locally available in each cell
whereas average path gain information ḡ of all relevant
signal and interfering links are perfectly available at a
system-level coordination functional entity.

• Assumption 2: We assume N · Tmc ≈ Td for an integer
N > 0. This assumption simplifies an evaluation process
by applying discrete time resource allocation. Since we
assume that i.i.d fast fading, R̄l can be also approximated
by averaging Rl(t) during Tmc slots.

• Assumption 3: The global user motion dynamics is
relatively slow compared with Tmc∆t duration, i.e.,
Pr
(
M(i+1)−M(i)

∆t < Tmc

)
≈ 0 for arbitrary i. Thus,

we ignore the outdate probability of average path gain
information.

• Assumption 4: Each slot can only be assigned to one user
within a given cell, i.e., no intra-cell interference.

• Assumption 5: Neighboring cells may access the same
time slot depending on an expected mutual interference
level when whole system bandwidth W (MHz) is reused.

1) Problem Formulation: Based on above assumptions,
we formulate dynamic multi-cell scheduling for a numerical
experiment. It includes the specific set of time slots assigned
to each AP during multi-cell coordination interval Tmc. Under
the system-level time slot recommendation/restriction, each
AP locally makes an actual pairing between an assigned time
slot and a user based on an instantaneous signal link channel
gain g(t). Let us define some notations used in the rest of this
paper for a clear explanation.

• Instantaneous path gain matrix at a given slot
GLu×Nb

(t) =
[
g(t)

]

• Average path gain matrix at a given user position
ḠLu×Nb

=
[
ḡ
]

• Average data rate vector R̄Lu×1: R̄l represents user l’s
average data rate during T time slots.

• Resource assignment matrix ΨNb×T and ΘLu×T : ψnt =
1 indicates that AP n is activated at time slot t and 0
otherwise; θlt = 1 indicates that time slot t is assigned
to user l. Then, we have a relation ψnt =

∑
l∈Un

θlt.

When G is known during Tmc slots, the output of the dynamic
multi-cell scheduling will be Ψ which recommends when and

Algorithm 1 Prediction Based System-level Scheduling

1: input: G, U , R̄o, and ∆R̄
2: output: Ψ
3: initialization: Ψ = 0, Rmin ← R̄o, URmin

= ∅, and
Lact = ∅

4: for t=1:Tmc do
5: if URmin

= U then
6: Rmin ← Rmin + ∆R̄ and URmin

← ∅
7: end if
8: U ← U − URmin

9: if Lact = ∅ then
10: find the best user in each cell.
11: sort them with a descending order of ḡ and store their

indexes into Π = {π1, ..., πNb
}.

12: build an active user set Lact by inserting a user
in the order of an index πk ∈ Π until aggregate
instantaneous data rates grows.

13: end if
14: update all R̄l and set θ̃lt = 1 for l ∈ Lact.
15: find a set of users out of Lact to meet R̄l > Rmin.
16: remove them from Lact.
17: end for
18: compute ψnt =

∑
l∈Un

θ̃lt for all APs.

which AP to be active to serve a user. Mathematically, it is
formulated as:

Ψ∗ = argmax O(Ψ). (8)

Depending on the service type and QoS levels, different
objectives O(Ψ) should be considered. For the rate guaranteed
service, a more fair resource allocation during Tmc slots is
modeled by employing O(Ψ) = Min

l∈U
R̄l.

2) Rate Prediction Model: In order to find Ψ∗, estimating
predicted average data rate R̃l of all users is essential since
h2(t) is unknown due to fast fading randomness. Let us denote
a predicted instantaneous SINR of user l at a time slot t:

γ̃l(t) =
p̃rx,l∑

x∈B(l)

Ĩxl(θ̃xt) +No
, (9)

where a predicted received power and an aggregate interfer-
ence spectral density are assumed to be p̃rx,l = gFMḡllPt and
Ĩxl(θ̃xt) = θ̃xtḡxlPt, respectively. Notice that we introduce
a fast fading margin gFM to compensate average information
based prediction. Then, the predicted instantaneous data rate
and average data rate are computed by:

R̃l(γ̃l(t)) = W min {ζ1log2 (1 + ζ2γ̃l(t)) , ηmax} (Mbps)
(10)

and
R̃l =

1

Tmc

∑

t

R̃tl (Mbps), (11)

respectively.
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Algorithm 2 Fast Cell-level Scheduling
1: input: gnl(t) for l ∈ Un and Ψ
2: output: θlt for l ∈ Un and t = {1 : Tmc}
3: initialization: R̄l = 0 for l ∈ Un
4: for t=1:Tmc do
5: if ψnt = 1 then
6: if there are users with R̄l = 0 then
7: find the user l with highest gnl(t) and set θlt = 1.
8: else
9: find the user l with lowest R̄l and set θlt = 1.

10: end if
11: update R̄l ← R̄l + Rl(t)

Tmc
.

12: end if
13: end for

3) Multi-link Resource Allocation Model: The multi-cell
coordination inherently involves with multi-link radio resource
allocation in a time slot level. From this perspective, the first
step is to obtain Ψ∗ which works as a constraint for slot-level
intra-cell scheduling. However, it is very challenging due to
the prohibitively large solution space and non-convexity in the
logarithm function. This becomes computationally prohibitive
especially when Nb is especially large. We develop a greedy
system-level algorithm to approximate Ψ∗ for a given G
during Tmc slots. The basic idea is first to allocate a time
slot to the AP with more users in better average path gain
conditions until every users satisfy initial target average data
rate R̄o. After the multi-cell coordinator believes that all APs
are assigned sufficient time slots to provide R̄o, it gradually
increases R̄o by ∆R̄ and allocates remaining time slots in
the same way. A more detailed pseudo code can be found in
Algorithm 1.

When Ψ is given or distributed over the network, actual
time slot allocation to a user follows an intra-cell scheduling
in a cell level. At a given time slot, we assume that each
cell perfectly exploits locally available fast fading channel
information of signal link (assuming that fast CQI feedback
from associated users), i.e., g(t). As depicted in Algorithm 2,
each cell first checks cell-level time slot assignment restricted
by Ψ. Then, it allocates slots to users one by one in the
descending order of the average path gain until all users
achieve non-zero average data rate. Then, remaining slots
assigned by Ψ will be distributed to maximize the minimum
average data rate of users associated to that cell.

B. Reference: Static Frequency Division

Radio resource partitioning among cells has been widely
used based on long-term global statistical information. While it
was often used in a static manner, a recent network automation
supports this approach in a more flexible way, e.g., daily traffic
variations or new AP addition/removal [20]. Its implementa-
tion complexity and inter-cell signaling overhead is kept at
minimum. We assume that each cell is capable to exchange
the statistical distribution of instantaneous SINR during a very
long period, i.e., a much slower time scale than the global user

motion dynamics. We consider a multi-cell static frequency
division strategy based on SINR distribution information as
a lower bound performance of coordination using best-effort
coordination.

1) Problem Formulation: In this scheme, adjacent cells
will be allocated different sub-bands with frequency reuse
factor (FRF) K. Only one over Kth of the frequency resources
are utilized in each cell. This form of inter-cell interference
avoidance was initially introduced for circuit switched net-
works. Since then, it has been widely used in Global System
for Mobile communication (GSM) networks and in OFDMA-
based systems. Fundamentally, FRF tradeoffs the interference
reduction and bandwidth efficiency in the network. Tradition-
ally K is chosen to maximize the per-cell bandwidth subject
to a worst case SINR probability. This usually leads to a
conservative frequency reuse, i.e., higher K. We assume that
each AP transmits at full power Pt using one out of K disjoint
bands whose amount is given as wfp = W

K (MHz). Let us
mathematically formulate the frequency division problem:

K∗ = argmaxwfp

subject to z(γt|K) < δs,
(12)

where z(·) is cumulative distribution function (CDF) of SINR
distribution for a given K and δs is referred to as a target SINR
outage probability of γt. δs and γt work as a configuration
parameter to affect the required interference reduction level
or the aggressiveness of a frequency reuse. The traditional
macro or micro cellular systems had relatively low K due
to interference reduction by shadowing and rich scattering.
However, it may be increased in the LoS condition which
is more likely to occur in a dense situation. Therefore, K
will be adaptively chosen according to local environments or
deployment density.

2) Multi-link Resource Allocation Model: Finding K in
general is a NP-hard problem due to its combinatorics and
is closely related to a channel assignment problem [21]. Espe-
cially when the large number of APs are deployed, a search for
the optimal solution is prohibitive. In order to determine K,
we exhaustively estimate z(γt|K) for possible K. For this,
the estimation of z(γt|K) will be conducted by applying a
heuristic channel selection algorithm inspired by [22]. In this
algorithm, each AP is randomly and sequentially chosen and
is allocated the frequency channel generating the minimum
aggregate interference at a given K channel set. Then, the
SINR distribution of U users is virtually estimated. We find
the lowest K subject to z(γt|K) < δs. Nevertheless, the
same intra-cell scheduling policies as the dynamic multi-cell
coordination are still applied for a given K∗ so that local fast
fading channel information in each cell is fully exploited to
increase spectral efficiency.

V. NUMERICAL RESULTS

A. Simulation Model
Our objective is to estimate ∆Nb according to the different

levels of R5−perc. For this purpose, we assess R̄l distribu-
tion in different Nb via Monte-Carlo method. When Nb is
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TABLE I
SUMMARY OF INFORMATION AVAILABILITY FOR DOWNLINK MULTI-CELL COORDINATION COMPARISON

Abbreviations Information availability Typical multi-cell
coordination interval

Real-time MC Global instantaneous G(t) Millisec.
Best-effort MC

+ Real-time SC
Global average Ḡ

+ Local instantaneous g(t)
Sec.∼several tens of min.

Static MC + Real-time SC CDF of SINR + Local
instantaneous g(t)

>Days

No MC + Real-time SC Local instantaneous g(t) N/A

deployed, we have two layers of snap shots for the dynamic
multi-cell coordination. In the first layer of snapshot, user
positions are generated to have an average path gain matrix Ḡ.
Then, the dynamic coordination acquires Ψ by applying Algo-
rithm 1. At a given user position, the first snap shot is further
divided into Tmc slots with different fast fading realizations
for the same Ḡ. In each slot, Algorithm 2 is used to calculate
R̄l for all U users. This whole procedure is repeated in
independent user position realizations to acquire the statistical
distribution of R̄l. Once we have the distribution of R̄l, we
estimate R5−perc for a given Nb. For the static frequency
division, the best K∗ is decided based on the exhaustive search
on K and estimation of z(γt|K) from different user position
realizations. Then, the same two layers of snapshots are
generated and the cell-level scheduling algorithm is applied to
compute R̄l for a given K∗ frequency division. By increasing
Nb, we estimate R5−perc and apply interpolation to assess
the required Nb at the same R5−perc. All numerical examples
were obtained from the following simulation parameters. 1000
of user position snapshots are independently generated and
Tmc = 300 different fading level slots are created for a given
user position. A system bandwidth W=100 MHz and U = 160
in a 40 m × 40 m service area are considered. We also use
R̄o = 0.5 (Mbps), ∆R̄ = 0.1 (Mbps), and gFM = 3 (dB).
Transmit power density Pt = 7 (dBm/MHz) and noise power
density N0 = −174 (dBm/Hz)are given with noise figure 5 dB.
ζ1 = 0.83 and ζ2 = 0.5 are assumed with ηmax = 5 (bps/Hz)
from [23]. γt = 0 (dB) and δr = δs = 0.05 is considered,
respectively.

B. Total Deployment Cost Saving

Fig. 3 illustrates Nb/Lu according to a per-user demand
level. We consider four coordination strategies. We refer
the dynamic multi-cell (MC) coordination based on Ḡ and
the static multi-cell frequency division as best-effort MC
and static MC, respectively. For a comparison purpose, we
consider a real-time multi-cell coordination which knows the
instantaneous global channel gain G(t). This coordination
level does not have any actual difference in system-level and
cell-level coordination since fast the fading channel gain is
globally known. This scheme always performs better than the
best-effort MC. We also consider no multi-cell coordination
where all APs transmit with full power as soon as users are
present during all time slots. We call them real-time MC
and no MC, respectively. Although they have different time
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Fig. 3. A required number of APs per user according to per-user demand
level (ρW = 0.5 dB/m and no spontaneous user clustering). All four schemes
include a real-time intra-cell scheduling.

scales of dynamics in multi-cell coordination, a real-time intra-
cell scheduling based on fast fading channel gain g(t) still
applies to all of them. We indicate this as real-time single cell
coordination (SC). Table I well summarizes all above four
strategies according to available global and local information.

Fig. 3 shows that no coordination with real-time SC severely
suffers from high interference by densification. Certainly, a
more conservative frequency reuse is desired to ensure QoS
at users at bad conditions. The static MC performs better
than this. The best-effort MC can enhance the performance
although fast fading randomness may lead to inaccurate slot
allocation in some cells. It is noticeable that a network
densification does not linearly scale the capacity regardless of
the coordination level since the probability of idle APs without
any active users increases at given U users. This is clearly a
unique feature in a ultra-dense deployment where the finite
number of users cannot fully exploit a network to lead the
limited capacity expansion.

Fig. 4 illustrates ∆Nb. Without user clustering, 40% of total
deployment cost can be saved even when the AP density is
relatively low, e.g., 0.005 AP/user with static MC, (equivalent
to 8 AP/|Ω|). Then, ∆Nb grows with a higher per-user de-
mand. This is mainly because a network densification for more
capacity makes more per-cell load fluctuation. This eventually
allows more dynamic coordination opportunity. In addition, the
cost saving becomes larger when user clusters are dynamically
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TABLE II
TYPICAL RANGE OF ρw

Wall parameters1

β (wall/m) / L̄w (dB/wall)
Corresponding
ρw (dB/m) Examples

0.1 / 5 0.5 Office with large shared
rooms and thick walls

0.2 / 2-5 0.4-1 Office with private rooms
and thin walls

0.05 / 12-20 0.6-1
Public indoors with large

open space and very
thick walls

created. In our numerical example with single user cluster, an
additional 30% cost saving can be achieved compared with
the no clustering case at a given R5−perc = 3.8 (Mbps).
Nevertheless, the clustering effect diminishes as the per-user
demand level grows. This is simply because that a smaller per-
cell coverage by a network densification makes less per-cell
load dynamics at given user cluster size.

When walls are introduced, the traditional frequency divi-
sion strategy reuses spectrum more aggressively due to re-
duced inter-cell interference. Thus, the cost saving is expected
to be lowered as identified in our previous studies [27]. In
Fig. 5, we consider such effect according to the environmental
parameter ρw when the service level is given. Table 5 shows
us typical ranges of ρw and corresponding indoor wall density
and losses, and scenarios. There is a negative correlation
between wall density (or room size) and mean wall loss per
wall. Thus, ρw is usually less than 1 (dB/m) [28]. In such
range of ρw, we found that more than 40% of cost saving can
be still achieved as long as a AP density is reasonably high.

VI. CONCLUSIONS

We assessed the potential cost saving of using dynamic
multi-cell interference coordination when existing best-effort

1A wall density β can be considered as an inverse of side length of average
room size which is more intuitive in physical environments. We selectively
choose mean loss per wall L̄w from existing measurement results below
5GHz [24]–[26]
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Fig. 5. Total cost saving according to wall attenuation per distance ρw
(R5−perc=4 Mbps).

backhauls restrict the coordination capability. We evaluated the
approximate upper bound performance of dynamic strategies
based on perfect global average path gain knowledge. It was
compared with a static frequency division strategy. The cost
saving was quantified with respect to an AP density saving
in various user demand level. Our results have shown that
the dynamic coordination strategies can have more than 40%
of total deployment cost saving in most wall environments
despite the best-effort backhaul latency constraint when a
indoor network is reasonably dense. As expected, it is more
beneficial when a user demand level is higher and short-term
user clustering occurs. We assume that existing best-effort
backhaul limits the performance of the dynamic coordination.
Thus, it will be interesting to investigate the economic benefits
of installing a new dedicated backhaul for signal level inter-
cell interference cancelation.
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Abstract—To maintain affordable access for the rapidly in-
creasing mobile traffic, base station deployment has to be tailored
to hot-spot areas and primarily indoors where facility owners,
e.g., shopping malls or hotels, mostly provide wireless service.
Since such local access providers (LAPs) do not have access
to exclusive spectrum, one proposed option is sharing spectrum
with other nearby LAPs, e.g. unlicensed or secondary spectrum.
Due to limited or no coordination between the LAPs, they
selfishly access the spectrum, causing harmful interference to
the neighboring networks. Especially by increasing transmission
power, one operator may attempt to improve its own throughput
at the expense of its neighbors. In this paper, we explore the
impact of power asymmetry on competition between LAPs. We
model the competition between two networks with different
maximum power constraints as a network-wide power control
game. By analyzing the pure Nash equilibria, we find that a
lower power (LP) network becomes more aggressive to overcome
the inter-network interference. Due to the aggressive behavior,
sharing spectrum can out-perform fixed spectrum split even for
the LP network, provided that the power asymmetry is below a
certain limit. On the other hand, a higher power (HP) network
is mainly affected by its own “self-interference” so that it has
little incentive to employ complicated inter-operator interference
management schemes. In addition, we demonstrate that the
power asymmetry limit strongly depends on the inter-network
propagation conditions, e.g., inter-building distance or building
penetration loss.

I. INTRODUCTION

As mobile broadband access traffic rapidly grows, wireless
access should be provisioned in indoor or hotspot areas where
most of mobile traffic will be created. Unlike the conventional
wireless service by traditional operators, the indoor access
service is mainly provided by facility owners, e.g., shopping
malls, hotels, or airports for better customer relations or
hotspot business [1]. Since those local access providers (LAPs)
cannot have access to exclusive spectrum due to its limited
availability or expensive license fee, regulatory bodies and re-
search communities have recently considered the various ways
of spectrum sharing, e.g., unlicensed/secondary access [2], [3].
From this paradigm shift, various novel network operation
models are envisaged [4]. An example is shown in Fig. 1 where
small-sized indoor wireless networks managed by different
LAPs each provide services at adjacent locations in shared
spectrum. However, it creates a new interference environment
in which each network has interference from not only its own
base stations (BSs) but also other BSs in other networks. With
limited (or no) coordination between them, LAPs may access
spectrum in a selfish way by creating harmful interference to

Local Access 

Provider A

Local Access 

Provider B

Wide Area Network

Fig. 1. An example of spectrum sharing scenarios where two LAPs offer
service in neighboring buildings while an existing macro-cellular system still
provides outdoor coverage in exclusive spectrum.

the neighboring networks.
In particular, each network may increase its transmission

power for improving its throughput whereas giving damage to
its competitors unless any regulatory guidelines or operator-
wise agreements are imposed. In presence of such power
asymmetry, spectrum utilization between networks can be un-
fair, i.e., one giving more interference damage than the others.
Intuitively, a network with lower power is in disadvantage
due to excessive interference from competitors with higher
transmission power so that it may prefer the competition-free
environment, e.g., spectrum split. In contrast, the network with
higher power may benefit by easily defeating the network
with lower transmission power. Thus, it is greatly appealing
investigating the impact of power asymmetry in the shared
spectrum on individual network performance.

Most of existing studies on multi-operator operation have
considered financial price competition for user or spectrum
acquisition without any interference between involved opera-
tors [5], [6]. Relatively few studies researched an interference
problem between competing wireless operators in shared spec-
trum [7]–[11]. Authors of [7], [8] addressed a coverage com-
petition problem for attracting freely roaming users. Access
probability competition between WLAN networks has been
analyzed in [9]. [12] studied the achievable capacity of two
competing wireless links with asymmetric power constraint
rather than one of competing networks where self-interference
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Fig. 2. The example interference environment of two networks (User 2 perspective).

exists as well. In our previous work [10], [11], we studied
competition between two LAPs on shared spectrum in terms
of downlink power control. [10] investigated the incentive
of cooperation between LAPs under a symmetric conditions.
In [11], the operator competition with different quality of
service (QoS) requirements was explored under the symmetric
power constraint. To our best knowledge, a network-wide
competition between LAPs with the asymmetric transmission
power has not been studied yet.

In this paper, we study power control competition between
two wireless networks with asymmetric transmission power
constraints. We aim to answer the following research ques-
tions:

• Can the spectrum sharing be beneficial to both competing
networks in presence of asymmetric transmission power?

• How differently does the asymmetric transmission power
affect the competition between networks?

In order to obtain insights into basic principles, we investigate
the power asymmetry effect based on a simplified model.
Depending on the level of the asymmetry, individual net-
work performance in the competition is compared with two
cases: a fixed spectrum split and a random power control
in shared spectrum. We also examine the effects of inter-
network propagation conditions and the power asymmetry.
The rest of the paper is outlined as follows. Section II
provides a system model. Section III and Section IV state
a simulation methodology and evaluation results, respectively.
Finally, Section V concludes this study with future work.

II. SYSTEM MODEL

A. Radio Network Model
Let us consider two neighboring offices. In the inside of

each office building, we assume that multiple interfering BSs
in the same frequency channel are deployed by an office owner.
Since the co-channel operation of networks is presumed,
LAPs are rational to avoid excessive interference from other
networks. Thus, it is a too pessimistic scenario that BSs in
each network are placed along with other BSs in the neighbor
network. Instead, each network is deployed at the one vicinity
of the other network. In addition, we assume that the number
of BSs is same in each network for the analysis simplicity.
Environments with different number of BSs per network will
be addressed as future work.

Under these assumptions, let us denote two independent
networks as a set M = {A,B}, which are individually

managed by each LAP. Network i has two BSs which belong
to its BS set Bi. Note that BS 1 and 2 belong to network A
while BS 3 and 4 are operated by network B. All BSs in
both networks are equally spaced along an one-dimensional
geometry as shown in Fig. 2. This can represent a linear
deployment along the corridor in buildings. The closest BSs in
two networks are separated at least with inter-BS distance in
a given network. Also, BSs in a given network are controlled
via its network manager so that the transmit powers of BSs
are internally coordinated. Here, each manager is presumed to
know the complete channel state information between its BSs
and users based on local measurement reports.

At a given time, one user per BS uniformly arrives within its
cell radius R. This presumes a fully loaded system under equal
time-sharing among users in a given BS. For the convenience
of notations, we assume that user j associates with BS j.
Note that we restrict ourselves to two LAPs and the linear BS
topology in order to provide an insight into the basic principles
of the multi-operator competition. Let us consider a downlink
transmission. Then, each user is exposed in two interference
environments. For instance, User 2 served by BS 2 is affected
not only by interference from BS 1 belonging to the same
network, i.e., intra-network interference, but also in the range
of interference from BS 3 and 4 in the other network, which
is referred to as inter-network interference.

Let us denote a channel gain between BS j and its user j
by gj . gj consists of propagation loss and log-normal shadow
fading with standard deviation σ. Propagation loss is described
as PL = 127 + 30 log10(dj) (dB) where d accounts for
distance (km) from a transmitter [13]. Signal to interference
and noise ratio (SINR) at user j, referred to as γj , can be
obtained by

γj =
gjpj

Iintra
j + Iinter

j + No
, (1)

where pj and No represent the transmit power of BS j and
noise power, respectively. Note that Iintra

j and Iinter
j are

referred to as aggregate intra-network interference and inter-
network interference received at user j, respectively. For a
given γj , we simply compute the data rate rj from

rj = log2(1 + γj) (bps/Hz). (2)

Each competitive network i has its own objective function
Ui. In real business case, each LAP may have differentiated
target services or fairness objectives which possibly lead
asymmetric objectives [11]. Since we are interested in the

125



network performance due to the transmit power asymmetry,
we here assume that both networks have the same type of
objectives. We consider each network aims to maximize the
aggregate data rates, i.e.,

Ui =
∑

j∈Bi

rj .

B. Competitive Network Power Control

Without any inter-operator coordination, each network may
compete for maximizing only its objective function regardless
of how much interference it harms the other network. Let us
define the feasible transmit power vector of a network i as
pi ∈ Ωi = Π

j∈Bi

Pi where Pi = {pj | 0 ≤ pj ≤ pi
max} and Π

stands for Cartesian product. Note that the transmit power pj

of BS j belonging to a network i is limited to the maximum
transmission power pi

max. In a practical system, network i
may adapt pi only depending on monitored inter-network
interference when the other network employs a power vector
p−i. Then, the other network reconsiders its power vector since
the network i updates pi. Here, note that the transmit powers of
multiple BSs in a given network are assumed to be simultane-
ously coordinated, i.e., internal coordination. Such interactive
power vector adaptation process will be continued until they
reach a stable point or the monitoring phase ends. This can be
analyzed by using a game model [14]. We formulate this as a
strategic game denoted by G. The competitive power control
game G is described as follows:

• Player: M
• Action space: pi ∈ Ωi for i ∈ M
• Payoff function: Ui(pi, p−i) for i ∈ M.

Note that p−i represents the transmit power vector of the other
network aside from network i.

C. Transmission Power Asymmetry

Due to the independence between two LAPs, network A
and B can have different pi

max since one LAP may be greedy
to use higher transmission power capability by adopting dif-
ferent hardware specifications, e.g., power amplifier capability.
Let us assume pA

max < pB
max for the analysis convenience.

Then, we call network A and B as a lower power (LP) network
and a higher power (HP) network, respectively. Then, we
define the power asymmetry as

θasy := pB
max − pA

max.

III. SIMULATION METHODOLOGY

A. Numerical Evaluation of Competition

In the case of the competitive power control, we analyze
pure strategy Nash equilibria (NEs) as a solution concept. By
definition, it is the action profile that no players can yield a
better payoff from unilateral deviation. The NEs can be found
from the intersections of the best response curves of both play-
ers [14]. Also, the closed form solution for the best response
function is generally unknown when the payoff function is
non-convex for a given inter-network interference. However,
[15] showed that binary power control is optimal in two links
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Fig. 3. Average aggregate data rates according to the transmit power
asymmetry at Nash equilibrium (NE).

setting for maximizing the sum of data rates. Therefore, the
best response can be easily obtained by examining all three
possible power allocation combinations: (0,pi

max), (pi
max,0),

and (pi
max,pi

max). Therefore, we can exhaustively search the
nine feasible action profiles at a given user realization to obtain
the NE. It is noteworthy that the pure NE may not exist for
a given channel realization since the quasi-concavity in our
payoff function does not always hold for any channel realiza-
tions. In this case, we randomly select one from the feasible
profiles pi if no NE exists. There can be more than one NE
depending on the payoff matrix. Then, we randomly choose
one NE. The random outcome selection can reflect a practical
system which employs a finite distributed decision process
after random power initialization. By intensive experiments,
we identify that our evaluation mainly yields the unique NE.
Thus, the impact of randomly selected outcomes is negligible
in the average network performance.

B. Simulation Parameters

We implement a Monte-Carlo simulation with 10000 chan-
nel realizations. The cell radius is set as 100 m. The noise
power is set to -95 dBm. σ is given as 6 dB. For the power
asymmetry, we keep pA

max at the fixed value of 20 dBm, while
the range of θasy varies.

IV. NUMERICAL RESULTS

A. Network Behavior at Pure Nash Equilibrium

In Fig.3, we evaluate E[Ui] according to θasy. Here, global
represents the average aggregate rates of both networks. As
θasy increases, the performance of the LP network decreases
while one of the HP network increases. However, the aggregate
rates of both networks do not change much although the power
asymmetry increases. As discussed earlier, there exist three
possible best responses for a given Iinter. In any responses,
each BS either transmits with the maximum power or not.
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Fig. 4. Characteristics of BS activity at Nash Equilibrium according to power asymmetry.
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Fig. 5. Benefit of sharing spectrum according to the power asymmetry.

In order to obtain a better insight about the chosen action of
each BS at NE, Fig.4 illustrates activity probability, i.e., the
probability that each BS transmits with the maximum power.
The left two sub-plots express the behavior of BSs in the
LP network. As θasy increases, i.e., higher transmit power
in the HP network, the activity probability of BSs in the LP
network also increases in order to defeat Iinter from the HP
network since Iintra is not so dominant as Iinter in high
power asymmetry. On the other hand, in the right two sub-
plots, two BSs in the HP network are less likely to be turned on
because they are dominated by Iintra to make the HP network
more likely turn off one of its BSs to remove dominant Iintra.

B. Shared Spectrum vs. Spectrum Split

One simple way of fully eliminate Iinter is permanently
dividing whole spectrum at the expense of the reduced amount
of spectrum availability in each LAP. We compare the average
aggregate rates from the competition in shared spectrum with
one from the spectrum split case. Fig. 5 plots average spectrum
sharing gain over the spectrum split according to θasy. Both
networks have positive spectrum sharing gain up to a certain
limit in the power asymmetry, i.e., break -even θasy. After
this limit, the gain of spectrum sharing in the LP network
is negative due to too strong Iinter from the HP network.
Consequently, the LP network becomes favorable to use the
spectrum split.

C. Selfish Decision vs. Random Power Control

In order to mitigate or avoid Iinter, extra complexity is
necessarily required in practical implementation, e.g., iterative
process to converge the NE. Alternatively, a simple algorithm
without such iteration overhead may be employed which may
sacrifice a certain network performance. The random power
control without any optimization efforts is one way of this
where each network uniform-randomly chooses one of three
power allocation combinations for a given channel realization
regardless of interference [16]. Fig. 6 plots average aggregate
rates gain from competition over the random power control.
It demonstrates that the HP network has less motivation to
implement a Iinter scheme than the LP network as it has
sufficiently high transmission power to defeat the competition
without it. On the other hand, the LP network has more
incentive of employing the sophisticated Iinter management
scheme than the HP network since the LP network can
additionally weaken Iinter by intentionally turning on both
two BSs.

D. Network Separation Effects

One of realistic assumptions for indoor network deploy-
ments is that each network somehow is separated, e.g., ge-
ographically or with high wall penetration. Fig.7 plots the
break-even θasy according to network separation, i.e., addi-
tional constant path loss in channel links across both networks.

From this figure, we can observe that the break-even θasy

is strongly dependent on the network separation. It shows
that spectrum sharing is beneficial to both LAPs if θasy

and network separation is below the line, whereas it gives
advantage to only the HP network above the line.

V. CONCLUSION

We addressed the effects of asymmetric maximum transmis-
sion power on network-wide power control competition where
interference is created both from the inside of a network and
from an neighboring network. Two linearly deployed networks
with lower power (LP) and higher power (HP) constraints
were considered. We modeled the network-level competition
as a strategic game and examined the average aggregate rates
of individual network at Nash equilibrium according to the
difference of the maximum power. We found that the LP
network becomes more aggressive by activating more BSs
to overcome inter-network interference from the HP network.
Thanks to the aggressive behavior in competition, spectrum
sharing can provide substantial benefit over a static spectrum
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Fig. 6. Gain over the random power control according to the power
asymmetry.
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split approach even to the LP network within the tolerable
level of power asymmetry. In contrast, the HP network more
likely deactivates some of its own BSs for lowering dominant
intra-network interference. This weakens the incentive of em-
ploying a complex inter-interference management scheme. It
is also observed that the break-even power asymmetry heavily
depends on inter-network propagation conditions, e.g., inter-
building distance or penetration loss. We obtained these results
in the case of the symmetric number of BSs and their locations.

Thus, the effect of a more realistic asymmetric deployment
needs to be further explored.
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Abstract—In most cellular systems, interference between ter-
minals and base stations, i.e., self-interference, is managed by
various coordination schemes. In short range wireless access
system in shared spectrum, we also have to deal with cross-
network interference, i.e. interference between neighboring wire-
less access networks. One key element of interference man-
agement is a transmit power control. Classical power control
algorithms have dealt with node-level interactions, focusing on
individual user devices. Unlike these previous studies, in this
paper, we investigate competitive network power control between
operators. Here, each network is assumed to have an internal
coordination mechanism that makes the strategic decision what
network-level power to use against the strategies of the competing
networks. We formulate the competition between the coordinated
networks as a strategic game and characterize a dominant
network-level power allocation strategy at the Nash equilibrium.
In particular, asymmetric transmit power and traffic load are
taken into account. Our results show that a network with high
transmit power or high load is dominated by self-interference.
In contrast, neighboring networks with low power or load
are more susceptible to cross-network interference and tends
to use the maximum available power. Therefore, they have a
stronger incentive to cooperate. Nonetheless, we demonstrate that
the spectrum sharing is advantageous to both operators over
spectrum split unless the asymmetry level is excessive.

Index Terms—Network-level competition, Inter-operator spec-
trum sharing, Power control, Game theory.

I. INTRODUCTION

As mobile broadband traffic rapidly grows, significant in-
vestments in indoor or hotspot areas are predicted [2]. In
order to foster the local investments, regulators and research
communities have recently considered the various ways of
spectrum sharing between local operators [3], [4]. Hence, we
expect multiple short-range wireless access networks deployed
in different local places such as different buildings or hotzones.
As illustrated in Fig. 1, they can be exposed to harmful inter-
ference across the networks controlled by different local oper-
ators. We suppose that the networks intrinsically compete each
other and there are no inter-network coordination architectures
and protocols. In this situation, we study a competitive down-
link power control between wireless networks. Traditionally,
the competitive power control was mainly investigated in terms
of end-user devices by using a game theoretic framework [5]–
[8]. Therefore, it was very common that the strategy space
of each player was the scalar transmit power of single node

The part of this paper was presented in IEEE Swedish Communication
Technologies Workshop (SWE-CTW), Lund, Sweden, Oct. 24-26, 2012 [1].

Cross-network interference

Self-interference

…

…

…

…

User

Local operator’s service area

Base station

Fig. 1. Wireless access networks at non-overlapping service areas in a
common frequency band.

(either a user or a base station (BS)). However, the network-
to-network competition extends the strategy space of a player
to a vector domain because the strategy of each network is the
decision of multiple BSs’ transmit powers. In addition, a net-
work experiences interference not only from other networks,
cross-network interference, but also self-interference from its
own BSs. This will complicate the network-level power control
analysis.

The presence of inter-network interference and the selfish
network behavior essentially require new coexistence rules in
shared spectrum and complete rethinking of a traditional cel-
lular architecture developed in dedicated spectrum paradigm.
However, the network-level competition has rarely been stud-
ied in a general interference management literature. Authors
in [9] considered a coverage extension competition between
cellular networks at a country border by using a strategic game.
In unlicensed band scenarios, the competition between random
access networks such as Wi-Fi was investigated with respect
to a packet transmit probability [10], [11]. Existing analysis
approaches assumed that all BSs at a given network have an
identical transmit strategy. It allows us to convert a vector
strategy space to a scalar space for an analytical tractability.
Nevertheless, it neglects the dynamic intra-network (multi-
cell) coordination capability which is one of crucial features
in the next generations of cellular technologies [12], [13]. The
lack of the intra-network coordination limits the network-level
performance and makes it difficult to capture the non-identical
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power allocation characteristics in different BSs which are
distributed from a service area boundary to a center.

Unlike previous work, we assume that the dynamic coor-
dination is in place for BSs in a network whereas there is
still no inter-network coordination. Thus, wireless links within
a given network will act together to fight against the other
networks. On the contrary, a network-to-network operation is
in a fully distributed fashion with a selfish objective so that
cross-network interference remains uncontrollable. Further-
more, competing networks can be highly asymmetric owing to
independent intra-network configurations and different traffic
statistics. This will eventually lead to statistically imbalanced
cross-network interference in the competitive network power
control.

In this paper, we aim to investigate the network-level power
allocation strategy in shared spectrum and quantify a statistical
network performance when different networks compete each
other without inter-network coordination. All BSs operate in
a common frequency band to mutually interfere but they
are divided into several groups to form different competing
networks. There is a power allocation competition between
the networks whereas BSs at the inside of one network are
dynamically coordinated according to channel conditions. We
formulate a novel competitive network power control problem
as a strategic game and assume that each network aims to
maximize sum rate of its users. Since the sum rate payoff
function in an interference-limited network is in general non-
convex, a numerical game analysis itself is challenging. Thus,
we identify a strategically equivalent game which makes a
Nash equilibrium (NE) analysis easier to cope with a non-
convex payoff function by using the results in [14]. A key
idea is reducing a continuous power vector strategy space into
a few corner points of strategies by assuming the best response
of a player. Then, we analytically characterize a network-
level power allocation strategy in NE to understand basic
network behavior. Then, we substantiate statistical network
performance in an arbitrary user geometry and a random
packet arrival by a thorough simulation study. Its sensitivity
according to the network asymmetry is explored and compared
with a cooperation case as well. The network asymmetry is
considered in terms of the maximum power constraint and the
packet arrival probability.

The rest of paper is outlined as follows. Section II provides
a general radio network model and notations. Then, the
competitive network power control game formulation is given
in Section III. Section IV gives a two networks analysis as a
special case. Section V and VI present a simulation model and
numerical results, respectively. Finally, Section VII concludes
this study with future work.

II. SYSTEM MODEL

A. Notations

We consider L neighboring networks individually managed
by each operator. They are contained in a network set Λ. We
use an index l to indicate one network whereas k represents
a BS index. Also, either i or j is a user index. The BS and

user index are globally unique regardless of a network. At
the inside of each network l, multiple BSs denoted by a BS
set Bl are placed in order to cover a compact region denoted
by Al. Nl users are present in the service area Al. We also
define two index indication functions. O(k) returns a network
index which BS k belongs to. Similarly, b(i) gives us the BS
index which user i attaches to. Therefore, O(b(i)) means the
network index which user i is served by. Based on these rules,
the BS set can be defined as Bl ∈ {k : O(k) = l} and the set
Uk = {i : b(i) = k} contain the users of BS k.

B. Radio Network Model

We focus a downlink transmission and assume that time
is slotted. All users and BSs are assumed to be time-
synchronized and all BSs in all networks operate at the same
frequency band.

1) Application and MAC Layer: At each time slot, a packet
for a user i in a network l arrives with a probability λil at an
application layer. We assume this is same for all BSs in a
given network l but different among networks, i.e., λil = λl
for all i ∈ ⋃

k∈Bl

Uk. Users with the packets request time slots

to a network. Multiple users are simultaneously scheduled by
multiple cells in a given network. Within a cell, only one user
out of users with packet arrivals is randomly selected in a
given time slot. When scheduled, the selected users access all
of the spectrum, i.e., full frequency reuse.

2) PHY Layer: Let us denote the link gain between BS k
and user i as gki. We consider a single slope propagation
model with a lognormal shadow fading s whose mean is
zero with a standard deviation σ (dB). In addition, one of
realistic assumptions for neighboring deployment is that each
network is separated, e.g., geographically or with high wall
penetration. To model this, we introduce network separation
factor, χ−1, i.e., additional constant path gain in channel links
across networks. Explicitly,

gki :=

{
χ−1 · c0 · s · d−αki , ifO(k) 6= O(b(i))
c0 · s · d−αki , otherwise.

(1)

The scheduled users are exposed to two interference envi-
ronments at a given time slot. Without loss of generality, let us
focus on a user i in a network l. First, the user i suffers from
interference from BSs belonging to the same network, i.e.,
Bl. We call it self-interference and denote it as Iselfi (pl−b(i)).
Here, the power vector pl−b(i) presents the transmit power
of all BSs in a network l excluding the BS power which
user i is connected to, i.e., pb(i). Secondly, user i experiences
the interference from BSs in the other neighboring networks,
which is referred to as cross-network interference Icrossj (p−l).
p−l is the BS power vector of all other networks excluding the
network l, p−l = (p1,p2....pl−1,pl+1, ....). Mathematically,
Iselfi (pl−b(i)) and Icrossi (p−l) of arrived user i, connected
with closest BS b(i) belonging to network l can be expressed
as

Iselfi (pl−b(i)) =
∑

k∈Bl\{b(i)}
gkipk (2)
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and
Icrossi (p−l) =

∑

k/∈Bl

gkipk, (3)

respectively.
Signal to interference and noise ratio (SINR) received at

scheduled user i during a time slot can be obtained by

γi(pb(i),pl−b(i),p−l) =

γi(pl,p−l) =
gb(i)ipb(i)

Iselfi (pl−b(i)) + Icrossi (p−l) +No
, (4)

where pl denotes the BS power vector which belong to
network l and No represents average noise power. For a given
γi(pl,p−l), variable data rate ri((pl,p−l)) can be computed
by

ri(γi(pl,p−l)) = log2(1 + γi(pl,p−l)) (bps/Hz). (5)

III. COMPETITIVE NETWORK POWER CONTROL GAME

In this section, we model the network-to-network competi-
tion in terms of power control when self-interference exists.
The power allocation vector strategies are defined and the com-
petitive downlink power control game between coordinated
networks is formulated.

A. Power Control Game between Networks

We assume that individual network l aims to maximize
a long-term average of aggregate of data rates of its users
E
[ ∑
k∈Bl

∑
i∈Uk

ri(γi(pl,p−l))
]

where the average is taken over

different user geometry, scheduling, and packet arrivals which
are independent. Then, the radio resource allocation objective
of network l at a given time slot can be given since the user
scheduling is time independent:

Ul(pl,p−l) =

∑

k∈Bl

∑

i∈Uk
log2

(
1 +

gb(i)ipb(i)

Iselfi (pl−b(i)) + Icrossi (p−l) +N0

)
.

(6)

In a given cell, only one user out of users with packet arrivals
will be randomly chosen for being scheduled at a given time.
Let an active scheduled user set of network l be Ûl at a given
time slot. Then, the reduced form of (13) can be expressed as:

Usuml (pl,p−l) =

∑

i∈Ûl

log2

(
1 +

gb(i)ipb(i)

Iselfi (pl−b(i)) + Icrossi (p−l) +N0

)
(7)

Each competing network aims for maximizing only its sum-
rate Usuml (pl,p−l) regardless of how much interference it
gives to the other networks. In practice, network l may
adjust its transmit power vector pl only according to given
interference from the other networks. Then, the other network
reconsiders its power vector since the network l changes pl.
Such interactive adaptation process between two networks will

be continued until they reach into an equilibrium. We analyze
this operation by using a strategic game model [15].

The transmit power pk of a BS k in network l is constrained
to the maximum level pmaxl . Then,

pk ∈ ωl ∆
= {pk | 0 ≤ pk ≤ pmaxl }. (8)

For Bl 6= ∅, let us denote the transmit power vector of
network l by

pl = [p1, p2, ...] ∈ Ωl
∆
=
∏

k∈Bl

ωl. (9)

This problem setup leads to the following network-level
power control game GNPG formulation as below,

GNPG = [Λ, {Ωl} , Usuml (pl,p−l)] .

Definition 1. The game GNPG consists of triplets for a
nonempty set Ωl as:
• Player: The set of networks Λ
• Strategy space: The network transmit power allocation

vector pl ∈ Ωl for network l
• Payoff function: Usuml (pl,p−l) for network l

s Each network is still capable of simultaneously coordinat-
ing the transmit powers of its BSs so that the action of each
play is a vector rather than a scalar. It means that the transmit
powers of multiple BSs in the same network is not necessarily
equal each other. In this sense, our model has more degree of
freedom to control interference than the model given in [9]–
[11] where one radio parameter, e.g., access probability or
pilot power, is commonly used for all BSs in a given network.

In this game, each network maximizes its own payoff func-
tion in a distributed fashion. Formally, the NPG is expressed
as,

(NPG) max
pl∈Ωl

Usuml (pl,p−l), for all l ∈ Λ. (10)

Let us define the best response function of the network l as
follows.

Definition 2. For any given strategy of the opponent network
power allocation strategy p−l , we define the best response
function of network l to be:

BRl(p−l) = arg max
pl∈Ωl

Usuml (pl,p−l). (11)

We can use the best response function to obtain pure NEs
which are the stability points in the game as follows.

Definition 3. In a NE in which network l transmits p∗l , we
have:

p∗l = BRl(p
∗
−l), l ∈ Λ. (12)

By the definition, none of the players is motivated to change
its strategy in a NE. This formulation shows us a method
to find a NE. We first find the best response function for
each player. Then, we can identify a set of strategies for
which Definition 3 holds [15]. However, we observe that the
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closed form solution for the best response function is generally
unknown especially since the payoff function is non-convex. In
addition, directly searching infinite number of feasible power
vector points itself is prohibitive. However, we can see in the
following section a special case to simplify this analysis when
the number of links in a given network is equal to two.

B. Cooperative Power Control

As one alternative strategy for operators, operators may
agree for cooperation to cope with inter-network interference.
One of easiest way can be joint deployment of one unified
network. Then, the problem becomes a traditional single
operator multi-cell power control issue. One practical issue is
how to agree the resource allocation objective. In particular,
this issue would be sensitive when two operators have distinct
service fairness criteria. However, while we limit our scope to
sum rate maximization in each network, aggregate data rates of
both networks could be one natural solution. Thus, we assume
that the unified cooperative network aims to maximize the
expected aggregate data rates of all links in shared spectrum.
Let us define the joint objective as below,

Jcoop(p) =

∑

l∈Λ

∑

k∈Bl

∑

i∈Uk
log2

(
1 +

gb(i)ipb(i)

Iselfi (pl−b(i)) + Icrossi (p−l) +N0

)
.

(13)

Explicitly, the corresponding cooperative power control
problem can be formulated as follows:

maximize Jcoop(p)

subject to p ∈ Φ,

where p accounts for a feasible power vector of all BSs and
a feasible space is defined as Φ

∆
=

∏
k∈⋃l∈Λ Bl

ωl. Although the

objective of the cooperative power control is agreed as a global
metric, it is natural that each operator is still interested in its
own users’ wireless service experience. This is one difference
from classical multi-cell power control from our definition
of cooperation. Hence, as performance measure, we aim to
estimate E

[ ∑
k∈Bl

∑
i∈Uk

ri(γi(pl,p−l))
]

= E [Usuml (pl,p−l)].

IV. TWO NETWORKS ANALYSIS

In this section, we restrict ourselves to two networks in
order to provide an insight into the basic network operation in
the network-level power control game. Each network covers
a service area whose size is 4r by 2r in meters. Users are
uniformly distributed over the area. In a given network, two
BSs are centered in the middle of the area and equally spaced
to create 2r by 2r cell area. Thus, there are four BSs in total
at a common frequency band. Fig. 2 illustrates its geometry
layout. Let the two networks be denoted by a and b. We
also index each BS with Ba = {1, 2}, Bb = {3, 4}. Each
network has power vector, pa = [p1, p2] and pb = [p3, p4].
We assume that both networks may have different maximum

power constraint and packet arrival probability. Without the
loss of generality, we define the power asymmetry ζ as

ζ
∆
=
pmax
a

pmax
b

, (14)

where pmax
1 = pmax

2 = pmax
a and pmax

3 = pmax
4 = pmax

b .
Then, two networks are referred to as a lower-power or a
higher-power network depending on the relative difference of
the maximum transmission power. Similarly, we define the
ratio of an arrival probability between two networks as load
asymmetry η expressed in

η
∆
=
λa
λb
. (15)

We refer to one network as heavier-loaded or lighter-loaded
network. At a given packet arrival, when either one of net-
works has an idle BS without any active user in that time slot,
the system1 is considered to be partially loaded. Otherwise,
we call it to be fully loaded.

Let the payoff function of network a:

Usuma (pa,pb) = log

(
1 +

g11p1

g21p2 + (g31p3 + g41p4) +N0

)

+ log

(
1 +

g22p2

g12p1 + (g32p3 + g42p4) +N0

)
, (16)

where pa = [p1, p2]. Similarly, we also consider the payoff
function of network b:

Usumb (pb,pa) = log

(
1 +

g33p3

g43p4 + (g13p1 + g23p2) +N0

)

+ log

(
1 +

g44p4

g34p3 + (g14p1 + g24p2) +N0

)
, (17)

where pb = [p3, p4].
Each network maximizes its payoff function by optimizing

power vector as below

max
pa=[p1,p2]

Usuma (pa,pb), (18)

for network a and

max
pb=[p3,p4]

Usumb (pb,pa) (19)

for network b. Since our objective is to characterize the net-
work level power allocation strategy at NE, an efficient method
to find NEs is crucial. One popular approach is applying
Kakutani fixed-point theorem [16] and finding the fixed points
for the best response function. However, searching the fixed
points in a continuous strategy space itself is a challenging
task and it becomes more difficult because Usuma (pa,pb) and
Usumb (pb,pa) are not the convex form. The results of [14]
give us a hint to cope with the non-convex payoff function
and the continuous power vector strategy space. [14] described
the optimal power allocation characteristics in a single network
when two BSs with two users maximize sum data rates. We

1We here refer to a “system” as all networks and users in the same frequency
band.
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BS 1 BS 2 BS 3 BS 4

User i

Received power

g2ip2

Self-interference 

Iself(p1)

Cross-network interference

Icross(p3,p4)

Cross-network interference

Self-interference

Users of network a

Users of network b

Signal

Fig. 2. The layout for two networks game analysis.

use this result to simplify the best response of each player
at arbitrary channel conditions and characterize NE power
allocation strategy in the following theorem.

Theorem 1. The strategy of any networks at pure NE is
the form of binary power allocation with the best response.
Mathematically,

p∗a ∈ Ω̃a
∆
= {[pmax1 , 0], [0, pmax2 ], [pmax1 , pmax2 ].} (20)

and

p∗b ∈ Ω̃b
∆
= {[pmax3 , 0], [0, pmax4 ], [pmax3 , pmax4 ].} (21)

Proof: Theorem 1 of [14] states that the optimal power
allocation of two links for sum rate maximization is binary for
given arbitrary noise power. This observation holds despite a
different noise level in each link. Since both networks have
only two links, and inter-network interference terms can be
considered as noise, this property should hold for the best
response of one network. Let us denote a reduced strategy
space of network a and b as Ω̃a and Ω̃b. From the Definition 3
above, if and only if p∗a = BRa(p∗b) and p∗b = BRb(p

∗
a),

(p∗a,p
∗
b) is a NE. Therefore, all NEs, if any, should be in

(p∗a,p
∗
b).

Then, let us have a following definition.

Definition 4. If the set of NE of a strategy game is identical to
the set of NE of the original game, two games are strategically
equivalent.

If we replace the strategy space Ωl in GNPG with Ω̃l and
denote a reduced form of game as GRNPG, we state the
following result based on the Definition 4.

Corollary 1. Two games GNPG and GRNPG are strategically
equivalent.

Proof: The proof is intuitively followed by the fact that
two games lead to the same NE set from the Theorem 1.

From the corollary, we can restrict our attention to the game
GRNPG instead of GNPG. This means that we can analyze
the NE behavior with much simpler computational load, by

removing all redundant moves in the origianl strategy space.
At the rest of paper, we consider GRNPG for analysis.

In general, the existence and uniqueness of NE depends on
the channel gain matrix realization which changes the domain
of payoff function. Thus, the quasi-concavity of the payoff
function does not always hold for an arbitrary channel matrix.
It is also noticeable that the formulated game is not one of
the well-known form of games which have at least one NE
with a non-quasi concave payoff function [15]. We discuss
the channel conditions for existence and uniqueness of pure
NE in following two theorems.

Theorem 2. If the system is partially loaded, an unique NE
exists.

Proof: When single active user j exists in network l,
power pk of its associated BS is trivially pmaxl at a NE since
logarithm function in (5) is monotonically increasing to pi
regardless of Icrossi . For a given pj = pmaxl , the best response
of the opponent should be unique since the best response is an
one-to-one function in the two-cell case. Accordingly, there is
only one NE.

Then, we can observe the following properties as the
outcome of the best response when the system is fully loaded.

Property 1. The best response of one network has the
following properties regardless of the opponent’s strategy
when a fading does not exist:

1) p1 = pmaxa if g11

g22
> 1 or p4 = pmaxb if g44

g33
> 1

2) p2 = pmaxa if g11

g22
< min

{
g31

g32
, g41

g42

}
< 1 or p3 = pmaxb

if g44

g33
< min

{
g24

g23
, g14

g13

}
< 1.

Proof: We consider an interference-limited case where N0

is ignored. This assumption can be justified by the fact that
any players always generate interference as the best response.
From Theorem 1 in [14], the user i with the highest signal
to noise ratio (SNR) defined as gib(i)pb(i)

N0
will always receive

transmission at full power pb(i) = pmaxl at the optimal power
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allocation for sum rate maximization. In presence of non-
zero inter-network interference, this property is still valid since
noise plus interference is given.

Proof for 1): At a given geometry of users, we always have
without fading g41 < g31 < g31 + g41 and g42 < g32 <
g32 + g42. Hence, we always have a following relation:

Icross1 (p3, p4) < Icross2 (p3, p4). (22)

If g11

g22
> 1, g11

Icross1 (p3,p4) >
g22

Icross2 (p3,p4) always holds regard-
less of the opponent strategy (p3, p4). Hence, p1 = pmaxa while
p2 = 0 or pmaxa by Theorem 2. Similarly, we can show this
for network b.

Proof for 2): At a given user locations, the geometry gives
one of two cases:

g31

g32
<
g31 + g41

g32 + g42
<
g41

g42
< 1 (23)

or
g41

g42
<
g31 + g41

g32 + g42
<
g31

g32
< 1. (24)

These geometry conditions let us compare the ratio of inter-
network interference experienced at each user when a different
best response strategy of the opponent is chosen. If g11

g22
<

min
{
g31

g32
, g41

g42

}
< 1, we have g11

Icross1 (p3,p4) < g22

Icross2 (p3,p4)

since min
{
g31

g32
, g41

g42

}
≤ Icross1 (p3,p4)

Icross2 (p3,p4) regardless of a strategy
(p3, p4) of the opponent thanks to geometry conditions in (23)
and (24). Therefore, we always have p2 = pmaxa as the best
response and p1 = 0 or pmaxa by Theorem 2. Similarly, we
can show this for network b.

Then, the following theorem gives a sufficient condition for
the uniqueness of the NE for the fully loaded system.

Theorem 3. If g32+g42

min{ g12,g21} � ζ, there exists an unique NE
where the higher-power network a has the following dominant
strategy p∗a = (p∗1, p

∗
2) at high SIR regime without fading:

1) (pmaxa , pmaxa ) if





ζ < g22g41

g12g21
, g11

g22
> 1

or

ζ < g11g42

g12g21
, g11

g22
< min

{
g31

g32
, g41

g42

}

2) (pmaxa , 0) if ζ > g22(g31+g41)
g12g21

and g11

g22
> 1

3) (0, pmaxa )

if ζ > g11(g32+g42)
g12g21

and g11

g22
< min

{
g31

g32
, g41

g42

}

Proof: Since the logarithm is a monotonically increasing
function, we can look the best response by considering the
following function at high SIR regime:

Qa(p1, p2, p3, p4) :=(
g11p1

g21p2 + Icross1 (p3, p4)

)(
g22p2

g12p1 + Icross2 (p3, p4)

)
. (25)

Assuming that g32+g42

min{ g12,g21} � ζ, we can see from (22)

Icross1 (p3, p4) < Icross2 (p3, p4) ≤ g32p
max
b + g42p

max
b

� min {g12p
max
a , g21p

max
a } (26)

Now, we aim to prove that there exists a unique dominant
strategy in followings according to different channel condi-
tions.

Proof for 1): Supposed that g11

g22
> 1 holds, the best strategy

of the network a should have p1 = pmaxa , regardless of the
strategies of the opponent while p2 = pmaxa or p2 = 0 by the
Property 1. If ζ < g22g41

g12g21
, we have g11g22

g21g12
>

g11p
max
a

g41pmax
b

. In addi-
tion, we have Qa(pmaxa , pmaxa , p3, p4) ' g11g22

g21g12
from (26) and

Qa(pmaxa , 0, p3, p4) =
g11p

max
a

Icross1 (p3,p4) . Since Icross1 (p3, p4) ≤
g41p

max
b , Qa(pmaxa , 0, p3, p4) < Qa(pmaxa , pmaxa , p3, p4) is

established. Hence, we have p2 = pmaxa . Similarly, when
g11

g22
< min

{
g31

g32
, g41

g42

}
, p2 = pmaxa occurs as the best

response for any strategies of the network b. Then, ζ <
g11g42

g12g21
yields g22p

max
a

g42pmax
b

< g11g22

g12g21
. This gives us the relation

Qa(0, pmaxa , p3, p4) < Qa(pmaxa , pmaxa , p3, p4) to result in
p1 = pmaxa .

Proof for 2) and 3): Similar to the proof for 1), the network
a has the best strategy with p1 = pmaxa assuming g11

g22
> 1.

If ζ > g22(g31+g41)
g12g21

, we have g22p
max
a

Icross1 (p3,p4) ≥
g22p

max
a

(g31+g41)pmax
b

>
g11g22

g12g21
. Hence, Qa(pmaxa , 0, p3, p4) > Qa(pmaxa , pmaxa , p3, p4)

is true to make (p1, p2) = (pmaxa , 0). Likewise, condi-
tions of ζ > g11(g32+g42)

g12g21
and g11

g22
< min

{
g31

g32
, g41

g42

}

make Qa(0, pmaxa , p3, p4) > Qa(pmaxa , pmaxa , p3, p4) since
g22p

max
a

Icross1 (p3,p4) ≥
g22p

max
a

(g32+g42)pmax
b

> g11g22

g12g21
. Thus, the dominant

strategy of network a has (p1, p2) = (0, pmaxa ).
From 1) to 3), we find that network a has a unique dominant

strategy. Then, an unique NE exists since the best response
function is an one-to-one function.

If ζ increases, i.e., higher power asymmetry, we found at the
unique NE that the higher-power network prefer to transmit
only either one of BSs at a given channel realization due
to growing self-interference effect. However, the Theorem 3
does not give us any information about the uniqueness of the
NE when the conditions are not met. Especially in practice,
the channel gain depends on not only geometry but also
instantaneous shadowing effects. In this regard, an empirical
analysis by simulation is essential although the above theorems
and property gives us basic understanding on the network
behavior in competition. We discuss more on a empirical
model to compute average network performance in Section V.

V. SIMULATION MODEL

For the numerical analysis, we estimate E [Usuml (pl,p−l)]
by Monte-Carlo method where a channel gain matrix and
active user scheduling are identically and independently gen-
erated.

In the competition case, we evaluates Usuml at a NE at a
given channel matrix realization. Since our analysis mainly
focuses on characterizing the network performance at a NE,
we leave how to reach the NE or develop algorithms, e.g.,
designing a decision metric or a penalty function, out of
the scope. In order to assess network performance at NE,
we exhaustively search all finite power allocation combina-
tions given by Ω̃a × Ω̃b to check the Definition 2. It is
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Fig. 3. The probability of p∗k = pmax
l at Nash equilibrium (λa = λb = 1,

pmax
b =100 mW).

also noteworthy that the NE does not always exist in an
arbitrary channel matrix particularly when the Theorem 3 is
not satisfied. This may occurs since randomized shadowing
component is introduced in our simulation. Thus, there is
non-zero probability that the payoff matrix not to have any
NEs is created. In order to cope these unpredictable events
due to shadowing component, we arbitrarily select pk to give
non-zero payoff if no NE exists. In addition, multiple NEs
can be found to raise a Pareto-efficiency issue. We randomly
choose one NE if multiple NEs are identified. Such random
strategy selection of the rare events can be justified by practical
power adaptation algorithms which have time constraints of
convergence and incomplete information of payoff matrix. The
impact of this approach for average performance evaluation
is assessed by an extensive simulation. Within reasonable
range of shadowing variance selection, we identify those
events rarely happens, having negligible impact to the average
performance estimation.

Solving the cooperative network power control problem
with more than three links is also inherently challenging due
to the lack of convexity in Ccoop [17]. Thus, at every channel
realization, we approximate the optimal power allocation by
solving the problem on discrete power space Φ̃ in an exhaus-
tive manner. In general, the quantization of a continuous power
level makes the performance degradation from the optimal
solution of the original problem. However, it is well-known
that the quantization effect is very marginal particularly when
the number of links are only few. Note that our model has
four links for cooperation. More quantitative results on the
discretization effect according to the number of links can be
found in [14].

VI. NUMERICAL RESULTS

In this section, we provide the numerical results of statistical
network performance and the characteristics of network-level
power allocation at NE as a function of the power and load
asymmetry.
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Fig. 4. The benefit of full spectrum access according to the power asymmetry
compared to fixed spectrum split (λa = λb = 1, pmax

b =100 mW).

A. Simulation Parameters

We perform 10000 randomly generated channel realizations
and user arrival. All relevant simulation parameters are fol-
lowed. The cell radius r is set as 50 m. Log-normal shadow
fading with standard deviation σ = 6 dB is included. We
use Φ̃ = {0, 10−0.05, 10−0.85, 102} mW. The noise power No
is assumed to be 10−9.5 mW for full spectrum sharing. The
spectrum slit uses No

2 . α=3 and c0=1012.7 are used from [18],
respectively.

B. Impact of Network Asymmetry

Throughout this subsection, we assume a fully loaded case
to illustrate the power asymmetry effect only. As discussed
earlier, there exist three possible best responses for a given
Iinter where each BS transmits with the maximum power or
not at all. In order to obtain a better insight about the chosen
strategy at NE, Fig.3 illustrates the probability that each BS
transmits with the maximum power. As ζdB increases, i.e.,
higher transmit power in the higher-power network, the higher-
power network more likely turns off one of its BSs to remove
dominant Iself , as expected from the Theorem 3. Note that
we used a superscript dB to indicate the transformation from
a linear domain to decibel domain. On the other hand, the
lower-power network prefers to turn on both BSs. This can be
interpreted as follows. When relatively higher power is used
in the competitor, Iself is not so dominant as Icross. Thus,
the lower-power network is more motivated to turn on its all
BSs for increasing network utilization and shielding Icross

although it also increases self-interference up to a certain level.
Fig. 4 plots average spectrum sharing gain over the spectrum

split according to ζdB . Both networks have positive sharing
gain up to a certain limit in the power asymmetry, i.e., break -
even ζdB . After this limit, the gain of spectrum sharing in
the lower-power network is negative due to too strong Icross

from the higher-power network. Consequently, the lower-
power network becomes favorable to use the spectrum split.
The break-even ζdB is strongly dependent on the network
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separation χdB as shown in Fig.5. This suggests us that the
power asymmetry may be acceptable with reasonable network
separation, e.g., a typical doubled concrete wall penetration
loss in neighboring buildings.

With a given λb=0.5, the average data rates of two networks
are illustrated in Fig. 6. Although the load of network b is
fixed, the performance of lighter-load network (network b)
decreases as heavier-load network (network a) has more load.
The heavier-load leads to higher average inter-network inter-
ference to worsen the performance of the lighter-load network.
Consequently, the performance gap of two networks becomes
larger with higher load asymmetry. In presence of power
asymmetry, the joint asymmetry with load even magnifies the
performance gap between two asymmetric networks as shown
in the dotted lines.

For comparison with competition, we assess cooperation
gain ∆coop

l of the network l as the relative increase of
E [Usuml ] by cooperation over competition. Then, a metric
ρ

∆
=

∆coop
a

∆coop
b

can give us which types of network has more
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b =100 mW).

incentive of cooperation. Fig. 7 displays ρ depending on η.
Thus, when η = 1, the cooperation gain of both networks
should be same, i.e., ρ = 1. When ρ > 1, network a has
more cooperation incentive. Otherwise, the network b has
more cooperation incentive. In short, results show that the
network with the lower-load has more cooperation gain since
it has relatively higher probability to be suffered by the cross-
network interference while the other experiences less in an
average.

VII. CONCLUSION

W have studied the combined self- and cross-network
interference in competing networks in shared spectrum. Unlike
a traditional node-level power control, multiple BSs in the
inside of a given network are jointly coordinated whereas
a competition exists between the cellular-like networks. We
modeled the network-level competition as a strategic game
where the networks control their downlink power to achieve
the highest sum rate in their networks. For this game, we
characterized the dominant network power allocation strategy
at NE and investigated the network performance in statistical
terms. We observed that in asymmetric scenarios, the perfor-
mance of the network with higher available power is limited
by self-interference. In contrast, a low-power network is more
vulnerable to cross-network interference and has a stronger
incentive to cooperate. Even though the high-power network
tends to dominate the competition, sharing all the spectrum
between the networks is still preferable as long as the power
differences are moderate and /or the networks are reasonably
separated. The considered analysis model was intentionally
simplified to capture the basic principles of a competitive
network behavior. Thus, a realistic deployment model with
more BSs should be investigated further particularly in a
limited network separation case.
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Abstract—As the regulation in wireless communications is
moving toward a more flexible and efficient way of managing
radio spectrum, it is envisaged that multiple small-sized cellular
networks owned by different operators, e.g., facility owners
or local operators, will operate in close vicinity on shared
spectrum. In this environment, the networks may compete for
their own utilities in a selfish manner with giving harmful inter-
network interference to competitors. In practice, it is not so
unusual that each operator has different fairness criteria or
quality of service (QoS) strategies by employing distinct objective
functions from competitors. Particularly, we in this paper study
power control competition between two networks with the sum
of rates (SR) and the minimum rate (MR) as their objective
functions, respectively. By exploring Nash equilibria, we identify
that the MR network benefits from the objective asymmetry
thanks to the adaptability of its competitor, i.e., no constraint
in the SR objective. On the other hand, the SR network takes
disadvantage due to the fairness requirement reflected in the MR
objective of its competitor. However, such asymmetry effects in
competition becomes negligible with marginal network separa-
tion, e.g., indoor deployment in adjacent buildings. Additionally,
we identify cooperation potential with the proper choice of a
common objective function although the asymmetric objectives
are difficult to be aligned.

I. INTRODUCTION

A migration toward flexible spectrum management becomes
eminent to alleviate spectrum scarcity for a rapidly growing
mobile broadband access. Accordingly, regulatory bodies re-
cently consider the various ways of spectrum deregulation
such as spectrum trading/borrowing or temporal/geographical
sharing [1], [2]. From this paradigm shift, various novel
network operation models are envisaged [3]. An example is
shown in Fig. 1 where small-sized cellular networks managed
by different operators each provide services in shared spectrum
at adjacent locations. This will create business opportunities
to new entrants by lowering the barrier of expensive spectrum
cost. However, it induces a new interference environment
where each network has interference from its own base stations
(BSs) as well as from other BSs in other networks. These
networks may compete with others to maximize their own
utilities in a selfish manner.

In real business scenarios, it may not be uncommon that
operators have different quality of service (QoS) or fairness
strategies for differentiated service from their competitors, i.e.,
competitive advantages [4]. In a network design perspective,
this asymmetric strategies may bring the objective function
difference between their networks. Unlike the symmetry case
where objective functions aim at the same type of QoS or

Local Area Operator B

Local Area Operator A

Wide Area Operator

r A

Fig. 1. An example of spectrum sharing scenarios where local area operators
A and B serve indoor coverage or capacity on shared spectrum while a
conventional macro-cellular operator still provides outdoor seamless coverage
in exclusive spectrum.

fairness criteria, the objective asymmetry may or may not be
beneficial to competing networks since conflicts in spectrum
utilization can be alleviated or worsen due to the antithetic
optimization purpose. At the same time, the disaccord of
objectives may be challenge for operators to agree on a
common objective function for cooperation. Thus, it is greatly
appealing investigating how the objective asymmetry affects
on the network operation in the shared spectrum.

Most of existing studies on the multi-operator operation
have considered price competition for user or spectrum ac-
quisition without any interference between operators [5], [6].
For instance, authors in [5] investigated access competition
between heterogeneous networks in non-overlapping channels
for maximizing their revenues. [6] considered dynamic spec-
trum sharing among operators in the form of spectrum re-
source exchange without harmful interference. Relatively few
studies researched an interference problem between competing
wireless operators in shared spectrum [7]–[10]. A coverage
competition problem has been addressed for attracting freely
roaming users [7], [8]. Access probability competition between
WLAN networks has been explored in [9]. In our previous
work [10], we investigated cooperation and competition in
network-wide power control with a symmetric objective func-
tion, i.e., the sum of rates, in terms of the network size and
deployments. However, those studies implicitly assumed that
competing operators provide the similar level of QoS. To our
best knowledge, operator competition with asymmetric QoS
strategies in shared spectrum has not been investigated yet.
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Fig. 2. Example interference environment of two networks (User 2 perspective).

In this paper, we study the operator competition on shared
spectrum in terms of downlink power control. For the asym-
metric strategies, we consider two networks aiming different
objective functions: the sum of rates and the minimum rate.
We aim to answer following research questions:

• How do different objective functions affect the competi-
tion between networks?

• How does the network performance compare with a
symmetric situation?

In order to obtain insights into the basic principles, we inves-
tigate the objective asymmetry effects based on a simplified
model. This is analyzed according to the practical network
separation scenarios. We also examine the possibility of co-
operative power control with a common objective function.
The rest of the paper is outlined as follows. Section II
provides a system model. Section III and Section IV state
a simulation methodology and evaluation results, respectively.
Finally, Section IV concludes this study with future work.

II. SYSTEM MODEL

A. Topology Model

Since the co-channel operation of networks is presumed,
the co-deployments in a fully overlapping geographical region
is not realistic as long as operators are rational to avoid
excessive interference from other networks. Likewise, it is also
a too pessimistic scenario that all BSs in each network are
placed along with other BSs in the other network. Instead,
we consider that each network is deployed at one vicinity of
other networks’ service area. As one of practical settings, this
can be interpreted as neighboring buildings with BSs installed
by different building owners, e.g., hotels, shopping malls, or
enterprizes.

Under these assumptions, let us consider two independent
networks, denoted by a set M = {A,B}, which are indi-
vidually managed by each operator. Each network i has two
BSs which belong to its BS set Bi. Note that BS 1 and 2
belong to network A while BS 3 and 4 are operated by
network B. All BSs in two networks are equally spaced along
an one-dimensional geometry. As one of practical realizations,
this can represent a linear deployment along the corridor in
buildings. The closest BSs in two networks are separated at
least with inter-BS distance in a given network. Also, BSs in
a given network are connected via a network controller so that
the transmit powers of BSs are internally coordinated. Here,

each controller is presumed to know the complete information
of channel gains between its BSs and users based on local
measurement reports.

At a given time, one user per BS arrives along one-
dimensional geometry within the its cell radius R, following
the linear distribution with a probability density function:

f(r) =
|r|
R2

, |r| ≤ R, (1)

where
∫ R

−R
f(r) = 1 with r representing a relative location

from its serving BS. This can correspond to the projection
of two-dimensional uniform distribution into one-dimensional
geometry for the analysis simplicity. It also presumes a fully
loaded system under equal time-sharing among users in a given
BS. For the convenience of notations, we assume that user j
associates with BS j. Note that we restrict ourselves to two
operators and the linear topology in order to provide an insight
into the basic principles of the multi-operator competition.

Let us consider a downlink transmission. Then, each user is
exposed in two interference environments as shown in Fig. 2.
For instance, User 2 served by BS 2 is affected not only by
interference from BS 1 belonging to the same network, i.e.,
intra-network interference, but also in the range of interference
from BS 3 and 4 in the other network, which is referred to as
inter-network interference.

B. Asymmetric Operator Strategies

Let us denote a channel gain between BS j and its user j
by gj . Signal to interference and noise ratio (SINR) received
at user j, referred to as γj , can be obtained by

γj =
gjpj

Iintra
j + Iinter

j + No
, (2)

where pj and No represent the transmit power of BS j and
constant noise power, respectively. Note that Iintra

j and Iinter
j

are intra-network interference and aggregate inter-network
interference received at user j, respectively. For a given γj , we
simply compute an achievable rate rj from Shannon formula
given by

rj = log2(1 + γj) (bps/Hz). (3)

At a given user realization, each network i wants to maximize
its own objective function Ui. Due to differentiated target
services, UA and UB can be a different type, i.e., asymmetry
strategies. As extreme representatives, we consider two types
of objective functions: the sum of its users’ rates (SR) and
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the minimum rate among its users (MR). SR objective can
correspond to the data-like service without any QoS or fairness
constraint while MR objective aims to protect low quality
users rather than overall capacity. In particular, we assume that
network A and B aim to maximize SR and MR, respectively.
Then, the objective functions of two networks can be computed
from:

UA =
∑

j∈BA

rj and UB = min
j∈BB

{rj},

respectively.

C. Network Power Control Model

With the asymmetry strategies in two networks, they may
compete selfishly or cooperate for mutual benefits. In this
subsection, we model the competition and cooperation in the
downlink power control perspective.

1) Competitive Network Power Control: Without any reg-
ulation constraints or operators agreement, each network may
compete for maximizing only its objective regardless of how
much interference it harms to the other network. In a practical
system, network i may adapt its transmit power vector pi

only according to monitored interference resulting from other
network. Note that each network is still capable of internally
coordinating the transmit powers of two BSs so as to max-
imize its objective. Then, the other network reconsiders its
power vector since the network i changes pi. Such interactive
adaptation process between two networks will be continued
until they reach into the equilibrium or the monitoring phase
ends. This can be analyzed by using a game model [11].
Thus, we formulate this as a strategic game denoted by G.
Let us define the feasible set of pi as Ωi = Π

j∈Bi

Pj where

Pj = {pj | 0 ≤ pj ≤ pmax} and Π stands for Cartesian
product. For practicability, we here assume that the transmit
power pj in all BSs is limited to the maximum allowed power
pmax. Since G is composed of triplets, the competitive power
control game of two networks is described as follows:

• Player: M
• Action space: pi ∈ Ωi for i ∈ M
• Payoff function: Ui(pi, p−i) for i ∈ M.

Note that p−i represents the transmit power vector of the other
network aside from network i. Since network A and B employ
asymmetry strategies, we refer to this situation as asymmetry
competition. For comparison purpose, symmetry competition is
also regarded as a reference case where two networks attempt
to maximize the same type of objective functions. In this
case, we have two reference cases, i.e., SR or MR symmetry
competition.

2) Cooperative Network Power Control: Two networks
may want to cooperate by agreeing a common objective func-
tion U coop as long as mutual benefits is identified. However, it
is so difficult to find a proper U coop which can improve both
UA and UB since they fundamentally have distinct criteria.
Instead, we examine the potential of using a weighted linear

sum of UA and UB:

U coop = w
UA

NA
+ (1 − w)UB,

where w ∈ [0, 1] and NA = |BA|. Note that we normalize UA

with NA to make it comparable with UB since SR objective
aggregates multiple users’ rates.

In order to maximize U coop, two networks may adjust
transmit powers in a decentralized manner by employing an
penalty function due to architectural simplicity or considerable
extra cost for an additional inter-network coordinator [12]. In
this case, they follow pre-agreed protocols or behave based
on a statistical information of the other network. On the other
hand, they cooperate in a centralized manner via the explicit
inter-network coordinator. As the upper bound performance
of the cooperation, we consider the centralized case since
the local information given in the distributed approach is
more limited than the information available to the central
controller. Then, this can be seen as a conventional centralized
wireless system owned by single operator with respect to
implementation and network behavior. A difference from the
single operator case is that each operator is still interested
in its individual performance, i.e., UA or UB , even though
the unified network behaves to maximize U coop. Transmit
power vector p of all four BSs can be defined in a feasible
power vector space Ω = Π

j∈BA∪BB

Pj . Then, we formulate the

corresponding cooperative power control problem as follows:

maximize U coop(p),

subject to p ∈ Ω.

D. Performance Metric

In order to investigate how the asymmetry strategies in two
networks affect on their performances, we measure Ui as each
operator’s utility according to different situations. Let us differ-
entiate Ui in the situations of asymmetry (symmetry) compe-
tition and cooperation by marking the superscript asy(sym)
and coop, respectively. To evaluate how the performance in
the competition is different from the symmetry case, we also
define the average performance difference of network i as

∆diff
i =

E[Uasy
i ] − E[Usym

i ]

E[Usym
i ]

× 100 (%).

Note that network A and B target to maximize MR and SR,
respectively. Accordingly, Usym

A means the SR of network A
in the SR symmetry competition, and Usym

B represents the MR
of network B in the MR symmetry competition. Similarly, we
can measure the cooperation gain or loss in an average sense
by comparing the performance in the asymmetry competition.
For this, we define average cooperation gain of network i at
a given w as

∆coop
i =

E[U coop
i ] − E[Uasy

i ]

E[Uasy
i ]

× 100 (%).
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III. SIMULATION METHODOLOGY

A. Nash Equilibria in Competition
In the case of the competitive power control, we analyze

pure strategy Nash equilibria (NEs) as a solution concept.
By definition, it is the action profile that no player can
yield a better payoff from unilateral deviation. The NEs
can be determined by finding the intersections of the best
response curves of two players [11]. Also, the closed form
solution for the best response function is generally unknown
when the payoff function is non-convex for a given inter-
network interference. For brevity, our approach is adopting
the numerical approximation by quantizing transmit power
instead of analytically finding NEs. In a practical system,
power control algorithms may generate different outcomes
depending on implementations. While remaining this issue out
of the scope, we apply an exhaustive search to obtain all NEs
in the quantized action space for a given user realization. It is
also noteworthy that the pure NE does not necessarily exist in
the quantized action space and there might be more than one
NE depending on the payoff matrix. Accordingly, we randomly
select pi to give non-zero payoff if no NE exists and randomly
choose one NE if multiple NEs are identified1. This reflects
the finite iteration and the random initialization of transmit
powers in a real system.

B. Social Optimum in Cooperation
The cooperative network power control aims to obtain the

globally optimal solutions. However, solving the cooperative
network power control problem is also inherently challenging
due to the lack of convexity in U coop for a given w [13] even
though an centralized algorithm is applied. Thus, we again
approximate the optimal power allocation by solving a discrete
optimization problem based on discrete power levels. Then,
we find the optimal solution of cooperative networks by an
exhaustive search as an upper bound of performance.

C. Simulation Parameters
We perform Monte-Carlo simulation with 1000 randomly

generated user locations and channel realizations. All relevant
simulation parameters are followed. The cell radius is set
as 100 m so that distance between the closest BSs in the
neighboring networks are set as 200 m. Path loss is described
as PL = 127 + 30 log10(d) (dB) where d accounts for
distance (km) from a transmitter [14]. Additionally, log-normal
shadow fading with standard deviation σ = 6 dB is included.
P is quantized into a finite set {−∞, −3, 8.5, 20} dBm. The
noise power No is assumed to be −95 dBm.

IV. NUMERICAL RESULTS

A. Effects of Asymmetry Competition
Fig. 3-(a) and (b) provide the cumulative distribution func-

tion (CDF) of normalized UA and UB as the result of asym-

1With any channel realization, the existence and the uniqueness of NE are
not guaranteed due to the lack of quasi-concavity in our payoff function.
By intensive experiments, we identify the considered system model mainly
yields the unique NE, and thus the impact of randomly selected outcome is
negligible to the performance.
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metry competition, respectively. Note that resource division
represents that two networks equally divide the spectrum so
that the rate of each user is simply reduced by half. This case
sketches a conventional static spectrum allocation between
networks or an orthogonal spectrum usage agreement between
networks [2]. Two sub-figures illustrate how different the
average utilities of two operators is from the symmetry case.
Interestingly, Fig. 3-(a) shows that the performance of network
A with SR objective worsens than SR symmetry competition.
In terms of network B with MR objective, this result becomes
conversed. As shown in Fig. 3-(b), network B has better
performance than MR symmetry competition.

This can be interpreted from the nature of SR and MR ob-
jective. Since MR objective function maximizes the minimum
rate out of two users, it cannot abandon up any users. On
the other hand, SR objective may give up either one of two
users for reducing intra-interference as long as it benefits the
sum of two users’ rates. In our topology model, network B

143



0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
−70

−60

−50

−40

−30

−20

−10

0

10

20

30

w

∆
ic
o

o
p
 (

%
)

 

 

Net. A w/ SR

Net. B w/ MR

Mutual Cooperation Incentive

Fig. 5. Cooperation possibility for mutual benefits with proper weight
selection.

attempts to protect user 3 due to the tight fairness condition
with causing stronger inter-network interference to network A.
Conversely, network A is more likely to deactivate BS 2
since user 2 experiences strong inter-network interference from
network B thanks to the flexibility of SR objective, i.e., no
fairness constraint. In return, this creates less inter-network
interference to network B.

One of realistic assumptions in multi-operator deployments
is that each network somehow is separated, e.g., geographi-
cally or with high wall penetration. By simply adding con-
stant path loss in channel gains across two networks, i.e.,
network separation, we can evaluate this effect. Fig 4 plots
∆diff

i according to the network separation. As the network
separation increases, the interference coupling effect between
neighboring networks is drastically reduced to make the effects
of the objective asymmetry become marginal.

B. Possibility of Cooperation

In order for operators to decide whether or not to cooperate,
they first need to inspect its potential possibility. Fig. 5 plots
∆coop

i by varying w. We can identify that the considered
cooperative power control does not always give positive gain
to both operators at the same time. In most of the range
of w, either one of operators has negative cooperation gain.
However, we recognize that there at least exists a proper w
which can simultaneously improve utilities of both operators.
Although the asymmetry strategies is difficult to be agreed,
this implies that two operators can still enhance their utilities
with adequate cooperation.

V. CONCLUSION

When small-sized cellular networks owned by different
local operators are deployed in interference range on shared
spectrum, we addressed a competitive power control problem
between operators with asymmetry strategies. The asymmetry
strategies was modeled as different objective functions in
competing networks. As representative cases, we considered

two competing networks: one aiming to maximize the sum
of rates (SR) of its users, and the other one maximizing the
minimum rate (MR) of its users. We modeled this competition
as a strategic game. By analyzing the Nash equilibria of the
game, we identified that the MR network benefits thanks
to the flexible nature of SR objective in its competitor. On
the other hand, the SR network experienced a disadvantage
due to the protective strategy of its competitor. We also
observed that the performance difference from a symmetry
case quickly vanishes as networks are reasonably separated,
e.g., deployment in neighboring buildings. Furthermore, we
found that two operators can have the mutual performance
improvement with the proper level of cooperation. The results
were obtained using a specific network topology and equal
maximum output power constraints in two networks. Thus, a
more general multiple networks scenario needs to be studied
as a future work.
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Abstract—As the regulation in wireless communications is
moving toward a more flexible and efficient way of managing
radio spectrum, it is envisaged that multiple small-sized cellular
networks owned by different operators will operate in close
vicinity on shared spectrum. This brings a new interference envi-
ronment where a cell is interfered by not only base stations in own
network but also those in other networks. These networks may
compete for their own utilities in a selfish manner or cooperate in
order to minimize the mutual interference. Since a cooperation
between the networks requires a business-wise agreement or
extra infrastructure cost, the operators have to identify how
much they will benefit from the cooperation. In this paper, we
compare the effects of competition and cooperation between the
cellular networks. The competition and cooperation are modeled
as a transmit power control in downlink. It is observed that
the cooperation in an average sense gives better network utility.
However, as the network size increases, the cooperation gain
diminishes significantly. Furthermore, the marginal separation
of network deployments, e.g., indoor deployments in adjacent
buildings, can notably shrink the cooperation incentive.

I. INTRODUCTION

A migration toward flexible spectrum management becomes
eminent to alleviate spectrum scarcity for a rapidly grow-
ing mobile broadband access. Accordingly, regulatory bod-
ies recently consider various ways of spectrum management
such as spectrum trading/borrowing or temporal/geographical
sharing [1]. From this paradigm shift, various novel network
operation models are envisaged. An example is shown in Fig. 1
where small-sized cellular networks share the spectrum and
provide services in adjacent locations [2]. We assume that the
networks are owned and managed by different operators each.
This will create a business opportunity to new entrants by
lowering the barrier of expensive spectrum cost. However, it
induces a new interference environment that each network has
interference from its own base stations (BSs) as well as from
other BSs in other networks.

These networks may compete with others to maximize their
own utilities in a selfish manner or cooperate together to
achieve a common objective. The competition may lead to
the increase mutual interference as the result of a power
combat, i.e., each network increases transmit power to beat
the interference from other networks. On the other hand, the
cooperation requires a business accordance or additional cost
to build up an extra infrastructure for a synchronized decision.
Consequently, it is essential investigating that the cooperation
incentive is sufficient to suppress operators’ concerns of the

Local Area Operator B

Local Area Operator AAAA

Wide Area Operator

Fig. 1. An example of spectrum sharing scenarios where local area operators
A and B serve hotspot data traffic on shared spectrum while a conventional
macro-cellular operator still provides coverage-based services in exclusive
spectrum.

business-wise dependency.
Most of existing studies have intensively discussed the com-

petitive and cooperative interference management [3]–[5]. For
instance, authors in [3] analytically examined a competitive
power control problem between two communication links.
A beamforming vector selection problem has been studied
in [4] with a game-theoretic approach when two wireless
BSs have multiple antennas. [5] also addressed a power
allocation problem to multiple frequency channels between
two asymmetry competitive links. Even though there are
some studies considering the cooperation not between wireless
links but networks, most of them assumed infrastructure or
user sharing in a non-shared spectrum situation where no
interference issue between networks arises [6]–[8]. Relatively
few studies researched competing wireless networks in shared
spectrum [9]–[11]. A coverage competition problem has been
addressed for attracting freely roaming users [9], [10]. Access
probability competition between WLAN networks has been
explored in [11]. To our best knowledge, competitive and
cooperative interference mitigation between cellular networks
has not been investigated yet.

In this paper, we study the effects of competition and coop-
eration between networks owned by different cellular operators
on shared spectrum. In particular, we consider the cooperation
and the competition in terms of transmit power control in
downlink between two neighboring cellular networks. We aim

146



BS 1 BS 2 BS 3 BS 4

Network A controller

Weak Inter-network Interference

Strong Intra-network

Interference

Strong Inter-network 

Interference

Network B controller

User 1 User 2 User 3 User 4

Fig. 2. Interference environment of two networks (nA = nB = 2).

to answer following research questions:
• How much is the utility gain of the cooperative power

control between cellular networks in shared spectrum?
• When or where should the networks cooperate for the

power control?
In order to obtain insights into the basic principles, we
compare two power control schemes based on a simplified
model. This is also analyzed with respect to individual network
performance as well as overall performance of two networks
which may be meaningful in shared network scenarios. We
investigate how the cooperation incentive changes according
to a network size and suggest a deployment guideline for the
future small-sized mobile operators whether to compete or
cooperate. The rest of paper is outlined as follows. Section II
provides a system model. Section III and Section IV present a
simulation model and evaluation results, respectively. Finally,
Section IV concludes this study with future work.

II. SYSTEM MODEL

A. Topology Model

Since the co-channel operation of networks is presumed, it
is hard to imagine that the deployments of different networks
are fully overlapped in the same geographical region as long
as operators are rational to avoid excessive interference from
other networks. Likewise, it is also a too pessimistic scenario
that all BSs in each network are placed along with other BSs
in other network. Instead, we consider that each network is
deployed at the vicinity of other networks’ service area. As
one of practical settings, this can be interpreted as neighboring
buildings with BSs installed by different building owners, e.g.,
hotels, shopping malls, or enterprizes. In addition, we assume
that the number of BSs is same in each network for the analysis
simplicity. Asymmetric environments with different number of
BSs per network will be addressed as future work.

Under these assumptions, let us consider two independent
networks, denoted by a set M = {A,B}, which are individu-
ally managed by each operator. Network i has ni BSs which
belong to BS set Bi. The all BSs in two networks are equally
spaced along an one-dimensional geometry. This reflects that
the closest BSs in two networks are separated at least with

inter-BS distance in a given network. Also, BSs in one operator
are connected via a network controller so that the transmit
powers of BSs are internally coordinated. At a given time, one
user per BS uniformly arrives along one-dimensional geometry
within the its cell radius. This presumes a fully loaded system
and equal time-sharing scheduling among users in a given
BS. For the convenience of notations, we assume that user j
belongs to BS j and is orderly indexed from the leftmost
in a given one-dimensional topology. Note that we restrict
ourselves to two operators and the linear topology in order
to provide an insight into the basic principles of cooperation
and competition in a multi-operator context.

Fig. 2 illustrates the considered model when nA = nB = 2.
In this figure, BS 1 and 2 belong to network A while BS 3
and 4 are the part of network B. Let us consider a downlink
transmission. Then, each user is exposed in different inter-
ference environments. User 1 and user 4 are mostly affected
by interference from the BSs belonging to the same network,
i.e., intra-network interference, whereas they receive weak
interference from the other network. On the other hand, user 2
and user 3 are not only coupled with intra-network interference
but also in the range of strong interference from the other
network, which is referred to as inter-network interference.

B. Network Utility Function

Let us denote a channel gain between BS j and its user j
by gj . Signal to interference and noise ratio (SINR) at user j,
referred to as γj , can be obtained by

γj =
gjpj

Iintra
j + Iinter

j + No
, (1)

where pj and No represent the transmit power of BS j and
constant noise power, respectively. Note that Iintra

j and Iinter
j

are aggregate intra-network interference and inter-network
interference received at user j, respectively. For a given γj , we
simply compute an achievable rate rj from Shannon capacity
given by

rj = log2(1 + γj) (bps/Hz). (2)

In the case of competitive networks, each network i has its
own utility function referred as Ui. Also, UA and UB can
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be a different type due to differentiated target services or the
fairness objective of each operator. Since we are interested
in the performance gain depending on the cooperation, we
assume that two networks have the same form of Ui. In
particular, we in this paper consider each network aims to
maximize the sum of rates, i.e.,

Ui =
∑

j∈Bi

rj .

As two networks fundamentally have a conflict situation due
to the interference coupling environment, it is challenging to
find a proper common utility function U which can maximize
both UA and UB . Thus, while leaving it out of the scope in
this study, we consider U for the cooperation as a linear sum
of UA and UB , i.e., U = UA + UB .

C. Network Power Control Model

As an inter-network interference mitigation scheme, we
consider the power control of BSs. Since BSs for a given
network i are coordinated via a network i’s controller, we
differentiate two power control schemes depending on inter-
network operation. Here, each controller is presumed to know
the complete information of channel gains between its BSs
and users based on local measurement reports.

1) Cooperative Network Power Control: In order to maxi-
mize U , two networks may adjust transmit powers in a decen-
tralized manner due to architectural simplicity or considerable
extra cost for an additional inter-network coordinator. In this
case, they follow pre-agreed protocols or behave based on a
statistical information of the other network. On the other hand,
they cooperate in a centralized manner via the explicit inter-
network coordinator. As the upper bound performance of the
cooperation, we consider the centralized case since the local
information given in the distributed approaches is more limited
than the information available to a central controller. Then,
this can be seen as a conventional centralized wireless system
owned by single operator with respect to implementation and
network behavior. A difference from the single operator case
is that each operator may still be interested in its individual
performance, i.e., UA or UB , even though the unified network
behaves to maximize U .

For practicability, we assume that a transmit power p of a BS
is limited to the maximum allowed power pmax. Let us define
the feasible power set P = {p | 0 ≤ p ≤ pmax} that is used
all BSs in the considered system. Then, transmit power vector
p in all BSs can be defined in a feasible power vector space
Ω = Π

j∈BA∪BB

P . Note that Π stands for Cartesian product. For

a given channel realization, we formulate the corresponding
cooperative power control problem as follows:

maximize U(p),

subject to p ∈ Ω.

2) Competitive Network Power Control: Unlike the coop-
erative power control, two networks compete for maximizing
UA and UB regardless of how much their interference harms
other network. In a practical system, network i may adapt

its transmit power vector pi only according to monitored
interference from other network’s transmit power vector p−i.
Then, the other network reconsiders its power vector since
the network i changes pi. Such interactive adaptation process
between two networks will be continued until they reach into
the equilibrium or the monitoring phase ends. This interaction
can be analyzed by using a game model. Thus, we formulate
this as a strategic game denoted by G. Let us define a feasible
set of pi as Ωi = Π

j∈Bi

P . Since G is composed of triplets, the

competitive power control game of two networks is described
as follows:

• Player: M
• Action space: pi ∈ Ωi for i ∈ M
• Payoff function: Ui(pi, p−i) for i ∈ M.

D. Performance Metric

Depending on the business strategy between two operators,
the performance metric can be different. Clearly, each operator
is interested in its own network performance, i.e., E[Ui]. How-
ever, they may be interested in overall system performance,
i.e., E[U ], in the case of business collaboration where two
operators may fully share two networks as single operator.
Thus, the cooperation gain with respect to both E[Ui] and
E[U ] is considered as performance metric. Note that E[·]
represents an expectation operator.

III. SIMULATION MODEL

A. Numerical Approximation

Solving the cooperative network power control problem
is inherently challenging due to the lack of convexity in
the utility function. Thus, our approach is approximating the
optimal power allocation by solving a discrete optimization
problem after quantizing p into discrete levels1. Then, we
find the optimal solution of cooperative networks by an
exhaustive search. In the case of the competitive network
game, we analyze Nash equilibrium (NE). By definition, it
is the action profile that no player can yield a better utility
from unilateral deviation. The NEs can be determined by
finding the intersections of the best response curves of two
players. However, the best response function also is non-
convex for a given inter-network interference. Thus, instead
of analytically solving the game solution, we again adopt the
computational approximation based on quantized power levels.
It is noteworthy that the NE does not necessarily exist and
there might be more than one NE for a general game problem.
Accordingly, we search all existing NEs on the discrete action
space for a given user realization and then randomly select
one NE if multiple NEs are identified2.

1It has been identified that the discrete power control gives the sub-optimal
solution for the sum rate maximization when the number of all wireless links,
nA + nB , is small [12]. Particularly, [12] also showed that binary power
control is optimal in two links setting.

2By experiments over different realizations, we identify the proposed game
model mainly yields the unique NE, and thus the impact of multiple NEs is
negligible.
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Fig. 3. The statistical behavior comparison of power control cooperation and
competition (nA = nB = 2 and α = 3).

B. Simulation Parameters

We perform Monte-Carlo simulation with 1000 randomly
generated user locations and channel realizations. All relevant
simulation parameters are followed. The cell radius and dis-
tance between the closet BSs in two networks are set as 100 m.
Path loss can be described with a general log-distance path loss
model, i.e., PL = 10α log10(d)+L where α, d, and L account
for pathloss exponent, distance (meter) from a transmitter, and
a constant due to system losses, respectively. We in this simu-
lation assume L equal to 30 dB while α varies for evaluating
different propagation environments. Additionally, log-normal
shadow fading with standard deviation σ = 6 dB is included.
Also, P is quantized into a finite set {−∞, −3, 8.5, 20} dBm.
The noise power No is assumed to be −95 dBm.

IV. NUMERICAL RESULTS

Fig. 3 provides the cumulative distribution function (CDF)
of U and UA when users are uniformly distributed with log-
normal shadowing. For individual network performance, we
illustrate only UA since the statistics of UB is equivalent
to UA due to the symmetry of the network geometry and
traffic statistics. Also note that resource division represents
that two networks equally divide the spectrum so that the rate
of each user is simply reduced by half. This case sketches
a conventional static spectrum allocation between networks
or spectrum sharing between an orthogonal spectrum usage
agreement between networks [1]. While the cooperation is
always better than the competition in terms of U from Fig. 3-
(b), we can identify that the cooperation can result in both pos-
itive and negative effects on UA as shown in Fig. 3-(a). Since
our cooperation objective aims to maximize overall sum rates,
either one of networks will be sacrificed in order to reduce
inter-network interference when it has low signal quality users.
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Fig. 4. Average cooperation gain according to the network size (nA = nB).

−85
−75

−65
−55

−45
−35

−25

−95
−85

−75
−65

−55
−45

−35
−25

−15

0

5

10

15

20

I
intra

1
 (dBm)I

inter

3
 (dBm)

S
a

m
p

le
 o

c
c
u

re
n

c
e

Fig. 5. Illustration of relation between intra-network and inter-network
interference in competition (α = 3 and nA = nB = 2).

Conversely, it will have much more utility due to reduced inter-
network interference when the network has good signal quality
users. In other words, each network has a cooperation incentive
at high utility region while the temptation to be selfish exists in
the low utility region. Nevertheless, Fig. 3-(a) shows that the
80% cases of cooperation result in better performance in terms
of individual performance while the other 20% have worse
utility. This reflects that each network still have in an average
sense larger incentive for cooperation than being selfish.

A. Average Cooperation Gain in Shared Spectrum

When differentiating UA of two power control schemes
with superscript comp and coop, let us define the average
cooperation gain in terms of UA as

∆E[UA] :=
E[U coop

A ] − E[U comp
A ]

E[U comp
A ]

× 100 (%).

Likewise, we also define the average cooperation gain in terms
of U as ∆E[U ]. Then, Fig. 4 illustrates that ∆E[UA] and
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Fig. 6. Network separation effect (nA = nB = 2).

∆E[U ] drastically drops as the network size increases re-
gardless of α. This implies that cooperation between mutually
interfering networks may not be highly attractive as the net-
work size increases. This effect can be explained in two ways.
As the network size increases, the service area over which
the inter-network interference affects is reduced so that more
users in a given network relatively becomes decoupled from
other BSs in other network. In addition, when each network
owns multiple BSs, the intra-network interference mitigation
benefits lowering inter-network interference. In other words,
the selfish behavior to its own network can also reduce the
harmful interference to other network. Fig. 5 illustrates an
example statistics of NEs where reduced interference to itself,
i.e., user 1, benefits other user, i.e., user 3 in the other network.
This reflects that mutually beneficial decisions occur even
during network-wide competition. Note that this phenomenon
never happens in the case of nA = nB = 1 where each BS
always gives full interference to the other BS if they are in
competition.

B. Deployment Principle in Shared Spectrum

As discussed in Section II, one of realistic assumptions for
multi-operator deployments is that each network somehow is
separated, e.g., geographically or with high wall penetration.
∆E[UA] and ∆E[U ] are plotted in Fig. 6 according to addi-
tional constant path loss in channel gains across two networks,
i.e., network separation. When typical outer building wall
penetration loss is presumed as 20 dB [13], equivalently 40 dB
network separation between two adjacent buildings, deploying
a network at the neighboring building may not be critical
without agreed cooperation. In the figure, the cooperation gain
at 40 dB network separation turns very marginal, i.e., less than
2% in a highly interference coupled situation with α = 2.5. In
other words, the incentive for cooperation between networks
may lose a value when an operator deploys a network in close
buildings.

V. CONCLUSION

When small-sized cellular networks owned by different
operators are deployed in interference range on shared spec-

trum, we addressed a cooperative and a competitive power
control problem. From the evaluation results, we identified
that there exist both cooperative and competitive incentives
for each network sum rate maximization according to a utility
region. By comparing Nash equilibria and the social optimal
power allocation, we also found in an average sense that the
cooperation improves not only an overall system performance
but also an individual network performance. Nevertheless, the
cooperation incentive is drastically reduced as the size of
network increases since interference between two networks
can be mitigated by self-motivated interference reduction
inside of each network. From this, operators may not have
enough motivation for cooperation to suppress strategic cost
such as business-wise agreement. Additionally, by exploring
the network separation effect, we identified that only marginal
separation, e.g., deployments in adjacent buildings, makes the
competition comparable to the cooperation due to sufficiently
decoupled interference from adjacent networks. These results
are under a network symmetry assumption. Thus, asymmetric
networks need to be studied as a future work.
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Economic Spectrum Reuse between Inbuilding
Wireless Access Networks

Author 1, Author 2, Author 3

Abstract—Spectrum sharing for high capacity in-building wire-
less networks is a hot topic. However, the interference leaking out
of buildings could negatively affect neighboring buildings or other
outdoor services. If this inter-building interference is significant,
cooperative interference-coordination schemes between networks
in different buildings become of interest [1]. In this paper, we seek
to determine where a cooperation strategy should be chosen and
where it is not profitable. In reality, the cooperation involves
both implementation costs, e.g., fast inter-building backhaul
connections, as well as limitations in future deployment strategies.
We introduce a fictitious penalty margin for modeling these
barriers. We perform a total cost comparison and evaluate a
break-even network separation condition for various margins.
Numerical results show that the cooperation strategy will be
rarely chosen when a building penetration loss is 10 dB or
more, unless the cooperation penalty is very low. In addition,
the cooperation tends to be less attractive as area capacity
requirements grow.

Index Terms—Shared spectrum, cost analysis, operator coop-
eration, interference coordination

I. INTRODUCTION

Spectrum sharing between inbuilding wireless access net-
works recently gains a great interest from both academia and
regulatory bodies to support exponentially growing indoor traf-
fic [2]. Many are glancing at mm-wave bands where spectrum
is abundant and interference is very limited. However, there
are poor NLOS propagation conditions for indoor coverage
and the limited availability of RF-components pose severe
drawbacks. A better solution would be to utilize the 3-8
GHz range which are mostly underutilized by non-telecom
entities [3]. One technical necessary condition is that interfer-
ence leaking out from neighboring networks should be well
managed. If significant inter-building interference is found,
cooperative inter-network coordination schemes can be consid-
ered [1]. Otherwise, they will not be chosen because involved
barriers outweigh technical cooperation gain [4]. In practice,
the cooperative schemes will require new implementation costs
such as fast backhaul installation between buildings and also
limit future deployments of relevant operators.

In this paper, we will quantitatively answer at which circum-
stance the cooperation strategy is profitable. Particularly, the
circumstance is considered in terms of inter-building distance
and building penetration loss. We first introduce a penalty
cost to model the cooperation barriers in reality. Then, a
novel economic spectrum reuse distance concept is defined.
It is basically a break-even separation condition that operators
should switch their strategy to save a total cost. A similar
concept, i.e., a so called exclusive region, was proposed in
the secondary spectrum access literature [5]. It was originally
developed to protect a non-telecom primary receiver from
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Fig. 1. A cooperative interference-coordination decision problem of an in-
building operator in a shared spectrum scenario.

secondary transmitters. However, it differs from us in three
aspects. Firstly, we use a total deployment cost at a given
area capacity as a metric to define the geographical separation.
The deployment cost and profitability are far more important
from a telecom operator perspective. The traditional exclusive
region is determined based on an aggregate interference level
which is hard to be interpreted from a cost perspective.
Secondly, we define the separation distance between two-
dimensional service areas. The exclusive region was usually
estimated with respect to single primary receiver. However,
it is limited when operators cover service areas with multiple
receivers (end-users). Thirdly, the main usage of the economic
spectrum reuse distance is to quickly solve a cooperation
decision problem when service areas and environments are
given. In contrast, the exclusive region is more suitable to
control the service areas of secondary systems when the
cooperation is out of scope.

This paper is organized as follows. Section II and III provide
a techno-economic analysis model and a radio network model,
respectively. The inter-operator coordination model is given in
Section IV and Section V presents numerical results. Then, we
draw a conclusion in Section VI.

II. TECHNO-ECONOMIC ANALYSIS MODEL

In this section, we provide a techno-economic analysis
model to quantitatively cope with the cooperation decision
problem in shared spectrum. It includes a penalty cost model
in a cooperation decision and an economic spectrum reuse
distance concept.

152



2

( , )
tot area
C D R

eco
D (m)D

Cooperative

Inter-building distance

Fig. 2. A conceptual sketch of an economic spectrum reuse distance subject
to an area capacity R̄area when a fictitious cost margin for the cooperation
is given.

A. Fictitious Cost Margin for Cooperation

Let Nn
b denote the number of deployed BSs to fulfill a

capacity requirement when the cooperation is not involved.
The absolute total cost of whole wireless infrastructure can be
approximated as

Cn
tot = cn

b Nn
b [monetary units (m.u.)]. (1)

where cost coefficient cn includes all capital expenditure
(CAPEX) and operational expenditure (OPEX) aspects which
are discounted to a present value [6]. An operator-wise co-
operation involves several hurdles in practice. It needs some
extra infrastructure for timely information exchange between
networks across buildings, e.g., low-latency new backhaul
or a physically separated intermediate coordinator. More im-
portantly, operators usually are very reluctant to cooperate
with other business entities due to legal issues and resulting
the inter-dependency of networks in future service provision-
ing [4]. In order to model such barriers, we present a penalty
cost margin when an operator performs a total deployment cost
estimation. Similar approaches can be found in [1], [7]. We
normalize the penalty margin by N c

b and denote it as ∆ccp.
Then, the total cost of cooperation strategy can be expressed
as

Cc
tot = (cn

b + ∆ccp)N
c
b [(m.u.)]. (2)

Without the loss of generality, we consider cn
b = 1 and cc

b =
1 + ∆ccp. Thus, ∆ccp is interpreted with respect to the unit
deployment cost of single BS.

B. Economic Spectrum Reuse Distance

At a given operator strategy i, let us denote the minimally
required number of BSs to support area capacity require-
ment R̄area (bps/Hz/m2) as N i∗

b (R̄area). Obviously, N i∗
b is

a decreasing function of an inter-building distance D (m).
Therefore, the total cost benefit of the cooperation over a non-
cooperative decision will diminish when neighboring buildings
are separated more than a certain distance level. We can assess
such distance level as a break-even separation condition at
which the operator should change its strategy. Fig. 2 illustrates
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Fig. 3. The illustration of a service area geometry and definitions of inter-
building distance D and building penetration loss loss Lw .

the basic idea of this concept. It can be formally obtained by
solving the following.

minimize D

subject to Nn∗
b (D, R̄area) ≤ (1 + ∆ccp)N

c∗
b (D, R̄area).

(3)

We call the outcome of this problem as economic spectrum
reuse distance denoted as Deco. If we presume lower ∆ccp,
Deco becomes larger so that the cooperation is profitable in
more cases. Otherwise, the constraint in (3) is more relaxed
so that the no cooperation is more likely to be chosen.

III. RADIO NETWORK MODEL

A. Network Geometry and Propagation Model

As shown in Fig. 3, there are three different areas: service
area Ω depicted as a center circle, a separation area in the
middle band, and a neighborhood interfering area in the outer
band. We model Ω as a circular shape with a radius d (m).
We assume that users in Ω are uniformly distributed and Ω
are further divided into per-cell area Ωi served by BS i ∈ Ain.
Only first tier of neighboring buildings that directly face Ω
are considered as a dominant external interference. Thus, we
ignore the second tier of neighbors. In addition, we assume that
the neighbors are tightly packed each other and their widths are
equal to the diameter of Ω. Thus, external interferers belonging
to a set Aext are deployed in that circular band. A inter-building
distance D (m) is defined from the edge of Ω to the inner
edge of the circular neighboring band. The separation area is
present between Ω and the neighborhood area where no co-
channel interferers exist.

A free space path loss model with additional building
penetration loss is used which is g

(dB)
k (ω) = 147.55 −

20log10(dk(ω))−20log10(fc)−ϕk(ω). dk(ω) and fc represent
a distance in meter from BS k to a position ω and center
frequency in hertz, respectively. The building penetration loss
factor ϕk(ω) is zero if k ∈ Ain. Otherwise, a doubled building
penetration loss randomly exists. Let us denote Lw a mean
penetration loss per a building. By assuming a homogeneous
building type, we model doubled building penetration loss
as a lognormal random variable with a mean loss 2Lw (dB)
and standard deviation σ (dB) [8]. This model does not take
into account of an internal wall loss both at the inside of Ω
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and neighborhood area, i.e., LoS in the inside of network.
This assumption will give us an optimistic estimate of the
cooperation gain by overestimating an external interference
level.

B. Deployment and External Interference Model

An external interference is closely related to a deploy-
ment strategy with respect to a BS density and location.
A homogeneous area capacity requirement is assumed over
whole areas so that the deployment density in Ω is ap-
proximately same to the neighborhood area. Thus, there are⌈

(3d+D)2−(d+D)2

d2

⌉
Nb =

⌈
4(2d+D)

d

⌉
Nb

1 external interferers
in the outer band if a Nb BSs is deployed in Ω. We also assume
that every BS should meet the minimum inter-site distance
ISDmin instead of a completely random BS placement. It is
inversely proportional to a deployment density, i.e., ISDmin =

θ2
√

|Ω|
πNb

. A tuning parameter 0 ≤ θ ≤ 1 is introduced to
tradeoff the planning optimality and computational overhead.
As θ is closer to 1, the location planning is more idealized
where all sites are equally faraway.

All external interferers transmit its full power Pt to cause
the worst aggregate interference Iext(ω) at ω ∈ Ω, i.e., no
explicit MAC and power control schemes. Iext(ω) can be
expressed as Iext(ω) =

∑
k∈Aext

gk(ω)Pt where Aext represents

the set of interfering BSs in the neighborhood area. The
spatial distribution of Iext(ω) over Ω is defined as a set
Iext

Ω = {Iext(ω)|ω ∈ Ω}. It is noticeable that Iext
Ω itself is a

random variable due to irregular building wall shadowing and
planning patterns.

C. Performance Measure

The area capacity requirement R̄area is measured with
respect to average area spectral efficiency (ASE) subject to an
outage probability Pout < β. Two types of interference exist:
intra-interference I int(ω) and external interference Iext(ω).
Then, signal to interference and noise ratio (SINR) γ at a
user position ω can be expressed as γ(ω) = g(ω)Pt

I int(ω)+Iext(ω)+No
,

where Pt and No are average transmit power and noise
power, respectively. Data rate R(γ) is computed by R(γ) =
min{log2(1+γ(ω)), ζmax} [bps/Hz] where ζmax is the maxi-
mum link-level spectral efficiency. We assume that BS location
and Iext

Ω are independent. Then, at a given realization l of
them, a conditional area spectral efficiency ASEl and outage
probability P l

out are defined as

ASEl ∆
=

∑
i∈Ain

∫
Ωi

R(γ)f i(γ|l)dγ

|Ω| [bps/Hz/m2], (4)

and P l
out = h(γt|l). Here, f i(·) represents the conditional

probability density function of γ at cell i ∈ Ain. It should be
noted that f i(γ|l) depends on a cell location since Ω is finite
with being surrounded by external interferers. h(·) and γt are
the CDF of SINR distribution in whole Ω and the minimum

1Although the total number of external interference is linear to D in this
assumption, the aggregate interference still decreases as D grows since a path
gain is inversely proportional to D2.

SINR threshold to define an outage event, respectively. Then,
we assess ASE = El[ASEl|l] subject to Pout = El[P

l
out|l] by

taking an expectation over different realization l at a given Nb

BSs in Ω.

IV. INTER-OPERATOR COOPERATION MODEL

Cooperative inter-network coordination schemes are closely
dependent on an internal coordination among BSs at the
inside of a given network since the tightness of inter-network
coordination is limited by an internal coordination. For in-
stance, a real-time inter-network coordination is meaningless
when only static internal coordination is used. Thus, we
assume the best possible internal coordination regardless of
a cooperation decision so that any additional improvement
is solely contributed by inter-network coordination. Without
cooperation, we assume γnc(ω) by setting I int(ω) = 0 but
with the worst case Iext(ω):

γnc(ω) =
g(ω)Pt

Iext(ω) + No
. (5)

This model allows the tightest inter-network coordination,
leading to the optimistic estimate of cooperation gain. When
the cooperation is involved, the performance can be upper-
bounded by the interference-free case:

γcp(ω) ≤ γub(ω) =
g(ω)Pt

No
. (6)

In the absence of interference, the maximum network capacity
is clearly reached by the maximum power transmission in all
deployed BSs. We assume γub(ω) to estimate a upper bound
performance of the cooperation. This yields the minimally
required Nub∗

b ≤ N c∗
b . Accordingly, the right hand side

condition in (3) becomes tighter at given ∆ccp and Rarea. This
will increase Deco to lower Nn∗

b . In nutshell, the inter-network
coordination model will give us the the largest possible break-
even separation distance.

V. NUMERICAL RESULTS

A. Simulation Model

The objective of a simulation is to estimate ASE and Pout

at a given Nb in two operator strategies. We obtain them
by averaging 200 sample values of ASEl and P l

out via a
Monte-carlo method. At a given BS and external interference
realization l, the first observation in Eq. (4) is that the integral
part cannot be solved analytically [5]. Thus, we approximate
it numerically from 1000 randomly placed points over Ω. We
input fc = 5 × 109 (Hz), d = 40 (m) and Pt = 20 (dBm).
No = −95 (dBm) with 5 dB noise floor is assumed. σ = 10
dB and ηmax = 5 (bps/Hz) are used, respectively. We also
consider γt = 3 (dB) and θ = 0.6. In order to efficiently
compute Deco, we first drop Nn

b = (1 + ∆ccp)N
c
b BSs in Ω

and randomly generate corresponding Iext
Ω . We measure ASE

and Pout by gradually increasing D. Similarly, we measure
the performance when N c

b BSs are placed without an external
interference. Then, we identify the intersection when two
strategies yields same ASE subject to Pout < 0.01 by an
interpolation. We apply the same procedure for various Nb

and different ∆ccp.
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Fig. 4. Deco according to mean building penetration loss Lw in different
penalty cost margins ∆ccp (ASE=0.05 bps/Hz/m2 which is equivalent to
Nc

b
|Ω| = 0.01BS/m2).

TABLE I
MEASURED PENETRATION LOSS IN LIVERPOOL, UK AT 1800 MHZ [8]

Building Front of the
building

Mean penetration
loss Lw (dB)

British Telecom All glass wall 23.94
City Council Solid masonry walls 15.92

Pykes A large glass door 8.66
Derbyshire Bldg. Large windows 2.96

B. Deco according to Lw and ASE

Fig. 4 shows Deco according to Lw at a given ∆ccp. We
found that Deco is extremely sensitive to Lw. For instance,
decrement from 8.5 dB to 5 dB changes from a zero distance
to 55 meter of Deco. As shown in Table I, there are some
extreme cases which need the cooperation. Nevertheless, we
can identify that the cooperation is not cost-effective if Lw is
more than 10 dB regardless of D for ∆ccp = 0.1. A more
penalty margin with ∆ccp = 0.15 makes the cooperation even
less attractive. Typical measurements show a mean building
penetration loss below 3GHz is the range of 10 to 17 dB in
a city center [8]. Considering this fact, the cooperation will
be rarely chosen at most of inbuiding deployments unless
the cooperation penalty margin is less than 10% of unit
deployment cost cn

b .
In addition, Fig. 5 demonstrates higher area capacity re-

quirement less prefer the cooperation although the number of
external interferers itself grows. This is because a network den-
sification is restricted to a given inbuilding area so that average
distance from external interferers are maintained. In contrast,
the received signal strength in Ω is exponentially increased due
to a reduced distance from a serving BS. This phenomenon
is different from a traditional single operator network densi-
fication scenario where average distance between co-channel
BSs also shrinks by a densification. The results from Fig. 4
and 5 clearly indicates that uncoordinated spectrum sharing is
economically feasible in most inbuilding areas if sufficiently
dense (or high-capacity) inbuilding networks (e.g., more than
Nc

b

|Ω| = 0.01 BS/m2) are deployed.
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Fig. 5. Sensitivity of economic spectrum reuse distance Deco to ASE
(Lw=7.5 dB, ccp=0.1).

VI. CONCLUSIONS

We considered a cooperative interference coordination de-
cision problem between operators in different buildings when
spectrum is equally shared. We aimed to answer where the
cooperation is chosen to be profitable. Since the cooperation
involves both technical and non-technical barriers in reality, we
introduced a cooperation cost penalty. Then, we estimated a
break-even inter-building distance condition at which operators
should change their strategies. It was analyzed according to
a mean building penetration loss in various penalty margins.
Numerical results showed that the cooperation strategy is
hardly chosen in most inbuilding areas with more than 10 dB
penetration loss unless a cooperation penalty is very low. In
addition, the cooperation is less attractive with higher area ca-
pacity requirements. The ideal cooperation gain was evaluated
for a sanity test purpose, which overestimates the break-even
distance condition. Thus, a more realistic cooperation model
needs to be further explored particularly in buildings with very
low wall losses.
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