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Abstract The introduction of dynamic spectrum access
(DSA) technologies in mobile markets faces technical, eco-
nomic and regulatory challenges. This paper defines industry
openness and spectrum centralization as the two key factors
that affect the adoption of DSA technologies. The adop-
tion process is analyzed employing a comprehensive System
Dynamics model that considers the network and substitution
effects. Two possible scenarios, namely operator-centric and
user-centric adoption of DSA technologies are explored in
the model. The analysis indicates that operator-centric DSA
technologies may be adopted in most countries where spec-
trum is centralized, while end-user centric DSA technologies
may be adopted in countries with decentralized spectrum
regime and in niche emerging services. The study highlights
the role of standards-based design and concludes by citing
case studies that show the practicality of this analysis and
associated policy prescriptions.
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1 Introduction

The mobile data traffic is expected to grow nearly ten-fold
between 2014 and 2019, while mobile devices were expected
to exceed worldwide population by the end of 2014, reach-
ing 1.5 devices per capita by 2019 [1]. Radio spectrum is
an essential scarce resource for the provisioning of mobile
services. While the demand for wireless services is rapidly
growing, the capacity and efficiency of networks has also
been increasing, thanks to evolving technologies. Dynamic
spectrum access (DSA) technology is one such case that aims
to improve capacity of mobile networks by defining a set
of protocols and standards allowing end-users, mobile net-
work operators (MNOs) and other types of operators such as
local area operators (LAOs)! to dynamically access unused
or underutilized spectrum bands.

Though coined by Mitola way back in 2000 as Cognitive
Radio [3] and despite large efforts in R&D, DSA technolo-
gies have not been successfully introduced into the mobile
market, even though several standards already exist and
others are under development. Several technical, economic
and regulatory challenges have been identified for this slow
deployment.

First, industry structure has a definitive impact on the
adoption of new technologies [4—6]. The type and number of
MNOs and the existing entry barriers determine the compe-
tition level in the industry and consequently the motivation

1" Operator providing wireless internet access in a local basis, such as
described in [2].
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of the firms in the industry to adopt new disruptive tech-
nologies such as DSA. On the other hand, the adoption of
such technologies in turn affects the industry structure, due
to possible entry of new firms or incumbent firms exploiting
technologies to increase market share.

Second, spectrum management is the core of DSA tech-
nologies, since they radically change the method for access-
ing the radio spectrum. The traditional exclusive licensing
provides a MNO access to an entire spectrum band. The usage
rights of the spectrum are often stringent, for both allocation
and assignment. Under a flexible spectrum regime which
allows spectrum sharing, DSA technologies enable end-
users and operators to dynamically access different spectrum
bands that are not exclusively assigned [7-11]. Realiz-
ing the need for efficient use of radio spectrum, National
Regulatory Authorities (NRAs) have started to adopt flexi-
ble spectrum policies including the creation of a spectrum
market and the deployment of associated mechanisms. How-
ever, changes require high coordination of all stakeholders;
including end-users, mobile device manufacturers, network
equipment manufacturers, MNOs, other spectrum holders,
standard developing organizations (SDOs) and finally NRAs
and policy makers.

Given the extant industry structure and spectrum man-
agement regime, this study considers industry openness and
spectrum centralization as the two main factors impacting
the adoption of DSA technologies. Rogers [12] defines adop-
tion as the process by which an innovation is communicated
through certain channels over time among the members of
a social system. The author in [13] extends the adoption
process to organizations, caused by an innovation which can
be internally generated or purchased device, system, policy,
program, process, product, or service that is new to the adopt-
ing organization. Thus, in the case of DSA technologies, the
innovation can be adopted by operators and impact an inter-
nal process or can be adopted by the end-users and provide
a new service or functionality.

Consequently, DSA technologies allow two possible
adoption scenarios: (i) user-centric and (ii) operator-centric.
In a user-centric adoption, the device adopted by the end-user
decides which spectrum band to access by means of DSA
technology. The mechanism for the same and consequent
standard decision is made by the mobile handset manufac-
turer. This form of DSA represents the original concept of
Cognitive Radio introduced by Mitola [3]. In the alternative
approach, operators adopt DSA technologies to make a more
efficient use of the spectrum by sharing spectrum. The DSA
standard and related technology is incorporated by the net-
work equipment manufacturer in the Radio Access Network
(RAN) elements.

As per previous adoption definitions and related work,
there are two effects that determine the extent of adoption of
technologies. Firstly, the network effect explains the value
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generated to the user when adopting a new technology, con-
sidering the number of users that have already adopted such
technology. Secondly, the substitution effect describes the
behavior of the adopter of a new technology as a replace-
ment of another, often an older technology.

Along with technology development, new licensing
schemes [14—-16] have emerged to provide more flexibility,
allowing spectrum holders to share a frequency band. From
a general perspective, DSA can enable three types of spec-
trum sharing [17]: (i) dynamic exclusive sharing, in which the
incumbent operator employs the exclusively assigned spec-
trum with certain flexibility, including reselling rights of the
whole or part of the assigned band; (ii) hierarchical access
sharing, in which one user group has priority access to spec-
trum while the other group accesses opportunistically with
secondary rights as defined by policies and (iii) open sharing,
in which all users accessing the shared spectrum enjoy equal
priority.”

This paper analyzes those DS A technologies which enable
any of the three above mentioned types of sharing. Spectrum
sharing is defined as two or more parties accessing a spec-
trum band either at different time or place, executed through
an economic transaction or as a free access without monetary
value. This paper aims to model the adoption of DSA tech-
nologies, addressing all the above factors (industry openness
and spectrum centralization), effects (network and substitu-
tion effects) and scenarios (operator and user centric adoption
scenarios).

The paper is organized as follows: Sect. 2 presents a liter-
ature review on DSA standards and the main issues affecting
their adoption process; Sect. 3 describes and justify the
employed method; Sect. 4 develops the adoption model by
means of System Dynamics; Sect. 5 presents the analytical
results; Sect. 6 illustrate the applicability of the analysis by
different country cases; and finally Sect. 7 concludes.

2 Literature review

This study focuses on the adoption of DSA technologies
which enable a dynamic access of the spectrum by the end-
user device or the operator network. The following section
presents an overview on the main issues impacting the adop-
tion process. The adoption of DSA technologies has not
been extensively studied in the extant literature. A number
of authors have identified DSA adoption as challenging [19].
Others have studied the diffusion of a particular protocol [20],
services [21,22] or network technologies [23,24]. However,
DSA technologies constitute a group of standards, which
may affect the industry differently. In fact, DSA impacts

2 This framework has been adopted by the US and the EU as a three
tiered framework authorization [18].
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directly the way spectrum is managed and, at the same time,
the market structure. Therefore, this study starts by focus-
ing on the industry openness and spectrum centralization as
key factors involved in the DSA adoption. Secondly, this sec-
tion describes how a DSA standard competes against another
when being adopted by the corresponding stakeholder (i.e. it
can compete with network or substitution effect). Finally, an
overview is given of the existing DSA standards to describe
the two possible adoption scenarios: user and operator cen-
tric.

2.1 Operator-centric versus user-centric DSA

Presently, there are several DSA standards already developed
or under development, intended for different use cases, as
presented in Table 1.

DSA standards can be classified by several criteria. For
this analysis, the most important one is whether the function-
ality implementing the standard is adopted by the end-user or
the operator. If the functionality is developed by the device
manufacturer, the end-user will take the decision on whether
to adopt such device or not. On the contrary, if it is devel-
oped by the network manufacturer, the operator will take the
decision on adoption. In any case, some DSA functionalities
should be supported by both devices and networks. This table
also describes the stakeholder who has driven the standard,
which may explain the most important design and architec-
tural decisions. In addition, standards can support either wide
area (i.e. cellular) or local area deployments; and can be
modular or integral in their design. Standards have modular
design if they are replacing and improving an older function-
ality within an existing system as an evolution of the same;
and they have integral design if they are intended to develop
anew system. Finally, this table indicates the target frequen-
cies; for instance, some standards were initially developed
to transmit in the TV white spaces (TVWS), even though
that standards as such do not necessarily imply a certain fre-
quency, while others standards were developed for the mobile
licensed or license-exempt frequencies. As follows, this sec-
tion describes the most important standard developments.

The IEEE standard series (IEEE 802.11af, 802.16h,
802.19) has defined the operation in TVWS, allowing sys-
tems to coexist in that band [25]. These standards enable, for
instance, the operation of Wi-Fiin TVWS (super Wi-Fi) [26].
An alternative standard developed by the IEEE is the 802.22
which focuses on rural broadband through a wide regional
area network (WRAN) and may be also applied to Device-
to-Device (D2D) communication [27]. Finally, a more recent
effort is IEEE 802.11ah designed to operate in the license-
exempt bands below 1GHz to extend the Wi-Fi operation
to machine-to-machine (M2M) applications including home
networks, industrial process automation, video surveillance,
and smart grid communications [28]. After IEEE, the IETF

initiated the standardization of a protocol to allow the com-
munication between mobile devices and a white space data-
base referred to as Protocol to Access White Space (PAWS),
at the beginning of 2012 [29]. Such database contains the
availability information of frequencies and places in which
an accessing device can transmit [30,31]. Simultaneously,
ETSI Radio Reconfigurable Systems (RRS) has several
ongoing standardization efforts [32]. ETSI RRS aims at pro-
viding mobile devices (MD) additional radio functionality
(e.g. extra coverage at indoor or outdoor locations) through
radioapplications. In addition, ETST RRS provides licensed
shared access (LSA) functionality [33] by which a MNO
may temporally acquire additional spectrum from another
spectrum holder. Finally, ETSI is also focusing on database
standardization to allow white space devices, such as Pro-
gramme Making and Special Events (PMSE) and Manually
Configurable White Space Devices (MCWSD), to transmit
in the TVWS band. On the other hand, 3GPP is aiming to
improve spectrum efficiency through LTE Carrier Aggrega-
tion (CA) [34] that creates virtual wideband carrier from
segments of spectrum across licensed [35] or license-exempt
[36] bands. Additionally, 3GPP is including D2D function-
ality in the license-exempt bands in LTE (3GPP Release 12)
[37]. Finally, Weightless [38] has been developed by Neul
(UK based company) as an open standard and currently it
has been applied for some Internet of Things (IoT) applica-
tions, such as machine-to-machine (M2M) and smart cities.

In a user-centric adoption scenario, the end-user device
accesses the available spectrum space through a DSA func-
tionality on a dynamic basis. The end-user device or an
application in the device decides to some extent on the spec-
trum and the time of access. Most of the logic will be based
on the DSA capability of the end-user device. In this case,
spectrum sharing is performed between the end-users and
the spectrum holder (MNO or other type of operator) or
in some cases the end-users can freely access the license-
exempt spectrum. For instance, the work in [39] describes
how multi-SIM handsets in markets such as India have initi-
ated cognitive-like responses from the end-user, even though
cognition relies still on the end-user with low level of automa-
tion. Though, in this case spectrum is not shared among
different parties, multi-SIM capabilities decrease end-user
switching costs and impact competition and industry open-
ness in a similar fashion than a user-centric DSA adoption.
On the other hand, in an operator-centric adoption, the DSA
functionality and the associated dynamic spectrum man-
agement are provided by the MNO to employ spectrum
more efficiently. In this case, spectrum sharing is performed
between the involved operators.

The user-centric DSA adoption scenario is analogous to
unbundled handsets that can be purchased directly from a
retailer without the mediation of a MNO. In an operator-
centric adoption model, the practice is analogous to bundling
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Table 2 User-centric and operator-centric adoption scenarios

DSA adoption scenarios  User-centric

Operator-centric

Definition The end-user adopts a mobile device, capable of accessing
dynamically the spectrum. Spectrum sharing happens
between end-user devices and spectrum holder

Provider Device manufacturers provide DSA capabilities to the

user device. End-user spectrum access is supported by

the operator

The operator adopts the DSA functionality in their
network, to dynamically access the spectrum.
Spectrum sharing happens between operators

Network manufacturer provides DSA capabilities to the
network elements

of handsets with associated contract for services that is being
practiced today in many markets, most notably in Japan and
USA. In the first case, the end-user device decides on access-
ing the spectrum, while in the second case, the MNO controls
the location and time for accessing the spectrum. However,
in both scenarios, the underlying DSA technologies enable
to exploit spectrum more efficiently. The adoption scenarios
are summarized in Table 2.

While standards on DSA are still evolving, standards such
as 3GPP CA and ETSI RRS LSA provide operator-centric
solutions, while IEEE and IEFT provide user-centric solu-
tions. Also ETSI WSD and Reconfigurable MD and 3GPP
D2D provide user-centric solutions.

2.2 Network and substitution effects

Be it an operator or user-centric adoption, the total number
of innovation adopters is expected to increase, as a func-
tion of time, forming an S-curve. This adoption process has
two distinct phases namely the critical mass beyond which
innovation exponentially diffuses and the saturation point at
which the adoption rate stabilizes and the adoption attains
saturation levels. The literature often refer to the pattern of
diffusion in mobile telecommunications as being character-
ized by an S-shaped curve and by positive network effect
[40,41], in which the benefits of consumers and producers
are positively affected by the number of end-users and oper-
ators adopting a certain technology. There are a number of
studies analyzing the adoption of products and services in
networked environments by means of network effect and
diffusion models. For instance, in reference [23], authors
explain the dynamic adoption of network technologies by
means of Bass diffusion model.> Other authors compare
the adoption patterns of Internet Protocol (IP)-based ser-
vices, network-based services and durable goods [22], and
finally the work in [43] analyzed the adoption of BITNET in
computer networks. There are a number of studies focusing
on critical mass* requirements in mobile industry [24,45].

3 For Bass model description and application, see [42].

4 Critical mass is the “minimum network size that can be sustained in
equilibrium” [44].

Based on the cited literature, this study assumes that network
effect is equally applicable to DSA technologies.

The second element is the substitution effect, wherein a
newer technology replaces an older one, typically near the
end of its life [46]. This happens normally at the satura-
tion level of the S-curve of the incumbent technology. For
example, in reference [23], authors describe the substitution
effect of two competing mobile generations, validating this
model with the historical cellular data of 2G and 3G. In gen-
eral, there are six types of interaction between an old and
a new technology (pure competition, predator-prey, mutu-
alism, commensalism, amensalism and neutralism) [47].
Technology substitution and consequent innovation adoption
have been modeled as a predator-prey competition model in
various research studies [21,48,49]. Such model describes
the competition of two species for a common resource and
explains survival, extinction and coexistence of technologies.

In reference [19], authors identify two main steps in the
adoption process from research and development to adoption
of DSA technologies. The first step is the technology-push,
which is related to technology development and evolution of
standards. The type and process of standardization defines the
potential of this technology to substitute a previous one or to
remain as a smaller niche catering to a limited market. The
relation between standardization with network and substitu-
tion effects have been studied by many authors. For instance,
the coordination game on standards and the presence of com-
plementarity and compatibility of products is modeled by
[40]. In fact, in the case of GSM, technology harmoniza-
tion and associated standardization played a very relevant
role in its widespread adoption for mobile services [50].
There are several ongoing standardization efforts in DSA
technologies as indicated in Table 1, such as those related
to Internet Engineering Task Force (IETF), Institute of Elec-
trical and Electronics Engineers (IEEE), Third Generation
Partnership Project (3GPP) and European Telecommunica-
tions Standards Institute (ETSI). Thus, the final winning
standard(s) for DSA may emerge from the cellular (3GPP,
ETSI) or Internet (IEFT, IEEE) world. While internet tech-
nologies typically coexist with cellular technologies thus
providing complementarity and associated network effects,
cellular technologies may replace previous ones initiating
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substitution effects or compete against established networks
with high network effects. Thus, the standardization bodies
play an important role in the adoption of a new technology,
since their decisions impact the type of effect a technology
will face.

The second step is the market-pull, which includes the reg-
ulatory decisions and the characteristics of the market. The
regulatory decisions related to a flexible spectrum regime
enable a critical mass of spectrum available for sharing and
provides the required impetus for a spectrum market and the
corresponding adoption of DSA technologies. For example,
the feasibility of business models for service providers par-
ticipating in the spectrum market, determine whether it is
mature enough to adopt DSA technologies.

Depending on the type of technology development, a
standard may support modular or integral designs. Integral
designs are common in vertically integrated markets, exem-
plified by the Japanese mobile market. A change in an integral
design demands high coordination between the involved
actors (i.e. network manufacturers, device manufacturers,
and MNOs). In this case, standards offering new holistic
solutions (e.g. IEEE 802.22, ETSI WSD, IEFT PAWS or
Weightless) present an integral design. Both, the inability
to agree on integral standards and the existence of closed
systems have a negative impact on reaching a critical mass,
as indicated by [51]. On the other side, if the industry is
not vertically integrated, much like open systems, modular
designs evolve that plugs within an existing integral architec-
ture. These standards take typically the form of an evolution
of a previous system (rather than a revolution) by replacing or
adding a new functionality without requiring major changes
to the existing system. In top of that, new DSA technolo-
gies can present high network effect, if they are competing
against each other as an integral design, or they can present
substitution effect, if a new technology is replacing an older
one in a modular way.

Following Table 1, this analysis identifies technologies
competing with high network or substitution effects. Tech-
nologies with modular design, which can act as an enabler
by replacing an older module or process, typically exhibits
substitution effect. This is the case of 3GPP CA, ETSI RRS
LSA and IEEE 802.11af; since they are substituting an older
mechanism by adding a new functionality (the capability of
aggregating different frequencies, of communicating with a
spectrum database or transmitting in a new frequency band).
A substitution may happen as an internal process of the oper-
ator, as the case of 3GPP CA, or it may happen as a service
offered to the end-user. For instance a M2M or D2D service
based on DSA functionality may replace an older similar
service based on older technology; or a small cell indoor
coverage facilitated by DSA may substitute a macro cellular
coverage which does not support DSA. In other words, even
though the substitution happens at process level, the end-user
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may see a concrete offer at service level and thus the adop-
tion in this case still happens at the end-user. In case there
are several standards offering a similar functionality, they
may compete against each other based on network effect (for
instance, IEEE 802.11af with IEEE 802.22; and 3GPP D2D
or 3GPP CA with ETSI RRS Reconfigurable MD). Finally,
in case of newer technology deployment as an integrated
systems (as the case of ETSI WSD with PMSE devices or
Weightless with M2M), they may compete with established
older technologies based on network effect.

2.3 Industry openness

The industry structure can be characterized through several
parameters such as size, number of firms, market concen-
tration, and entry and exit barriers. In the case of mobile
industry, many authors have focused on the number and types
of MNOs. For instance, the work in [4] studied the mobile
industry structure from a transaction economic perspective,
concluding that competition between vertically integrated
MNOs would induce more investment and competition com-
pared to a vertically separated market. Others studied the case
of Mobile Virtual Network Operators (MVNOs) [5], and sug-
gested that while they increase competition in the mobile
industry, the mandated provision of access lowers the invest-
ment intensity of MNOs. In addition, while some authors
postulate that a market with horizontal structure facilitates
the adoption of MVNOs [52]; others showed that the number
of networks and the history of the industry affect the speed of
service adoption [6]. Besides vertical integration, the more
the number of MNOs, the more intensive is the competition.

To be more specific, and to separate spectrum manage-
ment issues from others affecting the industry structure, this
study focuses on industry openness defined as the level of
entry and exit barriers. Thus, the industry is open if entry
barriers are low and vice-versa. As per Stigler [53],> entry
barriers are cost advantages of the incumbent against com-
petition from new entrants. In general, the indicators of entry
and exit barriers may include: (i) transaction costs between
firms (i.e. operators) in the market and (ii) switching cost of
subscribers [56]. As per Coase theorem [57], higher transac-
tion costs lead to vertical integration, and hence increase asset
specificity, causing appropriable quasi-rent® and giving room

3> According to [54], spectrum license is an entry barrier according to
Bain’s definition, but not according to Stigler’s definition. Consider-
ing that currently spectrum licenses have reselling rights and spectrum
regimes are becoming more flexible, this study follows Stigler’s defini-
tion. Therefore spectrum licenses is not part of industry openness, but it
is considered in a separate variable (spectrum centralization). A similar
situation happens with taxi licenses, as explained by Demsetz [55].

6 Quasi rent is a return of a firm, which is temporal in its nature due
to e.g. temporal entry barriers. Appropriable quasi rent arise from a
vertical integration or a transaction-specific investment.
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to individual opportunistic behavior. If transaction costs are
low, the industry is more open, with many competing MNOs,
and the asset became less specific [58]. Switching costs are
those incurred by the end-user when she/he changes from one
service provider to another and they are often related to the
degree of competition [59]. Higher switching costs constitute
an entry barrier, since they give incumbent firms signif-
icant market power over their existing customers. Under
high switching costs, firms compete under a multi-period
problem, in which a provider decreases prices to attract the
customer in a first period to build the required critical mass
and then increase prices in a second period after locking-in
the customer.

As depicted in Appendix 3, switching and transaction
costs change from one market to another. For instance, sub-
scriber switching costs are relatively high in Japan and USA
(in terms of churn rate, mobile ARPU, etc.), while they
are considerably lower in India and in Finland. In addition,
Japan and USA shows a highly integrated industry with high
transaction costs while in India and Finland these costs are
lower (as they exhibit higher cooperation between MNOs in
infrastructure sharing, national roaming, etc.).

2.4 Spectrum centralization

Spectrum management has a significant impact on the mobile
industry, as spectrum assignment has implicitly affected the
number of MNOs. The academic literature often assumes
a tight link between spectrum and market concentration
[60-62], and thus spectrum management affects market com-
petition. However, the introduction of new DSA technologies
and the new related spectrum regimes enable more flexible
business models, and considerably decrease the importance
of holding spectrum as a condition for market entrance.
Therefore, this study considers spectrum centralization as
a separate factor.

In this work, spectrum centralization refers to the mode
of allocation and assignment of spectrum, associated usage
rights, and consequent spectrum concentration. On one hand,
NRAs can allocate and assign spectrum in a centralized way,
with the objective of harmonizing spectrum usage, thereby
defining the service and the technology to be deployed. In this
regime, the industry structure depends on the decision of the
NRA on the number of MNOs and the amount of spectrum
to be assigned to each MNO. On the other hand, the usage
rights specified in the license can be flexible with respect
to its access, allowing spectrum trading and sharing [63],
and thus creating a decentralized spectrum market. A flex-
ible spectrum regime allows spectrum sharing by enabling
two or more parties to coexist in same frequency band at dif-
ferent time or place. Spectrum sharing can happen between
operators in a coordinated manner, or it may happen between
the access provider and the end-users in an ad-hoc mode.

The initial concentration of spectrum of each market has a
significant impact in facilitating centralized or decentralized
spectrum sharing.

Countries have taken varied positions with respect to spec-
trum centralization. For example, most European countries
have assigned larger blocks of spectrum amongst a selected
set of three or four MNOs to favor industry coordination
and harmonization [64]. On the other hand, countries such
as India have favored competition in the market place, by
assigning the available spectrum amongst many MNOs (as
high as ten or more per service area), leading to a very
high spectrum fragmentation. There is a trade-off between
competition and economies of scale effect of spectrum hold-
ing; a high spectrum concentration or a very high spectrum
fragmentation beyond a threshold limit induces industry inef-
ficiencies [65].

Several markets are gradually moving towards flexible
spectrum regimes. In USA, MNOs are able to trade spectrum
from each other as well as from broadcasters and other niche
spectrum holders. Some authors affirm that such spectrum
market is already positively impacting the mobile industry
[66]. In Europe, though spectrum trading studies were ini-
tiated around the turn of the millennium, it is only recently
that country regulators have allowed MNOs to trade spec-
trum. OfCom, the national regulatory authority in the UK,
allowed spectrum trading in 900 MHz, 1800 MHz and 2100
MHz in 2011 followed by a more recent announcement in
2013 for including the 800 MHz and 2600 MHz bands.
Many other European markets are introducing similar poli-
cies; however, not much action has taken place as yet. In
India, spectrum trading is being discussed since 2012, and
recently the Indian regulator, announced guidelines on spec-
trum trading [67] and sharing [68]. Some authors suggest that
spectrum trading is beneficial especially in a market with high
spectrum fragmentation, such as India [69]. Table 3 illus-
trates the differences between the traditional approach and
a flexible regime of spectrum management. This Table indi-
cates that DSA requires a flexible spectrum regime to allow
spectrum sharing.

3 Note on research methods

The ICT ecosystem has become a complex dynamic system,
consisting of several interacting agents [70], which evolves
through incremental and radical innovations achieving peri-
odically revolutionary changes or redomainings [71]. The
above sections illustrate these complex relationships between
technology, market structure, and regulatory decisions on the
success of adoption of DSA standards, technologies and asso-
ciated services. System Dynamics is intended for analyzing
the dynamic behavior of complex systems, such as the mobile

@ Springer



176

A. Basaure et al.

Table 3 Difference between
traditional approach and a
flexible regime

Aspect

Traditional approach (exclusive
and license-exempt regimes)

Flexible spectrum regime

Assignment of spectrum

Allocation of spectrum
(Technology and service
deployed)

Usage rights of spectrum

Spectrum concentration

Administratively controlled;
limited based on availability of
licensed bands for mobile
services and license-exempt
bands for Wi-Fi and other
services. Latest tendency to
incorporate reselling rights in
licenses

Mandated by the NRA, can be rigid
at times. Latest tendency towards
technology and service neutrality

Often exclusive use for mobile
services. If spectrum license is
reassigned, the new spectrum
holder obtain the former
obligations and conditions

Guided by rules defined by the
NRA

Initially based on assignment
mechanism, such as auction.
Later, the spectrum is made
available through spectrum
market and usage rights enabling
sharing (dynamic exclusive,
hierarchical access and open
sharing)

Determined by the market by
means of DSA technologies.
NRA makes available other
frequency bands for mobile
services

Regime allows spectrum sharing,
permitting to coexist the same
spectrum band between two or
more parties

Evolves based on successful
adoption of technologies

market, by modeling the relations between different interact-
ing factors.

System Dynamics is a simulation technique developed
by Jay Forrester in the 1950s [72]. Even though early
applications focused on modeling corporate systems and
control engineering, it is being widely applied in various
areas including techno-economic, socio-economic and pub-
lic policy studies. The feedback loop is the most significant
modeling element in System Dynamics, which exists when-
ever decision made by agents in a system affects the overall
state of the system.

System Dynamics has been proven to be a valid method for
understanding the behavior of complex telecommunication
markets and associated policies. For instance, some authors
studied the adoption of broadband in remote and rural Scot-
land using this method [73]. Others described the cause-effect
relationships relating to spectrum management and associ-
ated market developments and policy decisions [39], while
the study in [74] performs a similar analysis for describ-
ing the competition in the mobile industry. Finally, other
authors analyzed the adoption of mobile voice [50]. In all
these cases, a System Dynamics approach successfully iden-
tified the most relevant relations of a system consisting on
multiple interacting factors.

On the other side, other authors studied technology adop-
tion by analyzing historical data. For example, the reference
in [75] identifies the determinant for broadband adoption in
the OECD countries by employing regression analysis. Other
author employed a regression model to study the adoption
of mobile telephony [76]. In these cases, authors employed
rich panel data sets for their analysis. The work in [77]
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studies mobile subscriber churn by means of regression and
Bayes analysis with smaller samples. Data analysis is usu-
ally a much more precise method when the required data is
available, which this is not the case of future technological
deployments. In System Dynamics, the causality is under-
stood through feedback loops and thus the whole system
structure causes the analyzed behavior. In a regression analy-
sis, and more generally in the traditional view, the causality
is explained through independent and dependent variables.
Thus, while in the traditional view causality is exogenous, in
System Dynamics causality is endogenous.

Finally, other authors studied the spectrum market by
means of Agent-based modeling, by simulating spectrum
holders as interacting agents [9, 11]. Even though this method
also captures the dynamic behavior of a complex system, it
does not address well enough the characteristics of adoption,
such as critical mass and network effect. From this perspec-
tive, the top-down modeling approach of System Dynamics
aggregates better the overall behavior of a system rather than
analyzing the behavior of particular agents.

Both Agent-based and System Dynamics modeling aim at
analyzing the dynamics of complexity [78] in a wide range of
fields; however, through opposite approaches. While Agent-
based modeling focuses on agent rules and their resulting
emerging dynamic behaviors, System Dynamics focuses on
the system structure consisting on feedback loops at an aggre-
gate level. Thus, while Agent-based modeling is unable to
study the overall structure without knowing the agent rules,
System Dynamics cannot reach credible results if the notion
of circular causality and its underlying feedback structure is
subject of controversy. The extensive study of prior literature
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combined with the expertise of the authors on mobile markets
of various geographies provide the basis for reaching credible
results in the System Dynamics models developed herein.

4 Adoption model

The adoption model of this section includes all the variables
of interest, described by the previous sections, to analyze the
dynamics of DSA adoption. The main contribution of this
model is to bring together as a synthesis the previous work of
other authors, regarding spectrum centralization [39], indus-
try openness [74], network [79] and substitution [48] effects,
with the understanding on DSA technologies and standards
previously presented in this paper.

System Dynamics employs causal loop diagrams, as
shown in the following Figs. 1, 2, 3, and 4, to visualize how
different variables are interrelated in a system. The diagram
consists of a set of nodes and edges. Nodes represent the vari-
ables and edges describe the relation between two variables.
An edge with positive sign (“4”) indicates a positive causal
link, i.e. the two nodes change in the same direction. An edge
with negative sign (“—”) indicates a negative causal link,
i.e. the two nodes change in opposite directions. The closed
cycles or loops in the diagram are very important in System
Dynamics. A loop is reinforcing (“R”) if the effect of a varia-
tion in any variable propagates through the loop and returns to
the initial variable with the same direction, further stimulat-
ing the initial variation. A loop is balancing (“B”) if the effect

of a variation in any variable propagates through the loop and
returns to the initial variable with the opposite direction, and
thus causing the contrary effect of the initial variation.

4.1 Modeling network and substitution effects

This section describes the modeling of network and substitu-
tion effects, based on previous work by [79] and [48]. Fig. 1
depicts the System Dynamics models of these effects.

Figure 1a depicts a causal loop diagram of the path depen-
dence of two competing technologies [79] which generates
the network effect. In this figure, the variables adoption of
user-centric devices and adoption of operator-centric devices
describe the performance (i.e. sales) of each type of devices.
The accumulation of the adopted devices constitutes the
installed base of such devices; the higher the installed base,
the higher the level of compatibility for new adopters,’” which
attracts more adoption from stakeholders (end-users or oper-
ators); and this in turn increases the market share of the
adopted devices. This closed loop creates a spiraling network
effect (depicted by reinforcing loops R1 and R2).

In addition, the increase in adoption and attractiveness of
user-centric devices (or operator-centric devices) decreases
the market share of the other type of devices. This slows down
the rate of adoption of the last type of devices, since they

7 Under network effect, the number of adopters increases the value
of a new adopter, since there are more connected devices to interact.
In DSA, compatibility issues are relevant at both device and network
sides.
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become comparably less attractive, which finally affects the
chain of causal links leading to another closed loop depicted
as share saturation (balancing loops B2 and B1). The system
of equations that describe the mathematical formulation of
the network effect and saturations as postulated in this model
is presented in Appendix 1.

Figure 1b illustrates a causal loop diagram of the substi-
tution effect employing a predator-prey competition model,
which is described by the so-called Lotka-Volterra equations
[48] and represents a technological substitution. These equa-
tions can be represented in a causal loop diagram, as exempli-
fied by [80]. This model presents a logic similar to the com-
petition model with network effect, except that the growth
of user-centric devices, also referred to as predators, leads to
the substitution of operator-centric devices, also referred to
as prey. Hence the reinforcing loops R1 and R2 are offset by
the balancing effect (B1) of substitution. See in Appendix 1
a mathematical formulation of the substitution effect.

4.2 Modeling industry openness and spectrum
centralization

Figure 2a depicts an adaptation of the model of [39]. This
model explains that a centralized spectrum management
incentivizes a wholesale spectrum market, this leading to the
adoption of operator-centric DSA by MNOs.® However, it

8 Low market concentration increases the probability of having spec-
trum transactions at retail level, since it provides the end-user buying
power and increased service offer. If market concentration (and spec-
trum concentration) is higher, there will be less transactions at retail
level (less switching possibilities for end-users), but operators instead
may develop a wholesale market, through cooperative or market based
mechanisms, if they see it beneficial. Note that under dominant position
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does not encourage user-centric adoption in the retail market.
On the other hand, a market driven and decentralized spec-
trum assignment incentivizes user-centric adoption of DSA
technologies by end-users. These are captured through two
reinforcing loops starting from spectrum centralization, R3
(wholesale) and R4 (retail). In the wholesale loop, an initial
efficient harmonization of the spectrum allocation induces
high spectrum concentration and stimulates operator-centric
sharing that subsequently stimulates high spectrum concen-
tration, without requiring major changes to the spectrum
regime. In loop R4, lower spectrum concentration induces
end-users to access the available spectrum, which in turn
promotes user-centric devices to be deployed thus promot-
ing spectrum de-centralization further together with a flexible
spectrum regime. The reinforcing loops R5 and R6 indicates
how the growth in one type of spectrum sharing reduces the
demand for the other type of spectrum sharing. Figure 2b
depicts an adaptation of the model of [74] that explains the
dynamics of market behavior. This model describes how low
entry barriers (i.e. open industry) favored by regulators to
incentivize competition can have a negative impact on invest-
ments due to a decrease in MNO proﬁts.9 In a similar manner,
increasing entry barriers makes the industry closer and incen-
tivizes operator-centric investments. In Fig. 2b, decreasing
entry barriers leads to price competition that decreases the
level of prices and opens the industry further; depicted in the

Footnote 8 Continued
(i.e. monopoly), the probability of having transactions decreases at both
levels.

9 The literature has identified an inverted U-relationship between com-
petition and investment [81,82], in which investment is low with too
high and too little competition. This relation has been widely acknowl-
edged by more recent authors, such as [83,84].



Adoption of dynamic spectrum access technologies: a system dynamics approach 179

Fig. asreinforcing loop R7. In the other reinforcing loop (R8),
an increase in barriers to entry, caused by a regulatory effort
to improve Quality of Service (QoS), provides market partic-
ipants incentives to invest in operator-centric infrastructure.
This leads to improvements in QoS, which decreases indus-
try openness and hence acts as disincentive for providing
user-centric technologies. The reinforcing loops R9 and
R10 illustrate how lowering entry barriers (and opening the
industry) decreases the willingness of MNOs to invest in
operator-centric infrastructure and makes the user-centric
proposition attractive, for both incumbent and new entrants.

4.3 Integration of industry openness and spectrum
centralization into the adoption models

This section integrates the previous diagrams depicted in
Figs. 1 and 2 into the adoption models, by including the indus-
try openness and spectrum centralization as main factors
affecting the competition based on network or substitution
effects.
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The integrated diagrams are presented in Figs. 3 and 4.
These models assume a flexible spectrum regime allowing
spectrum sharing, which can be centralized or decentral-
ized, as referred by the variable spectrum centralization.
If the spectrum regime is centralized, spectrum sharing is
performed in an operator-centric fashion, for instance by
allowing the participating MNOs to share or trade their
spectrum. If the spectrum regime is decentralized, spectrum
sharing is performed in a user-centric fashion, by allowing
the DSA capable user devices to access the available spec-
trum. Thus, the variable amount of spectrum available for
user access describes the amount of available spectrum for
end-user access. If spectrum is decentralized, end-users have
more choices of access networks, and thus the operators have
more incentives to provide end-user centric access through
DSA. This in turn stimulates the adoption of user-centric
devices while correspondingly decreasing operator-centric
devices.

Figure 3 depicts the integrated diagram that describes the
DSA adoption based on competition with network effect.
This model merges Figs. 1a, 2a, b. The additional reinforcing
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Fig. 3 System approach to describe the DSA technologies adoption based on network effect
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loops are discussed below. The numbers of the loops maintain [81-84]. At the same time, the incentives for investing in

the numeration of the previous figures. user-centric DSA technologies are increased along with a
decrease in the incentives for investing in operator-centric
DSA technologies. This loop includes R7 and R8 of Fig. 2b
and is supported by [74].

e R9 and R10 (Reinforcing loops): the adoption of user-
centric devices has a positive impact on industry openness,
because these devices offer low switching costs, by allow-
ing end-users to change easily from one network to
another. This has a spiraling effect on investment in user-
centric devices, which further propagates to an increased
market share of such devices. Consequently, an adop-
tion of operator-centric devices has a negative impact on
industry openness, since such devices have higher switch-
ing costs, and it incentivizes MNOs to invest further in
operator-centric infrastructure. These loops corresponds
to R9 and R10 of Fig. 2b and are based on [74].

e R3 and R4 (Reinforcing loops): An increase in the adop-
tion of user-centric devices increases the level of spectrum
sharing at retail level and thus it further incentivizes a
lower spectrum concentration, which in turn fuels the
adoption of user-centric devices. Following the same
logic, an adoption of operator-centric devices maintains
high spectrum concentration and stimulates a wholesale
spectrum market between MNOs. These loops corre-
sponds to R3 and R4 of Fig. 2a and are based on [39].

e R5 (Reinforcing loop): A lower spectrum centralization,
indicative of high spectrum fragmentation, increases the
available spectrum for end-user access, which in turn stim-
ulates retail spectrum sharing and lowers the centralization
further. Thus, a decentralized spectrum will get more
decentralized under the adoption of user-centric DSA. On  The other loops are those related to network and saturation
the contrary, operator-centric spectrum sharing is more  effects (reinforcing loop R1 and balance loop B1 respec-
probable under a centralized spectrum market. This loop  tively), as explained in Sect. 4.1. The variable amount of
includes R5 and R6 of Fig. 2a and is supported by [39]. spectrum available for user access affects the level of com-

e RS (Reinforcing loop): An open industry, with low entry ~ patibility, since devices become more compatible with the
barriers, results in lower revenues for the MNO and less available network access if the amount of spectrum increases.
incentives to invest in operator-centric DSA technologies  Similarly, the incentives for investing in one type of tech-
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nology positively affect the attractiveness of adopting such
technology, as depicted in the diagram.

Figure 4 presents the integrated diagram that describes the
DSA adoption based on predator-prey competition, which
embeds the substitution effect (Fig. 1b) with the dynamic
of industry openness and spectrum centralization (Figs. 2a,
b). This model considers the user-centric devices as predator
and operator-centric devices as prey (this relation is defined
in the competition effect variable, see Appendix 1 for further
details). Due to the modular design, diverse functionality, and
its attractiveness to end-users, it is more likely that a user-
centric device can potentially substitute an operator-centric
device.!” The growth rate of these technologies is determined
by the variables related to industry openness and spectrum
centralization. For instance, the author in [85] suggests that
the rate of technology adoption is directly proportional to the
expected profitability and it is a decreasing function of the
investment size. Based on this, the model indicates that the
level of saturation of a type of device is inversely proportional
to the amount of spectrum available for that type of device,
since the availability of spectrum increases the potential for
that technology. On the other hand, the incentives for invest-
ing in one type of technology positively affect the growth rate
of that technology, and at the same time, they positively affect
the saturation of that technology, since its growth potential
is reduced.

Note that the adoption model with substitution effect
follows a similar logic than the one with network effect.
Therefore, the reinforce loops of Fig. 4 (R3, R4, R5, R8, R9
and R10) behave in a similar way than those of Fig. 3. As in
the previous model, industry openness forms the reinforcing
loop RS, while the spectrum centralization forms the rein-
forcing loop RS5. Finally, the adoption of devices originate
the reinforcing loops R3, R4, R9 and R10.

The main difference between these two models is the
interaction between the competing technologies. Figure 4
represent a situation wherein the two technologies compete
with each other, and thus the growth of each technology
disincentivize the growth of the other technology. Figure 5
represent a situation wherein one technology substitutes the
other; and thus the installed base of one technology stimu-
lates the adoption of the other technology.

5 Results

The System Dynamics models described by Figs. 3 and 4
were simulated using Vensim PLE ®. The parameters of

10 This exercise models user-centric devices substituting operator-
centric devices. However, it may be easily extrapolated to include other
scenarios, such as an operator-centric DSA process substituting an older
process without DSA.

the model are summarized in Appendix 2. Spectrum cen-
tralization, industry openness and investment incentives are
parameterized in a scale from O to 1, where 0 is the mini-
mum and 1 is the maximum. In spectrum centralization, the
value 0.33 represents the average value of market concen-
tration in the mobile industry (equivalent to an HHI index
of 0.33), under which spectrum is decentralized. For indus-
try openness (and consequently for investment incentives)
the average value is 0.5. Over this value, the industry is
open, and bellow this value it is closed. The amount of spec-
trum available for user access is initially set to 5 % of the
total spectrum. This does not consider the whole license-
exempt spectrum, but only the portion of the licensed and
license-exempt spectrum which has been gradually dedi-
cated for user-centric DSA access. When this amount has
achieved a threshold of 25 %, the economies of scales pushes
towards a positive feedback loop which stimulates user-
centric devices. On the contrary, bellow this threshold, the
feedback loop stimulates operator-centric devices. For the
model with network effect, the initial amount of user-centric
devices is the same than operator-centric ones. If one technol-
ogy has considerable higher amount of initial installed base,
it will dominate. For the model with substitution effect, the
simulation assumes that operator-centric devices start with
90 % of the installed base, while user-centric devices start
with 10 %. This is to illustrate a case, in which user-centric
devices are initially substituting operator-centric ones, since
they offer a new or improved functionality. Finally, the com-
petition effect coefficient is -0.02 for user-centric devices
and 0.02 for operator-centric devices, meaning that user-
centric devices substitute operator-centric ones.'! Table 4
shows the four simulated scenarios with different initial
values for spectrum centralization and industry openness,
which represent four different markets. Scenario A refers to
a country such as India or until certain extent UK, where
spectrum is highly fragmented and the industry is highly
open; scenario B is indicative of the situation in Nordic
countries such as Finland or Sweden, where the number
of MNOs are few, partly due to limited number of sub-
scribers with an open industry presenting low switching
costs for end-users; scenario C represents to some extent
the situation in USA, which has decentralized spectrum
and a bundled service offer (and hence closed industry);
and finally scenario D refers to Japan or China, in which
there are few MNOs and the entry of firms is very dif-
ficult or even strictly controlled by the government (as in
China).

1" This competition coefficient affects the speed of convergence in

the simulation results. This coefficient is in line with the one utilized
in similar simulation exercises for telecom service substitution [86,87]
and was adjusted to converge for all the simulated scenarios.
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Table 4 The simulation
scenarios and the model

parameters

Simulation Scenarios A B C D
Spectrum centralization 0.2 (low) 0.5 (high) 0.2 (low) 0.5 (high)
Industry openness 0.6 (open) 0.6 (open) 0.3 (closed) 0.3 (closed)

Figure 5 illustrates the simulation results for the com-
petition model with network effect described in Fig. 3.
Note that the adoption of user-centric devices is success-
ful only under open industry and decentralized spectrum
(i.e. scenario A). In all the other conditions, operator-centric
scenario dominates. Industry openness which reduces entry
barriers together with low spectrum concentration and a flex-
ible spectrum regime allowing spectrum sharing, lead new
entrants to invest, along with the incumbents, in user-centric
DSA technologies. Thus, under high network effect, both
spectrum decentralization and industry openness enable user-
centric DSA to reach economies of scale and critical mass
required for its successful adoption. However, not many
countries possess these characteristics. One peculiar case
is that of India, with highly fragmented spectrum assign-
ment and very low price and investment indexes (indicative
of an open industry). In most of the cases, for instance
most European countries, US, Latin America and Asia (such
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as Japan, China and Korea), spectrum evidences high con-
centration and industry openness varies from country to
country.

Figure 6 depicts the simulation results for the compe-
tition model with substitution effect described in Fig. 4.
They indicate that a successful adoption of user-centric
devices requires only a decentralized spectrum and there-
fore it can happen more often; however, the adoption process
is slower as compared with the one with network effect.
In fact, in a centralized spectrum regime (scenarios B and
D), both operator- and user-centric devices coexist, with
operator-centric devices dominating. However the substi-
tuting technology or predator (i.e. user-centric devices)
dominates when the spectrum is decentralized (scenarios A
and C). The adoption of user-centric devices over time sub-
stitutes the operator-centric devices. In most of the cases,
the competition model with substitution effect allows a cer-
tain level of coexistence for both technologies during several
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Fig. 5 Results for system simulation of a market with strong network effect
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Fig. 6 Results for the system simulation of a market with a predator-prey type of competition

Table S Summary of the results

on DSA technology adoption. Spectrum Industry Operator-Centric User-centric
Ticket indicates the dominating Network effect Centralized Open J
scenario for each case
Closed v
Decentralized Open J
Closed v
Substitution effect Centralized Open J
Closed J
Decentralized Open J
Closed Vv
Table 6 Example of dominant Spectrum Industry Network effect Substitution effect
standards based on results
Centralized Open Weightless ETSIRRS LSA, 3GPP CA
Closed
Open ETSi WSD, Weightless, 3GPP D2D, ETSI RRS
Decentralized IEEE 802.22, IEFT PAWS reconfigurable MD, IEEE
Closed _ 802.11af, IEEE 802.11ah

years, until one dominates over the other. The time period
of replacement depends on the competition effect between
the technologies. Tables 5 summarizes the simulation results

for both models and Table 6 provides examples of associ-
ated dominant standards, which illustrate possible adoption
patterns.
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6 Discussion

The models and results presented in this paper provide useful
references and guidance to policy makers while introducing
DSA technologies in different markets. The developed mod-
els focus on market dynamics. They do not consider issues
such as technical feasibility of the frequencies to be employed
or demand for new services, which also determine the success
of adoption.

Table 6 provides examples of dominant standards based on
the obtained results and thus it illustrates that different mar-
kets may adopt different standards. In fact, given that most
countries have a centralized spectrum, in which few opera-
tors hold most of the available spectrum, an operator—centric
adoption of standards such as ETSIRRS LSA, 3GPP CA and
open standards like Weightless offering specific IoT integral
solutions may dominate. For those markets with decen-
tralized spectrum, both user-centric and operator-centric
standards may be adopted. If the industry is open, standards
having modular design may be adopted, such as 3GPP D2D,
ETSI Reconfigurable MD, IEEE 802.11af and 802.11ah. If
the industry is closed, standards with integral design (oper-
ator centric adoption) may dominate together with a user-
centric adoption based on standards with modular design.

This work is the first in studying the adoption of DSA
technologies in concrete, bringing together previous work
on spectrum management [39], industry dynamics [74], and
adoption modeling [48,79] with an analysis of the state-
of-the-art of DSA standardization. The results are relevant
especially for policy makers and they urge them to analyze
the spectrum concentration and industry openness of their
markets.

As follows, this section briefly discusses some selected
market cases, to illustrate the possible applicability of the
results as presented in the previous section. Statistical infor-
mation on the analyzed markets is gathered in Appendix 3.

6.1 Case of operator centricity and industry openness
in Finland and other EU markets

Finland, much like most of the Nordic countries was an early
adopter of mobile technologies. It was the first country to
operate a GSM network in 1991, and had continued to play an
early adopter role in the deployment of latest cellular genera-
tions. In spectrum policy, the Finnish authorities have aimed
at stimulating the deployment of latest technologies rather
than collecting revenues from auctions [88]. In fact, MNOs
had typically paid only nominal administrative charges for
spectrum [89]. Over a period of time, most the European
countries including Finland have adopted technology and
service neutral spectrum policies and started allowing flexi-
ble use of spectrum [64]. MVNOs were allowed in Finland
as early as 2003, this affecting on industry openness and
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competition. In addition, Finland has a long tradition of hand-
set unbundling indicative of industry openness and bundling
was only allowed for the 3G services in 2006 [90]. How-
ever, due to its limited subscriber base, the government has
consciously allowed a limited number of MNOs (currently
three). Hence Finland represents a case where the spectrum
is concentrated in the hands of three MNOs and it is likely
that MNOs may adopt operator-centric DSA technologies.
Recent efforts for infrastructure and spectrum sharing are
indicative of this trend [91], which evidence the willingness
of MINOs to cooperate and develop operator-centric mecha-
nisms. In addition, Finland has being testing LSA which is an
operator-centric DSA solution [33]. Thus, end-user centric
DSA adoption may remain in niche and emerging services,
without playing a major role in the mobile market, if spectrum
centralization policy remains unchanged by the authorities.

6.2 Case of multi-SIMs in India and other emerging
markets

India has a mobile a market with high levels of spectrum
decentralization and a very open industry. In fact, there are
about 10 to 12 MNOs in each service area. With a spectrum
HHI of 0.13, India enjoys one of the lowest spectrum con-
centration in the world [92]. In addition, not all the MNOs
hold countrywide spectrum and are able to provide cover-
age in all locations, especially in remote and rural areas.
Moreover, MNOs often have congested network conditions,
especially in dense urban areas and they face capacity and
coverage limitations. Handsets are unbundled though not dic-
tated by regulation, but due to industry structure. The prepaid
subscriber base constitute about 80 percent of the total sub-
scriber base. With Mobile Number Portability in place, the
switching cost to subscribers is very minimal indicative of
the industry openness.

Due to intense competition, MNOs in India release many
tariff plans for subscribers. Subscribers and local mobile
handset manufacturers found a way to tackle the prob-
lems described above through multi-SIM handsets [92]. It
is reported that the share of multi-SIM phones is increasing,
especially within the young population [93]. The subscribers
manually optimize their usage taking into account price, cov-
erage and capacity of networks by activating corresponding
SIMs in the phone. More interesting is the latest development
towards an automated multi-SIM functionality, the so-called
embedded SIM (eSIM) [94]. This is akin to user-centric spec-
trum access, where the eSIM enabled device executes a policy
defined beforehand to access different networks. Moreover,
penetration of wired broadband is very low (about 5 per-
cent of households), which also stimulates the growth of
mobile broadband subscriptions. Thus, terminals with user-
centric capabilities such as eSIM or DSA are likely to be
adopted better in markets such as India. As per this analysis,
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countries with these characteristics are suitable candidates
for the adoption of user-centric DSA technologies, as well
as alternative user-centric solutions such as eSIM. As indi-
cated in Table 6, most DSA standards seems to suit especially
well to such markets, except ETSI RRS LSA and 3GPP CA.
This Table further suggests that standards from the cellular
world (ETSI, 3GPP) may coexists with those from the inter-
net world (IEEE, IEFT).

6.3 Case of operator centricity and closed industry in
the US and Japan

In the USA, handset bundling is the norm and it enables ver-
tical integration of MNOs and application content providers,
which causes high switching cost for the end-user [95].
Similarly in Japan, the MNOs closely work with selected
handset vendors and provide bundled service offerings. The
price and investment indices in these countries are high;
which indicates a closed industry structure. While spectrum
is fragmented amongst several MNOs in USA (spectrum con-
centration of 0.287), Japan is a highly concentrated market
and spectrum is in the hands of mainly three MNOs (spectrum
concentration of 0.347). These countries are evident of closed
markets with decentralized or centralized spectrum regime.

According to our analysis summarized in Tables 5 and 6,
the most probable scenarios for USA, Japan and other coun-
tries with similar industry structure, is that the strong role
of MNOs continues with an operator-centric development
of DSA. The alliances and partnerships occurring in USA
amongst MNOs for spectrum sharing and trading are indica-
tive of this possibility [92]. In addition, countries such as
USA, which evidence decentralized spectrum, can also adopt
modular user-centric DSA solutions, both in emerging ser-
vice areas (M2M) and as an extended functionality of the
mobile services (D2D). For example, Google has started
a MVNO in some regions of USA in cooperation with
MNOs to provide seamless access to Wi-Fi networks. The
fact that spectrum is decentralized provides incentives for
both MNOs and new entrants such as Google to coopera-
tively deploy DSA technologies, for example in the license-
exempt band. These trends are supported by this model and
analysis.

6.4 Case of Wi-Fi adoption and the license-exempt band

Wi-Fi is an excellent case where under the conditions of
industry being open and spectrum decentralized (i.e. license-
exempt), technology adoption by user-centric devices
became dominant. Modular design and standardization
efforts through IEEE enabled Wi-Fi capabilities to be
included in almost all wireless and mobile end-user devices.
Therefore, under a decentralized spectrum regime, standards
such as IEEE 802.11af, IEEE 802.11ah and IEFT PAWS are

a good candidate for end-user adoption. On the other hand,
operator-centric standards may be expanded to the license-
exempt band, by considering this possibility already in the
standardization stage, as it happens with 3GPP CA. The
fact that license-exempt frequency bands provide free access,
make that operator-centric standards may also include user-
centric functionality.

7 Conclusions

As policy makers and NRAs move towards a flexible spec-
trum regime, the DSA technologies that allow spectrum
sharing are moving from test labs to commercial deploy-
ment. In this scenario, this paper aims to understand how
DSA technologies and standards diffuse through the mobile
ecosystem for a successful adoption. In general, DSA is
either adopted by operators or by end-users. This paper
analyzes such adoption under varied conditions of industry
openness and spectrum centralization, by employing Sys-
tem Dynamics models grounded on network and substitution
effects.

The main contribution of this paper is to make a synthe-
sis of the previous literature by modeling and analyzing the
adoption of DSA. This work gathers together stakeholders
and factors impacting DSA adoption to illustrate the chal-
lenges of such a process. Moreover, this study provides a
deeper understanding on the relationship between mobile
market and the adoption of DSA in different types of mar-
kets.

As a result of this modeling exercise, this paper has
identified four types of standardization efforts in the DSA
area: (i) user-centric with modular design; (ii) user-centric
with integral design; (iii) operator-centric with modular
design; and (iv) operator-centric with integral design. For
each case, this paper describes the conditions for a suc-
cessful adoption in Tables 4 and 5. The above mentioned
standards interact between them. In a case of substitu-
tion, a new modular technology replaces an older one. In
a case with network effect, two integral systems or mod-
ular designs compete against each other. In each case, the
characteristics of a particular market (industry openness
and spectrum centralization) affect the standard suitability
and the adopted standard in its turn affects the industry
structure.

As illustrated, under the presence of high network effect,
user-centric devices are expected to dominate only under an
open industry and a decentralized spectrum regime. Under
substitution effect, a decentralized spectrum is enough to pro-
mote the adoption of user-centric devices. Operator-centric
DSA is therefore expected to dominate in countries with
centralized spectrum, which in practice is the case for most
markets. On the contrary, user-centric DSA may be adopted
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in countries with decentralized spectrum regime and in
niche emerging services (e.g. IoT). In general, a success-
ful adoption of user-centric devices requires modularization,
standardization, backward compatibility and horizontaliza-
tion of the ecosystem. This is a relevant observation, since
most of the standard efforts are user-centric. With current
market conditions (centralized spectrum), standards such as
3GPP CA and ETSI RRS LSA possess higher probability
of adoption and user-centric standards may remain in niche
areas.

By analyzing the current status of their markets, NRAs
and interested stakeholders can study the adoption behav-
iors of different technology standards. The NRAs can also
simulate the adoption profiles for various standards based on
the existing market and spectrum conditions and can make
policy decisions accordingly. An operator-centric adoption
may provide MNOs a means to increase their network
efficiency; but may not necessarily increase the level of com-
petition. On the other hand, a user-centric adoption may
stimulate further competition; however, the incumbent incen-
tives for investing in such technologies remain uncertain
and the role of new entrants becomes more important. This
model provide NRAs understanding on how their policy
decisions affect the adoption of standards which conse-
quently impact the level of competition and investments in
the market. Moreover, the model developed herein might
help all stakeholders (i.e. NRA, MNOs, spectrum hold-
ers, device and network manufacturers) to better understand
the implications of introducing DSA technologies and ser-
vices.

Future research for this area may include a more detailed
analysis on particular sharing models, such as licensed shared
access (LSA) in Europe and spectrum access system (SAS) in
the USA. In addition, it may be useful to compare DSA tech-
nologies against other competing technologies which are not
related to spectrum access, but are pushing mobile markets
towards an operator-centric or user-centric evolution, such as
national roaming or end-user multihoming.
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Appendices

Appendix 1: Formulation of network and substitution
effects

Under high network effect, path dependence implies that

technologies rapidly lock-in to a stable equilibrium after
reaching a critical mass. The attractiveness of each prod-
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uct is determined by several elements, one being the effect
of compatibility on attractiveness of the technology due to
the network effect [79], which can be described by an expo-
nential function!?:

Eca (t) — ese*b ([—1)/1}1’

where Eca(t)= effect of compatibility on attractiveness at ¢,
se = sensitivity of attractiveness; b(t-1) = installed base of
devices at t — 1, and th = threshold for compatibility effect.

Then, the technology attractiveness is also affected by the
investment incentives which are determined by the market
structure:

Aud () =Bca (t— 1) * li(t—1),

where Aud(t) = Attractiveness of devices at ¢, Eca(t-1) =
Effect of compatibility on attractiveness of devices at ¢ — 1,
and li(t-1) = incentives to invest at r — 1.

During the simulation time, the model accumulates the
number of adopted devices, which is calculated by the fol-
lowing integral:

Ib(t) = Ibo + /sa (t)dt,

where Ib(t) = Installed base of devices at ¢, sa(t) = sales of
devices at t; Ibo: initial installed base of devices.

The first formula indicates that the number of devices
should reach a threshold value to positively impact the
attractiveness of the technology. In addition to this, other
compatibility elements may also impact attractiveness. Mar-
ket share is determined by the attractiveness of the technology
divided by the total attractiveness of all competing technolo-
gies. This relies on the assumption that these two competing
technologies are not complement.

Under substitution effect, a new technology substitutes
an older one. The substitution effect can be described
through a predator-prey competition model by means of
the Lotka-Volterra equations which are shown as follows
[48]:

M 5

7 ZQMM—bMM :tCMEEM,
ay > 0,by >0,cyg >0

dE 5

E =aEE—bEE :|:CEMME,

aE>0,bE>0,CEM>0,

12 The value of a network can be described as N2 by Metcalfe’s law or
as eV by Reed’s law.
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where a is the growth or positive feedback from the
adoption, b is the inhibition or saturation coefficient, which
describes the loss of potential market due to the growth
of a technology, and therefore can be expressed as growth
rate/capacity. Finally c is the competition coefficient between
two technologies (E and M in this case). If cgps is posi-
tive, the technology E influences positively the technology
M. If cpp is negative, the technology E influences nega-
tively the technology M. If cgys is zero, the influence is
neutral. In a predator-prey scenario, the ¢ coefficient of the
prey is positive, while the ¢ coefficient of the predator is
negative.

These models are adopted in Figs. 3 and 4 by utilizing
causal loop diagrams.

Appendix 2: Parameter description of system dynamics
models

Network effect model

Variable Value
Spectrum centralization from O to 1
Industry openness from O to 1
Incentives to invest from O to 1
Threshold for spectrum sharing 25 %*
Initial amount of spectrum available for user access 5%

Initial base of user-centric devices 100

Initial base of operator-centric devices 100
Substitution model

Variable Value
Spectrum centralization from O to 1
Industry openness from 0 to 1
Incentives to invest from O to 1
Threshold for user-centric spectrum access 25 %
Initial amount of spectrum available for user access 5%

Initial base of operator-centric devices 90 %
Initial base of user-centric devices 10 %
Competition effect user-centric devices —0.02
Competition effect operator-centric devices 0.02

4 Amongst the OECD countries [96], the average market share of the
top four MNOs is 43, 31, 19 and 6 % respectively, yielding an average
market share of about 25 %. Using this data, we have considered the
minimum threshold for entry of an MNO to be approximately 5 %
(the fourth market share). The average of the top four MNOs (25 %)
is considered as indicative of the average critical size for sustainable
equilibrium, utilized as a threshold value of available spectrum for user-
centric adoption

Appendix 3: Country data

List of selected countries with variables describing spectrum

centralization and industry openness!3:

13 Sources: [96,97] and [98].

Countries Finland India  Japan United
States

Market concentration 0.332 0.186  0.348 0.247
(HHI)

Spectrum concentration 0.327 0.131  0.347 0.287
(HHI)

Reselling rights Yes No No Yes

Mobile monthly ARPU 32 3 84 47

Churn rate (% monthly) 1,60 5,80 0,60 1,80

Cellular investment per 34,33 6,05 134,49 7791
capita per year (USD)

Price (USD per minute) 0,14 0,04 0,63 0,39

Fraction of prepaid 10 95 1 22
subscriptions (%)

Separation of network Yes No No No
and service operators

Number of MNOs (per 3 10 3 6
service area or
nationwide)
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