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Abstract—Spectrum management plays a key role in the
deployment of new wireless technologies. Regulators in the 5G
era have introduced a variety of spectrum management
approaches that allow the deployment of new cellular networks
including traditional exclusively nationwide licensing, local
licensing and unlicensed approaches involving varying levels of
spectrum sharing. The upcoming 6G era in the 2030s will face
new challenges resulting from the ever-increasing variety of
considered spectrum bands for 6G with drastically different
propagation characteristics and the increasing fragmentation
of spectrum management approaches. This paper provides an
overview of spectrum management for mobile communication
networks including the most recent 5G spectrum decisions. The
paper discusses the role of spectrum sharing in the upcoming
6G era and related enabling technologies. The paper opens the
door for 6G spectrum discussions with an emphasis on what is
different in 6G while taking into account the challenges arising
from the underlying regulatory environment.
Keywords—5G, 6G, spectrum management, regulation

I. INTRODUCTION
Spectrum management decisions made by the regulators
aim at efficient use of the scarce natural resource while
ensuring fairness between the different stakeholders that
want to use the radio spectrum. Spectrum management
involves decision making in the presence of conflicting
stakeholder views as most of the spectrum bands considered
suitable for mobile communications have already been
allocated to various other wireless services [1]. The
regulators play a key role in defining the rules and conditions
for spectrum use that all need to follow which is getting
increasingly difficult due to increasing demands.
Mobile communication sector has been successful in
gaining access to new spectrum bands over the past several
decades leading to mass deployments of 2G, 3G and 4G
networks globally. This process at its highest international
level at the World Radiocommunication Conferences
(WRCs) arranged by the International Telecommunication
Union Radiocommunication sector (ITU-R) has made
significant spectrum allocations to the mobile service and
identified them to be used for International Mobile
Telecommunication (IMT) systems in multiple occasions in
(e.g., 2007, 2012, 2015, and most recently in 2019) [2]. This
has led to wide-spread deployment of mobile communication
networks but also rivalry between different spectrum users,
for which one major solution is the development of advanced
spectrum sharing management techniques and models.
At the national level, administrations have controlled the
mobile communication market through their spectrum
awards decisions and other related regulations that typically
have given the rights to deploy and operate cellular mobile
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communication networks and be telecommunications service
providers to a handful of mobile network operators (MNOs).
Most recently, 5G spectrum awards decisions have taken
place in a number of countries and the first deployment of
5G networks have been announced. For the first time, 5G
brings along a plethora of spectrum management approaches
that were not considered in prior generations [3]. Traditional
nationwide long-term spectrum licenses are complemented
with local 5G licenses [4] and unlicensed access [5], which
represents a major paradigm change in spectrum
management for mobile communication networks.
At the same time as 5G deployments have been
announced, research on 6G networks has already started with
the launch of world’s first 6G White Paper in 2019 [6]. The
6G research vision presented in [6] targets the year 2030
when our society will be data-driven, enabled by near-instant
wireless connectivity. Spectrum will continue to play an
important role in 6G as any prior generation of mobile
communication networks and will face increasingly complex
setup in terms of the variety of potential spectrum bands and
spectrum management approaches, not to mention the
existing incumbent usage in the bands.
This paper discusses spectrum management in the
context of mobile communication networks moving beyond
5G networks towards 6G. The 6G spectrum discussions are
still at infancy due to the major efforts of 5G spectrum that
took place in preparation for WRC-19. The spectrum
management approaches used for mobile communication
networks are presented and the role of spectrum sharing in
current and upcoming mobile communication systems is
reviewed. Challenges of spectrum management in the 6G era
are outlined together with an outlook on the future. The rest
of this paper is organized as follows. Section II presents an
overview of spectrum management approaches. Section III
presents the key enabling techniques for spectrum sharing.
Section IV opens the spectrum discussion for 6G. Challenges
and future outlook is given in Section V, followed by
Conclusions in Section VI.
II. OVERVIEW OF SPECTRUM MANAGEMENT IN MOBILE
COMMUNICATIONS
Spectrum management aims at efficient utilization of the
scarce national resource and has taken different forms over
the years. In general, spectrum management approaches can
be divided into three categories [3] including administrative
allocation [7], market-based mechanisms [8]-[9], and
unlicensed commons approach [10]. In the following,
spectrum management in the context of cellular mobile
communication networks is reviewed with an emphasis on
recent 5G spectrum decisions.

A. Spectrum Management Approaches
The major spectrum management approach for the first
generations of mobile communication networks has been
administrative allocation where the national regulators have
defined individual spectrum access rights to deploy cellular
networks and decided who gets the rights. Regulators have
also defined the related rules and conditions, such as possible
coverage obligations. In administrative allocation, the market
is in the hands of the regulators who solely define the
number of MNOs in the market and decide on the admittance
of any new market entry. Regulators have gradually opened
the mobile communication market to new entry to compete
with state-owned monopolies resulting in a number of
benefits over the past decades [1]. The administrative
allocation continued to be in use for 3G and 4G spectrum
license awards in some countries but faced increasing
criticisms on the fairness of regulators’ decision making [11].

these time-scales set limits on the deployment of cellular
networks.

Another major spectrum management approach, the
market-based mechanism [8], emerged early on to allow the
spectrum awards decisions to consider the market in contrast
to pure regulator dominance. Market-based mechanisms in
terms of defining individual spectrum access rights and
allowing the markets to define who values the spectrum the
most and should be granted the rights to use the spectrum.
The most famous market-based mechanism is the use of
spectrum auctions [12], which has became a key tool in the
3G and 4G era for regulators in several countries to define
who gets the limited number of individual spectrum access
rights while the number of MNOs wishing to enter the
market kept increasing. Market-based mechanisms typically
introduced the opportunity for the license holders to lease or
trade their spectrum or parts of their spectrum, which has
introduced flexibility into the market but not taken place very
frequently [13].

Another specificity in spectrum management decisions
for 5G compared to prior generations is the wide variety of
spectrum bands whose characteristics differ in an unforeseen
way. In Europe, the major spectrum bands considered for 5G
include 700 MHz, 3.5 GHz and 26 GHz [16] which have
very different propagation characteristics resulting in very
different network coverage areas ranging from tens of meters
to tens of kilometers. Deployment models range from widearea coverage to indoor deployments which call for different
expertise and assets. Thus, it has become clear that a wide
variety of spectrum management approaches are needed in
the 5G era compared to prior generations.

The third major spectrum management approach, the
unlicensed commons approach [10], [14], on the other hand
differs from the administrative allocation and market-based
mechanisms significantly as it does not define individual
spectrum access rights but allows market entry to different
wireless systems potentially deployed by a variety of
stakeholders based on shared access to the spectrum. The
unlicensed commons approach has been the source of
success for wireless local area networks (WLAN) that can be
deployed by any stakeholder not having to be an MNO. The
unlicensed commons approach has not traditionally attracted
cellular mobile communication networks whose deployment
was based on individual access rights but in the 4G and 5G
era, the cellular community has wanted to introduce 4G and
5G variants for unlicensed access to share the spectrum
bands with the dominant WiFi technology and other users of
the unlicensed spectrum [5].
B. Recent 5G Spectrum Decisions
At the global level, the spectrum decisions made at the
WRCs of the ITU-R have allocated new spectrum bands for
the mobile service with identification for IMT systems in
multiple occasions. 5G has not been an exception and most
recently in 2019 new spectrum was identified for IMT [2].
The process of new spectrum allocations at the global level is
a very time-consuming where the time spans typically are in
the order of 10 years from the start of the process until the
band is available [15]. In the rapid technology development,

In the national level, national regulators have recently
made 5G spectrum awards decisions to allow the commercial
deployment of 5G networks. According to a recent overview
on 5G spectrum awards decisions [3], there is divergence in
the approaches that the national regulators have taken.
Market-based mechanisms through spectrum auctions
dominate the awards, but some auctions are designed to
support administrative allocation paradigm without
introducing real market mechanism. A major change
observed in 5G decisions was in how the administrations see
the uptake of local 5G networks that particularly address
location specific needs of vertical sectors [4]. Regulators in
several countries have recently allowed local 5G spectrum
access rights to non-traditional mobile network operators or
are in the process of doing so [3].

Cellular mobile communication networks are also
entering the unlicensed spectrum. The advantage of
unlicensed commons approach is fast time to spectrum and
network deployment based on business with no the need to
apply for licenses or to pay the accompanying license fees.
Lowered barrier to entry could be beneficial particularly in
novel local private enterprise use cases. On the other hand,
unlicensed commons spectrum cannot meet the requirements
for large scale network deployments due to the high risk of
mutual harmful interference and the technical restrictions
applied to unlicensed use, like required co-existence
mitigation techniques and low maximum transmit power
limit.
Utilization of the unlicensed commons approach for 5G
cellular mobile communication networks will further
increase the variety of spectrum bands. 5G new radio in
unlicensed band (NR-U) is planned to start with 3GPP
release 16 in 2020 at 5 GHz where the bands 5150 - 5350
MHz and 5470 - 5725 MHz are available for radio local area
networks (RLANs) [17]. The FCC in the US and several
other countries have defined also the band 5725-5850 MHz
where many current private LTE networks operate using a
higher output power and not requiring co-existence
mitigation technique like listen before talk (LBT) [18].
Discussions on the future of the 6 GHz band are taking
place around the world. Some countries have proposed
license-exempt in the band (United States), others have
decided to move towards licensed IMT use (China), while
others may decide to split the band for license-exempt and
licensed operation. Both in the US and in Europe, there are
studies ongoing on the possibilities to make 6 GHz spectrum
available for RLAN-type and other license exempt use to
complement 5 GHz wireless access systems. FCC is

considering 5925-6425 MHz and 6425-7125 MHz for
unlicensed use [19]. As the band is heavily used by fixed
links requiring protection, an Automated Frequency
Coordination (AFC) System is being proposed. Similarly, in
Europe, EC issued a mandate to study the band 5925-6425
MHz for unlicensed use and studies are on-going. On the
other hand, The People's Republic of China and five other
countries in the Asia Pacific region have promoted the IMT
identification for the 5925-7425 MHz for licensed use.
Moreover, in the 60 GHz band studies are on-going and
spectrum regulation exists for the US [20] and Europe [21].
To complement cellular offering, many MNOs are in
progress of adding IEEE P802.11ax [22] standard based WiFi 6 to their in-home connectivity portfolios to address
quality of experience issues and to improve multi-device
entertainment and connected home propositions. Wi-Fi 6 will
support the roll-out of multi-gigabit fiber and cable services
in many countries, providing faster and more-reliable
services for individual premises, rooms and applications.
The recent 5G spectrum related developments and
decisions indicate that a wide variety of spectrum
management approaches are now included into mobile
communication networks in great contrast to the prior
generations of cellular networks. The trend that now has
started is expected to continue towards the 6G era. Table I
gives examples of recent 5G spectrum awards showcasing
the different spectrum management approaches taken or
planned in different countries/areas with an emphasis on how
they consider local network deployments.

TABLE I.

5G SPECTRUM AWARDS IN DIFFERENT COUNTRIES.

Country/Area

Highlights of 5G spectrum awards

Finland

Low price paid and wide per operator bandwidths made
available at 3.5 GHz band. 26 GHz planned to be
auctioned nation-widely and part to be set aside for local
networks.

Germany

High revenues collected in spectrum auction of 3.5 GHz
band and coverage obligations introduced. Local licensing
introduced in part of the band.

Italy

Spectrum pool at 26 GHz for spectrum sharing between
users.

UK

Local licensing introduced in several bands.

USA

3 tier CBRS service with spectrum access system to
manage the sharing arrangements between different levels
of spectrum access rights including regional licenses and
unlicensed local access.

Australia

24 GHz sub-bands for wireless broadband limited to
private property (including domestic, industrial, business,
commercial and government use cases).

Japan

28 GHz “local 5G” bands made available for specific
vertical applications. The licenses will be granted to the
owners of the land or property.

France

Enterprises can apply to 2.6 GHz TDD spectrum (25752615 MHz) for local deployments.

Hong Kong

At 28 GHz band 400 MHz reserved for Localized
Wireless Broadband Service (LWBS) based on licensed
geographical sharing, 1st-come-1st-served.

III. ENABLING TECHNOLOGIES FOR SPECTRUM SHARING IN
MOBILE COMMUNICATIONS
The spectrum management approaches summarized in
Section III involve varying levels of spectrum sharing. In
general, spectrum sharing refers to the situation where two or
more radio systems operate in the same frequency band. This
involves the development of both technologies and
regulatory rules for spectrum sharing. In the following we
present an overview of key enabling techniques for spectrum
sharing in the context of mobile communication networks
and discuss their role in upcoming 6G networks.
A. Database Technologies
The use of database technologies has appeared as the
major enabling technique for spectrum sharing for already
more than a decade ago. Databases allow interference
coordination between radio systems through the knowledge
of the deployments of the wireless systems and coordination
of the interference to acceptable level. Several national
administrations have created the rules for the use of TV
Whitespaces through spectrum sharing using databases [23].
Another example of the use of databases is the Licensed
Shared Access (LSA) concept [24] that allows additional
licensed spectrum access to users typically representing a
different wireless service while protecting the incumbent
spectrum users from harmful interference. The world’s first
LSA trials showcased how commercial 4G networks can be
reconfigured based on changing spectrum availability in the
2.3 GHz band due to incumbent wireless camera activity
with the help of database (LSA repository) and network
management (LSA controller) [24]. Another trial of LSA in
the 2.3 GHz band showcased how the regulator defined rules
for shared spectrum access and calculated the conditions for
sharing [26]. In fact, some administrations are currently in
the process of making the 2.3 GHz band available for 4G/5G
through shared spectrum access using the databases which
make use of the recently approved ETSI evolved LSA
(eLSA) approach.
Additionally, the three-tier spectrum sharing model in
3.55-3.70 GHz band in the US for citizens broadband radio
service (CBRS) is based on the database approach (namely
the spectrum access system, SAS) and additionally uses
sensing for the protection of a specific incumbent wireless
service [27]. The final FCC rules [28] provide two paths for
the spectrum, priority access license (PAL) and general
authorized access (GAA). The PAL spectrum is planned to
be auctioned off in the mid 2020 in smaller regional areas, in
3200 counties, for ten years licenses with possibility of
renewal. In comparison, to date many spectrum auctions in
the US are done over 416 Partial Economic Areas that has
made it expensive and not viable for an enterprise to acquire.
The cost to acquire a single 10 MHz PAL will be determined
by a spectrum auction but should be reasonably priced
compared to other cellular spectrum auctions. The rules
allow for a single PAL licensee to hold up to four channels in
any licensed area at any given time, providing up to 40 MHz
of spectrum protected from interference. Furthermore, the
PAL holders are allowed to lease their partitioned and or
disaggregated PAL spectrum beyond their deployment
coverage but within their PAL area. A second path for
spectrum in the CBRS band is to use 80 GHz of
opportunistic, licensed by the rule GAA spectrum.
Additionally, spectrum not currently used by an incumbent

or by a PAL holder is available for GAA users on a shared
basis. Initial commercial deployment has started, and SASs
have been approved.
After a long development phase, the use of databases has
started to enable spectrum sharing. However, its wide-spread
applications to cellular mobile communication networks are
still very limited but the deployment of databases will
continue and become increasingly important in the future.
B. Emerging Enabling Technologies
Interference management is at the heart of spectrum
sharing and techniques to optimize and manage a large
number of wireless devices with time and location varying
transmission patterns could facilitate spectrum sharing but
have turned out to be computationally very complex.
Artificial intelligence (AI) inspired algorithms for spectrum
sharing have attracted increasing attention recently with the
advances in computing resources.
Databases continue to be important enabler for spectrum
sharing by offering the platform where data of spectrum use
is stored and managed, see e.g. [29]. Various technologies
can be deployed on top of databases such as blockchains that
are studied for spectrum management [30]. The shift towards
the use of unlicensed bands for cellular networks calls for the
development of new coordination techniques to improve
spectrum usage efficiency of future networks [31].
Finally, the methods for obtaining accurate awareness of
spectrum usage and resulting spectrum availability continue
to evolve from traditional spectrum sensing towards accurate
situational awareness. The merging of locationing, sensing
and communication in future networks [6] can be used to
obtain more accurate status of the radio environment,
expanding radio environment maps to more dynamic
operations.
IV. SPECTRUM DISCUSSIONS FOR 6G FUTURE NETWORKS
Spectrum discussions for 6G networks are currently at
their infancy. With the advent of a new generation of mobile
communication networks, the quest for new spectrum bands
leads to a global process in the ITU-R level through WRCs,
see e.g., [15]. In the past decades, getting new spectrum
bands for mobile communication networks has resulted in
rivalry with the existing holders of spectrum access rights to
the new bands envisages for mobile communications. Thus,
any new global developments for 6G spectrum face the same
old challenges of the process being very slow and prone to
conflict. The agenda for the next WRC in 2023 will contain
very limited study items for new spectrum for IMT systems
indicating that 6G spectrum studies at the ITU level will not
yet take place yet. At the same time, national developments
are surpassing the role of international level harmonization if
the national market for new wireless equipment is big
enough. This can lead to fragmentation but at the same time
allows faster time cycles to deploy new technologies.
6G research has identified terahertz spectrum as a major
domain for mobile communication networks [6].
Additionally, the spectrum bands currently used for
2G/3G/4G/5G in many countries continue to be available for
future 6G networks. The resulting range of spectrum bands
for 6G will thus be greater than ever leading to a variety of
spectrum management approaches needed to address the
differences of the mid, high and even higher bands. 6G will

need to be flexible to operate in multiple bands and under
different spectrum management approaches. The role of local
networks [3] continues to become important in 6G [6] and
needs to be supported by spectrum management models.
The quest of new spectrum for 6G faces the same barrier
as before – how to deal with the existing spectrum users. The
need for spectrum sharing in 6G to protect the incumbents
spectrum users is higher than ever before, which can open
new bands for the networks. 6G will merge sensing with
communications when going to the higher frequencies [6].
This development together with advances in the spectrum
access decision making through AI inspired algorithms
opens the door for more dynamic operations where the 6G
networks can sense the radio environment and adapt in real
time. Mobile communication networks are increasingly
planned to be used for serving the communication needs of
utilities and industries which previously have had dedicated
spectrum and solutions. In addition, new types of flexible AIenabled users and use cases that cross the boundaries of
dedicated spectrum and solutions may emerge. Thus, the
traditional spectrum division to different services is blurred
with the mobile communication networks being used for
different purposes. Moreover, the role of politics has already
taken a big place in 5G discussions with various
governments taking positions in the importance of highcapacity networks is the digitalization of various vertical
sectors. In 6G, digital inclusion becomes a key discussion
topic, which directly depends on the availability of spectrum.
The current MNO driven market will face a move to
communities centered approach.
V. IDENTIFIED CHALLENGES AND FUTURE OUTLOOK
Many challenges and open research questions for
spectrum management in the future 6G era exist, see Table
II. The same major challenges still exists for regulators,
including how to maximize the efficiency of spectrum use
and the value of spectrum and how to strike a balance
between conflicting claims of different stakeholders wishing
to deploy their own wireless systems. This development will
inevitably call for spectrum sharing more than what has been
witnessed by now. This breaks down into more detailed
challenges for spectrum management in the 6G era which are
discussed next.
Divergence of spectrum management approaches has
started in 5G and will continue in 6G. The bands vary from
low, mid, high and THz spectrum ranges which call for
different approaches and the evidence is still limited. The use
of market mechanisms is still limited and transactions in
practice occur seldom if operators possessing the spectrum
access rights do not wish to sell them in the fear of
increasing competition. Therefore, more research is needed
on how to take market mechanisms into use in the 5G and
6G era. Especially new spectrum awarding mechanisms
including valuation and pricing mechanisms need to be
developed that spur innovation while attracting investments.
The long time spans involved in making new spectrum
available and the difficulties of sharing the spectrum between
different radio services continue to be a true challenge.
Interference management between the different radio
systems calls new ways to define feasible protection
requirements that are realistic and not overly protective and
technical solutions that allow deployment.

TABLE II.

CHALLENGES IN THE 6G SPECTRUM MANAGEMENT ERA.

Challenge
(type)

Related research questions

Divergence of spectrum
management approaches
(regulation)

What are the most suitable spectrum
management approaches in different frequency
bands (low, mid-, high, THz spectrum ranges)?

Spectrum
(regulation
technology)

market
&

How to create well-functioning low transaction
cost spectrum marketplace for different needs
(e.g. local networks)?

Spectrum valuation and
pricing (regulation)

How to price spectrum for localized
deployments for various vertical use cases?

Long time spans for
international spectrum
decision
making
(regulation)

How could spectrum sharing facilitate the
introduction of new entrants to spectrum
bands? How to protect incumbent spectrum
users from harmful interference

Interference
management
(technology)

How to coordinate interference between
different wireless systems with different levels
of access rights?

Interference
management (regulation)

How to define feasible protection requirements
between incumbent and entrant systems?
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VI. CONCLUSIONS
Spectrum management in the 6G era will reveal a new
level of complexity that stems from the variety of spectrum
bands and spectrum management models with different
levels of spectrum sharing. Traditional MNO driven
deployment of mobile communication networks is already
starting to be complemented by local deployments of 5G
networks by a variety of stakeholders made possible by
regulators in many countries. At the same time, cellular
deployments in unlicensed bands start change the traditional
long-term wide-area network deployment paradigm. These
trends are expected to further grow in 6G. Spectrum sharing
will play increasing role in accommodating new 6G systems
with incumbents. The time-scales of international-level
spectrum management are no longer sufficient with the rapid
technology development of mobile communication networks
and changing user needs when the networks begin to be used
for different purposes.
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