
Received 18 October 2022; revised 7 January 2023; accepted 11 January 2023. Date of publication 25 January 2023; date of current version 15 February 2023.

Digital Object Identifier 10.1109/OJCOMS.2023.3238569

Spectrum Sharing Schemes From 4G to 5G
and Beyond: Protocol Flow, Regulation,

Ecosystem, Economic
MOHAMMAD PARVINI1 (Student Member, IEEE), AMIR HOSSEIN ZARIF 1 (Student Member, IEEE),

ALI NOURUZI 1, NADER MOKARI 1 (Senior Member, IEEE),
MOHAMMAD REZA JAVAN 2 (Senior Member, IEEE), BIJAN ABBASI 1 (Senior Member, IEEE),

AMIR GHASEMI3 (Senior Member, IEEE), AND HALIM YANIKOMEROGLU 4 (Fellow, IEEE)
1Department of Electrical and Computer Engineering, Tarbiat Modares University, Tehran 14115-111, Iran

2Faculty of Electrical Engineering, Shahrood University of Technology, Shahrood 3619995161, Iran

3Wireless Technologies, Commutations Research Centre, Innovation, Science and Economic Development Canada, Ottawa, ON K2H 8S2, Canada

4Department of Systems and Computer Engineering, Carleton University, Ottawa, ON K1S 5B6, Canada

CORRESPONDING AUTHOR: M. R. JAVAN (e-mail: javan@shahroodut.ac.ir)

ABSTRACT As the services and requirements of next-generation wireless networks become increasingly
diversified, it is estimated that the current frequency bands of mobile network operators (MNOs) will
be unable to cope with the immensity of anticipated demands. Due to spectrum scarcity, there has been
a growing trend among stakeholders toward identifying practical solutions to make the most productive
use of the exclusively allocated bands on a shared basis through spectrum sharing mechanisms. However,
due to the technical complexities of these mechanisms, their design presents challenges, as it requires
coordination among multiple entities. To address this challenge, in this paper, we begin with a detailed
review of the recent literature on spectrum sharing methods, classifying them on the basis of their
operational frequency regime—that is, whether they are implemented to operate in licensed bands (e.g.,
licensed shared access (LSA), spectrum access system (SAS), and dynamic spectrum sharing (DSS))
or unlicensed bands (e.g., LTE-unlicensed (LTE-U), licensed assisted access (LAA), MulteFire, and new
radio-unlicensed (NR-U)). Then, in order to narrow the gap between the standardization and vendor-specific
implementations, we provide a detailed review of the potential implementation scenarios and necessary
amendments to legacy cellular networks from the perspective of telecommunication vendors and regulatory
bodies. Next, we analyze applications of artificial intelligence (AI) and machine learning (ML) techniques
for facilitating spectrum sharing mechanisms and leveraging the full potential of autonomous sharing
scenarios. Finally, we conclude the paper by presenting open research challenges, which aim to provide
insights into prospective research endeavors.

INDEX TERMS Spectrum sharing, MNO, LSA, SAS, LTE-U, LAA, MulteFire, NR-U.

I. INTRODUCTION

SINCE the advent of the first-generation (1G) mobile
communication system, there has been a tremen-

dous growth in the number of wireless broadband and
multimedia devices. In addition, with the introduction of
the fifth-generation (5G) wireless networks, new services
and use cases have been foreseen, namely, enhanced mobile
broadband (eMBB), which focuses on enhancements to

user data rates, ultra-reliable low latency communications
(URLLC), which aims to provide low-latency and ultra-high
reliability for mission-critical and time-sensitive applica-
tions, and massive machine type communications (mMTC),
which enables communications between a great number of
devices [1]. Furthermore, the current industry trend of ubiq-
uitous Internet connections for everything has led to the
evolution of the Internet of Things (IoT) and its subset,
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FIGURE 1. Envisioned frequency bands for different spectrum sharing methods [3].

industrial IoT (IIoT), which paves the way toward efficient
and sustainable production [2].
5G and the forthcoming sixth-generation (6G) commu-

nication systems will benefit numerous industry areas and
accelerate IoT implementation. By 2030, it is estimated that
over 50 billion devices will be connected as part of the IoT.
In order to cope with the explosive growth of new applica-
tions and mobile data traffic and to address their immense
demands for bandwidth, new solutions must be sought as
the available frequency resources are limited. In addition,
the International Telecommunication Union (ITU) predicts
that the Internet traffic in 2030 will be 5,000 exabytes [4].
Also, the annual growth rate of Internet was about 26% from
2016 to 2021 [5], [6], whereas you can see in Fig. 2, a signif-
icant portion in 2021 was related to mobile connectivity [5].
This trend has caused the value of frequency bands to grow
to an average of 0.7$ per MHz per population in the United
States [7]. In addition, in Fig. 1 and Table 1, we illustrate the
main frequency bands for the cellular networks. Therefore,
it is essential to explore supplementary frequency bands in
higher spectrums or revise the utilization of currently avail-
able bands. The so-called millimeter-wave (mmW) bands,
ranging from 30 to 300 GHz, can provide greater bandwidths
compared to the current cellular allocations constrained to
the sub-3 GHz band. Due to the smaller wavelengths of
mmW signals, greater numbers of antennas can be estab-
lished in the same dimensions, which can lead to very high
gains. However, despite these encouraging developments,
challenges in the use of mmW bands still exist that limit
their large-scale implementation. These challenges can be

FIGURE 2. Global mobile data traffic from 2017 to 2022 [9].

summarized as follows: 1) due to the directional behavior of
mmWs, specific changes have to be applied to current cel-
lular systems; 2) mmW bands are susceptible to shadowing
and can be readily affected by multiple objects; and 3) due
to the small coherence time of mmW bands, channels sus-
tain rapid fluctuations, leading to intermittent connectivity
and necessitating adaptable communication [8].

These challenges call for an investigation into alternative
solutions. One solution would involve improving the utiliza-
tion of available radio frequency bands in the conventional
microwave bands (i.e., < 6 GHz), which would address the
issue of spectrum scarcity. However, most sub-6 GHz bands,
due to their desired propagation properties, have already
been fragmented and allocated to various non-mobile users
on an exclusive basis (e.g., radars, TV broadcasting, Federal
aeronautical users, military services, medical, non-federal
fixed-satellite services, and event production). Despite this
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FIGURE 3. Taxonomy of spectrum sharing schemes.

TABLE 1. Deployed or designed sub 6GHz frequency bands for 5G in the world [10].

rigid allocation of spectrum, there are many reasons for
mobile network operators (MNOs) to be optimistic about
the future. Several spectrum measurements in frequencies
up to 6 GHz indicate that the utilization rate of users who
currently maintain an exclusive license to use a spectrum
band is on the scale of 10–20 percent, which is relatively
inefficient [11]. Thus, much prime spectrum remains unused
in the spatial and temporal domains, and there is growing
pressure on commercial mobile bands, especially in dense
urban areas. This is the primary motivation for the devel-
opment of novel sharing methods, which permits the shared
use of the spectrum. This notion, which is called spectrum
sharing, allows multiple classes of users to share the same
frequency bands in a reliable manner.

A. MOTIVATION
Compared to the fixed allocation of spectrum, where primary
users (known as incumbents) can access the frequency bands

on an exclusive basis, spectrum sharing facilitates the shared
use of the spectrum. This lets MNOs access the incumbents’
dedicated frequency chunks under specific rules and condi-
tions. Although it may seem trivial, the spectrum sharing is
inherently complicated, involving various organizations and
parties. Spectrum sharing can limit the activities of incum-
bents on the band due to MNOs operating simultaneously;
therefore, proper incentives are needed to motivate incum-
bents to participate in spectrum sharing schemes and to view
participation in such schemes as a net positive outcome for
their organization. However, if conditions are too prohibitive
or the sharing agreements with the users too onerous, MNOs
may become discouraged from taking part in the sharing pro-
cess. Such a situation would impair the economic benefits
for both sides. Some of the potential benefits and risks that
spectrum sharing can offer to incumbents and MNOs are
described here [12].

1) POTENTIAL ADVANTAGES

By participating in sharing agreements, incumbents can profit
from the additional funding through spectrum licensing auc-
tions and fees. Spectrum sharing can depreciate capital
expenditures for both sides as incumbents and MNOs utilize
the spectrum on a shared basis. On the other side, MNOs
can enrich their users’ quality of services with the additional
spectrum they have access to on a shared basis.

2) POTENTIAL RISKS

Under a sharing contract, incumbents have a smaller geo-
graphic spectrum footprint, less flexibility regarding how to
utilize the spectrum, and are more confined in their time of
use. Furthermore, incumbents’ services and activities may
deteriorate sharply if MNOs do not adhere to the negotiated
performance levels. The shared spectrum, which is naturally
less reliable, limits the MNOs from applying it to meet their
diverse marketplace services.
A taxonomy of spectrum sharing methods is presented in

Fig. 3. In general, spectrum sharing can be classified into
two different types: (i) sharing methods in licensed bands that
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enable the MNOs to access the incumbents’ licensed bands;
and (ii) sharing in unlicensed bands that enable the MNOs to
utilize the unlicensed spectrum [13]. Type (i) can be further
divided into Dynamic Spectrum Sharing (DSS), Licensed
Shared Access (LSA), and Spectrum Access System (SAS).
DSS has been envisioned as a seamless global transition
towards universal 5G deployment, and it is based on high-
level scheduling algorithms between 4G and 5G [14]. LSA
was promoted by the Electronic Communications Committee
(ECC) of CEPT, aiming at 2.3–2.4 GHz band. Two principal
components of LSA are the LSA Repository (LR), which
is a centralized database that contains the incumbent pro-
tection information, and the LSA Controller (LC), which
obtains the LSA spectrum resource availability information
(LSRAI) from the LR. ETSI is currently working on the
enhanced version of LSA, named eLSA, which seeks to
extend LSA functionality to support spectrum access to local
high-quality wireless networks operated by vertical sector
operators. Furthermore, an innovative system architecture for
the LSA scheme developed out of the EU project ADEL
with the purpose of offering more dynamic behavior into
the LSA model by introducing various sensing networks
and optimization algorithms for better spectrum utilization.
Somewhat similar to the LSA, the Federal Communications
Commission (FCC) introduced the SAS to enable the shared
use of the Citizens Broadband Radio Service (CBRS) in the
3.55–3.7 GHz frequency band, which was initially used by
the U.S. Federal Government for Navy radar systems and
commercial satellite operators.
Type (ii) spectrum sharing methods are split into LTE-

Unlicensed (LTE-U), LTE-Licensed Assisted Access (LTE-
LAA), MulteFire, and NR-U [15], [16]. LTE-U and LTE-
LAA rely on Carrier Aggregation (CA) implementation, as
they leverage the unlicensed 5 GHz band, traditionally used
by Wi-Fi technologies, anchored to the licensed carrier serv-
ing as the Primary Cell (PCell) to provide users access to
both licensed and unlicensed spectrum and enhance their
performance. New features and improvements have been
added to LAA in the context of Enhanced LAA (eLAA)
and Further Enhanced LAA (feLAA) in the following work
items.
Acronym Definition

AAA Authentication, Authorization, and
Accounting

B-IFDMA Block-Interleaved Frequency Division
Multiple Access

CA Carrier Aggregation
CAPEX Capital Expenditures
CBRS Citizens Broadband Radio Service
CBSD Citizens Broadband Radio Service Device
CCA Clear Channel Assessment
CEPT Conference of European Postal &

Telecommunications
CNN Convolutional Neural Network
CQI Channel Quality Indicator

CRN Cognitive Radio Network
CRS Cell-specific Reference Signal
CSAT Carrier Sense Adaptive Transmission
CST Concurrent Sensing and Transmission
CSI Channel State Information
CW Contention Window
DAG-SVM Directed Acyclic Graph Support Vector

Machine
DC Dual Connectivity
DMTC DRS Measurement Timing Configuration
DNN Deep Neural Network
DRS Discovery Reference Signal
DSRC Dedicated Short Range Communication
DSS Dynamic Spectrum Sharing
ECC Electronic Communications Committee
ED Energy Detection
ELM Extreme Learning Machine
eMBB Enhanced Mobile Broadband
eMBMS Evolved Multimedia Broadcast Multicast

Services
ENN Encoder Neural Network
ESC Environmental Sensing Capability
ETSI European Telecommunications Standards

Institute
EUD End User Devices
FCC Federal Communications Commission
FD Full Duplex
FF-DNN Feed-Forward Deep Neural Network
FDD Frequency Division Duplex
GAA General Authorized Access
GBR Guaranteed Bit
HARQ Hybrid Automatic Repeat Request
IMT International Mobile Telecommunication
IIoT Industrial IoT
LAA Licensed-Assisted Access
LBT Listen Before Talk
LC LSA Controller
LR LSA Repository
LSA Licensed-Assisted Access
LSRAI LSA Spectrum Resource Availability

Information
LSTM Long Short Term Memory
LTE Long Term Evolution
LTE-A LTE-Advanced
LTE-U LTE-Unlicensed
MBSFN Multi-Broadcast Single-Frequency Network
MCOT Maximum Channel Occupancy Time
MFCN Mobile/Fixed Communications Networks
MIB Master Information Block
MIMO Multi Input and Multi Output
ML Machine Learning
MME Mobility Management Entity
mMTC Massive Machine Type Communications
mmWave millimeter Wave
MNO Mobile Network Operator Output
MF-PBCH MulteFire Physical Broadcast Channel
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NBC Naive Bayes Classifier
NHN Neutral Host Network
NRA National Regulatory Authority
NR-U New Radio Unlicensed
OAM Operation Administration and Management
OFDM Orthogonal Frequency Division Multiplexing
OPEX Operational Expenditure
PAL Priority Access Licensees
PBCH Physical Broadcast Channel
PCC Primary Component Carrier
PCell Primary Cell
PDCCH Physical Downlink Control Channel
PDSCH Physical Download Shared Channel
PLMN Public Land Mobile Network
PMSE Program Making and Special Events
PPDR Public Protection Disaster Relief
PSS Primary Synchronization Signal
PUSCH Physical Uplink Shared Channel
QoS Quality of Service
RAN Radio Access Network
RAT Radio Access Technology
RB Resource Block
RE Resource Element
RL Reinforcement Learning
RNN Recurrent Neural Network
RRC Radio Resource Control
RRM Radio Resource management
SAS Spectrum Access System
SCC Secondary Component Carrier
SCell Secondary Cell
SCS Sub-carrier Spacing
SDL Supplemental Downlink
SI Self Interference
SINR Signal-to-Interference-plus-Noise Ratio
SSB Synchronization Signal Blocks
SSS Secondary Synchronization Signal
SVM Support Vector Machine
TDD Time Division Duplex
TR Technical Report
TS Technical Specification
UAV Unmanned Aerial Vehicle
UE User Equipment
URLLC Ultra-Reliable Low Latency Communications
VSP Vertical Sector Players
VLC Visible Light Communication
WISP Wireless Internet Service Providers
1G First Generation
5G Fifth Generation
6G Sixth Generation
3GPP 3rd Generation Partnership Project

One feature that distinguishes LAA from LTE-U is the
support of Listen Before Talk (LBT) to check the chan-
nel’s availability before transmitting, which facilitates the fair
coexistence of LTE with Wi-Fi. LBT is a contention-based
protocol based on the Energy Detection (ED) procedure that

determines the activity of the other users in the medium by
measuring their propagated energy. Whenever this energy is
beyond a certain ED threshold, the medium is considered
busy, and the operation suspends. However, LTE-U operates
on the basis of a duty-cycling mechanism. Whenever the
duty cycle pattern turns from OFF to ON state, LTE-U will
access the channel despite the presence of other devices in
the band, which is one of the principal drawbacks of this
technology. By contrast, MulteFire operates solely in the
unlicensed band without a licensed anchor channel require-
ment, and it aims to promote the standalone operation of
LTE in the unlicensed frequency bands [35]. Recently, the
3rd Generation Partnership Project (3GPP) has introduced
a new radio access technology called 5G NR Unlicensed
(5G NR-U), extending 5G NR to unlicensed bands. Similar
to LAA and MulteFire, NR-U employs the LBT mecha-
nism to promote fair coexistence in the unlicensed band;
however, due to the beam-based transmissions in NR, the
legacy LBT procedure has to be modified. Although there
has been a concerted effort from the regulators and stan-
dards organizations in defining and developing protocols for
each of these sharing methods; there has always been the
question of how the MNOs and telecom vendors would take
these features into account. Regulatory rules and standards
typically do not specify the exact technical requirements,
and, in most cases, the telecom vendors might take different
approaches to better align with the needs of the practice. In
order to bridge the gap between standardization and vendor-
specific implementation, it is required that we study the
spectrum sharing frameworks both from the standardization
and implementation perspective to meaningfully relate theory
and practice.
Besides the aforementioned spectrum sharing methods,

another promising technology is Cognitive Radio (CR).
Introduced by Mitola and Maguire in 1999 [36], CR is
an intelligent wireless communication system that permits
secondary users (SUs), also called cognitive users, to sense
the spectrum usage of surrounding primary users (PUs) and
whether any unused spectrum (spectral holes) exist. SUs
can then reconfigure their software and hardware param-
eters to utilize the idle spectrum in a way that does not
interfere with PUs. The core idea behind CR is to facil-
itate dynamic and flexible access to the idle spectrum of
PUs [37]. One of the critical enablers towards this impli-
cation is the spectrum sensing capabilities of SUs, which
empower them to continuously monitor the frequency bands
used by PUs and flexibly detect spectral holes and use them.
Consequently, next generation wireless communications not
only have to employ the aforementioned spectrum sharing
methods but also have to accommodate intelligently col-
laborative radios to maximize spectral efficiency and avoid
any interference with other incumbents to reap the full
potential of licensed and unlicensed frequency bands. It is
also expected that ML and AI will be used to augment
spectrum sharing methods to provide more collaborative
and enhanced policies for more complex environments,
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in which with today’s often centralized approaches is not
applicable [25].
We should emphasize that spectrum sharing is inherently

complex and might not work for all combinations of incum-
bents and secondary users. As an alternative, incumbents may
benefit from newer technologies, which would allow them to
deliver the same service by using less spectrum. Furthermore,
regulators and stakeholders might consider other options
(e.g., relocating incumbents to other bands or confining
them to smaller channels within the same band under a
new band plan). This procedure can leave extra bandwidth
to be auctioned for mobile services.

B. REVIEW OF RELATED SURVEY ARTICLES
Spectrum sharing has been broadly investigated in the lit-
erature. In this subsection, we provide a concise overview
of survey works in domains covered by this paper. In [17],
the authors introduced a classification of spectrum sensing
methods and discussed the technical challenges of conven-
tional spectrum sensing techniques, while also presenting
insights into more novel spectrum sensing systems. The
authors of [18] analyzed compressive sensing theory and its
use cases in CRNs. In [19], spectrum sensing was examined
on the basis of energy efficiency. Reference [20] provided
an overview of resource allocation approaches for CRNs
and compared various resource allocation algorithms on
the basis of strategies, criteria, standard techniques, and
network architecture. The authors of [21] reviewed state-of-
the-art resource allocation schemes designed for CR Sensor
Networks (CRSNs) and classified these schemes on the basis
of their performance optimization criteria.
In [22], the authors surveyed various optimization resource

allocation designs in CRNs, such as Signal-to-Interference-
plus-Noise Ratio (SINR)-based, transmission power-based,
centralized, and distributed decision-making methods. They
reviewed spectrum assignment challenges while focusing
on dynamic spectrum allocation and spectrum aggregation.
Reference [23] investigated the overlay spectrum access
scheme in a cooperative cognitive radio (CCR) network
setting. In so doing, they concentrated on two prelimi-
nary designs, namely the frequency-division-based channel
as well as the time-division-based channel. The authors
of [23] reviewed a game-based model of the overlay-based
CR network. They considered families of non-cooperative,
cooperative, and matching games. In [24], the authors stud-
ied novel approaches to security perils and countermeasures
in CRNs. In particular, the authors focused on the physical
layer by classifying challenges and countermeasures by type
to protect unlicensed SUs and licensed PUs. References [25]
and [26] discussed the role of ML and AI in CRs and empha-
sized the importance of autonomous learning for better CRN
performance.
The authors in [27] provided an in-depth survey of

various authorization regimes and their characteristics.
Their work investigated existing spectrum sharing scenar-
ios with different network topologies alongside different

coordination protocols applied to licensed sharing scenar-
ios. Reference [28] presented a comprehensive overview
of full-duplex (FD)-enabled dynamic spectrum sharing and
recent advances in this domain. The authors of this work also
proposed an innovative communication framework to facili-
tate the concurrent sensing and transmission (CST) in DSS
systems by applying a power control-based self-interference
(SI) mitigation design. Reference [29] investigated spectrum
sharing mechanisms for wireless inter-technology coexis-
tence by taking into account both technical and non-technical
parameters. The authors of [30] emphasized the importance
of employing more all-embracing intelligence and collabo-
ration to circumvent interference while enhancing spectrum
utilization in the network. They also presented an open-
source software define radio (SDR)-based structure that
could enhance the inefficient use of radio spectrum. A
comprehensive review of full-spectrum sharing in CR 5G
networks was presented in [31]. The authors outlined the
prospective enhancements from the perspective of enhancing
spectrum and energy efficiency in CRNs. The authors of [32]
provided a comprehensive survey of LTE-LAA and Wi-Fi
coexistence in 5 GHz and analyzed various deployment sce-
narios in detail. Reference [33] offered a thorough summary
of the different coexistence scenarios in the 5 GHz bands.
The authors delineated concerns about coexistence among
several wireless technologies (i.e., LTE and Wi-Fi, radar
and Wi-Fi, dedicated short range communication (DSRC)
and Wi-Fi), and coexistence among various 802.11 proto-
cols operating in the 5 GHz bands. NR beam-based access
to the Unlicensed spectrum (NR-U) along with its technical
specifications were investigated in [34]. The authors dis-
cussed various NR-U scenarios and LBT procedures while
describing their critical challenges by considering the regula-
tory necessities and the narrow-beam transmission influence.
Table 2 summarizes the aforementioned survey articles,
highlighting the main topic they focus.

C. CONTRIBUTIONS
Although there is an extensive body of literature on the appli-
cations of spectrum sharing methods in mobile networks;
few of them examine the technical and implementation
details, including economic considerations, protocol flow,
and regulation. As presented in Table 3, most of the related
surveys only discuss the issues related to the spectrum shar-
ing schemes in unlicensed bands, and few have addressed
the challenges that may arise by sharing the frequency bands
in the licensed spectrum. Different from the existing surveys,
our paper focuses on reviewing, analyzing, and compar-
ing different spectrum sharing schemes both in licensed
and unlicensed bands, primarily those that have remained
untouched by other works, e.g., eLSA, ADEL, DSS, etc.
Since an MNO can benefit from multiple sharing strate-
gies in parallel, this all-embracing view on these spectrum
sharing methods can provide a tangible outlook on their
applicability, flexibility, and deployments. Furthermore, there
are many open theoretical and practical problems yet to
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TABLE 2. Classification of survey works in the field of spectrum sharing and cognitive radio.

TABLE 3. Comparison of spectrum sharing methods studied in surveys.

be addressed, such as robustness, communication costs, and
complexity of deployments, that current literature does not
cover.
Not to mention that, except for DSS and NR-U, most

sharing schemes reviewed in this paper are 4G-related
technologies; however, since these form the basis of the
prospective sharing methods that are envisioned for next-
generation wireless networks (i.e., DSS and NR-U), their
thorough investigation is required. In addition, the current
literature does not provide a clear picture of the implemen-
tation perspectives of the various spectrum sharing methods
nor the necessary modifications to be made in the radio
protocols of legacy cellular networks to better coexist and
operate with the aforementioned sharing schemes, which we
try to study in this survey. Last but not east, we investigate
the role of AI and ML algorithms in different stages of a shar-
ing process and how they can help towards an autonomous

sharing paradigm. The primary goal of this survey is to
provide forward-looking insight into practically viable spec-
trum sharing plans both in licensed and unlicensed bands
that will offer MNOs better QoS and lower Capital (CAPEX)
and Operational Expenditures (OPEX). To summarize, this
article has the following aims:

• To provide a comprehensive taxonomy of the cur-
rent spectrum sharing methods both in licensed and
unlicensed bands as well as their specifications and
requirements.

• To offer a comprehensive review of recent survey arti-
cles, delineating their focus of study and the research
gap that still has not been covered by them. In the
same vein, this survey paper presents a thorough sur-
vey of existing specifications that various standards
organizations and regulatory bodies have provided for
each sharing scheme.
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• To investigate AI and ML capabilities for leverag-
ing the full potential of autonomous sharing scenarios.
In essence, recent state-of-the-art literature concerning
the AI impact on the performance of different spec-
trum sharing methods and spectrum sensing process
in CR has been surveyed, each of which contributes
significantly to a cooperative sharing procedure.

• To identify potential implementation scenarios and
required amendments to the legacy cellular networks,
both in radio protocols and the architecture which is
necessary to deploy each spectrum sharing scheme.
In other words, this survey aims at narrowing the
gap between the theory and practice by providing an
exhaustive insight into both standardization and imple-
mentation, one that has been always elusive by other
works. These data are essentially drawn from the pri-
mary regulatory and standardization bodies’ documents
(i.e., FCC, ETSI, 3GPP, MulteFire Alliance, etc.) and
telecommunication bodies’ white papers (Qualcomm,
Nokia, Ericsson, etc.).

• To study the business and regulatory aspects of spec-
trum sharing, including pricing, economic, and business
models.

• To identify existing challenges in deploying the afore-
mentioned sharing schemes in licensed and unlicensed
bands, and to recommend several research directions
for additional improvements.

• To have a comprehensive overview of all spectrum shar-
ing methods in this paper, we evaluate each method
based on standardization, ecosystem, field trials, regu-
lation requirements, and the protocol flow control and
role of the main players.

• To clarify the economic importance of spectrum sharing
and the related laws, we summarize the main rules of
spectrum auction, pricing policy, and its requirements.

D. PAPER ORGANIZATION
The remainder of this paper is structured as follows:
Sections II to IX describe existing spectrum sharing meth-
ods, from LSA, SAS, and DSS in the licensed bands to
LTE-U, LAA, MulteFire, and NR-U in the unlicensed bands,
respectively. For each spectrum sharing method, we first pro-
vide a general overview of the ecosystem as well as the
key players and their functionalities. Then, we provide a
comprehensive review of the standardization and regulation
activities as well as the implementation perspectives and
physical layer aspects for each sharing scheme. Section XI
highlights the key enabling features that AI and ML can con-
tribute to the various stages of a sharing process, including
sensing, pricing, and interference control. Next, Section X
highlights pricing considerations as well as the economic
and business model that must be taken into account during
the sharing process. Finally, Section XIII addresses open
research issues, and Section XIV concludes the paper. An
overview of the structure of the paper is provided in Fig. 4,
and the definitions of acronyms are given on page 4.

FIGURE 4. Structure of the paper.

II. LICENSED SHARED ACCESSSTANDARDIZATION AND
IMPLEMENTATION
A. OVERVIEW
LSA is considered a controlled spectrum sharing procedure
in which incumbent users, maintaining a dedicated right of
access to their spectrum, permit a limited number of LSA
licensees (MNOs) to share their spectrum resources based
on predefined conditions. According to [40], [42], the LSA
framework is designed to meet the needs of the following
stakeholders:

• Incumbent user(s): these are the primary users of the
spectrum and have exclusive rights of access for their
band; under certain conditions they can make their
spectrum available to LSA licensee(s).

• LSA licensee(s): these are users who are allowed to
use frequency bands licensed to the original incumbents
under pre-arranged contracts.

• National regulation administration (NRA): this stake-
holder manages negotiations and spectrum sharing
activities between incumbents and mobile operators.

The technical overview of this sharing method is shown in
Fig. 5. The main functionality of the LSA system is accom-
plished through two central units on the existing mobile
network, the LR and the LC. The LR is a database that
stores and updates the information required for spectrum
sharing. It contains the information about the spectrum usage
of the incumbent user and protection requirements to balance
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FIGURE 5. Technical overview of the LSA ecosystem.

operations between the incumbent user and the LSA licensee.
It can notify the approved LCs about the availability of the
spectrum granted by the incumbent users. Furthermore, the
LR provides an interface for the NRA to monitor the spec-
trum sharing process. The LR can be operated by a regulatory
body or a third party organization [49].
The LC resides within the LSA licensee’s domain. It

obtains the LSRAI from the LR and then conveys this
information to the associated LSA licensee. The principal
function of the LC is to ensure optimal and interference-
free performance for both the MNO and the incumbent
user based on the available information in the LR. This
information is transmitted to the LC through a secure and
reliable transmission path [49].
As we can see in Fig. 5, incumbents make their spec-

trum consumption information available to the LR. The
LC communicates with the LR to obtain the vacant bands
and then transmits this information to the MNO’s opera-
tions, administration, and maintenance (OAM). Next, the
MNO configures its base stations (BSs) on the released
bands [56]. An illustration of the message flow and interac-
tions between different parts of the LSA framework is shown
in Fig. 6.

B. STANDARDIZATION
The regulation and standardization path for the LSA scheme
is depicted in Fig. 31. The relevant standards and their cor-
responding subject of discussion are listed in Table 4. In the
following, we will elaborate on the technical details of these
standards.
The merits of the LSA method were first identified by

the Radio Spectrum Policy Group (RSPG). In [38], the
authors began by analyzing the Collective Use of Spectrum
approaches to investigate their potential in establishing a

regulatory framework for the shared use of spectrum. The
report then shifted its focus and examined the challenges
of innovative sharing arrangements, especially those related
to cognitive technologies. In this way forward, the RSPG
proposed a new notion called “Licensed Shared Access.”
Finally, a set of suggestions were offered to the European
Commission to promote shared access to spectrum in Europe.
On September 3, 2012, the European Commission expressed
motivation to support LSA as one form of sharing and stim-
ulated further development on this front [39]. In [40], RSPG
responded to the European Commission’s request for an
opinion on spectrum regulatory and economic perspectives
of LSA and agreed on the following amended description
for LSA: “A regulatory approach aiming to facilitate the
introduction of radiocommunication systems operated by a
limited number of licensees under an individual licensing
regime in a frequency band already assigned or expected
to be assigned to one or more incumbent users. Under the
Licensed Shared Access (LSA) approach, the additional users
are authorized to use the spectrum (or part of the spec-
trum) in accordance with sharing rules included in their
rights of use of spectrum, thereby allowing all the authorized
users, including incumbents, to provide a certain Quality of
Service (QoS).”
Following the RSPG’s definition for LSA [40], Working

Group Frequency Management (WGFM) entrusted Project
Team FM53 [42] with developing nonexclusive guidelines
to CEPT administrations in accordance with the implemen-
tation of LSA, and Project Team FM52 [43], [44] to extend
ECC decision on the harmonized band plan for Mobile/Fixed
Communication Networks (MFCN) in 2300–2400 MHz
and also organized the regulatory prerequisites for LSA
implementation. The following conditions were defined by
these documents.
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TABLE 4. Standardization works in the field of LSA.

• Frequency arrangement for MFCN using LSA in the
2300–2400 MHz band is based on 20 blocks of 5 MHz
in time-division duplex (TDD) mode.

• The least restrictive technical condition (LRTC) is
defined in the form of a block-edge mask (BEM),
which is related to the interference restriction between
the users of a spectrum, and applies to MFCN in the
2300–2400 MHz band [41].

• For cross-border coordination between MFCN and other
types of applications, the regulators of the countries
should agree on solutions to coordinate the operation
of those systems.

Although LSA is a national issue, global spec-
trum harmonization is the essential preliminary step
for any radio innovation to proliferate and succeed. In
this regard, the International Telecommunication Union
Radiocommunication Sector (ITU-R) plays a crucial role
in defining the technical parameters to facilitate widespread
LSA implementation. The ITU-R considers LSA to be a
possible cognitive radio solution for vertical sharing and

addresses possible regulatory solutions for the shared use of
spectrum in [45], [46], [47].
Meanwhile, the European Telecommunications Standards

Institute (ETSI) in cooperation with the ECC section of
CEPT, and the standardization Mandate from EC [57],
drafted the reports [48], [49], [50], [51], which were intended
to provide system reference information on the operating
features of MFCN services under the LSA regime. ETSI’s
initial report on this was [48]. This report presented a sum-
mary of the LSA concept and introduced its operational
features, performance requirements, high-level architecture,
and related functions which empower the LSA concept.
The second report of ETSI RRS [49] introduced a

total of 36 system requirements needed for mobile broad-
band access to the 2300–2400 MHz band under LSA.
These requirements were further divided into general system
operation requirements (GEN), incumbent protection require-
ments (INC), resource grant requirement (GRA), security
requirements (SEC), and performance requirements (PERF).
As a complement to the work in [49], the authors in [58]
translated the so-called system requirements into the LSA
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FIGURE 6. LSA message flow.

system architecture building blocks. An illustration of these
requirements is given in Fig. 8. Then, in [50], ETSI defined
the system architecture for the operation of MFCN services
under LSA. Moreover, this document included a thorough
description of the logical elements, reference points, func-
tions supported by the architecture, high-level procedures,
and various deployment architecture examples. Besides,
in [51], drawing on the system requirements, system architec-
ture, and high-level procedures defined in preceding works,
ETSI further discussed the application protocol for the LSA1
interface. This protocol is defined between the LC and LR
(LSA1 protocol) and conveys the LSRAI. Although ETSI’s
standardization was precise, the organizations supporting
LSA standardization were somehow optimistic that the LSA
standard would also be a facilitator for the deployment of

FIGURE 7. LSA architecture reference model [50].

LSA in the 2300–2400 MHz band using LTE technology.
However, even though the ETSI considers the LC within the
MNO domain, no genuine standardization of the interface
between the LC and LSA licensee was provided; this had
to be done by the 3GPP [52], [53], [54], [55].
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FIGURE 8. Grouping of requirements for the LSA system from ETSI RRS to support
implementation [58].

FIGURE 9. LC operation start-up procedure flow [50].

C. PHYSICAL LAYER ASPECTS AND IMPLEMENTATION
The LSA’s architecture reference model is depicted in Fig. 7.
There are four major reference points [50]:

1) LSA1: the reference point between the LC and LR; it
supports the communication mechanisms to exchange
the LSA resource availability information and the
corresponding acknowledgment reports.

2) LSA2: the reference point between the administra-
tion/NRA and the LR.

3) LSA3: the reference point that enables the incumbent
to interact with an LR.

4) LSA4: the reference point between the operator’s
Network Management System (NMS) and the LC.

1) LSA1 INTERFACE

In [50], multiple high-level procedures were introduced,
which define the interactions between the LC and LR and
must be supported by this interface. It is anticipated that these
procedures and their implementation along with the required
latency and response times will comply with the sharing
framework and arrangement. Registration and deregistration,
LSRAI request, notification, and confirmation, connectivity
check requests, and notification are some of the high-level
procedures described in [50].
ETSI has defined various procedure flows, each of which

may be composed of several procedures, defined earlier. For
instance, the LC operation start-up procedure is shown in
Fig. 9. This message flow is to be employed during the LC

start-up and incorporates the Registration procedure, depend-
ing on the LR decision it can be followed by LSRAI request
or notification procedure. On completion of steps 2a or 2b,
the LC has received the necessary LSRAI. Upon successful
configuration of the LSA spectrum resources in the MFCN,
the LC proceeds with the LSRAI confirmation procedure. A
complete list of these procedure flows can be found in [50].

2) LSA2 INTERFACE

This interface has to support the potential changes in the
sharing rules and arrangement ([49, clause 6.3.4]), protection
of the licensee’s operations ([49, 6.3.3]), and the security
aspects and requirements ([49, Sec. 6.4]).

3) LSA3 INTERFACE

Through this interface, the incumbent can enter the spectrum
usage and protection requirements. This also allows the LSA
spectrum availability information to be modified as needed.
([49, 6.2.1 – 6.2.6]). Whenever the incumbent wants to enter
the LSRAI or protection information, they simply specify the
exact time at which the change will occur, the authentication
indication, the required protection aspects, and the tolerable
time ([49, clauses 6.3.6 and 7.2.1]). This interface has to also
support the interactions of multiple incumbents with the LR
([49, clause 6.1.5]), changes in the sharing arrangement ([49,
clauses 6.1.16 and 6.3.4]), secure information exchange with
the incumbent ([49, clauses 6.4.1–6.4.5]), and the failure
indication to the incumbent.

4) LSA4 INTERFACE

This interface is between the NM and LC and is a Type 7
interface [53]. Since the LC is implemented within the oper-
ator’s domain, it is also called an MNO internal interface.
The information provided by the LC to the OA&M has to
accommodate the eNB controlling information whenever a
new spectrum band is reported to be idle. This interface must
also include the MNO’s resource evacuation messages and
other MNO-related network information. In [53], two differ-
ent deployment scenarios were proposed. In scenario 1, the
LC acted as a relay for the LSRAI and only forwarded it to
the NM. In scenario 2, the LSRAI is not directly transmitted
to the NM. Instead, the LC calculated the radio configura-
tion constraints on the basis of the radio planning parameters
received from the NM and then forwarded the constraints to
the NM.

D. LSA FIELD TRIALS
LSA has been studied in several research and trial projects.
A summary of these projects has been gathered in Table 5.

E. SUMMARY
LSA is a controlled spectrum sharing procedure that
shares the spectrum resources between incumbent and LSA
licensees users. Incumbent users are the primary users
that have exclusive rights of access to the spectrum. LSA
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TABLE 5. LSA field trials and projects.

TABLE 6. ADEL standardization works in the field of LSA.

licensees are allowed to use the spectrum licensed to the
original incumbents under pre-arranged contracts. The LSA
system is consist of two central units: the LR and the LC.
The LR is a database that stores and updates the information
required for spectrum sharing, such as spectrum usage. The
LC resides within the LSA licensee’s domain and ensures
optimal and interference-free performance for both the MNO
and the incumbent user based on the available information
in the LR.

III. PROJECT ADEL: IMPROVED LSA,
STANDARDIZATION AND IMPLEMENTATION
A. OVERVIEW
Although the proposed LSA framework is able to facili-
tate spectrum sharing between the MNOs and incumbents
in the licensed bands successfully, it nevertheless lacks cer-
tain qualifications in terms of spectral efficiency. This rigid
behavior is due to interference protection for stakeholders in

LSA being handled statically on the basis of predefined sit-
uations and methods. This confinement to such an inflexible
method diminishes the performance of spectrum sharing.
To cope with these problems, the European Research

Project ADEL [70], investigated more dynamic sharing
situations for LSA in which the number of active incum-
bents, licensees, and their respective frequencies would not
affect the foreseen QoS levels envisioned by the regula-
tion. Moreover, the project aimed to define supplementary
business cases beyond those defined in LSA, particularly sce-
narios where both the incumbents and LSA could be MNOs.
The ADEL project’s primary goal was to develop collabo-
rative sensing techniques, resource allocation, and dynamic
spectrum access protocols in the context of LSA, which
would pave the way for better spectral and energy efficiency
in 5G mobile broadband networks. For more information
regarding the message flow of the steps and interactions
between different parts of the ADEL framework, refer to
Fig. 11.
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TABLE 7. ETSI standardization works in the field of eLSA.

FIGURE 10. Proposed LSA architecture by ADEL [67].

FIGURE 11. ADEL message flow.

B. STANDARDIZATION
In conjunction with the improvements ADEL introduced
to enhance the LSA scheme, ADEL also established the
required algorithms to support these enhancements. In [64],
ADEL describes the various centralized and decentralized
resource allocation schemes that outperform the conventional
protocols in terms of fairness, efficiency, convergence time
while considering ADEL’s description framework. In [65],
the issue of how to translate the LSA policies into ADEL
architecture was investigated. In this regard, the problem
of discerning the misbehaving wireless nodes which violate
the LSA policies was studied. Furthermore, in [66], collab-
orative communication and cooperative sensing in terms of
both centralized and decentralized procedures were studied
in greater detail. To maintain the data interchange among dif-
ferent elements of wireless nodes, controllers and databases,
medium access and control plane protocols were developed

in [67]. ADEL in [68], elaborated on the system-level sim-
ulator (SLS) to evaluate its proposed framework for LSA
in terms of its overall performance and efficiency. Finally,
in [69], the authors provided the results of the experimenta-
tion in the ADEL LSA setting. The executive summary of
the project can be found in [70].

C. PHYSICAL LAYER ASPECTS AND IMPLEMENTATION
The system architecture that ADEL proposed for LSA, is
depicted in Fig. 10. The first building block is the LSA
band manager, which coordinates multiple licensees’ access
to the LSA band and performs the resource allocation pro-
cedures. This module consists of three submodules: the LSA
request manager, the LSA RRM module, and the LSA billing
modules.
Depending on the sharing agreement, the LSA request

manager performs priority management and inquires about
the authentication of LSA licensees from the authentication
server. The LSA RRM calculates the available resources to
be assigned for LSA licensees based on the information
accessible in the radio environment map. Furthermore, it
implements admission control of the LSA licensee spectrum
requests to assign appropriate resources for them. The finan-
cial accounting tasks are handled on the LSA authentication
server. Meanwhile, the radio environment maps collect data
from the sensing networks and LR to update itself peri-
odically about possible changes in the system. The LR is
a database that collects the information about the incum-
bent’s operating frequencies and bandwidth, locations; and
it has the same functionality as defined in LSA. The frame-
work proposed by ADEL also supports sensing capabilities,
and this is initiated by the spectrum sensing reasoning block
that dictates the prerequisites for each sensing network. This
facilitates the quick detection of any activities or changes in
the environment caused by other incumbents or licensees.

D. SUMMARY
ADEL is similar to LSA which investigated more dynamic
sharing situations. The number of active incumbents,
licensees, and their respective frequencies would not affect
the foreseen QoS levels envisioned by the regulation in
ADEL. The ADEL project’s goal is to develop collaborative
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sensing techniques, resource allocation, and dynamic spec-
trum access protocols in the context of LSA. It paves the
way for better spectral and energy efficiency in 5G networks.

IV. EVOLVED LSA, STANDARDIZATION AND
IMPLEMENTATION
A. OVERVIEW
In order to extend LSA functionality to incorporate the appli-
cations of vertical sectors, ETSI introduced the concept of
evolved LSA (eLSA). The objective of eLSA system is
to support spectrum access to local high-quality wireless
networks (e.g., industrial automation, programme making
and special events (PMSE), culture and creative industry,
public protection disaster relief (PPDR), e-Health, etc.).
These are operated by vertical sector operators (often referred
to as MFCN operators) and address vertical sector-specific
local connectivity requirements.
The support of additional MFCN operator types, which

demand predictable QoS levels, calls for both shorter
and longer times for spectrum resource deployments.
Furthermore, some LSA functionalities have to be redefined
or enhanced to facilitate the deployment of eLSA sharing
scheme.

B. STANDARDIZATION
Reference [71, Clause 4] introduced various high-level use
cases of local high-quality wireless networks. These use
cases pertained to local area networks designed to serve
applications that require predictable levels of QoS, such as
PMSE, audio-visual content production, Culture and Creative
Industry, PPDR, and e-health vertical sectors. Furthermore,
ETSI in [71] specified different spectrum access strategies
to meet the requirements of such verticals. Spectrum sharing
methods in licensed bands were identified as the most likely
way of providing local area services with high QoS. Three
possible spectrum access schemes were proposed, which are
summarized as follows:

• MNOs can offer dedicated local area services in their
licensed frequencies (spectrum as a service).

• MNOs can sublease part of their spectrum locally to
local area service providers (leasing or subleasing).

• Spectrum can be licensed to local high-quality wireless
networks (local licensing).

ETSI in [71] also elaborated on potential enhancements that
should be applied to LSA architecture to support newly intro-
duced services. Reference [72] specified system requirements
to support spectrum access to the local high-quality wire-
less networks in licensed bands operated by vertical sector
operators through the eLSA framework. As in LSA, these
requirements are further divided into four categories, namely
general system operation requirements, incumbent protec-
tion requirements, resource grant requirements, and security
requirements.
In conjunction with the specified prerequisites in [72], [73]

defined high-level functions, which have to be performed
by the eLSA System. The eLSA’s high-level functions are

quite similar to those defined for LSA architecture; how-
ever, the eLSA has to further incorporate the vertical sector
operator’s interfaces and interactions with the eLSA system.
Furthermore, [73] specified operational use cases such as
possible deployments of vertical sector players (VSPs) with
nomadic and temporary operations. According to the system
requirements and high-level procedures defined in [72]
and [73], ETSI TS 103 652-3 [74] outlined the application
protocol for the eLSA1 interface, which connects the eLSA
controller (eLC) and eLSA repository (eLR). Reference [74]
also elaborated on the eLSA1 protocol principles and pro-
cedures, describing the ELSRAI information elements that
convey the spectrum availability information.

C. PHYSICAL LAYER ASPECTS AND IMPLEMENTATION
The eLSA reference model is similar to the LSA frame-
work and includes the same interfaces. The difference is that
the so-called interfaces have to incorporate the information
exchange regarding the VSPs either (See [72], [73] for more
information).

D. SUMMARY
The eLSA model is similar to the LSA framework and
includes the same interfaces. It is introduced to extend LSA
functionality to support spectrum access to local high-quality
wireless networks, such as industrial automation.

V. SPECTRUM ACCESS SYSTEM,STANDARDIZATION
AND IMPLEMENTATION
A. OVERVIEW
Following a Notice of Inquiry (NOI) and Notice of Proposed
Rulemaking (NPRM), the FCC formally issued a Report and
Order (R&O) to the CBRS 3.5 GHz band in April 2015 [75].
CBRS is referred to a group of radio frequency bands
from 3.55 GHz to 3.7 GHz that the FCC has designated
for sharing between three categories of users:

• Incumbent user(s): Refers to the primary users of the
spectrum. These users always have priority to access
the spectrum, and the interference will be managed for
them so that they do not face any difficulties when
they need to access the spectrum. Federal aeronautical
users, non-federal fixed-satellite services, and wireless
Internet service providers (WISPs) are examples of such
incumbents (Fig. 13).

• Priority access licensees (PALs): Like LSA licensees,
PALs gain access to a part of the frequency band and are
guaranteed protection from interference caused by third
tier consumers (GAA). PALs will be assigned in up to
70 MHz of the 3.55–3.65 GHz portion of the band [75].
Critical access users, like hospitals, governmental users,
and noncritical users (e.g., MNOs), are examples of PAL
users.

• General authorized access (GAA): These users can only
access the spectrum by obtaining a license from the reg-
ulator for the equipment they use. Of course, they are
not guaranteed protection from interference by higher
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FIGURE 12. Technical overview of the SAS ecosystem.

TABLE 8. Comparison of GAA and PAL.

tier users. Interestingly, MNOs can also access the spec-
trum for free with this type of access in cases where
a guaranteed QoS level is not needed. Access to at
least 80 MHz of CBRS bandwidth is guaranteed to this
group. A comparative summary of PAL and GAA users
is shown in Table 8.

The technical overview of SAS is shown in Fig. 12. At
the center of the CBRS ecosystem lies the SAS, which is
a functionality provided by 3rd party administrators (such
as Google, Federated Wireless, etc.) [77], which autho-
rizes and regulates the spectrum sharing process between
the previously mentioned tiers. PAL and GAA users who
want to access the CBRS band must submit a request to
the SAS system to reserve the unused bands in a specific
geographic area. These users interact with SAS through the
citizens broadband radio service devices (CBSDs), which
are fixed stations or networks of such stations running on

FIGURE 13. CBRS three-tier shared spectrum licensing structure [76].

a PAL or GAA basis. If there exists a vacant channel, the
SAS will provide it to the user. SAS adjusts the maximum
permissible transmission power and available bandwidth for
users. The information needed to perform such operations
is provided either by a database center that communicates
with the SAS or by sensors that have environmental sens-
ing capabilities (ESC). The ESC capability coordinates the
transmissions inside the Protection zones (The geograph-
ical areas within which the incumbent receivers will not
be subject to any destructive interference). It informs the
SAS system about the presence of an incumbent’s signals
Another alternative in the CBRS is “incumbent informing
capability” (IIC), where instead of sensing via ESC, the
incumbents directly inform the SAS of their spectrum needs
or any interference within their geographical area (similar
to LSA). Based on the available information in the database
or the information transmitted from the ESC sensors, the
SAS can allocate the spectrum to PAL and GAA users
effectively.
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TABLE 9. FCC standardization works in the field of SAS.

TABLE 10. WInnForum standardization works in the field of SAS (Release1).

The primary functions of SAS include protecting incum-
bent users from interference caused by PAL and GAA users,
and also protecting PALs from interference caused by GAA
users. In this regard, the FCC has set up a set of rules
in which CBSD devices must first register with the SAS
and provide it with location information and other related
details. The SAS then assigns the channels for PAL and
GAA use. The SAS can also limit the maximum transmit
power of CBSDs to reduce interference between incumbents,
PALs and GAA users. End-user devices wait for access per-
mission from the respective CBSD before operating in the
spectrum. The SAS effectively resembles resembles the LC
in terms of functionality. But according to ETSI standards,
the LC is installed within the mobile network territory. At
the same time, the SAS is expected to be located outside the
mobile network so as to perform impeccably in restricting
the potential interference between different users [75].

B. STANDARDIZATION
The FCC in a report from 2012 [82] proposed the creation
of a new citizens broadband service in the 3550-3650 MHz
band, which had previously be used by the military and
satellite operations. Then, in 2014, in another report [81],

the FCC extended this band to 3700 MHz. They also spec-
ified up to 70 MHz of the CBRS 150 MHz band for PAL
use and adopted rules for commercial use of this band, stip-
ulating conditions for the license terms of PALs in [75].
However, these provisions elicited controversy in the mobile
cellular sector and among WISPs, which led to sweeping
changes in FCC’s proposed original rules. Consequently, the
FCC reestablished the investigation of the requirements for
the CBRS [79], [80], releasing a decision on new condi-
tions. In 2018, the FCC stipulated that the terrestrial area
of a PAL could cover the area of a country and operate
for about ten years with permissions being renewable. New
rules allow for the development of up to seven PALs in
each license area, while also permitting for partitioning and
disaggregation of PALs, promoting transmission over wider
channels [78]. To address the requirements stated in 47 CFR
Part 96, the Wireless Innovation Forum (WInnForum) cre-
ated the CBRS Baseline Standards, which are summarized
in Tables 10 and 11. These Standards aim to develop an
ecosystem of cooperative SAS and CBRS devices technolo-
gies. In technical specifications [83] and [88], the signaling
protocol and procedures for SAS-CBSD and SAS-SAS
interfaces were respectively specified. In particular, [83]
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TABLE 11. WInnForum standardization works in the field of SAS (Release2).

introduced various procedures and corresponding message
parameters that have to be supported by the SAS-CBSD
interface. Similarly, [88] addressed the SAS-SAS interface
procedures, synchronization, and respective message param-
eters. Reference [84] examined the policies for Public Key
Infrastructure (PKI), which is crucial in regulating and pro-
viding communications and authorization procedures within
the CBRS and SAS ecosystem. Communications and opera-
tional security aspects in the CBRS ecosystem have been
discussed in [86] and [87], respectively. More specifi-
cally, [86] covered the security policies that govern the
SAS and CBSD communication interfaces along with the
authorization and authentication of messages interchanged
within the CBRS ecosystem. In addition, the requirements
for the ESC development and security of incumbents for
their operation in the 3550–3700 MHz CBRS band were
presented in [87]. In [89], the requirements were speci-
fied for commercial operations in the 3550–3700 MHz band.
These prerequisites are based on FCC rules [75], [78], [80].
The document also investigated the requirements for SAS,
CBSDs, end user devices (EUDs), PAL, and GAA to fur-
ther facilitate a properly functioning sharing ecosystem.
References [85] and [90] include test procedures to ensure
the conformity of the three-tiered SAS architecture with
the specifications and necessities dictated by the FCC and
WInnForum in [83], [86], [88], [89], [90]. The FCC has
agreed to the test procedures in [85] and [90] to certify the
CBSDs and SASs in the CBRS band. The PAL database
schema is blueprinted in [91]. This database is maintained
through collaboration between SAS administrators, and it
outlines the results of PAL auctions. It also contains the
PAL-ID, PAL licensee identity from the auction results,
PAL initiation, and termination date. Finally, [92] includes
information about the preparation of a certified professional
installer (CPI) training program to guarantee the professional
installation process of CBSDs, including categories A and B.
On January 23, 2020, the WInnForum established a new
Release 2 specification that aimed to improve the baseline
CBRS operational and functional specifications. Additional
characteristics and functionalities were defined in Release 2
that can be incorporated anytime. No entity is obligated

to support anything beyond Release 1; thus, supporting the
Release 2 configurations is not mandatory [93]. As a sup-
plementary work for [83] and [89] in Release 1, and [93]
in Release 2, [94] specified the extension to the SAS-CBSD
interface. Furthermore, [95] extended the predefined SAS-
SAS interface in [88] to incorporate Release 2 procedures.
However, some parameters and features defined in [88] were
deprecated in Release 2 SAS-SAS interface, including the
time-range request support, by-ID request support, push sup-
port, SAS Administrator object, SAS Implementation object,
and terminated parameter. Reference [96] specified the test
cases for CBSD and domain proxy components of the CBRS
to guarantee the conformity of the spectrum sharing archi-
tecture with the Release 2 features and requirements. In [97],
testing policies were defined for companies providing SAS
and CBSD/DP products using Release 2 test specifications.
As an improvement for Release 1 SAS operation, [98]
defined the CBSD antenna pattern database, which allows
the SAS to calculate CBSD’s antenna gains and use their
patterns in interference calculation and estimation. SAS is
one of the most complex spectrum sharing schemes that has
been commercially deployed so far. Nonetheless, the stake-
holder engagement, inclusive standardization process via a
third-party body (i.e., WInnForum), and availability of suffi-
cient spectrum to motivate operators are the primary reasons
behind its success.

C. PHYSICAL LAYER ASPECTS AND IMPLEMENTATION
At its core, an SAS is a cloud-based service that handles
the wireless communications of devices transmitting in the
CBRS band to protect higher priority users from harm-
ful interference. The main functions of an SAS are the
following [83]:

• Support and execute the policies and procedures
developed by the SAS administrators.

• Determine and provide the authorized channels or
frequencies to the respective CBSDs.

• Determine the maximum allowable power to CBSDs.
• Register and verify the identification information and
the operation areas of CBSD devices.
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FIGURE 14. SAS message flow [99].

FIGURE 15. Different categories of CBSDs in an SAS [100].

• Communicate with the ESC to obtain information about
the ongoing federal incumbent users’ transmissions
and notify the respective CBSDs to switch to another
operating frequency range or stop sending.

• Protect the primary incumbents from the interference
caused by PALs and GAA users.

• Protect PAL users from the interference caused by the
other PALs and GAA users.

• Ensure reliable and secure communication between SAS
and CBSD devices.

CBSDs in the operator’s network are set up to securely link
to the SAS over the Internet. The FCC has envisaged two
general classifications for CBSDs (Fig. 15).

• CBSD type A:

1) Should not be installed outdoors or have anten-
nas with an average height of 6 meters above the
ground.

2) Is permitted a maximum EIRP of 30 dBm
(dBm/10 MHz) or 1 Watt.

• CBSD type B:

1) Its deployment and operation is limited to outdoor,
and antenna height is anticipated to be more than
6 meters above the terrain.

2) Is permitted a maximum EIRP of 47 dBm
(dBm/10 MHz) or 50 Watt.

The SAS has a database of all CBSDs that includes their
status, geolocation, and other related information to coordi-
nate channel allocation and manage potential interference.
The FCC has developed a high-level architecture for SASs,

which need to interface with other SASs, the ESC, and the
FCC database. Besides, there may be some incumbent users
who wish to report their bandwidth usage either directly to
the SAS or through the database. There may also be certain
types of SASs that are designed to meet the requirements of
a particular service provider but need to interact with other
SASs to protect the primary incumbent users and control the
interference [75].
The ESC’s primary goal is to facilitate the coexistence of

CBRS users with current federal incumbent users through
signal measurement techniques and sensing capabilities and
then informing the acquired information to one or more
approved SAS while maintaining the security of the detected
and transmitted signal information. The ESC is operated by
a non-governmental organization. ESC equipment may be
located adjacent to restricted and protected areas so that it
can accurately detect the federal incumbents’ operations.
Since early 2020, the FCC has approved five SAS admin-

istrators to begin its initial commercial deployment and also
has approved three ESC sensor registrations [101].
The SAS-CBSD protocol is based on the HTTPS protocol.

The SAS-CBSD API is used by CBSDs to communicate with
an SAS as follows [83].

1) REGISTRATION

A new CBSD must first register with an SAS before it can
transmit. The CBSD sends the SAS a registration request
containing information about the installation’s parameters,
such as location and transmission characteristics, and a reg-
istration response is returned by the SAS. The SAS will
respond with a CBSD ID if the registration request is autho-
rized. If the SAS refuses the registration request, an error
message will be shown. The CBSD must correct the mis-
take and resend the registration request. All Category A and
Category B CBSDs that it is not possible to determine their
position automatically or using an antenna Height Above
Average Terrain (HAAT) of more than 6 meters when per-
forming outdoors need CPI (Certified Professional Installer)
validation. The CPI sends the installation parameters to
the respective CBSD, and are signed with their own CPI
certificate [92].

2) SPECTRUM INQUIRY

A registered CBSD will send a spectrum inquiry request to
the SAS to determine the availability of spectrum, and the
CBSD will receive the details of the available frequencies
and information for efficient transmission. On the other hand,
the SAS will refuse the spectrum inquiry request if it is mal-
formed. An invalid frequency range or an invalid CBSD ID
are examples of malformed requests. It should be noted that
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all SASs perform a procedure called Coordinated Periodic
Activities among SASs (CPAS) to ensure they use the most
up-to-date data.

3) GRANT REQUESTS

Once the CBSD has determined which frequency band it is
allowed to operate on, it sends a grant request to the SAS. To
protect incumbents, the SAS accepts or refuses the request
and sends the result in a grant response. If the request is
accepted, the SAS responds with the grant ID and provides
a grant to the CBSD. This indicates that a limited portion of
the available spectrum is set aside by the SAS for exclusive
use. The CBSD will not receive the grant if the grant request
is denied; however, it can execute another spectrum inquiry.
Typically, a request is denied if the parameters are incorrect
or if the spectrum is unavailable. A CBSD may request a
grant of any size between 5 and 150 MHz, but it has to be
a multiple of 5 MHz.

4) HEARTBEAT REQUESTS

The CBSD will send a heartbeat request for every grant.
The heartbeat request inquires whether the CBSD is capable
of transmitting with the parameters specified in the grant
request. The CBSD is allowed to transmit with the prede-
termined parameters until the Transmit Expire Time (TET),
which is usually 240 seconds after the SAS heartbeat request
authorization. The SAS can respond to a heartbeat in one of
three ways: it can authorize the grant; it can terminate the
grant (to protect incumbents); or it can suspend the grant
(temporary disablement).

5) RELINQUISH A GRANT

The CBSD relinquishes a grant when it no longer wants to
use it.

6) DEREGISTRATION

If a CBSD is relocated or decides to deregister from the
SAS, it will make a deregistration request to the SAS and
will cease transmission associated with any Grants. In order
for the CBSD to be able to transmit again, it needs to send
a registration request with new parameters later.

D. SAS FIELD TRIALS
Unlike LSA, there have been few field trials involving
the SAS framework, particularly CORNET and CORE++.
CORNET is a collection of 48 software-defined radio nodes
deployed within Virginia Tech’s main campus. A demon-
stration of SAS implementation using the CORNET testbed
and its results were published in [102]. CORE++ is the
extension of the Finnish CORE+ project to SAS. The
corresponding results have been demonstrated on multiple
occasions in [103].

FIGURE 16. Technical overview of the DSS ecosystem.

E. SUMMARY
The SAS has been designated to share the spectrum between
three categories of users: incumbent, PAL, and GAA.
Incumbent users have priority to access the spectrum and
the interference will be managed for them, such as non-
federal fixed-satellite services. The PAL users gain access
to 70 MHz of the CBRS 3.5 GHz band and are guaranteed
protection from interference caused by GAA. The GAA users
can only access the spectrum by obtaining a license from the
regulator and are not guaranteed protection from interference
by higher-tier users.

VI. DYNAMIC SPECTRUM SHARINGSTANDARDIZATION
AND IMPLEMENTATION
A. OVERVIEW
One of the key challenges preventing MNOs from migrat-
ing to globally deployed 5G cellular systems is spectrum
scarcity. On the one hand, the traditional way of solving this
problem (i.e., by buying new spectrum) means heavy finan-
cial costs on behalf of MNOs and vendors. On the other hand,
spectrum re-farming would be a short-term solution that
relies on the inefficient division of spectrum between various
generations of the cellular system. One promising alterna-
tive to address this problem is to increase the utilization
of frequency bands by employing novel spectrum sharing
methods that facilitate flexible interworking between various
technology generations within an MNO’s network [114].

DSS is considered a smooth migration from LTE to NR
that dynamically allocates resources between 4G and 5G
users according to the traffic requirements of LTE and NR
networks (see Fig. 16). In DSS, the gNB and its correspond-
ing users can use the available spectrum in LTE frequency
bands. Mid-band is the main frequency band that can be
used in this method. The DSS greatly depends on the flex-
ible interworking of LTE and 5G NR networks; in other
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TABLE 12. 3GPP standardization works in the field of DSS.

words, backward compatibility is indispensable. The princi-
pal idea in DSS is to map the resource element (RE) of the
NR onto the LTE resource grid. One condition for this is
that there must be no overlapping or interference between
the NR and LTE signals. In DSS, the 5G NR plays a cru-
cial role, as it offers a flexible physical layer design with
diverse numerologies and sub-carrier spacing (SCS). This
means that it can flexibly adapt its transmissions based on
the LTE physical layer design. In the following, we will elab-
orate more on the physical layer aspects and implementation
scenarios of DSS [14].

B. STANDARDIZATION
From the perspective of standardization, DSS has been cov-
ered in 3GPP Rel-15 and was further improved in Rel-16.
To guarantee efficient coexistence between LTE and NR, the
following requirements have been specified:

1) DSS has to support the coexistence of LTE UL and
NR UL as well as the coexistence of LTE DL and NR
DL within the bandwidth of an LTE component carrier
and has to stipulate at least one NR or LTE-NR band
combination for the operation [104].

2) In DSS, both LTE and NR must be mutually compat-
ible; that is, the LTE operation should not violate the
operation of the NR, and the NR should not interfere
with LTE performance [104].

3) There should not be any requirement for the UEs
to support the simultaneous connection of NR and
LTE [104].

4) In UL of NR, an optional 7.5 kHz channel raster shift
has to be supported to ensure that the NR UL grid is
in compliance with the LTE UL gird in an orthogo-
nal manner since they both employ different multiple
access schemes (LTE uses SC-FDMA and NR uses
both OFDMA and SC-FDMA) [105].

5) Rate matching, which is a baseband processing
method, has to be adopted to enable NR physical

download shared channel (PDSCH) transmission in
time-frequency resources where LTE cell-specific ref-
erence signals (CRSs) is not located [106], [107].

6) In the case of an additional demodulation reference
signal (DMRS) configuration for NR PDSCH, DMRS
has to be shifted from the 12th symbol to the 13th

symbol to avoid any potential collision with the LTE
CRS in the subframe [108].

7) It is mandatory for both the NR and LTE PDCCH to
be incorporated within the first three OFDM symbols
of a subframe. The level of allocation greatly depends
on the traffic load related to each network.

In subsequent releases (i.e., Rel-16 and Rel-17 [109],
[110], [111], [112], [113]), further enhancements were intro-
duced to boost the DSS performance. In Rel-15, only the
cases of 2, 4, and 7 symbol duration were identified for
PDSCH, which resulted in inefficient utilization of resources
in cases where the length of PDCCH exceeded 3 OFDM
symbols. In response, in Rel-16, a new 10 symbol dura-
tion for PDSCH transmission was proposed to address the
aforementioned problem. Furthermore, in order to enhance
the scheduling rate of NR UEs in the shared carrier, a new
concept named cross-carrier scheduling was introduced in
REL-17.

C. PHYSICAL LAYER ASPECTS AND IMPLEMENTATION
Three different deployment options have been foreseen to
permit the interworking between LTE and NR:

• MBSFN based DSS: The multi-broadcast single-
frequency network (MBSFN) is used for point-to-
multipoint transmission, such as evolved multimedia
broadcast multicast services (eMBMS), and it is
also used to provide broadcast services by MNOs.
Depending on the MNO policy, the MBSFN resources
that occupy the last 12 OFDM symbols of the LTE
resource grid can be allocated for NR users’ PDSCH
transmissions.
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FIGURE 17. DSS different deployment scenarios [115].

• Mini-slot-based DSS: When dealing with non-MBSFN
subframes that include LTE CRSs, this option can be
used. The general idea is to schedule only the free
OFDM symbols for NR users. Care must be taken not
to interfere with symbols that carry the LTE CRS. This
option is more suitable for URLLC applications that
demand extremely low latency during the operation.

• Rate-matching-based DSS: Similar to the preceding
option, this option is also suitable for non-MBSFN sub-
frames. This method works by puncturing REs that are
used by LTE CRS. This can help the NR scheduler to
discern which REs are not available for transmission.
The deployment of this option can be either resource
block (RB)-level or RE-level. In the first one, the whole
RB that includes LTE CRS is taken out of NR schedul-
ing, and in the latter case, only the REs that contain
the CRS are ignored.

The details of these scenarios are depicted in Fig. 17.
The authors in [116] have evaluated the performance of
DSS in comparison with dual connectivity (DC) and CA.
Accordingly, when there is low demand on a cellular
network, DSS can help enhance network performance; con-
versely, when network traffic is high, DSS can deteriorate
network capacity and performance. As a result, using DSS
for dense cellular network conditions can decrease the
network capacity.
An important consideration when designing for NR-LTE

coexistence is that the DSS should support NR common sig-
nal transmission and the initial access procedure while taking
into account the LTE frame structure and signal transmis-
sion properties. When designing the DSS with the purpose
of balancing performance between NR and LTE, the NR sig-
nals and channels should be established in a way that does
not overlap with LTE CRS in the frequency-time resources.
By doing so, LTE operation will not be affected when NR
operations need to share LTE resources. Previously, rate
matching was introduced as a promising option to avoid
CRS. However, during the initial access phase, an NR device
does not know whether or not it has accessed a clean NR cell

or an LTE-NR shared cell. Therefore, the NR device cannot
simply assume any CRS rate matching to avoid LTE CRS.
The NR synchronization signal blocks (SSBs), the essen-

tial broadcast signal that allows NR devices to detect a cell,
is a one-shot transmission with a default 20 ms cycle when
assuming 15 kHz SCS is used for spectrum sharing. To guar-
antee the necessary detection performance, SSB needs to be
transmitted without any collision with legacy LTE signals.
The SSB occupies 20 RBs and 4 OFDM symbols, which
unfortunately cannot be transmitted in a normal subframe
due to the conflict with LTE CRS transmission. To avoid
such collision, SSB can be located in an LTE MBSFN sub-
frame, which only contains LTE CRS in the LTE control
region, referred to as LTE PDCCH. MBSFN is a legacy
LTE functionality that helps regular LTE devices skip (or
not expect CRS) certain subframe patterns. DSS can lever-
age this functionality to use the whole subframe (except the
LTE PDCCH region) for NR dedicated use.
Fig. 18 illustrates the NR SSB transmission alongside an

LTE network with four CRSs configuration. The figure is
shown for three different cases in the FR1 region (frequencies
below 3 GHz), namely, case A where the SCS is 15 kHz,
Case B, and C where the SCS is 30 kHz. SSB starting
symbol indices are different for these cases. As we can
see, for the non-MBSFN case, the SSB beams cannot be
transmitted in either Case A or Case C, as they are always
colliding with the LTE CRS. In Case C, only one out of
four SSB beams can be successfully transmitted without any
collisions from the gNB. For the MBSFN case, the results
are thoroughly distinctive. For all the cases, the SSB beams
can be transmitted except for Case C, where three out of four
SSB beams are available. It is important that we mention
that not all subframes can be allocated as MBSFN; therefore,
subframe alignment with NR SSB slots is required.
In an EN-DC non-standalone (NSA) system, where LTE

serves as the control anchor, SSB and random access
response (RAR) transmissions of NR are required. In an
NR SA system, by contrast, system, additional messages,
such as system information block 1 (SIB1), other system
information, and paging channel are transmitted. Since the
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FIGURE 18. Comparison of NR-SSB transmission for non-MBSFN and MBSFN-based DSS [115].

LTE CRS rate matching for these signals is not defined for
SSB, they have to be transmitted through the LTE MBSFN
subframe. Based on the LTE network configuration and
antenna ports, the number of REs that are used for trans-
mitting the LTE CRS is different. For this reason, the total
percentage of overhead will be different depending on the
number of antenna ports. These details are summarized in
Table 13.

D. DSS FIELD TRIALS
Apart from the literature surveyed above, some leading tech-
nology companies have also contributed various products in
the field of DSS. For example, Qualcomm introduced the

TABLE 13. The total overhead RB that used in different configuration of LTE [116].

Snapdragon X55 modem [117] to provide coverage for dif-
ferent generations from 2G to 5G. This modem also has the
ability to provide DSS technology to facilitate coexistence
between 4G and 5G. In addition, Ericsson supports DSS
technology with its own solution called Ericsson Spectrum
Sharing (ESS) [118]. ESS software can run on any of the
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FIGURE 19. Technical overview of the LAA ecosystem.

five million 5G-ready radios Ericsson has delivered since
2015. Swisscom and Telstra plan to upgrade their networks
with ESS. Furthermore, Telstra has launched its commer-
cial 5G network and has now rolled out 5G coverage in
different cities with the help of Ericsson. Ooredoo and
Play are also interested in benefiting from Ericsson ESS.
Nokia is another pioneer in the field of telecommunications
solutions that announced a roadmap for DSS technology.
The company also presented a document examining how
different generations coexist and how radio resources are
timed [119].

E. SUMMARY
DSS is a spectrum sharing method that can provide a coex-
istence scenario for the fifth and fourth generations. It can
efficiently exploit the surplus resources of the fourth gener-
ation. There are three methods called MBSFN-based, mini
slot-based, and rate matching-based DSS that can deploy
for different services such as eMBB or uRLLC. One of the
most critical challenges in implementing this method is the
information slag imposed on the network.

VII. LTE-UNLICENSED AND LICENSED ASSISTED
ACCESS,STANDARDIZATION AND IMPLEMENTATION
A. OVERVIEW
LTE-U and LAA technologies were developed to extend the
LTE operation to the unlicensed 5 GHz band. Aggregating
the unlicensed bands provided by the secondary cells
(SCells) with the legacy licensed bands can provide high-
speed and seamless broadband multimedia services. During
the transmission, the licensed or primary component carrier
(PCC) is combined with several unlicensed or Secondary
component carriers (SCCs) (configuration information can
be conveyed via PCC to dynamically remove or add SCCs)
through CA, which leads to a significant increase in user
data rates [120] (see Fig. 19).
A key challenge for these technologies is that they must

adopt mechanisms to coexist fairly with other technologies

in the unlicensed spectrum (e.g., Wi-Fi. In this way forward,
LTE-U and LAA apply Carrier Sense Adaptive Transmission
(CSAT) and LBT procedures, respectively [32], [121]. The
principal characteristic of LTE-U is its duty-cycling nature
when accessing a channel for transmissions. According to
the CSAT procedure, the SCell can adjust the duty-cycle pat-
tern, which is the percentage of time the SCell is in the ON
state. When the duty cycle is in ON state, LTE-U will access
the channel and act as a legacy LTE network, irrespective
of the presence of Wi-Fi transmissions. Therefore, the prob-
ability of collisions with co-deployed Wi-Fi networks will
increase, and this is the primary concern raised against the
LTE-U technology. In other words, LTE-U does not coexist
fairly with other technologies Furthermore, LTE-U technol-
ogy can only be applied in countries such as the United
States, Korea, and China, where there is no regulatory lim-
itation for such an approach. Regulations in other countries
(Europe, Japan, and India) require the LBT mechanism to
ensure fair sharing [122].
LAA is the 3GPP standardized mechanism developed for

extending LTE to the unlicensed bands. LAA’s first standard-
ization came with Release 13 and later its enhanced version
(eLAA) was introduced in 3GPP Release 14 to support
uplink operation. LAA combines the licensed and unlicensed
frequency bands (5 GHz) to increase the data rate through
CA. The advantages of this method can be summarized as
follows:

• Increases data rates using a combination of licensed and
unlicensed channels.

• Releases licensed bandwidth capacity by distributing
traffic between licensed and unlicensed bands.

• Uses the 5 GHz band more efficiently by facilitating
the fair coexistence of Wi-Fi and LTE with an LBT
procedure.

• Improves internal coverage by exploiting the 5 GHz
frequency bands.

LAA is an LTE booster that aims to improve capacity
and efficiency over currently licensed LTE carriers. LAA is
not a standalone system; it needs a primary carrier from the
LTE licensed spectrum to operate. In essence, the PCCs are
used for receiving the measurement reports handling radio
resource control (RRC) and non-access stratum procedures.
The SCCs are used as supplementary UL or DL carriers for
PDSCH or physical uplink shared channel (PUSCH) trans-
missions. Wi-Fi signals also use the 5 GHz frequency band,
so algorithms that can facilitate their coexistence are needed.
This is possible with LBT [123]. Through this mechanism,
the LTE-LAA eNB first senses the environment to detect
whether there is an ongoing operation. If the band is idle,
the eNB initiates transmissions. Furthermore, frame structure
type 3 is introduced to support the partial subframe transmis-
sions, which must be supported by the BS and the user. More
details about the standard specifications and implementation
features are provided below. For more information regarding
the message flow of steps and interactions between different
parts of the LAA framework, refer to Fig. 20.
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FIGURE 20. LAA message flow.

B. STANDARDIZATION
The specifications and structure of LTE-U technology,
including the CSAT procedure, were determined by the LTE-
U Forum in [121], [136]. The scientific study of LAA

was also thoroughly described in 3GPP Release 13 TR
36.889 standard [128] for Supplemental DownLink (SDL)
in the unlicensed band. According to the design, LTE-LAA
in the unlicensed spectrum leverages the LTE CA protocols
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TABLE 14. 3GPP standardization works in the field of LTE-U & LAA.

stated by 3GPP in [124], [125], [126], [127] with one car-
rier serving as the PCell and others are serving as SCells.
Due to the fundamental differences between LTE and Wi-Fi
Medium Access Control (MAC) layer protocols, the LBT
coexistence algorithm was investigated in [128]. This algo-
rithm is a contention-based collision-avoidance mechanism.
Four LBT design options were examined in [128]. The first
design was without LBT. The second used LBT without a
random backoff, where time duration set for channel sensing
was deterministic. The third design used LBT with a random
backoff in a contention window of a fixed size. Finally, the
fourth design used LBT with a random backoff in a con-
tention window of variable size. The fourth design option
was shown to allow for better coexistence with Wi-Fi due
to the configuration flexibility of its parameters. According
to [132], using LBT in 5-GHz unlicensed bands was shown
to be necessary; however, they also showed that the licensed
band could optionally be included for signaling in the uplink.
Furthermore, to support partial subframe transmissions, a
new frame structure (i.e., Type 3) was introduced by 3GPP
in Release 13 [130], which facilitates transmissions at slot
boundaries and applies to LAA SCell operation with normal
cyclic prefix. Coexistence evaluation plans and multi-node
tests involving two Rel-13 LAA BSs or one Rel-13 LAA BS
and one other wireless system (e.g., IEEE 802.11) to ensure
acceptable system performance in the unlicensed band was
studied in [131].
3GPP has further outlined the channel access procedure

and LBT mechanism details for both uplink and downlink
in TS 36.213 [129]. In this technical specification, they out-
lined channel access procedures for transmissions, including

discovery signal transmission along with contention window
adjustment. They also delineated the channel access process
for transmissions on multiple carriers as well as methods for
energy detection threshold adaptation. In [133], they spec-
ified the channel access parameters for downlink operation
in Band 46 (described in [129]) as well as the CA of com-
ponent carriers in different operating bands. [134, Ch. 9]
specified the eNB conformance testing operations for LBT.
This procedure is used to evaluate the accuracy of the energy
detection threshold, Maximum Channel Occupancy Time
(MCOT), which refers to the maximum time a device can
utilize the channel, and minimum idle time under normal
operating conditions for LAA following the specifications
stated in [129] and [133]. In [135], they specified require-
ments for support of radio resource management for LAA
under frame structure 3.
In Release 14 [129], the enhanced version of LAA (eLAA)

was introduced that promoted LAA capabilities for uplink
transmission while keeping the downlink the same as that of
LAA. This specification defined two modes (i.e., Type 1 and
Type 2) for for uplink channel access, which are similar to
the ones used by the eNodeB. Furthermore, new features and
enhancements are currently being researched in the Further
Enhanced LAA (feLAA) Study Item [137].

C. PHYSICAL LAYER ASPECTS AND IMPLEMENTATION
1) LTE-U

Two modes of operation have been examined for LTE-U’s:
SDL and time-division duplex (TDD). In SDL mode, the
unlicensed spectrum is used only for downlink transmission.
This mode is suitable for data-hungry downlink operations.
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The TDD mode incorporates both the downlink and uplink
operations, similar to the LTE TDD system in licensed bands.
As discussed above, based on the CSAT procedure, the

eNB can regulate the duty-cycle pattern, which consists of
alternating TON and TOFF periods. This flexibility can further
improve the LTE-U operation and facilitate a fair ecosystem
between different technologies in the unlicensed band. CSAT
is an adaptive muting algorithm by which the eNB periodi-
cally senses the channel during the OFF period. Depending
on the measurement, it can then readjust the duty-cycle pat-
tern. The LTE-U Forum does not specify any algorithm
according to which the duty cycle is established, and it is
left to vendors to choose their own adaptation algorithm.
The CSAT duty cycle can vary over time according to the
network traffic and channel usage. However, for proper oper-
ation, the following limitations and constraints have been
defined [13], [121]:

• The minimum off-state period in which the eNB stops
any type of transmission has to be 1 ms.

• The maximum off-state period is determined through
the LDS periodicity. The LDS is a similar message to
the discovery reference signals (DRSs), which provides
the UEs with the SCell tracking and measurements and
informs them of the eNB time and frequency adjust-
ment [121]. The LDS is comprised of CRS/PSS/SSS and
is broadcasted by the LTE-U eNB with periodicities of
40, 80, or 160 ms only at subframe 5 occasions.

• When there is data to transmit, the minimum on-state
period has to be 4 ms.

• The maximum on-state period should be 20 ms.
• The energy detection threshold is −62 dBm.

2) LAA

In this section, the protocol structure for implementing the
LAA method is stated. The secondary network, LTE, needs to
use remote radio head (RRH) and other equipment to operate
in the 5 GHz frequency band for implementing the LAA
method. Network kernel, security, authentication, and other
service requirements for LAA are similar to conventional
LTE technology. Therefore, there is no need to change the
core of the network. However, in the access network, the
eNB needs to be changed in such a way as to ensure the
possibility of exploiting the unlicensed frequency spectrum
as well as the conditions for optimal use of the unlicensed
frequency. It is also necessary to update the user side devices
so that they can use the unlicensed frequency spectrum based
on LTE protocols.
There are four possible deployment scenarios for

LAA [128]. LAA uses CA, where one or more low power
small cells operate in unlicensed spectrum as shown in
Fig. 24. The deployment scenarios include schemes with and
without macro coverage, and both outdoor and indoor small
cell deployments between licensed and unlicensed carriers.
An unlicensed small cell only operates in the framework

of CA through ideal backhaul with a licensed cell, even
though the backhaul between small cells can be non-ideal.

FIGURE 21. LBT procedure [138].

FIGURE 22. LTE-LAA frame structure type 3 [139].

FIGURE 23. Frame structure type 3 [139].

By contrast, when CA is performed within a small cell, the
backhaul between macro and small cells can be ideal or
non-ideal.

• Fig. 24 (a): In this scenario, the licensed carrier is asso-
ciated with a macro cell, while the unlicensed carrier
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FIGURE 24. LAA deployment scenarios.

is associated with a small cell. The licensed carrier
exchanges the RRC signal and data rate. A secondary
carrier from an unlicensed band could be employed for
transmitting data if a UE is covered by a small cell.

• Fig. 24 (b): This scenario illustrates the usage of differ-
ent licensed carriers for macro and small cells. Licensed
macro cell with CA between licensed small cell and
unlicensed small cell.

• Fig. 24 (c): This scenario shows licensed macro and
small cells with CA operating between licensed and
unlicensed small cells. The same licensed carrier for
both macro and small cells requires synchronization
and scheduling.

• Fig. 24 (d): In this scenario, we see the CA operating
between licensed and unlicensed small cells without
macro cell coverage.

LAA requires modifications to transmitters and receivers.
These modifications need to be applied to the physical layer
in the physical layer of the BS and on the user’s side. At the
base station, it requires category 4, support for the 5 GHz
band, frame structure type 3, PSS/SSS in every 5 ms, CRS
in every subframe. On the user side, it requires support
for the 5 GHz band and frame structure type 3. The chief
propellent behind LAA’s superior operation is the LBT pro-
cedure, which facilitates fair coexistence between LTE and
other technologies in the band. LBT requirements can be
categorized as follows [140]:

• Transmit power control (TPC): a regulatory requirement
in some regions where transmitting devices should be
able to limit their transmit power.

• DRS, frequency/time estimation and RRM measure-
ments: for RRM measurements and effective reception
of information on the unlicensed band, RRM and
CSI measurements, including channel and interference
measurements, are needed.

• Bandwidth support: support for a system bandwidth of
at least 20 MHz in the 5 GHz band.

• Dynamic frequency selection: for certain frequency
bands, dynamic frequency selection (DFS) is a regula-
tory necessity; DFS detects and protects radar systems
by stopping transmission within a certain period of time
and not transmitting again for at least a certain amount
of time.

• Discontinuous transmission: since channel availability
cannot always be assured in unlicensed spectrum, duty
cycles must be maintained.

A concise description of the LBT procedure, which is
shown in Fig. 21, is as follows: Before initiating any trans-
missions, the eNB must sense that the channel is idle for
an initial defer time period (Tdefer). The defer time is com-
posed of a duration Tf = 16 µs, immediately followed by
mp consecutive slot durations of size Tsl = 9 µs, as stated
in [129, Sec. 15.1.1]. The value of mp is determined through
the channel access priority class, as specified in Table 15.
For example, Tdefer for the priority class 4 is 79 µs. The
channel will be considered idle if the detected power in the
band is lower than the energy detection threshold Eth for
at least 4 µs (The procedure by which the Eth quantity is
determined is described in Section VII.C3). If the channel
is sensed to be idle during the Tdefer time, then the eNB
can start the transmission. Otherwise, the eNB initiates the
eCCA during which the eNB chooses a random number N
that is uniformly distributed between 0 and CWp. CWp is
the contention window size, that falls within the range of
CWmin < CWp < CWmax, and is determined by the channel
access priority class. Before every transmission, CWp is set
to CWmin. During the eCCA, the eNB will first sense the
channel for eCCA defer period, Tdefer, and once the channel
is free for Tdefer, the eNB must register the channel as idle
for the duration of an additional period of (N+ 1) times the
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TABLE 15. LAA channel access priority classes [129].

TABLE 16. eLAA channel access priority classes [129].

9 µs slot duration. If the eNB determines that the channel is
occupied, the backoff counter will freeze, and the eNB will
have to sense the channel for a duration of Tdefer. The counter
N is affected by the HARQ process. If more than 80% of
all transmissions in reference subframe k are detected to be
NACK/DTX,1 CWp will be increased to the next possible
value (see Table 15). If the channel is found to be idle dur-
ing all the (N + 1) slot durations and (Tdefer), then the eNB
will occupy the channel for a maximum duration equivalent
to the MCOT. For p = 3 and p = 4, Tmcot,p = 10 ms if it
can be guaranteed that no other technologies are sharing the
carrier (otherwise, Tmcot,p = 8 ms).
For the case of transmitting a DRS, the eNB will sense

the channel for a period of 25 µs, and when the channel
is sensed to be idle, the eNodeB can transmit the DRS
for a maximum period of 1 ms. DRS consists of the first
five subframes of a radio frame and includes PSS, SSS, and
CRS signals. Depending on the configuration, it may contain
a channel state information reference signal (CSI-RS) and
be transmitted with a periodicity of 40, 80, or 160 ms.
DRS allows a small cell to quickly transition from the off-
state to the on-state and transmit a low-duty cycle signal
for RRM purposes. The UE is configured with a DMTC,
which is a time window of 6 ms in duration within which
the UE can expect the DRS to be received from the eNB.
Since the DRS transmissions are subject to LBT, the fixed
periodicity is relaxed for LAA to make it compatible with
the LBT requirement. In [128], two alternative options were
considered for DRS design for LAA:

• Subject to LBT, DRS can be transmitted in a fixed time
position within the configured DMTC,

• Subject to LBT, DRS is allowed to be transmitted in
at least one of the other time positions within the
configured DMTC.

Two channel access types were defined for eLAA. The type 1
channel access procedure is identical to the procedure for

1. DTX refers to the situation when a UE misses the control message
containing scheduling information (i.e., PDCCH).

LAA; however, there are different channel access priority
classes defined for the uplink, as specified in Table 16. The
type 2 procedure is similar to transmitting DRS in the down-
link, where, after sensing the channel for 25 µs, the device
can start its PUSCH transmission [129]. Whenever the UE
wants to initiate a UL transmission, it has to first perform the
scheduling request (SR) transmission on the PCell and wait
for a grant reception from the eNB. The LBT procedure has
to be completed by the eNB prior to its access to the channel
for successful UL grant transmission to the UE. The primary
concern is that as the eNB schedules data transmission some
subframes ahead of time, the eNB does not know whether
the channel will be free and accessible for UE transmission.
Therefore, it is up to the UE to sense the channel before
beginning data transmission in the assigned subframe. If the
shared COT between the eNB and UE does not surpass
the maximum COT, the UE will transmit UL data after a
successful 25 µs LBT. Otherwise, the UE should succeed
in category 4 LBT first and if the channel is not free, the
UE will avoid transmission. In this situation, the eNB has
to reschedule this transmission using either the primary or
secondary carrier. Two principal concerns arise here. First,
the UE sustains long delays and unnecessary halts before it
can attempt to access the channel. Second, two LBTs need
to be performed before the UE can transmit. The first LBT
is performed by the eNB for the transmission of the UL
grant to the UE; the second LBT is performed by the UE
associated with the UL grant [141], [142].
Legacy LTE transmissions start at a subframe boundary.

Therefore, other neighboring networks with no such limita-
tion, such as Wi-Fi, can initiate their transmissions anytime.
In this case, the LAA-eNB will have to wait until the next
subframe boundary to begin transmitting after performing
a successful LBT procedure. To cope with this complica-
tion, LAA reserves the channel by transmitting reservation
signals after a successful LBT. However, reservation signals
present unfairness for Wi-Fi and decrease spectral efficiency.
Accordingly, a new LTE frame type (i.e., frame structure type
3) was introduced to assist unlicensed spectrum operations
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with normal cyclic prefixes only. It consists of 10 subframes
of 1 ms duration each as shown in Fig. 22. These 10 sub-
frames may be used for uplink or downlink transmission or
left blank as illustrated in Fig. 23.
LAA transmission can begin and end at any subframe, and

the burst can involve one or more consecutive subframes.
LAA downlink transmission can end at any of the downlink
pilot time slot (DwPTS) symbols or at the subframe bound-
ary. As a result, the last subframe can be fully filled with
14 OFDM symbols or it can be made up of any DwPTS
length symbol. Since one of LAA’s aims is to ensure fair
coexistence with Wi-Fi [13], the eNB must first sense the
spectrum before transmitting, and it only transmits if the
channel is clear. Besides, within frame structure type 3, no
PBCH is transmitted [139].
To report the success or failure of decoding a transmission,

LAA uses the HARQ method. The UE sends an acknowl-
edgment (ACK) or negative acknowledgment (NACK) over
the licensed band, and the scheduler assigns a retransmis-
sion protocol that is vendor-dependent but typically has a
higher scheduling priority. The CW size is also doubled if
the NACKs for a given reference subframe surpass a certain
threshold; otherwise they are reset [143].

3) ENERGY DETECTION PROCEDURE IN LAA

Based on [129, Sec. 15.1.4], the value of Eth is determined
as follows: for the case where the absence of any other
technology sharing the carrier can be guaranteed on a long-
term basis (as in the case of regulations in certain regions),
then this quantity would be

Ethmax = min

{
Tmax + 10 dB,

Xr,
(1)

where Xr is the maximum energy detection threshold defined
by regulatory requirements in dBm. For the case where
there are multiple technologies in the band, Eth quantity
would be

Ethmax = max

{−72 + 10 log10(BW/20) dBm,

A,

A = min

{
Tmax,

Tmax − TA + (
PH + 10 log10(BW/20) − PTx

)
,
(2)

where the bandwidth is in the order of MHz, TA equals
10 dB for transmissions that include PDSCH, and 5 dB for
transmissions that include DRS and controlling information.
PH is equal to 23 dBm, and PTx is the maximum eNB
output power in dBm, which the eNB uses over a single
carrier irrespective of single or multi-carrier transmission.
Finally, Tmax = 10 log10(3.16228 · 10−8 × BW).

D. LAA FIELD TRIALS
Various companies have been combing through the solu-
tions to integrate the LAA sharing into their frameworks.
Samsung introduced the Exynos 9 Series (9810) mobile pro-
cessor’s gigabit LTE modem [144]. Thanks to the adoption
of LAA (6CA) for downlink and eLAA (2CA) for uplink,

FIGURE 25. Technical overview of the MulteFire ecosystem.

Exynos 9 can reach up to 1.2 Gbps downlink speeds and
200 Mbps uplink speeds. Also, Huawei and NTT DOCOMO
conducted a live demonstration of the co-channel coexistence
between LAA and Wi-Fi systems with a Small Cell [145].
The results showed that with the assistance of the LBT
coexistence mechanism, LAA was able to co-exist fairly
with the neighboring Wi-Fi system, while sustaining most
of the performance advantages of LTE. Qualcomm in coop-
eration with SK Telecom also launched an eLAA over-the-air
trial [146]. In this trial, a 2.6 GHz LTE was utilized as the
licensed band and a 5 GHz band as the unlicensed band.
The results showed that LTE could double the capacity in
the unlicensed band while sharing the spectrum fairly with
Wi-Fi using the LBT. T-Mobile and Ericsson also announced
that they were able to reach speeds of over 1 Gbps on the
unlicensed spectrum by using 12-layer LAA [147]. Similarly,
AT&T and Ericsson managed to achieve wireless speeds
of more than 750 Mbps by employing LAA [148]. Nokia
together with T-Mobile reported data rates of up to 1.3 Gbps
using the LAA with five-component CA on 14 antenna
layers [149].

E. SUMMARY
LAA can enable LTE to use 5 GHz, unlicensed frequency
band. In 3GPP release 13, LAA was introduced as part of
LTE Advanced Pro. Using carrier aggregation in the down-
link can combine LTE in the unlicensed 5 GHz band with
LTE in the licensed band to offer users a higher data rate
and better user experience. LAA must avoid using chan-
nels that Wi-Fi users are utilizing. Listen-before-Talk (LBT)
allows LAA to dynamically select channels in the 5 GHz
band that Wi-Fi users do not use. LAA will share the chan-
nel fairly with others when a clear channel is unavailable.
Users of smartphones benefit from enhanced performance
because LAA optimizes the network resources available to
all users. Integrating licensed and unlicensed technology is
a vital step toward 6G.
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FIGURE 26. MulteFire reference ecosystems.

VIII. MULTEFIRE, STANDARDIZATION AND
IMPLEMENTATION
A. OVERVIEW
MulteFire is a new radio access technology built on LTE
specifications and developed to facilitate the standalone
operation of LTE in the unlicensed band without any depen-
dency on the authorized spectrum. The MuLTEfire Alliance
is the organization formed to establish and develop the
structure of MuLTEfire by defining technology specifica-
tions, hardware testing, software design, and evaluating
interoperability [35]. MulteFire standardization is completely
consistent with the 3GPP standards and follows the spec-
ifications of 3GPP Release 13 and 3GPP Release 14
designations for LAA and eLAA. Similar to other spec-
trum sharing frameworks in the unlicensed band, MulteFire
applies the LBT procedure to provide fair coexistence with
other spectrum users, such as Wi-Fi or LAA. The rationale
behind the success of MulteFire can be summed up in the
following points:

• MulteFire, unlike the LAA, operates solely in the unli-
censed band, without the need for additional regulatory
approval, costly spectrum, or specialist expertise, and
this can add more flexibility in deployment.

• MulteFire allows the private and public vertical venues,
businesses, and property owners to deploy, install and
operate their own private or neutral host MulteFire
network.

• MulteFire facilitates the widespread adoption of small
cells, especially indoors, and enables neutral host
deployments on a much larger scale.

• MulteFire promotes a wide range of services (e.g.,
voice over LTE [VoLTE], IoT) and creates new business
opportunities that allow different verticals to profit from
LTE technology such as sports and entertainment, pub-
lic venues (malls, airports), transportation applications,
and hospitality.

More details about the publications on standardization
and implementation features are provided in the following
sections.

B. STANDARDIZATION
MuLTEfire Release 1.0 specification [35] stipulates that LTE
operates in the unlicensed band while assuring appropriate

sharing of spectrum with other users by removing the
requirement for an anchor in licensed spectrum. Furthermore,
new optimizations for IoT, additional spectrum bands, includ-
ing MulteFire 1.9 GHz, and further improvements to Release
1.0 were considered in MulteFire 1.1 [150]. A summary of
MulteFire was presented in [151], which elaborated on the
principal challenges due to LBT and the standalone opera-
tion of MuLTEfire, while proposing solutions to overcome
such impediments.

C. PHYSICAL LAYER ASPECTS AND IMPLEMENTATION
Based on MulteFire 1.0 specification [35], to enable vari-
ous deployments and cover multiple services, two reference
architectures have been developed for MulteFire.

• Public Land Mobile Network (PLMN) Access Mode:
The MulteFire cell is connected to 3GPP EPC as an
additional radio access network (RAN) for the PLMN
in a similar manner as an evolved universal terrestrial
radio access network (E-UTRAN a.k.a. LTE RAN) is
connected to an EPC, Fig. 26(a).

• Neutral Host Network (NHN) Access Mode: The
MulteFire cell is connected to an NHN, which is a self-
contained network deployment providing IP services,
Fig. 26(b).

A MulteFire cell may also support PLMN access mode for
specific PLMNs and NHN access mode for a specific NHN,
simultaneously.

1) PLMN ACCESS MODE ARCHITECTURE

Fig. 26(a) shows the reference architecture model for
MulteFire PLMN access mode. Accordingly, the MulteFire
RAN is connected to a 3GPP EPC via an S1 interface
(S1-U and S1-MME), and its functionality is quite sim-
ilar to the functionality of E-UTRAN in LTE. From the
EPC’s point of view, the MulteFire access point (AP) plays
the role of the LTE eNB. Seamless mobility is established
between MulteFire and 3GPP RAN. Intra-MulteFire RAN
mobility and mobility from a MulteFire RAN to a 3GPP
RAN are supported in the RRC connected mode and idle
mode. Mobility can also be supported from a 3GPP RAN to
a MulteFire RAN; however, this requires MulteFire support
in 3GPP RANs. Based on the standardization, the PLMN
access mode has two use cases. The MulteFire can be used as
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FIGURE 27. MulteFire physical layer design: serving cell DMTC, synchronization signals, and broadcast channel [35].

a supplementary RAN connected to an existing core network
to increase the MNO’s network efficiency and coverage. This
could be used in situations where the licensed spectrum is
not available or to improve the overall capacity. In addi-
tion, an operator can deploy an EPC with a MulteFire RAN
without using any licensed band.

2) NHN ACCESS MODE ARCHITECTURE

Fig. 26(b) depicts the reference architecture for the NHN
access mode. A MulteFire cell is connected to an NHN.
The NHN communicates with external participating service
providers (PSPs) to facilitate services for their subscribers.
PSPs are logically separate from the administrator of the
NHN and provide subscription, billing, and the associ-
ated authentication, authorization, and accounting (AAA)
services. PSPs can be either 3GPP PLMNs (e.g., MNOs)
that employ 3GPP specified AAA servers that interact with
the NHN using the Non-3GPP SWa or STa access reference
points, or they can also be other entities using generic AAA
servers that interact with the NHN using generic diameter
or radius signaling. The functions of the newly introduced
logical entities are as follows:
NH-MME and NH-GW provide similar functionalities

for NHN as the MME and combined SGW/PGW provides
in LTE.
The local AAA proxy is a single contact point for external

AAA servers.

3) MULTEFIRE RADIO AIR INTERFACE

In order to provide a robust anchor carrier, MulteFire has
introduced enhancements to DRS, which was first presented
in LTE Release 12. Due to the non-guaranteed channel avail-
ability caused by LBT, the synchronization process between
the UE and the MulteFire AP to acquire the system timing
and other system information has to be fast and effective.
In response, compared to LTE, the synchronization signals
for MulteFire are slightly modified.

Unlike the frame structure employed by Rel-13 LAA,
where the PSS and the SSS were transmitted on the sev-
enth and sixth OFDM symbols, MulteFire also includes
a MulteFire primary synchronization signal (MulteFire-
PSS) and a MulteFire secondary synchronization signal
(MulteFireSSS), which are transmitted on the fourth and
third OFDM symbols of a DRS subframe, as illustrated in
Fig. 27. The MulteFire-PSS and MulteFire-SSS facilitate fast
timing and frequency synchronization and cell search. The
MulteFire-PSS sequence also leads to a supplementary pro-
cessing gain and robustness during the initial acquisition,
which allows the UE to identify MulteFire eNB from an
LAA eNB, and can enhance the reliability of RRM mea-
surements [35]. The MulteFire physical broadcast channel
(MF-PBCH), which carries the master information block
(MIB), is also transmitted during the DRS subframe [151]. In
Rel-13 LAA, this information is conveyed over the primary
licensed carrier. However, in MulteFire, the transmission of
PBCH may not be guaranteed as it performs on an unlicensed
band. In order to address this issue, MulteFire enhanced
PBCH (MulteFire-PBCH) is used to transmit the enhanced
master information block (MIB-MulteFire) on six OFDM
symbols, namely symbols 4, 7, 8, 9, 10 and 11, in compar-
ison with Rel-8 PBCH, which uses four OFDM symbols.
DRS transmissions within a DRS measurement timing con-
figuration (DMTC) are conditional on successful LBT of
25 µsec. To overcome this, the MulteFire AP can trans-
mit the DRS subframe during a network configurable time
window, which is repeated periodically every 40, 80, or
160 ms, and it may be configured up to 10 ms in length,
during which UEs expect to receive DRS transmissions.
Furthermore, to cope with the potential DRS transmission-
blocking due to LBT, the network can transmit the DRS
signal in any subframe within the DMTC occasion. This
means that the DRS transmission is not strictly periodic;
however, it leads to a better probability of successful DRS
transmission. In addition to DMTC transmissions, the oppor-
tunistic transmission of DRS outside the DMTC is only
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FIGURE 28. Technical overview of the NR-U ecosystem.

allowed on SF0 if the eNB successfully clears eCCA on
those subframes. As mentioned earlier, MulteFire follows the
LBT policy for channel access procedures. Typically, DL and
UL data transmissions are based on Category 4 LBT with an
energy detection threshold similar to LAA and eLAA. After
successfully decoding the system information, the UE exe-
cutes the random access procedure, which mimics the same
four-step procedure as in LTE. Still, the LBT has to be per-
formed before every transmission. MulteFire also supports
the UL transmission without LBT within 16 micro second
of the preceding successful DL transmission. The UE and
the network can proceed with the exchange of information
in the unlicensed band, after which the RRC connection is
authenticated successfully. In the physical layer, MulteFire
adopts a very flexible TDD based frame structure to dynam-
ically conform to any DL and UL traffic fluctuations. In
essence, unlike the conventional LTE-TDD, any subframe
can be either UL or DL without a predefined designation of
DL or UL direction to any subframe. The eNB determines the
subframe’s identity through the common physical downlink
control channel (C-PDCCH). Similar to LTE-TDD, the DL-
UL switching is based on a special subframe that includes the
following: i) a DL partial ending subframe; ii) a guard period
for DL-UL switching; iii) an uplink LBT; and iv) a short-
ened UL subframe consisting of four OFDM symbols. In
order to conform to the ETSI regulatory requirements in the
5 GHz band, block-interleaved frequency-division multiple
access (B-IFDMA) has been adopted as MulteFire’s baseline
uplink transmission scheme, where one carrier is divided
into N interlaces (N = 5 for 10 MHz, and N = 10 for
20 MHz carrier), and each interlace incorporates M equally
spaced physical RBs (M = 10 for both 10 MHz and 20 MHz
carriers) [35].
Since MulteFire was designed to operate in the unlicensed

band, all transmissions are subject to LBT, and this neces-
sitated a partial redesign of the legacy LTE PUSCH for the
transmission of UL data. One of these modifications is the

introduction of the MulteFire short PUCCH (MF-sPUCCH)
which is transmitted over four OFDM symbols in the UL
subframe where the other 10 symbols of the subframe
are not used for uplink operation. The UE transmits MF-
sPUCCH during the last four OFDM symbols of a DL
subframe in the gap between DL and UL transmission
without performing LBT. According to the ETSI regula-
tions in the unlicensed band, the UE is allowed to operate
within 16 µs after the DL transmission to carry small con-
trol information such as reception acknowledgments (ACK
and NACK). However, compared to the LTE PUCCH, the
MulteFire-sPUCCH format maintains a limited payload for
the transmission of uplink control information. As a result,
MulteFire Extended PUCCH (MulteFire ePUCCH) has also
been introduced, which can span an entire subframe (1 ms)
and can be multiplexed with PUSCH to transmit large control
information such as the CSI [13].

D. SUMMARY
MulteFire facilitates the standalone operation of LTE in
the unlicensed band without any dependency on the autho-
rized spectrum. It performs the LBT procedure to provide
fair coexistence with other spectrum users and operates
solely in the unlicensed band without the need for addi-
tional regulatory approval. Two reference architectures have
been developed for MulteFire to enable various deployments
and cover multiple services: PLMN access mode and NHN
access mode. PLMN access mode enables MulteFire cells
to serve as additional RANs to extend their coverage while
NHN access mode can deploy a self-contained Wi-Fi-like
network in unlicensed bands.

IX. NEW-RADIO UNLICENSED, STANDARDIZATION AND
IMPLEMENTATION
A. OVERVIEW
Similar to what was planned for LTE in unlicensed bands,
the idea of allowing NR to operate in unlicensed bands was
introduced by the 3GPP in a study item of NR Rel-16 [152],
[153]. The principal goal of NR-U is to extend the appli-
cability of NR to unlicensed bands and employ a pattern
that provides fair coexistence across different radio access
technologies (RATs). Unlike the CA-based deployment of
LAA and LTE-U and the standalone operation of MuleFire
in the 5 GHz band, NR-U supports various deployment
modes and technologies, including CA, DC, and standalone
operation in unlicensed spectrum bands. Furthermore, NR-U
can operate in various bands: 2.4 GHz (unlicensed world-
wide), 3.5 GHz (shared in the USA, also designated to be
accessible by SAS), 5 GHz (unlicensed worldwide, acces-
sible through LAA, LTE-U, MulteFire), 6 GHz (unlicensed
in the USA and Europe), 37 GHz (shared in the USA),
and 60 GHz (unlicensed worldwide). The 3GPP has fur-
ther classified these frequency bands into low-frequency
bands below 7 GHz and high-frequency mmWave bands at
60 GHz, incorporating the 37 and 60 GHz bands.
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NR-U leverages beam-based transmissions, which
enhances spatial reuse but complicates interference manage-
ment. The directional nature of beams in NR exacerbates the
hidden node and exposed node problems in the unlicensed
bands [154], [155], and therefore, the coexistence frame-
work with other RATs in the unlicensed bands becomes
more challenging. NR-U, like LAA and MulteFire, adheres
to LBT requirements to access a channel. However, in direc-
tional transmissions, LBT performance may diminish. In
essence, when omnidirectional LBT (omniLBT) is used to
sense activity in a channel at the same time as a beam-
based transmission is employed it can lead to exposed
node problems. One solution is to apply directional LBT
(dirLBT) in which the direction of the intended communi-
cation is known. However, this solution may lead to hidden
node problems [156]. This phenomenon, known as the
omniLBT/dirLBT trade-off, has been detailed in [157]. The
authors there showed that for low network densities, dirLBT
functions better than omniLBT, while for high network densi-
ties, omniLBT is a better solution. By considering the impact
of narrow beam transmissions in NR-U, we will outline the
NR-U scenarios and LBT procedures designed to cope with
the aforementioned challenges in the following sections.

B. STANDARDIZATION
The standardization of NR-U began in a study item of
NR Rel-16 [152], [153], which targeted the unlicensed
national information infrastructure (UNII) bands at 5 GHz
and 6 GHz [158]. Future specifications will extend NR-
U functionality to unlicensed mmWave spectrum bands at
60 GHz in later releases (i.e., NR Rel-17 and beyond). Other
enhancements, such as multichannel operation, frequency
reuse, and improvements to the initial access procedure, have
been included in [153].

ETSI regulation has harmonized the specifications for the
5 GHz and 60 GHz bands in [159] and [160], respectively,
and any technology, such as NR-U or LAA, that attempts to
access these unlicensed bands has to fulfill these regulatory
requirements. One of these conditions is LBT. The speci-
fications for this LBT procedure were described in [159]
and [160]. In essence, the CCA slot duration is 5 µs in the
60 GHz band and 9 µs in the 5 GHz band, respectively.
The energy detection threshold that determines the activity
of other signals on the 5 GHz and 60 GHz bands are set to
−72 dBm and −47 dBm, respectively. The other prerequisite
is related to the MCOT, which refers to the maximum time
a device can utilize the channel. The MCOT in the 60 GHz
band is restricted to 9 ms, and in the 5 GHz band is set to
2 ms, 4 ms, or 6 ms, although it may be extended up to 8–
10 ms in some circumstances. Moreover, 5 GHz and 60 GHz
bands can share the COT with connected UEs, which means
that the UEs can skip the CCA examination and directly
transmit in response to the received signals from the gNB
(i.e., Cat1 LBT) if there is a gap in between DL and UL
transmissions of less than 16 µs. When the gap is between
16 µs and 25 µs, only a short sensing (i.e., Cat 2 LBT)

is required at the UEs. Otherwise, when the gap is greater
than 25 µs, regular LBT (i.e., Cat 4 LBT for data) must
be applied at responding devices. Besides, NR-U supports
multiple DL/UL switching points within the COT. The third
condition pertains to occupied channel bandwidth (OCB),
which is bandwidth that contains 99% of the signal power
and mandates the unlicensed technologies to utilize a signif-
icant portion of the channel bandwidth when they access the
channel. According to ETSI specifications, for the 5 GHz
band, the OCB must be between 70% and 100% [159], and in
the 60 GHz band, it must be between 80% and 100% of the
NCB [160]. Other requirements include dynamic frequency
selection (DFS) and frequency reuse (FR), which allows the
same frequency channel to be reused by different devices
simultaneously (see [34], [159], [160] for more details).

C. PHYSICAL LAYER ASPECTS AND IMPLEMENTATION
In this section, we elaborate more on the implementation sce-
narios and solutions to the aforementioned challenges related
to NR-U described in [153]. Based on the deployment and
propagation environment conditions, four layout scenarios
have been proposed for NR-U:

• indoor sub 7 GHz;
• indoor mmWave;
• outdoor sub 7 GHz;
• outdoor mmWave.

Furthermore, the following deployment scenarios have also
been defined for NR-U:

• CA between licensed band NR and unlicensed band
NR-U (similar to LAA);

• DC between LTE in the licensed band and NR-U in the
unlicensed band;

• standalone NR-U (similar to MulteFire);
• NR with DL in the unlicensed band and UL in the
licensed band;

• DC between licensed and unlicensed band NR-U.

These deployment scenarios, which are shown in Fig. 29, can
be applied to each of the NR-U layout scenarios described
earlier.
Despite the lower interference and latency due to the

beam-based transmissions provided by NR, further flexibility
and improvements are required to facilitate the worldwide
deployment of NR-U, as it is anticipated to operate in more
frequency bands compared to LAA and MulteFire technolo-
gies. Below, we examine three design principles that have
been addressed in technical standardization publications or
proposed in various scientific articles.

1) LBT IN BEAM-BASED TRANSMISSIONS

LBT is a critical steps before accessing the channel; however,
as mentioned earlier, under beam-based transmissions, LBT’s
performance may degrade and can lead to hidden node and
exposed node problems. Two solutions have been proposed
to address this impediment and guarantee fair coexistence,
namely the omniLBT and dirLBT [156].
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FIGURE 29. NR-U deployment scenarios.

FIGURE 30. Behavior of (a) omniLBT, (b) dirLBT, and (c) pairLBT techniques, assuming beam-based transmissions, for fully-aligned (top), aligned transmitters (middle), and
aligned receivers (bottom) deployment configurations [34].

A comprehensive analysis of omniLBT/dirLBT
performance is shown in Fig. 30 for various scenar-
ios. In the fully-aligned scenario, the AP, gNB, STA, and
UE are arranged along the same spatial line; in aligned
transmitters, the gNB is in the coverage area of the AP,
and in aligned receivers, the UE is in the coverage area of
the AP. As we can see in Fig. 30, (a), top, under directional
transmissions where the receivers and transmitters are
fully aligned, the omniLBT procedure is advantageous and
prevents interference on the UE side, which lies within the
antenna boresight. However, in situations like Fig. 30, (a),
middle, where only the transmitters are aligned, the omniLBT
leads to an unnecessary halt in the transmission process for
gNB-UE, which could have reused the spectrum (known as
an exposed node problem). By contrast, since dirLBT only
senses the spatial direction in which the transmission will be
performed, it will permit the activity of both the transmitters
(see Fig. 30 [b], middle). Nevertheless, the Achilles heel
of this approach is that it cannot recognize the ongoing
activities which take place in the vicinity. Therefore, unlike

omniLBT, it will allow transmission for the fully aligned
scenario, which will subsequently lead to a hidden node
problem (see Fig. 30 [b], top), which is not favorable.
[161] addressed the omniLBT/dirLBT trade-off by intro-

ducing a distributed solution called pairLBT. In pairLBT,
which is shown in Fig. 30 (c), the sensing is performed in
paired directions which is similar to performing dirLBT in
the transmitting and opposite direction. Fig. 30 (c) shows
how applying this procedure can address both the hidden
node and exposed node problems. However, the pairLBT
procedure is only suitable for indoor scenarios; for out-
door scenarios, following [161] a new dimension (height)
should be included in the definition and optimization.
Based on the results in [161], dirLBT performs better than
omniLBT when the network density is low, while with
higher densities omniLBT performs more efficiently. Another
technique was also proposed in [155] to deal with the
omniLBT/dirLBT trade-off, called the LBTswitch, which
is a dynamic switching method between omniLBT and
dirLBT.
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Both the pairLBT and LBTswitch methods can handle
hidden node and exposed node problems (for both the fully
aligned and aligned transmitters case). However, for the case
of aligned receivers, since the gNB cannot discern activ-
ities near the receivers through any LBT-based schemes,
hidden node problems are unavoidable (see Fig. 30, bot-
tom). Accordingly, employing techniques that can utilize
information from the UEs (also known as receiver-assisted
LBT procedures) might be a promising solution. One such
method was proposed in [162, Sec. 8.2.2], called listen after-
talk (LAT). This method requires the UE to sense and
detect any collision in the channel and give feedback to the
transmitter about whether to stop or proceed with the trans-
mission. However, LAT is not compliant with the legacy
LBT procedure, since it does not impose any constraints
on the gNB transmissions unless the gNB receives a col-
lision report from the UE. Nevertheless, it is applicable to
regions where there is no obligation for LBT, like the USA
and China.
Another possible solution is the listen-before-receive

(LBR) [157], which is based on the physical carrier sense
of RTS/CTS, in which the gNB triggers the UE to sense
the channel, and only if the UE responds, the gNB can
begin the transmission. The aforementioned mechanism
referred to as receiver-assisted LBT can use any of the
directional, omnidirectional, paired, or switching sensing
strategies. Nonetheless, receiver-assisted LBT imposes extra
signaling overhead due to the additional message exchange
between gNB and UE.

2) COT STRUCTURE FOR NR-U

After a successful LBT, the UE can access the frequency
spectrum band for a duration of the MCOT, which is 9 ms
in the 60 GHz band. Owing to the flexible slot structure,
NR-U can utilize the channel more efficiently. As an exam-
ple, with an SCS of 120 kHz (slot duration = 0.125 ms),
72 slots fit within an MCOT of 9 ms, each of which is com-
prised of 14 OFDM symbols. Therefore, 3GPP has defined
two different COT structures, namely a COT with a single
DL/UL switch and a COT with multiple DL/UL switches
([153, Sec. 7.2.1.1]). The signaling overhead induced by the
COT with a single DL/UL switch is low as it requires
only one guard band. However, it leads to more delayed
HARQ feedback. Accordingly, this configuration is suitable
for high-throughput conditions, like eMBB traffic. The COT
with multiple DL/UL switches simplifies the HARQ timing;
however, it sustains high overheads as it involves multiple
guard bands, which leads to lower spectral efficiency. This
configuration is suitable for delay-sensitive services, like
URLLC.

3) INITIAL ACCESS PROCEDURES FOR NR-U

Similar to LTE, the initial access procedure for NR-U
include primary and secondary synchronization signals (PSS
and SSS) used by the UE to synchronize and recognize a
network. In addition, there is a PBCH that carries the MIB

alongside the PSS/SSS. In NR-U, the combination of PSS,
SSS, and PBCH is called a synchronization signal (SS)
block; it can also be referred to as the NR-U DRS. This
block is primarily used for synchronization, initial access,
and resource management [108] ([163, Sec. 5.2.4]). Due to
the LBT requirement and channel occupation, the transmis-
sion of SS blocks can be interrupted. One solution to this
problem is to transmit the SS blocks inside the periodically
occurring time window. This has also been employed in LAA
DRS transmissions. According to regulatory requirements in
the 60 GHz band, the OCB has to contain 80% to 100%
of the NCB [160]. However, the SS blocks only occupy a
single portion of the channel, which violates this regulation.
The multiplexing of the SS blocks and data can mitigate this
issue. Other alternatives include replicating the SS blocks in
multiple frequency locations or redesigning the SS blocks
to meet the regulatory demands. Interested readers can also
refer to [34] for a comprehensive survey of NR-U, which
includes a detailed description of existing challenges and
potential solutions.
A high-level standardization timeline of the spectrum shar-

ing methods has been demonstrated in Fig. 31. Furthermore,
a comprehensive comparison of these methods is shown in
Table 17.

D. SUMMARY
5G NR-U in the unlicensed 5 GHz band begins with Release
16. The NR-U lets mobile users use unlicensed bands for
uplink and downlink, supporting 5G new features. As a new
unlicensed, 6 GHz spectrum becomes available in the U.S.
and quickly spreads to other countries, the 5G NR-U stan-
dard is gearing up to support this band next, followed by the
60 GHz millimeter-wave bands, which are being developed
as part of Release 17. The synchronized NR-U allows 5G to
operate at its best. NR-U with synchronized spectrum sharing
benefits all access technologies, such as coordination multi-
points (CoMP), including reduced latency and better fairness.
CoMP can then improve spectral efficiency or reliability
by synchronizing sharing during operation. CoMP sched-
ulers can dynamically adjust between maximum spectral
efficiency and reliability based on specific QoS requirements
of applications with data in transmission buffers during each
schedule period. With the NR-U network, diverse appli-
cations can be accessed, such as mission-critical sensing
and control, video surveillance, augmented or virtual reality
(XR), and voice, each with various demands on throughput,
latency, jitter, and packet loss.

X. PRICING MODELS AND ECONOMIC ISSUES
Spectrum sharing between heterogeneous wireless networks
largely depends technological innovation. In addition, the
implementation of spectrum sharing methods can increase
network efficiency and agility. Spectrum sharing markets
are expected to change wireless economics and give rise to
both predictable and as yet unanticipated implications for
the valuation of spectrum [172]. Here, we consider how the
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TABLE 17. Comparison of spectrum sharing methods.

FIGURE 31. Standardization timeline of spectrum sharing methods.

emergence of spectrum sharing markets and related economic
issues will influence the economics of wireless networks and
technology. For a better understanding of the value of the
spectrum, first we discuss the economic value of the spec-
trum. Second, we discuss the growing demands for spectrum
and the importance of spectrum sharing with economic con-
siderations. Third, we discuss spectrum sharing markets. And
finally we describe a number of spectrum pricing models

in terms of how they are used in industrial projects and
academic works.

A. ESTIMATING SPECTRUM VALUE
Spectrum plays an important role in the success of wireless
technologies. Due to rapid growth and ubiquity of wireless
technologies, emerging new concepts and innovations, like
IoT, V2X communication, and mobile edge communication,
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TABLE 18. A summary of approaches using AI in spectrum sensing.

there has been significant growth in spectrum value. In addi-
tion, ITU in [173] introduced and studied some of the main
factors that have a significant influence on the valuation of
frequency spectrum.

B. WHITE AND GRAY SPACE
Due to the growing need for frequency spectrum, the use
of unused or free capacities is essential. In addition, the
economic benefits of exploiting these capacities are very
encouraging. White space is defined by the FCC as chan-
nels that are unused at a particular time or location. White
space detection is a key component of cognitive radio based
applications and communication networks [174]. In addition,
gray space sharing, in a cognitive-based network, allows a
secondary device to transmit if the signal strength of pri-
mary transmissions is strong enough to tolerate additional
interference from secondary transmissions [175]. By using
the withe space in an V2X communication scenario, the
authors in [176] reveal that V2X networks can achieve
an improvement in performance near optimal results due
to cognitive radios’ ability to hop in and out of unused
spectrum gaps, increasing spectrum efficiency and deliv-
ering broadcast messaging services. Moreover, the authors
in [175] investigate different scenarios of using white space
to improve upload and download rates in the cellular
networks.

C. GROWING DEMAND FOR SPECTRUM
As Cisco reported in [177], by 2023, worldwide 5G devices
and connections will account for more than 10 percent
of mobile devices and connections. In addition, the global
mobile device market is expected to grow from 8.8 bil-
lion devices in 2018 to 13.1 billion devices by 2023–about
1.4 billion of which will be 5G enabled. As a result,
efficient use of the frequency spectrum and spectrum shar-
ing methods are vital for the future of telecommunication
networks.

TABLE 19. The main factors for spectrum pricing [173].

D. SECONDARY MARKETS AND SHARING
An important enabler for spectrum sharing in the future
is the emergence of more robust secondary markets for
trading bundles of spectrum rights. Secondary market trading
allow spectrum resources to be shared across heterogeneous
networks, business models, and use cases. Today, secondary
markets have not yet seriously entered into economic activi-
ties related to spectral sharing markets. If efficient secondary
markets did exist for spectrum, such markets would serve
a number of important functions. First, such markets would
provide a continuously available mechanism for balancing
aggregate spectrum supply and demand over time. In so
doing, they would help ensure that spectrum is continuously
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FIGURE 32. The main spectrum sharing economic model in the literature.

TABLE 20. Leasing agreement on 24 GHz frequency ban for 5G in EU [179].

assigned to its most valuable use. The transaction data pro-
vided by such markets would be useful for estimating the
value of spectrum and a signal to all market participants of
mismatches between supply and demand. The availability
of such market price signals would help promote compe-
tition and enable market participants to better target their
wireless investments and business planning. Spectrum users
would be forced to confront the opportunity cost of using the
spectrum, and the price signals would impose stronger incen-
tives to use spectrum efficiently. Accordingly, each spectrum
sharing method has its own particular characteristics and
requirements.

E. SPECTRUM PRICING MODEL
Pricing models depend on whether they are for industry or
academic applications. Although the basis of these methods
is the same, their implementation and application can be dif-
ferent. Especially in commercial and industrial applications,
organizations or legislative institutions can implement either
method with a unique approach. In this subsection, we eval-
uate industrial and academic approaches to spectrum pricing.
As we can see in Fig. 32, the economic model of spectrum
sharing can be categorized into four classes, namely fixed
pricing, dynamic pricing, auction-based pricing and leasing
agreement. Different pricing methods have been studied in
the literature drawing on various solutions, such as ML-based
algorithms, game theory, and Lyapunov optimization meth-
ods. In [180], [181], [182], the authors studied a spectrum
sharing framework that could include PUs and SUs or MNOs
and infrastructure providers (InPs) by deploying technology

FIGURE 33. 4G final spectrum price on the rise in development country [178].

like DSS. In addition, authors in [183], provide a comprehen-
sive summary in the field of network economic management,
in which the coexistence of PU and SU is examined from an
economic manner. Similarly, in [184], authors under imper-
fect information, provide cooperative spectrum sharing when
SUs’ wireless characteristics are considered private by PUs.
According to contract theory, PU-SU interactions can be
modeled as labor markets. Generally, under the contract the-
ory, employers do not know employees’ private information
until after they are hired, so they must offer them a con-
tract with incomplete information. This problem involves
PUs and SUs as employers and employees, and the contract
consists of combinations of frequency accessing time and
relaying power. Both weakly incomplete and strongly incom-
plete information scenarios are considered in their analysis
of the optimal contract design. As a result, the PU will
optimally hire the most efficient SUs in weakly incomplete
information scenarios, and it will also achieve the same max-
imum utility in complete information scenarios. The PU may
conservatively hire less efficient SUs in the strong incom-
plete information case. An approximate algorithm based on
decompose and compare is further proposed to achieve a con-
tract that is close to optimal. As a result of the sub-optimal
decompose and compare algorithm and the strongly incom-
plete information, the PU’s average utility loss is relatively
small. In contrast to academic applications, pricing models
for industrial applications are more focused on fixed pric-
ing auctions, and leasing agreements. In the following, we
explain the difference between pricing models in industrial
and academic applications in more detail.

1) DYNAMIC PRICING

To the best of our knowledge, there is no practical project
under dynamic pricing. In this part, we evaluate some scien-
tific papers. The reason for this can be the value of significant
investments made in telecommunication networks accord-
ing to their rate of return on investment. Implementing a
variable price-based framework can overshadow the profit
margins of MNOs. In addition, considering the role of other
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TABLE 21. Leasing agreement on 3.5 GHz frequency ban for 5G in EU [179].

network actors such as ISPs or InPs can complicate eco-
nomic conditions. According to these assumption, in this
section, we review some works in the field of dynamic pric-
ing. In [191], the authors proposed an approach for resource
allocation on edge nodes in a multi-access edge computing
(MEC) system model with multitier nodes. Using Bayesian
optimization, MEC was shown to achieve 20–40% higher
performance than pseudo-random optimization, even under
budget constraints. In addition, some works have studied
resource pricing jointly with resource allocation. In this con-
text, the unit price of each of the resources is assumed
as an optimization variable. Moreover, to provide the part-
ners’ profits in the network, such as MNOs, InP, and ISPs,
several works have studied game-based algorithms for sce-
narios such as cooperation and competition. In [192], the
authors propose a spectrum database operator by utilizing
joint pricing and admission control of spectrum resources to
maximize the revenue expectations. Unlike other models, the
proposed model takes into account the stochastic and het-
erogeneous nature of secondary users’ demands as a unique
feature. Under both static and dynamic pricing schemes, the
authors present optimal solutions to the stochastic dynamic
programming problem.
In [185], the authors studied a price-based power alloca-

tion problem in a cellular network with spectrum sharing.
They propose a new problem based on pricing to manage
the interference and optimize resource utilization in macro-
cell and femtocell coexistence. By deploying the Stackelberg
game scenario and considering the macrocell and femto-
cell as the game players, they solved the proposed problem.
Their results showed that spectrum sharing between macro
and femtocells can increase the resource utility and profit
under power constraints. Moreover, applying game-based
methods have been investigated in spectral sharing methods
in works such as [193], [194], [195]. The authors in [195]
examined how to coexist successfully between LTE-U and
Wi-Fi systems. With LTE-U and CA, a cellular network can

provide a certain level of QoS to its users and protect Wi-Fi
access points (WAPs) for a network with multiple opera-
tors. Under the constraints of WAP-LTE-U coexistence and
user QoS, the problem of LTE-U sum-rate maximization is
addressed. This problem is solved by a cooperative Nash
bargaining game (NBG) and a one-sided matching game.
The NBG solves the issue of coexistence between LTE-U
and Wi-Fi systems, while the matching game solves the
issue of resource allocation in LTE-U systems. In [194], the
authors examine the effectiveness of a coexistence mech-
anism between LTE-U and Wi-Fi systems. They aim to
enable cellular networks to use LTE-U with CA to deliver
user-defined QoS while securing WAPs in a dense deploy-
ment environment. User’ QoS and coexistence constraints on
WAP-LTE-U are used to formulate a maximization problem
of LTE-U sum-rates. Nash bargaining is proposed as a solu-
tion to this problem. As a result of this game, LTE-U and
WAPs can share time resources while protecting their Wi-Fi
networks. The authors propose a heuristic algorithm for allo-
cating unlicensed resources among LTE-U users. Compared
to the comparing methods, the proposed method is better
in terms of the percentage of unsatisfied users and per user
achieved rate. Moreover, the proposed method protects Wi-
Fi users much better than basic LBT. In the same vein,
the authors of [193] study the interaction between operators
and its impact on the performance of the Wi-Fi system.
They design an optimization problem with the objective
of maximizing the sum rate of LTE-U users considering
QoS requirements and coexistence problems with WAPs.
The authors tackle the problem jointly with NBG and a
heuristic algorithm.

2) AUCTION-BASED PRICING

This is one of the most common models of pricing for
spectrum sharing where it is significant in real economic
and industrial projects.

1) Industrial Projects: Regulatory organizations hold auc-
tions at different intervals, but the way these auctions are held
is different in different organizations. Despite the existence
of a wide variety of regulatory organizations that are very old
in this field, here, we review some important organizations
and their regulations for auctions.

• Ofcom: Buyers must first apply to participate in the auc-
tion for obtaining a license to use the spectrum bands.
Next, Ofcom examines each application and determines
whether the application should be qualified to partic-
ipate in the award. The identities of qualified bidders
are then made public. After the bidding opens, a num-
ber of rounds follow. Ofcom sets the prices for each
round, and each bidder bids for the amount of spectrum
they are willing to purchase at the price for that round.
Spectrum prices generally increase until the amount of
spectrum available matches demand [196].

• FCC: The FCC is one of the most experienced and
reputable regulatory organizations for auctions. There
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TABLE 22. Summary of works on spectrum pricing for academic applications.

FIGURE 34. Spectrum auction process for Ofcom [197].

are two stages for auctions held by the FCC: pre-auction
and auction. The pre-auction stage can be broken down
into ten smaller phases [198]:
1) Public notice for comments: phase is held

4–6 months prior to the auction. In this phase,
according to the Budget Act of 1997, a public
notice is released to seek comments on auction
procedures, such as activity rules, upfront payment
amounts, and minimum opening bids.

2) Public notice for procedures (3–5 months prior
to auction): Procedures public notice: Potential
participants are informed about the procedures,
terms, and conditions of the auction event in a
public notice. This phase is held approximately
3–5 months prior to auction.

3) Seminar: To introduce potential participants to the
auction rules and process, the FCC offer a free
pre-auction seminar. During the presentation, par-
ticipants are given a chance to ask questions and
demonstrate the bidding software.

4) Short-form application filing deadline: In this
stage, the information of the bidders is collected.
This stage occurs 45 to 60 days before the auction.

5) Public notice for short-form application sta-
tus: After the deadline for filing, the FCC
reviews all short-form applications and deem them
accepted, incomplete, or rejected. This public
notice announces the status of the applications.
Each applicant receives a package containing the
public notice from the FCC. If an application is
incomplete, a letter explaining the reason for the
“incomplete” designation is included. There is also
a contact person at the FCC, in case the applicant
needs more explanation. This stage is held 30–40
days prior to the auction.

6) Upfront payment deadline: In order to partic-
ipate in the auction, bidders must submit a
refundable deposit, which is used to purchase
eligibility (bidding units). Participants pay the
prepayment amount 3 to 4 weeks before the
auction.

7) Short-form application resubmission deadline:
This deadline, which often coincides with the
upfront payment deadline, must be accompanied
by form 175 applications that have been deemed
incomplete.

8) Qualified bidders public notice: The notice
includes the list of qualified bidders, their FCC
registration numbers, and claims for bidding
credit. This public notice may also list the bid-
ding unit eligibility of each bidder, along with
the items that they selected on their FCC form
175 in the case of some auctions. Public notices
also include information about the mock auction,
the auction schedule for the first day, and other
auction-specific details.

9) Qualified bidders registration: In this phase, seven
days prior to the auction, the participants are
sent mail that includes information for logging
into the Integrated Spectrum Auction System
(ISAS).

10) Mock auction: Five days before the auction, the
FCC conducts mock auctions for qualified bidders
to ensure they know how auctions work. During
the mock auction, bidders become familiar with
the process of bidding.
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FIGURE 35. FCC pre-auction process [198].

After completing the pre-auction, the FCC holds the
auction, which is structured as a simultaneous multiple-
round (SMR) auction. Bidding in SMR auctions is
discrete and successive, unlike most other auctions
where the length of each round is announced in advance.
The results of each round are released after the round
closes. When bidders learn about the other bids placed
by other bidders, they can make new bids. As a result,
all bidders will have information about the value of the
licenses, which increases the possibility of the licenses
being awarded to the highest bidders. Bidders can adjust
their bidding strategies between auction rounds. In addi-
tion, the FCC allows package bidding, where introduced
another method for auctions known as package bidding,
where participants can bid on either individual licenses
or groups of licenses. As a result, bidders can benefit
from combining complementary items that may exist
between licenses and avoid losing out on partial licens-
ing. The use of package bidding is generally appropriate
when some bidders have complimentary licenses, and
the complementarities vary among bidders. A pack-
age bidding process produces a good outcome in these
circumstances, since licenses are secured by those bid-
ders who are most able to pay. The FCC’s pre-auction
process is outlined in Fig. 35.

• GSMA: In recent years, the GSMA has published
valuable reports in the field of pricing and spectrum
management. This reports have included reviews of the
situations in different countries. In [199] the GSMA
described different types of auctions and the processes
involved. In this report, the GSMA highlighted the
following points:
1) Mobile services that are affordable and of high

quality should be the number one goal for spec-
trum auctions.

2) Government policies that maximize revenue at the
expense of consumers may cause serious harm.

3) Choosing an auction design should not increase
risk and uncertainty for bidders.

4) Inefficient outcomes can result from wrongly
selected lot sizes or inflexible packages of spec-
trum lots.

To study and address the spectrum pricing challenges
in the Latin America countries, the GSAM in [200]

FIGURE 36. Pre-auction timeline for FCC [198].

provided some suggestions that could help efficient
spectrum pricing and the telecommunication develop-
ment. According to this report, despite the fact that
auctions are viewed as a way to increase state revenue,
this report disproves the claim. Because of high spec-
trum prices can create disincentives for investment in
networks in developing countries. Therefore effective
pricing has a two-way effect on government revenue
and network development.

2) Academical Works: As discussed above, the process of
creating and holding a frequency spectrum auction is a long
process. Yet most academic works assume that the access
time to the spectrum is very short. To support the coex-
istence of rate guaranteed cellular users and massive IoT
devices, the authors in [182] examined the dynamic spec-
trum sharing problem between multiple operators. With the
Stackelberg pricing game, they introduced a wireless spec-
trum provider (WSP) for spectrum trading among mobile
network operators (MNOs). They showed that coexisting
IoT devices and cellular device users under a single MNO
could be ensured with coexisting access rules that honor
QoS for users and prioritize their needs. Stackelberg equi-
librium (SE) solution and its ability to maximize MNO
and WSP payoffs simultaneously are of particular interest
in this study. IEEE 802.22-based WRANs were described
in [201] with regard to the major issues around dynamic
spectrum sharing. The authors showed that WRAN services
provided by IEEE 802.22-based solutions can operate on the
exclusive-use model of dynamic spectrum access where TV
broadcasters grant the WRAN service providers the exclu-
sive right to use spectrum. By modeling spectrum sharing
as a market with multiple buyers and sellers, the authors
applied a sealed-bid double auction model to determine the
number of IEEE 802.22 service bands procured by vendors
as well as their costs. As WRAN service providers pro-
cure TV bands, they compete with each other to charge
WRAN users a fair price for their services. In addition, to
obtain the Nash equilibrium for competitive spectrum bid-
ding and spectrum pricing strategies, the authors developed
non-cooperative games.

3) LEASING AGREEMENT

One of the most important pricing methods and ways of
accessing the frequency spectrum is the leasing method.
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FIGURE 37. Spectrum leasing process for Ofcom [202].

FIGURE 38. Spectrum transform process for Ofcom [202].

During a process, a spectrum holder gives permission to
use its spectrum under certain conditions.
1) Industrial Projects: Here, we review some documents for
leasing agreement.

• Ofcom: To facilitate access to the frequency spectrum,
Ofcom regulates spectrum leasing [202]. They proposed
a framework called “spectrum transfer” that is illustrated
in Fig. 38. There are two primary difference between
spectrum transfer and leasing:

1) Spectrum leasing is an agreement between the
parties that do not require us to issue a new
license. Leaseholders (incoming users) are not
given licenses by Ofcom; rather, they are autho-
rized to use the spectrum based on a lease
agreement with a licensee (lessor). When the lease-
holder does not comply with license terms and
conditions, the lessor may, depending on the cir-
cumstances, act directly against the leaseholder.
Leases will initially be permitted and regulated
by license terms and conditions. Leases can only
be granted if a license contains the necessary terms
and conditions.

2) Spectrum transfer proceeds by the transfer of
license rights and obligations and necessarily
involves the grant of a new license to the transfer.
The transfer may be for all or part of the license
duration. Ofcom refers to the latter as limited time
transfer spectrum.

• FCC: FCC spectrum leasing is part of its secondary
market initiatives aimed at removing regulatory barriers
and opening up spectrum access [203]. In this context,

companies that have an exclusive license for certain
spectrum bands can lease spectrum to third parties using
two different arrangements:

1) spectrum manager leasing: spectrum manager
leases may be entered into by licensees and lessees
provided that (1) the licensee retains de jure con-
trol over its license according to the spectrum
leasing standard or a de facto control over the
leased spectrum exists. The licensee or lessee must
also meet the other requirements for spectrum
manager leases (if necessary) according to the
FCC rules.

2) De facto transfer leasing: Under a de facto transfer
lease, the licensee retains de jure control of the
license and has de facto control over the use of the
leased spectrum, provided the licensee and lessee
also adhere to all other applicable requirements
set forth in the commission’s rules.

In addition, as part of its new rules on spectrum leas-
ing, the FCC made an amendment to allow certain
spectrum leasing applications to be processed in an
immediate manner (as well as license assignments and
transfers). For certain spectrum leasing arrangements,
these changes removed the public comment period
completely.

2) Academical Works: In [204], the authors assumed an
SU selects a set of secondary users to serve as cooperative
relays for a PU, with the PU selecting the secondary users to
serve as the primary users’ cooperative partners. As part of
this agreement, the PU leases a certain amount of SU access
time for their transmissions. In the case of cooperative relays,
the PU decides how much channel access time it will leave
to the SUs (i.e., the selected relays), and the relays decide
their power level. The PU transmits to achieve proportional
access time to a channel. Based on their assumptions, the
PU and SU achieve maximum utility by following rational
and selfish rationality. Since an SU’s utility is a function
of its own transmission rate and the power cost for PU’s
transmission, it will choose a proper power level to meet
the trade off between transmission rate and power cost. To
encourage cooperative relays to employ higher power levels,
the PU will select a proportion of channel access time for
them. The authors showed that the proposed game converges
to a Stackelberg equilibrium when the PU and SUs play
it non-cooperatively. The unique equilibrium point can be
reached by using an iterative updating algorithm.

4) FIXED PRICING MODEL

Regardless of how the spectrum is accessed, in this method
the company or organization operating the frequency spec-
trum pays a fixed amount periodically, such as annually or
monthly.

1) Academical Works: In academic works, authors assume
that the duration time for the payment is much less than
in industrial projects. To meet the dynamic on-demand

506 VOLUME 4, 2023



needs of RAN-slicing under a spectrum sharing scenario, the
authors in [205] studied a spectrum-aware service-oriented
RAN-slicing trading scheme (SSRT). SSRT slices multi-
dimensional resources, including heterogeneous spectrum
(licensed and unlicensed), time, and network infrastruc-
ture (nodes, radios, powers). Based on the cases discussed
in this section, access to the frequency spectrum through
methods other than spectrum sharing can be exceedingly
time-consuming or costly. Hence, the importance of using
spectrum sharing methods is very important.

5) AI-BASED PRICING

The methods introduced so far require a contract between
an incumbent and MNO, where all the features including
frequency band, channel characteristics, transmission rules,
and pricing, are stated. Here, we discuss pricing, which is
another aspect of spectrum sharing, and we review the appli-
cation of AI in it. In various spectrum sharing methods,
the secondary user leases spectrum from the primary user
based on a contract that includes the duration of use, the
required parameters, and the specified price. But managing
the cost of spectrum becomes more complex as the num-
ber of users increases. Also, due to managing the varying
demand levels and the number of networks and applica-
tions, static methods for pricing are not useful. Therefore,
it is possible to use dynamic pricing using artificial intelli-
gence. Because it will be more efficient and more compatible
with new generation networks when they have a high num-
ber of users. AI also facilitates continuous prediction and
can adjust price quickly. Moreover, it is automatic, flexi-
ble, and completely scalable [206]. In [207], the authors
studied the allocation of resources for a computation task
among vehicles and designed a dynamic pricing scheme that
motivated vehicles to contribute computing resources accord-
ing to the price they received. The scheme was formulated
as a sequential decision making problem, which could be
solved with deep reinforcement learning. Reference [208]
proposed a dynamic pricing model to maximize MNO rev-
enue and industrial IoT (IIoT) operators’ economic cost. A
discrete finite Markov decision process (MDP) was used
for the model and a Q-learning algorithm was used to
solve the problem. The optimal strategy for leasing spec-
trum by a virtual network operator was considered in [209].
Spectrum sensing and leasing were used by multiple cogni-
tive virtual network operators (CVNOs) to obtain spectrum
resources from a mobile network operator. The authors aimed
to find an efficient spectrum sensing and leasing strategy for
a CVNO that would maximize its long-term utility. The
problem was formulated as a sequential decision process
that considered the dynamics of user activities and spectrum
prices. The authors solved the problem with a deep rein-
forcement learning algorithm. In [210], the authors studied
a revenue maximization problem for a mobile edge comput-
ing (MEC) system, where an access point was equipped with
an MEC server, which provided a job offloading service for
multiple users while charging them a service fee. The authors

proposed a policy gradient (PG)-based reinforcement learn-
ing algorithm which enabled continuous pricing. Among the
spectrum sharing methods that have been mentioned so far,
LSA, ADEL LSA, eLSA, SAS, and DSS need spectrum pric-
ing (using AI) in their implementation process to manage
a contract between an incumbent and MNO. Nevertheless,
AI can be a game changer for spectrum pricing and has the
potential to create a motivating environment for customers
to invest in spectrum sharing. Considering the importance of
AI-based methods in facilitating and accelerating the growth
and maturity of various technologies, in the next section, we
will examine the applications of AI in various methods and
the related issues of spectrum sharing.

XI. APPLICATION OF AI AND ML IN SPECTRUM
SHARING
6G communication networks will transform societies by pro-
viding wireless connectivity everywhere. Recent advances
in AI have facilitated a wide range of new technolo-
gies. Such innovations and developments are possible with
advanced AI models, large datasets, and high computing
power. Furthermore, the proliferation of IoT devices has
increased the demand for spectrum, leading to compli-
cated radio resource management scenarios. Conventional
optimization methods are incapable of solving these com-
plex sharing scenarios, and AI can play a crucial role in
resolving such issues [211].
AI represents an essential capability for ensuring the effi-

ciency of future wireless communication networks. Current
wireless networks rely heavily on mathematical models that
define the structure of a communication system. Such math-
ematical models often do not represent the exact structure
of the systems accurately. As the mathematical modeling
of such systems become accurate, it becomes increasingly
challenging to analyze the system they represent. Spectrum
sharing covers a range of services and requires synchroniza-
tion and consistency between numerous entities on a large
scale. Network optimization processes, for their part, require
elaborate mathematical solutions that are often inefficient
in terms of computation time and complexity. Also, they
require substantial computational resources [211]. Therefore,
ML algorithms must be deployed and trained at different
levels of the network (i.e., management layer, kernel, and
radio BSs) to address a variety of functions, including radio
interface optimization and network management. The criti-
cal point is that when using any spectrum sharing methods
(i.e., LSA, LAA, SAS, etc.), AI can be adopted in different
parts of the network. For instance, when a secondary user
wants to utilize a primary user’s spectrum, spectrum sensing
is required, which can be done with the help of AI to detect
ongoing transmissions in the medium more efficiently. Also,
when a user’s session ends, AI can be used in the spectrum
sharing system for billing, channel estimation, synchroniza-
tion, and user positioning. This last will be necessary for
a spectrum sharing system, especially with mobility in the
system. Therefore, even if the mentioned spectrum sharing
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FIGURE 39. Taxonomy of spectrum sharing with AI.

methods are used, they may not have their maximum effi-
ciency. Hence, in this section, we discuss the importance
of AI in promoting spectrum sharing methods. We illustrate
taxonomy of spectrum sharing with AI in Fig. 39. In the first
subsection (i.e., spectrum sensing), we investigate how AI
can be integrated into the existing spectrum sharing schemes
by providing a faster and more intelligent medium to sense
channel occupancy. This study is of most interest as spectrum
sensing plays a fundamental role in most spectrum sharing
methods. After pointing out AI’s importance, then, we intro-
duce the existing articles in the literature in which AI has
been used as an enabler to facilitate more accurate spectrum
sharing. Also, in Section X.E5 (i.e, AI-based pricing), the
application of AI for spectrum pricing was explained.

A. SPECTRUM SENSING
One of the critical actions to be taken in spectrum sharing
and cognitive radio networks is the spectrum sensing pro-
cess. However, one of the main challenges in this method
is the data needed to train ML-based models. The first step
would be to either synthesize the data based on some mod-
els for Tx/Rx and the propagation channel or to capture the
data over the air. In either case, however, the data used for
training might not be representative of the actual real-world
scenario. It should be noted that this problem can only be
handled by properly collecting or synthesizing training data
for all possible instances. In [212], the authors developed
a dataset consisting of synthetically generated waveforms
of the incumbent for CBSD band. The goal was to detect
whether the signal was present or absent regardless of its
type. In [213], a novel database-assisted MAC protocol was
presented, which let an incumbent operator share spectrum
with a licensee operator under agreed terms and condi-
tions. Hence, the licensee operator was able to use a portion
of the available spectrum while adhering to the incumbent
operator’s minimum throughput standards.
Assuming proper ML-based spectrum sensing training, in

order to access the spectrum, secondary users must first
be aware of any primary users in the frequency band so
as not interfere with them. In recent years, various meth-
ods have been proposed to measure spectrum usage, each
with its own set of advantages and disadvantages. However,

with the development of AI algorithms, conventional meth-
ods have been replaced by ML and deep learning solutions,
and recently these solutions have been applied in many fields.
The reason can be summed up as follows:

• Better performance with AI, especially when dealing
with complex systems.

• Faster inferences after the trained model is deployed.
• No need to design complex algorithms from scratch;
just need to prepare appropriate training data.

In [164], the authors modeled the spectrum sensing process
as a deep learning classification problem and demonstrated
that their method outperformed the other two conventional
spectrum sensing methods (i.e., maximum-minimum eigen-
value ratio and frequency domain entropy). They further
evaluated their results with colored noise and confirmed that
their method performed better. In [165], the authors proposed
a cooperative spectrum sensing framework for NOMA in
cognitive radio and pointed to a trade-off between sensing
accuracy, training data volume, power allocation, and the
number of secondary users.
The frameworks of centralized and distributed network

architectures based on AI as well as random access and
spectrum sensing for IoT networks with deep reinforcement
learning (DRL) were discussed in [166]. In [167], the com-
bination of spectrum sensing with RL was analyzed in three
categories: energy optimization, joint accuracy and energy
optimization, and throughput optimization. The authors also
showed that throughput optimization generally obtains bet-
ter average sensing accuracy. Spectrum sensing based on
a deep auto-encoder neural network (DAENN) and support
vector machine (SVM) was analyzed in [168]. First, the
auto-encoder neural network was used for automatic fea-
ture learning (i.e., feature extraction), and then SVM was
used for classification. With this method, they achieved up
to 95% spectrum sensing accuracy. In [169], the authors
applied a spatio-temporal system model of cooperative spec-
trum sensing to classify sensed signal and detect primary
users based on a convolutional neural network (CNN). The
authors examined different scenarios depending on how the
primary users were placed and showed that the proposed
model performed well with different level of noise. A long
short-term memory (LSTM)-based network capable of learn-
ing features from the spectrum data drawn from a correlation
between a present and past timestamp to analyze PU activ-
ity statistics was proposed in [170]. The results showed
that the proposed model improved the detection performance
and accuracy at low SNR. The authors in [171] formulated
a spectrum sensing problem in an orthogonal frequency-
division multiplexing (OFDM) system and solved it with
a naive Bayes classifier (NBC). They showed that spec-
trum sensing accuracy is higher than conventional methods
in low SNRs by translating the Bayes error rate into a
spectrum sensing error rate. In [214], the authors presented
a novel deep-learning-based environmental sensing system
for detecting radar signals and determining their spectrum
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occupancy in the CBRS band. The method adapted its com-
putations on the basis of available computing resources to
make real-time decisions.
Among the spectrum sharing methods that have been men-

tioned so far, ADEL LSA, SAS, LTE-U, LAA, MulteFire
and NR-U need spectrum sensing (using AI) in their imple-
mentation process to detect the presence of the PU in the
channel and allocate it to the SU.

B. SPECTRUM SHARING WITH AI AND ML
Several articles have investigated spectrum sharing between
primary and secondary users based on AI in cellular and IoT
networks. Issues investigated include power control, resource
allocation and fair sharing without causing interference for
the primary user. AI is an appropriate solution for this
problem due to the complexity of emerging coexistence sce-
narios involving many potential users with diverse access
technologies and capabilities.
In [215], the authors proposed spectrum sharing between

LTE-U and Wi-Fi on the basis of RL to maximize LTE-
U utilization. They compared the Almost Blank Subframe
allocation (ABS), Markov modulated batch Poisson process
(MMBPP), and RL. They showed that their proposed algo-
rithm performed better than ABS and similarity to MMBPP
without requiring extensive computations, although parame-
ter estimation was needed in MMBPP. A spectrum sharing
network for an IoT environment was considered in [216] on
the basis of deep Q-network. The proposed system was com-
pared with random allocation and allocation based on request.
The authors showed that their proposed system performed
better, especially in an unknown environment. In [217], the
authors proposed a coexisting LTE-LAA system based on a
deep Q-Network. The neural network learned the traffic pat-
tern of the LTE-LAA system to optimize its transmission time.
This showed that LTE could operate on the unlicensed band
without causing a disturbance for Wi-Fi and achieving maxi-
mum spectrum usage. Reference [218] considered a spectrum
sharing system consisting of UAVs and licensed terrestrial
networks, where the UAVs were categorized into two groups:
relaying and sensing. Some UAVs acted as sensors and others
acted as relays, with the UAVs deciding locally which task to
perform. The problem was solved by a distributed reinforce-
ment learning algorithm. In [219], the authors proposed a
reinforcement learning-based subchannel selection technique
where multiple LTE-LAA and Wi-Fi links competed for spec-
trum access in 5 GHz frequency band intelligently. The access
points and eNBs selected the best subchannel based on MAC
protocols and physical layer parameters. A combination of
Q-learning and HARQ for controlling interference between
LTE-LAA and Wi-Fi was considered in [220]. The authors
showed that there was a trade-off in priority between the
LTE-LAA and Wi-Fi accessing the channel based on ACKs
and NACKs received. If the number of ACKs was used for
the reward function, LTE-LAA took precedence over Wi-Fi,
and if the number of NACKs was used for the reward func-
tion, Wi-Fi took precedence over LTE-LAA. In both [221]

and [222], the authors considered a cognitive radio system
consisting of a PU, a SU, and wireless sensors, where the
SU could not sense the spectrum and needed to use the
information of the wireless sensors to adjust its power. The
power control problem was solved by distributed proximal
policy optimization (DPPO), which is an asynchronous actor-
critic (A3C) with adaptive moment (Adam) optimization.
In [223], the authors performed the Category 4 algorithm
introduced by 3GPP with RL techniques in two cooperative
and non-cooperative groups. The proposed learning algorithms
maintained transmission fairness between LTE-LAA and Wi-
Fi and improveed the total throughput performance compared
to the LBT procedure. In the DARPA spectrum collaboration
challenge, the GatorWings team developed a collaborative
intelligent radio network (CIRN) that could independently
sense the entire communication environment, including RF
channel characteristics, to obtain an understanding of the
environment. It was also shown that the CIRN could make
decisions and activate a spectrum sharing strategy which could
optimize a set of given communication targets [224].

XII. SPECTRUM DISCUSSING FOR 6G FUTURE
NETWORK
A new era of 6G technology in the 2030s will bring new
challenges because the current spectrum band allocations
and spectrum management approaches are fragmented in a
way that creates drastically different propagation characteris-
tics [187]. 6G network spectrum discussions have just begun.
Obtaining new spectrum bands to support mobile commu-
nication networks is a global process conducted at the ITU
level through the world radio communication conference
(WRC). In the past decades, accessing new spectrum bands
created rivalry among the holders of spectrum access rights
to the new bands envisioned for mobile communications.
Spectrum sharing, simultaneous wireless information, and
power transfer (SWIPT) are efficient techniques to increase
spectrum and energy efficiency. These techniques were stud-
ied [225] for 6G-enabled cognitive IoT networks. To address
a SWIPT-based problem, the authors proposed a two-phase
scenario. In the first phase, the IoT device transmitter (DT)
in a cognitive IoT network decodes the received RF sig-
nal and harvests energy from it. To avoid interference in
phase two, the signals of the DT and the primary system are
transmitted with orthogonal subcarriers using the harvested
energy. Although frequency bands and multiple access in 6G
include very wide range such as visible light communication
(VLC) to THz wave, the importance of the sub 6 GHz is
very significant because of their propagation features. Also
in this subsection, we focus on the study of the sub 6 GHz
in 6G. In Fig. 40, we illustrate the different spectrum bands
which are intended for 6G.

A. JOINT SENSING AND COMMUNICATION (JSC)
Communication, sensing, control, and computation are all
integrated into the 6G paradigm to support emerging appli-
cations such as autonomous driving, AR/VR, IoT, and smart
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FIGURE 40. Different types of spectrum bands in 6G.

city. JSC aims to unite communication and radar sensing
through the use of the same platform and spectrum, thus
improving resource efficiency and maximizing mutual ben-
efits. A major benefit of the JSC is that the communication
and radar resources are shared, which improves spectrum
efficiency, hardware, energy, and utilization cost [226].

B. LOCAL SPECTRUM LICENSING
In 6G, the complexity of telecommunication systems and
the variety of the provided services increase. Hence, het-
erogeneity in the network increases due to users and mobile
network operators with various accesses. To address the spec-
trum scarcity for new services and users, granting temporary
and local permissions to access the spectrum is very impor-
tant. Hence, in works such as [227], [228], [229], [230], the
authors study economical and technical challenges.

C. DYNAMIC EXPLOITATION OF MILLIMETER WAVE
SPECTRUM AND MID-BAND
Due to the variety of provided services in 6G, ensuring a
minimum data rate and an acceptable level of reliability is
essential, especially, in V2X communication, due to changes
in the radio environment. In addition, due to the mobility of
users and the change occurrence in their location, the use of
hybrid systems that exploit mid bands in the absence of line
of side, and the mm wave in line of side mode can be helpful
and increase the spectral efficiency. Accordingly, in [231],
authors by considering a cellular with the coexistence of
millimeter wave (mm-wave) and sub-6GHz spectrum, the
cellular coverage probability and variance of the delay are
enhanced by 15% and 20%, respectively. In addition, the
authors in [232] provided a novel closed-form expression
for the Laplace Transform of the interference observed by
a mobile user in a hybrid RF and THz radio networks. In
addition, some works study future approaches for the 6G
in the form of coexistence between different technologies
such as Wi Gig in the 60 GHz bands [233] and satellite
communication [234].

D. ECONOMIC ISSUES FOR SPECTRUM SHARING IN 6G
Due to the increasing demand for more use of frequency
bands in 6G, the optimal use of frequency bands can be
challenging. In addition, the multitude of MNOs provid-
ing different services causes conflicts of interest between
them. To provide new services in 6G, it will bear a heavy
financial cost to the MNOs. One of the ways to overcome
economic challenges is to use spectrum sharing methods.
Furthermore, due to the very dynamic changes of the network

and the continuous need for investment for the development
of telecommunication networks, the frequency spectrum pric-
ing process must be appropriate with time. Therefore, the
dynamic pricing method can lead to the improvement of
investment conditions in the development of telecommu-
nication networks. In [235], the authors provide a utility
function for the users and maximize revenue for the MNO
while encouraging users to offload in the unlicensed band in
LAA with considering 6G requirements. This scheme con-
siders fairness for legacy Wi-Fi users operating in the same
channel. Through a Stackelberg game, they investigate the
operator-user interaction. To maximize utility, they derive
a best response function that works for both the operator
and the user under complete information, such as service
contract and usage pattern. In a highly dynamic environ-
ment, it can be difficult to determine the overall knowledge
of a user. As a result, different multi-armed bandit algo-
rithms are used and compared in order to find the most
efficient one. The simulation results provide evidence that
the proposed scheme performs as expected. In addition,
the authors in [184] examine a dynamic pricing model for
the 5G and 6G telecommunications market with incom-
plete competition. Using a multi-period diffusion model, they
investigate network services pricing in 5G and 6G telecom-
munications. It is determined how new telecommunications
technologies influence the market demand, prices, social sur-
plus, and profits of companies. It is analyzed how the new
5G and 6G technologies interact with users, telecommunica-
tion companies, and costs for telecommunication services. In
addition, the equilibrium of the telecommunications indus-
try is considered with free entry and exit on the market.
Since research and development in the telecommunications
industry is influenced by the optimal multi-period path of
their profits, different number of telecommunication compa-
nies is assumed for analysis of research and development
expenditure on 5G and 6G technology services and process
innovation. They demonstrate how 5G and 6G technology
diffusion and research and development are tied together
over time.

E. SPECTRUM SHARING IN NON-TERRESTRIAL
NETWORK (NTN) COMMUNICATION IN 6G
One the most important features which have been envisioned
for 6G is providing non-terrestrial network communication
that can assuring 3D network spanning the space-air-ground.
The wide geographical range as well as the interference
created in the frequency bands of different technologies
are part of the main challenges of managing frequency
resources in 6G. In addition, the use of spectrum sharing
methods can improve the coexistence of different technolo-
gies in 6G. Hence, the authors in [236] by using time
division multiple access (TDMA), examine the selection
of secondary relays based on overlay spectrum sharing in
hybrid satellite–terrestrial sensor networks (HSTSNs), where
both decode-and-forward (DF) and amplify-and-forward
(AF) relay protocols are examined. In addition, the authors
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in [237], present the results of a project aims to provide solu-
tions and enablers for spectrum sharing in multi-connectivity
contexts including 5G cellular networks and satellites. They
provide an exhaustive study of the frequency bands eligible
for these systems in the short and medium term. A geometry-
based stochastic channel model and a ray-tracing-based
stochastic channel model developed in the project are then
presented. Using these models, non-terrestrial or terrestrial
networks can be simulated. Finally, the interference man-
agement are investigated by signal processing, beamforming,
and radio resource management.

XIII. OPEN PROBLEMS AND ISSUES
In this section, we will have a short glimpse into the viable
challenges that linger for each spectrum sharing scheme.
These issues may arise due to the addition of new entities,
required for a spectrum sharing scheme deployment, or due
to the new licensing policies that must be developed for
them. Accordingly, most of these challenges are common
among different sharing methods, which we are trying to
highlight below. No to mention, most of these challenges
should not be considered as major obstacles, since they can
be handled with a well-structured system design.
Most of the expenditures that LSA deployments can

impose on the current cellular systems are due to LR and
LC deployments and the administrative costs associated with
defining new rights and issuing licenses. In addition, as men-
tioned in the earlier sections, once the incumbent reports
to use the band, it is then up to MNO load balancing
algorithms to vacate the current mobile users. Challenges
may occur if a large number of devices are required to be
hand-offed, especially if this is going to happen in a short
period of time. Furthermore, interference management in this
method is static and based on the predefined information in
the LR. There is also the issue of the highly dependent
nature of the LSA framework on the incumbents’ partner-
ship. Participating incumbents must agree to report their
spectrum usage to the LR, and there must be a concerted
effort to influence these incumbents to take part in the shar-
ing process. Besides, there are still some concerns that have
not been addressed in standardization works, issues such as
how much time is needed for proper evacuation of the LSA
licensees from the band, or what happens if there are other
incumbents in the band who are unwilling to share.
Other concerns may also occur in cross-border regions.

Especially, when different NRAs are involved. It may also
happen that the same regulatory rules that are applied in one
region, do not apply to the other region for the same band
and this can cause further dilemmas. One solution would be
to deploy a separate LR entity on each side of the border or
rather establish a common LR and the respective manage-
ment entities to store the spectrum use of the stakeholders
on both sides of the border. Depending on the incumbents’
nature and the countries’ regulations, either solution may be
apropos. Nonetheless, the dynamic nature of incumbents and
LSA licensees brings complexities into the spectrum sharing

process. More sophisticated solutions, such as sensing (sim-
ilar to LAA) need to be incorporated into the LSA concept
in order to facilitate a more reliable dynamic sharing. These
predicaments also apply to the SAS framework. Aside from
SAS’s complexity and intricate implementation, it has not
been specified how mobility management is conducted or
whether there will be any interface between the CBSDs and
the MNOs’ already deployed BSs. In addition, the protocol
for the interaction of SAS and ESC is still under standard-
ization. The current deployment of SAS is only envisioned
for the U.S. and further modifications will be needed for
other regions.
By extending the spectrum sharing methods into the unli-

censed spectrum, MNOs face more restrictions. These bands
are heavily crowded with other RATs, e.g., Wi-Fi users,
and MNOs irrespective of the technology that they are
employing in the unlicensed spectrum (LTE-U, LAA, NR-U),
should not expect to deliver the same rate of QoE as they
used to offer on their dedicated bands. All BSs or devices
aimed at operating in these bands have to employ the LBT
procedure. However, in scenarios related to the NR-U imple-
mentations, as mentioned earlier, hidden node and exposed
node problems emerge due to the beam-based transmissions.
Furthermore, in order to comply with the OCB require-
ments in the 60 GHz band, new SSB design architectures
are required for the case of initial access in NR-U. Also,
to meet the OCB conditions, as was the case in eLAA,
adaptation in NR PRACH preamble formats is also of high
interest. The level of uncertainty that exists in accessing
unlicensed bands also complicates the NR-U paging proce-
dure, which can be tackled by solutions like paging message
repetitions. Another issue that still exists as an open chal-
lenge is the actual placement of LBT in the radio protocol
stack. It can be conceived before or after MAC processing.
With the former, more scheduler flexibility is achieved, and
also the implementation complexity is reduced; however, this
requires using the reservations signals with contributes to the
increased delay levels in the system. With the latter, reser-
vation signals are no longer needed; meaning that the access
delay is significantly reduced, but in terms of LBT fails, it
can run into some problems. Last but not least, improve-
ments in other technologies, e.g., grant-less UL (used in
MulteFire), can also be favorable for NR-U in reducing the
message exchange overhead and the access delay.
Despite the various standards in spectrum sharing, we

still need new standards for some technical issues such as
interference management and mobility management. Because
new economic models, such as inter MNO cooperative
resource sharing and dynamic pricing, are emerging due to
the growing demand for the spectrum.
Finally, due to the increasing demand from 5G cellu-

lar users, one method that can mitigate the problem of
frequency spectrum scarcity is dynamic spectrum sharing.
This can allow MNOs to use DSS as a way of gradually
evolving their networks towards 5G. Meanwhile, according
to what vendors and MNOs have reported, the main way to

VOLUME 4, 2023 511



PARVINI et al.: SPECTRUM SHARING SCHEMES FROM 4G TO 5G AND BEYOND

implement DSS is to upgrade related equipment software.
Accordingly, we can infer that CAPEX is one the main chal-
lenges for MNOs in updating their equipment. In addition,
MNOs need to assess the rate of return on investment to
implement this method given the increasing number of 5G
users over time. Technically, it can be concluded that vendor
lock can hamper the ability of start-up networks that need
DSS. Moreover, DSS implementation needs two of the main
components of the cellular networks (eNB and gNB) to be
synchronized and coordinated. Therefore, the signaling data
resulting from this coordination can affect the performance
of the entire cellular network. By adopting smart method,
with the ability to switch between 5G, 4G or DSS depending
on the traffic characteristics, it can be a very effective way
to solve coexistence problems between technologies.

XIV. CONCLUSION
In this article, we provided a comprehensive survey of exist-
ing spectrum sharing methods both in the licensed and
unlicensed regime for cellular systems with a focus on two
principal aspects: standardization and implementation. We
took a critical look at the standardization activities as well
as the steps required for the efficient design and deployment
of each sharing scheme. It is hoped that this bilateral view
will help to narrow the gap between theory and practice,
since when it comes to real-world implementation, the ven-
dors and telecommunication companies can adopt different
approaches, while referring to the same standard. Although
progress in spectrum sharing shows promise, it is clear
that it can exert severe pressure on incumbents and MNOs
alike. Of course, spectrum sharing involves interference in
system operations when MNOs access shared spectrum.
Furthermore, both incumbent and MNOs need to have a
decent estimation of the potential economic profits, which
means that defining a proper pricing model is of great impor-
tance. In this regard, incentives are needed to encourage both
sides to participate in the sharing process. Even though there
has been a concerted effort in academia and industry to mit-
igate these problems, as the number of requests from MNOs
to cooperate in sharing processes increases, we can anticipate
an inexorable rise in the complexity of sharing frameworks.
In this regard, AI and ML algorithms can bring a lot of
benefits to the table. In this survey, we outlined the recent
progress in the applications of AI methods at various levels
of a sharing process, from intelligent interference manage-
ment systems to effective power control scenarios. We saw
that the full potential of AI has yet to be exploited and that
further studies are needed to evaluate its capacity to facilitate
more complex sharing scenarios.
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