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C h a | Mes$sage

Dear Fellow TCCN Members,

2017 has been druitful year for TCCN. We
have madesignificant progresses on several
frontiers:

1 Establishment of new SIGs (Special
Interest Groups) oremerging and hot
research areas;

1 Reactivationof TCCN Publication and
Recognition Awards;

1 Formalization of TCCN nomination
procedures

Next | will provide more details on each of the
items above.

Establishment of new SIGs (Special Interest
Groups): The scope of cognitive network is
broad, and we have been encouragiolieagues
to establish SIG4o promote specific research
directionswitht he TCds scope.
TCCN already had two SIGSIG onCognitive
Network Securityand SIG on Cognitive &dio
for 5G. In 2017, we established four new SIGs
by excellent technical leaders in the community:

1 SIG on DataDriven Cognitive
Networks: chaired by Prof.Li-Chun
Wang from National Chiao Tung
University.

1 SIG on Al Embedded Cognitive
Networks: chaired ly Prof. Kai Yang
from Tongji University

I SIG onSocial Behavior Driven
Cognitive Radio Networkschaired by
Prof. Li Wang from Beijing University
of Poss and Telecommunications.

1 SIG onCognitive Communications and
Networking in CybePhysical Systems:
chaired by Prof. Xianghui Cao from
Southeast University

| would like to thank all the leaders (Chairs,
Vice-Chairs, Advisors, and Key Members) of the
SIGs for their excellent initiatives and
contributions.

The information of all SIGs can be found at
http://cn.committees.comsoc.org/spedidbrest
groupssigs/ | strongly encourage you to take a
look and join an SIG that matches your research
interests best. It would be a grealatform to
meet new friends anadvance career

http://cn.committees.comsoc.org/
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Reactivation of TCCN Publication and
Recognition Awards TCCN has two awards
established several years back: TCCN
Publication Awardfor those whoare deemed to
have made outstandirigchnical contributios to
TCCN, andTCCN Recognition Awarfibr who is
deemed to have made significant and sustained
contributions to cognitive network community
The awards have been given in 2011 and 2012,
but have not been given for several years since
then. This year, twoveard committees led by
Prof. Geoffrey Li from Georgia institute of
Technology and Prof. Ekram Hossain from
University of Manitoba respectively,evaluated
manyexcellent nominationfom the community
anddecided to givéheawards to
1 Prof. Khaled B. Let&f and Prof. Wei
Zhang as the winners of 2017
IEEETCCN PublicationAward, for
B e f aheifoutstaftliihg contributions to theory
and practice of cognitive radio
technology
1 Prof. lan F. Akyildizas the winner of
2017 IEEETCCN RecognitionAward,
for his pioneering contributions to
spectrum sensing, spectrum sharing
algorithms and communication
protocols for cognitive radio networks
My hearty congratulations tthe winners and
many thanks to the volunteer work by the
committee chairs and members.More
information d the awards can be found at
http://cn.committees.comsoc.org/awards/

Formalization of TCCN nomination
procedures TCCN is responsible for
nominating several important positiongn

ComsSoc, such & ICC/GC Symposium GCo
Chairs and IEEE ComSoc Distinguished
Lecturers. To encourage the maximum
participation from the community we have
streamlinedthe nomination procedure ito two
steps: (1) openrcall-for-nominations from the
entire TCCN community, (2yoting by TCCN
officers to determine the candidates to nominate,
putting special emphasis on the existing and
committed service contributions to TCCN.
would like to thank all nominators and nominees
for your support of TCCN.
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Last but not least, we ardways looking for

more volunteers to actively engage in various

aspects of the TC, including but not limited to

I Organize Special Interest Groups (SIGSs)
(contact: Jianwei Huang, Lingyang Song)

T Organize special issues for the TCCN
Newsletter (contact: WaliBaad)

T Participate in TCCN related standardization
efforts (contact: Oliver Holland)

T Contribute to the publicity efforts of TCCN
(contact: Yue Gao)

i Involve TCCN in ComSoc conference
organization (contract: Lingyang Song)

i Involve TCCN in ComSoc journal spial
issues (contact; Jianwei Huang)

As always, | welcome any suggestions from
TCCN members regarding how to make TC&N
bettercommunity. Please feel free to contact me
at jwhuang@ie.cuhk.edu.hk if you have any
suggestions.

Thanks and best regards,

Jianwei Huang
Chair, IEEECOomSocTCCN

Professor antEEE Fellow

IEEE ComSoc Distinguished Lecturer
Web of Science Highly Cited Researcher
Department of Information Engineering
The Chinese University of Hong Kong
http://jianwei.ie.cuhkedu.hk/

http://cn.committees.comsoc.org/
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Dynamic spectrum access and spectrum sharing
lie at the heart of cognitive radio networks. As
such, developing new multiple access techniques
along with exploiting unconventional frequency
bands are necessary steps needeensure the
wide-scale deployment of cognitive radio
networks. In this regard, this TCCN Newsletter
will delve into two key emerging technologies in
this regard: a) noorthogonal multiple access
(NOMA) and b) Millimeter wave
communications (mmWave). BotNOMA and
mmWave are considered as major components of
emerging 5G networks and, as such, exposing
their challenges and opportunities is essential
order todo so, this secon@sue of the TCN
Newsletter of 2017 will bring together two
feature topics odNOMA and mmWave Within
each feature topic, we review the state of the art
and provide an Huepth exposition of some of
the recent research contributions. For NOMA,
we also provide a position paper from Dr.
Zhiguo Dingdés group
force behind many of the key contributions in
NOMA. In addition to these two feature topics,
we discuss the theme
which has been driving much of the research in
wireless networks, in general, and cognitive
radio networking, in partidar, over the past few
years. Within the @ntext of this theme, we get
expert opinios from Drs. Akbar Sayeedand
Mérouane Debbahalong with two position
papers from the grogpof Dr. Danijela Cabric
and Dr. George K. Karagiannidjsthat expose
variousresarch challenges withithis theme.

That said, we would like to thank our two feature
topic editors: Dr.Daniel Benevides da Costa
from UFC - Brazil and Dr.Omid Semiari, from
Georgia Southern Universityor their efforts in
arranging the paper reviewgpositions papers,
and experbpinion Moreover, we want to thank
all authors and intervieweefor contributing
their significant research works tthe two
feature topicsand sharing with us their useful
experienceand future outlook on the areal
would finally like to acknowledge the grais
support from the TCCN chairDr. Jianwei
Huang and allTCCN officers. As always, if you
have any suggestions, feel free to contact me at:
walids@vt.edu We hope that you enjoy the
material provided here!

http://cn.committees.comsoc.org/
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Walid

Saad
(walids@vt.edl received his Ph.D degree from
the University of Oslo in 2010. Currently, he is

wh o anh%%ociap %I;’éoﬂess r @tethed[}epa(}rpeﬁt gof

(s' 07, M' 10,

Electrical and Comuter Engineering at Virginia
Tech, where he leads the Network Science,
rity. (NetSci\ViS). labpratory,
within t e%rgiglsh@%ﬁ ge%e%%ﬁ%?oﬁp? ﬁis’
research interests include wireless networks,
machine learning, game theory, cybersecurity,
unmanned aerial vehicles, and cyipdysical
systems. Dr. Saad is the recipient of the NSF
CAREER award in 2013, the AFOSR summer
faculty fellowship in 2014, and the Young
Investigator Award from the Office of Naval
Research (ONR) in 2015. He was the aufttwr
author of six conference best paper awards at
WiOpt in 2009, ICIMP in 2010, IEEE WCNC in
2012, IEEE PIMRC in 2015, IEEE
SmartGridComm in 2015, and EuCNC in 2017.
He is the recipient of the 2015 Fred W. Ellersick
Prize from the IEEE Communications Setgi
and of the 2017 IEEE ComSoc Best Young
Professional in Academia award. From 2015
2017, Dr. Saad was named the Stephen O. Lane
Junior Faculty Fellow at Virginia Tech and, in
2017, he was named College of Engineering
Faculty Fellow. He currently serves an editor
for the IEEE Transactions on Wireless
Communications, |IEEE Transactions on
Communications, IEEE Transactions on Mobile
Computing, and IEEE Transactions on
Information Forensics and Security.
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Feature Topic. Non-Orthogonal Multiple Access
(NOMA)
Editor: Daniel Benevidesla Costa

Department of Computer Engineering
Federal University of Ceara (UFC)
SobralCE-Brazil
danielbcosta@ieee.org

1. Introduction

As the latest member of the multiple access (MA)
family, nonorthogonal multiple access (NOMA)
has arisen as a promising MA technique for
being applied not only in the fifth generation (5G)
networks but also in existing and upcoming
wireless systems, owing to its full compatibility
with  other communication technologies.
Different from conventional woitiple access
(OMA), the key idea behind NOMA is to serve
multiple users within the same orthogonal
resource block (time slot, subcarrier, or
spreading code), which provides the possibility
to meet the heterogeneous 5G demands of-ultra
low latency, ultrahigh connectivity, and high
throughput, in addition to result in a spectral
efficiency gain over OMA.

Indeed, the NOMA concept refers to a general
framework in which several recently proposed
MA standards can be viewed as a variation of
NOMA, such as powedomain NOMA, sparse
code multiple access (SCMA), pattern division
multiple access (PDMA), and lattice partition
multiple access (LPMA). In addition, because of
NOMA has shown to be compatible with
conventional OMA, it has been recently
proposed to be imgded in the 3GPP LT
standard, where it was termed as multiuser
superposition coding (MUST). Furthermore,
NOMA was recently included in the next digital
TV standard, where it was referred to as layered
division multiplexing (LDM).

Next, the benefits oNOMA in some emerging
communication scenarios are illustrated, which
will be followed by some discussions related to
the main challenges inherent to its
implementation. Finally, the organization of this
Feature Topic is outlined.

http://cn.committees.comsoc.org/
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2. Benefits of NOMA:

As aforementioned, the combination of NOMA
with some emerging communication
technologies has shown to be promising and has
received great attention by the scientific
community. In particular, cooperative NOMA
arises as a natural choice since in NOMA
systems @me users know the information of the
others (in order to perform successive
interference cancelation (SIC)). Compared to
conventional opportunistic scheduling schemes,
which only serve the users with strong fading
conditions, NOMA strikes a good balance
between system throughput and user fairness.
Specifically, NOMA can serve users with
different channel conditions in a timely manner.
In addition, the application of NOMA in
millimeter wave (mmWave) networks provides
an important tool to support massive
connectivity as well as to cope with the rapidly
growing demands for emerging data services,
such as augment reality and virtual reality. It is
noteworthy that some features of mmWave
propagation (high directional antennas, for
instance) facilitate the cormation of both 5G
technologies. NOMA has also shown promising
for implementation in multiplénput multiple
output (MIMO) systems since the spatial degrees
of freedom enabled by MIMO are crucial for
meeting the performance requirements of 5G
networks. Fuhermore, the benefits of NOMA
for heterogeneous are evident since more users
can be served in a small cell by exploiting the
NOMA principle. Moreover, NOMA can
effectively support massive connectivity and
internet of things (loT) functionality so that its
application in machirgo-machine, ultradense
networks, and massive machine type
communications is highly encouraged. NOMA
has also arisen as an efficient and flexible MA

Vol. 3, No. 2 November 2017
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technique for boosting spectral efficiency in
visible light communication (VLC) sysms
thanks to its specific features.

Overall, the main benefits of NOMA for current
and future wireless networks can be summarized
as follows:

Low latency

High reliability

Massive connectivity

Improved fairness

High throughput.

=A =4 =4 -8 -4

3. Challenges ofNOMA

In order to guarantee that the achievable benefits
predicted by theory can be realized in practice,
NOMA faces some challenges that need to be
carefully addressed before NOMA becomes a
part of 5G in the future. Next, several important

implementation challeges are briefly discussed.

Imperfect channel state information (CSI) is a
key impairment in realizing the performance
gain of NOMA in practice because whether an
error occurs in SIC, all other user information
will likely be decoded erroneously. Another
issue regards to the crdsger optimization.
Practical designs of coding and modulation are
important to realize the performance gain of
NOMA at the physical layer, and it is crucial to
study deeply how to feed these gains from the
physical layer to thedesign of uppelayer
protocols. Furthermore, since a hybrid MA
scheme seems to be very promising in future
wireless networks, it is important to study how to
combine NOMA with other kinds of MA
schemes, including not only the conventional
OMA schemes butlso the newly developed 5G
MA techniques. Another issue is the proposition
of low complexity user pairing/clustering
approaches, which are effective means to reduce
the system complexity since fewer users are
coordinated for the implementation of NOMA. It
is indeed very challenging to determine how best
to dynamically allocate users to a fixed/dynamic
number of clusters with different sizes. Most of
the MIMO NOMA algorithms presented in the
literature have high computational complexity.
Therefore, there isn urgent need for research
activities into complexity reduction.

Overall, the combination of NOMA and

emerging communication technologies is a rich
and promising research area. However, further
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comprehensive studies are needed to develop
practical and dw complexity schemes, in
addition to ensure that the performance gains can
be realized in practice.

4. Organization of this Feature Topic

In the next sections, we present one position
paper and review two representative works on
NOMA. The position papehas been written by

a leading expert in the field, Prof. Zhiguo Ding,
and deals with compatibility feature of NOMA,
examining how it can be used with other
multiple access techniques, advanced physical
layer technologies, as well as other
communication ystems. | take this opportunity
to take Prof. Zhiguo Ding for his precious
contribution to this feature topic.

The first review considers the use of NOMA for
enhancing mmWave multicasting, while the
second review studies powefficient resource
allocationmulticarrier NOMA systems.

Daniel Benevides da Cost§S'04M'08-SM'14)
was born in Fortaleza, CéaBrazil, in 1981. He
received the B.Sc. degree in
Telecommunications from the Military Institute
of Engineering (IME), Rio de Janeiro, Bikin
2003, and the M.Sc. and Ph.D. degrees in
Electrical Engineering, Area:
Telecommunications, from the University of
Campinas, SP, Brazil, in 2006 and 2008,
respectively. His Ph.D thesis was awarded the
Best Ph.D. Thesis in Electrical Engineering by
the Brazilian Ministry of Education (CAPES) at
the 2009 CAPES Thesis Contest. From 2008 to
2009, he was a Postdoctoral Research Fellow
with INRS-EMT, University of Quebec,

Vol. 3, No.2 November2017
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Montreal, QC, Canada. Since 2010, he has been
with theFederal University of Cearahere he is
currently an Assistant Professor.

Prof. da Costa is currently Editor of the IEEE
Communications Surveys and Tutorials, IEEE
Access, IEEE Transactions on Communications,
IEEE Transactions on Vehicular Technology
andEURASIP Journal on Wirelss
Communications and Networkingle has also
served as Associate Technical Editor of HBEE
Communications Magazin&rom 2012 to 2017,
he was Editor of thtEEE Communications
Letters He has served as Guest Editor of several
Journal Special Issues. Heshiaeen involved on
the Organizing Committee of several
conferences. He is currently the Latin American
Chapters Coordinator of the IEEE Vehicular
Technology Society. Also, he acts as a Scientific
Consultant of the National Council of Scientific

7143

and Technalgical Development (CNPq), Brazil
and he is a Productivity Research Fellow of
CNPg.

Prof. da Costa is the recipient of three conference
paper awards. He received the Exemplary
Reviewer Certificate of the IEE®/ireless
Communications Lettetig 2013, the Egmplary
Reviewer Certificate of thEEEE

Communications Letteli@ 2016, the Certificate

of Appreciation of Top Associate Editor for
outstanding contributions to IEEE Tratsions

on Vehicular Technologin 2013, 2015 and

2016, and the Exemplary Editor Avaeof IEEE
Communications Lettelig 2016.He is a
Distinguished Lecturer of the IEEE Vehicular
Technology Society. He is a Senior Member of
IEEE, Member of IEEE Communications

Society and IEEE Vehicular Technology Society.
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Re v i e wWoneOrthogofal Multiple Access for Cooperative Multicast

Mi I Il I meter

Wav e

Wi rel ess

By Z. Zhang, Z. Ma, Y. Xiao, M. Xiao, G. K. Karagiannidis, and P. Fan

Objectivesof the paper

The key objective of the paper is to employ fion
orthogonal miiiple access (NOMA) for
enhancing  milimeter wave (mmWave)
multicasting. From a practical point of view,
multicast mmWave wireless networks can
provide small cells access for a large number of
multicast groups to achieve higipeed and low
latency data #nsmission. In order to overcome
the loss of data transmission rate caused by
orthogonal transmission in multicast mmWave
networks and increase spectrum efficiency, the
application of NOMA in multicast mmWave
networks arises as an interesting researchctopi
and this is the aim of the paper. A cooperative
NOMA multicasting scheme is also proposed
assuming a twadier mmWave heterogeneous
network (HetNet), and several useful insights are
highlighted.

Relevance tahe feature topic

NOMA and mmWave transmissiohave been
identified as essential enabling technologies for
the fifth-generation (5G) wireless networks. Both
technologies are motivated by the spectrum
scarcity and aim to increase the spectrum
efficiency. While mmWave utilizes the
mmWave frequency bandsOMA makes use of
the powerdomain (or codelomain) to serve
multiple users within the same resource block.
The use of NOMA in mmWave networks
consists a promising research topic since NOMA
provides an important tool to support massive
connectivity and he internet of things (IoT)
functionality of 5G. In addition, the boost of
emerging data services will rapidly jeopardize
the gains obtained from using mmWave bands
and the use of NOMA can effectively improve
the spectral efficiency of mmWave transmissions
It is noteworthy that NOMA is well aligned with
the features of mmWave transmission and leads
to substantially improved system throughput.

Major contributions

The major contribution of the paper is to study
the use of NOMA for mmWave multicasting
improve the multicast performance. The paper
has developed some protocols and analysis to
this important design. The system modeling and
performance analysis of mmwWalkiOMA

8/43

multicast are presented by using stochastic
geometry. The impacts of data transmissiate
and power allocation on the sum multicast rates
are investigated by formulating them as
optimizations problems and developing some
new algorithms. Multicasting is further studied
in a twotier mmWave HetNet, in which a
cooperative NOMA multicast is rpposed to
improve the system performance.

Novelty

The application of NOMA in multicast mmWave
networks is the main novelty of this paper. The
analysis is conducted by developing a tractable
model for performance analysis, which had never
been reported ithe technical literature until that
time. Network optimization on multicast rate
transmission rate and NOMA power allocation
are discussed.

Key results

In order to evaluate the performance of the
proposed scenarios, some numerical results are
plotted. The results show that NOMA multicast
can achieve a significant gain (in terms of sum
rates), compared with conventional multicast.
Also, it is shown that the proposed cooperative
NOMA multicast can further improve the
performance of NOMA multicast.

Outlook

The paper investigates the use of NOMA in
multicast mmWave  wireless  networks.
Furthermore, multicasting in a tw@r mmWave
HetNet consisting of one low frequency MBS
tier and one mmWave small cell tier is studied,
in which a cooperative NOMA multicastheme

is proposed.

To provide high qualityof-experience and data
rate for 5G multicast services, mmWave
communications and NOMA are important
enabling technologies. Their joint use can
provide high data rate and lelatency multicast
services, in addin to support massive
connectivity and improved fairness. The
approach developed in the paper as well as the
attained results can be used as a benchmark for
future studies, helping significantly in designing
further practical multicast mmWauwOMA

Vol. 3, No.2 November2017
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wireless networks.

As future works, it would be interesting to
further explore cooperative schemes for
improving the performance of NOMA in
mmWave HetNets.

9/43
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Rev i e w Optimal ReSource Allocation for PowerEfficient MC -

NOMA wi th

| mper fect

Channel

Commun, Sept. 2017
By Z. Wei, D. W. K. Ng, J. Yuan, andM. Wang

Objectives of the paper

The key objective of the paper isdtudy power
efficient resource allocation for multicarrier (MC)
nonorthogonal multiple access (NOMA)
systems. The proposed frameworkakes into
accaint the imperfection of channel state
information at transmitteand quality of service
requirements of use To strike a balance
between system performance and computational
complexity, a suboptimal iterative resource
allocation algorithm based on difference of
convex programming is also proposed.

Relevance tahe feature topic

MC-NOMA is a general framewkrwhere not
only powerdomain NOMA but also sparse code
multiple access (SCMA) and pattern division
multiple access (PDMA) can be included. In
addition, MCGNOMA achieves a favourable
tradeoff between system performance and
complexity. Resource allocatioresign plays a
crucial role in exploiting the potential
performance gain of NOMA systems, especially
for MC-NOMA systems. However, the imperfect
channel state information at transmitter side
(CSIT) may cause a resource allocation
mismatch, which may degrad¢he system
performance. It is interesting and more practical
to design robust resource allocation strategy for
MC-NOMA systems taking into account of CSIT
imperfectness.

Major contributions

The paper considers a downlink MGOMA
system with one base &tm (BS) and M
downlink users, as shown in Fig. 1

User #'s signal

Pawer 74//
q’;’/l}scrm‘s signal

Y

/ AT —

! w:

. .
O Usﬁfnsgg'nal
User 1 u,, ~p decoding

User m @ O SIC of user n's

signal
u, =1 =

decoding

Base station

Fig. 17 Downlink MC-NOMA system where usen
and usem are multiplexed on subcarriér The base
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station transmits two superimposed signals with
different powers. Usem is selected to perform
succesive interference cancellation (SIC).

Themajor contribution of this paper is to study a
powerefficient resource allocation design for
downlink MC-NOMA systems under imperfect
CSIT, where each user imposes its own quality
of service (QoS) requiremerthe joint design of
power allocation, rate allocation, user scheduling,
and SIC decoding policy is formulated as a-on
convex optimization problem to minimize the
total transmit power. An optimal resource
allocation algorithm via the bran@ndbound
apprach is proposed. In addition, a soptimal
iterative resource allocation algorithm is
presented, which is shown to converge to a
closeto-optimal solution rapidly.

Novelty

The main novelty of the paper is to propose the
joint design of power allocatiomate allocation,
user scheduling, and SIC decoding policy for
powerefficient MC-NOMA under imperfect
CSIT.

Key results

In order to evaluate the performance of the
proposed algorithms, some simulation results are
plotted. It is shown that the proposed oexe
allocation schemes enable significant transmit
power saving and are robust against channel
uncertainty via exploiting the heterogeneity of
channel conditions and QoS requirements of
users in MGNOMA systems.

Outlook

The paper studies resource a#iion for power
efficient MG-NOMA systems with imperfect
CSIT. It is shown that the proposed schemes
provide significant transmit power saving than
that of conventional orthogonal multiple access
schemes.

Green radio design has become an important
researh topic in both academia and industry due
to the growing demands of energy consumption
and the arising environmental concerns around
the world. Owing to this fact, powefficient

resource allocation algorithms are important

Vol. 3, No.2 November2017
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tools for alleviating the poweconsumption of
future wireless networks. The algorithms
developed in the paper as well as the attained
results can be used as a benchmark for future
studies, helping significantly in designing further
practical MGNOMA wireless networks.

In the paper, th analysis focuses on twiser
MC-NOMA system. The generalization of the
proposed algorithms to the case of serving
multiple users on each subcarrier arises as an
interesting open problem to be investigated.

11/43
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Position Paper:. On the Compatibility Feature of Non-Orthogonal
Multiple Access
Zhiguo Dingd, Yongxu Zhtj and Yan Cheh
Y ancaster University, UKLoughborough UniversityUK, *HuaweiTechnologies
Shanghai

1. Abstract

Non-orthogonal multiple access (NoMA) has
recently emerged not only as a new design of
multiple access techniques in cellular networks,
but also as a general principle of network
architecture for applications beyond cellular
systems. This gper is to focus on the
compatibility feature of NoMA, and examine
how it can be used with other multiple access
techniques, advanced physical layer technologies,
as well as other communication systems other
than cellular networks.

2. Introduction

Nonorthagonal multiple access (NoMA) has been
recognized as a paradigm shift for the design of
multiple access techniques in future wireless
networks [13]. The essential idea of NOMA is to
encourageradio resourcesharing, which means
that multiple users are sew at the same
frequencyresource block and at the same time
instead of allowing a single user to solely occupy
one blockfor a time as in orthogonal multiple
access (OMA).It is worth pointing out that the
NoMA principle is not new to wireless
communicdions, and itis based on many existing
ideas employing noeorthogonality For example,
the key components of NOMA systems, such as
superposition coding, successive interference
cancellation (SIC) and message passing algorithms,
have been previously usear fmulti-user detection.
However, intentionally mltiplexing differentusers

at the same time/frequency/code/spatiabction
has not been used in the previous generations of
multiple access designs.

This paper is to focus on the compatibility feature
of NoMA, which can be used to partially answer
the following question: why the NoMA concept
can gain huge popularity in the industrial and
academic research community in such a short term.
In particular, we will illustrate the compatibility of
the NoMA principle from three aspects. Firstly,
NoMA is compatible to all the othesrthogonal
multiple access techniques, and hybrid NoMA can
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be implemented in a straightforward manner
without changing the fundamental blocks of other
multiple access schemeghile bringing additional
benefits in improving the muliser network
performance Secondly, NOMA provides a general
network architecture, in which advanced
communication techniques, suchfiexible duplex,
millimeter-wave (mmWave) transmission,
multiple-input mdtiple-output (MIMO), etc., can
be straightforwardly used. Finally, we show that
the NoMA principle is not just applicable to
cellular networks, but also to many other important
communication systems.

3. A New Era of Hybrid Multiple Access

Hybrid multiple access is not new to cellular
networks at all, and it has been employed in
early generations of mobile networks. For
example, GSM relies on the combination of time
division multiple access (TDMA) and frequency
division multiple access (FDMA). Particulg,

the principle of TDMA is used to divide one
GSM frame into 8 time slots, and hence 8 users
can be supported at the same carrier frequency,
which obviously is not sufficient to support a
large number of users and motivates the use of
FDMA in GSM. While in LTE, OFDMA is
applied as another example of OMA where the
time and frequency resources are gridded into
orthogonal lattices and different users are
scheduled on noeaverlapping lattices
exclusively. The future generation wireless
networks are also expeed to continue using
such hybrid multiple access, and NoMA is
envisioned to play an important role due to its
superior compatibility. Particularly, NoMA can
be used to improve spectral efficiency without
any need for altering the fundamental resource
blocks of other multiple access principles, where
the integration of NOMA can be viewed as a
smooth software upgrade.

While the principle of NOMA can be integrated
with other multiple access techniques, there are
various solutions to how such an integratwan
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be done. In this paper, two popular solutions are
introduced.The first type of hybritNoMA s that

the principle of NoMA, spectrum sharing, is
implemented on each orthogonal resource
element individually and separately. If the
orthogonal resourceelement is an OFDM
subcarrierwithin a given time unijtthis type of
hybrid multiple access has also been termed
singletone NOMA. The benefit of singl¢one
NoMA is simple in conceptas well as the
transceiverdesign since the implementation of
NoMA on oneresource elemens independent

to those on the others, i.e., there is no need for
joint NoMA encoding or decoding across
different resource elementsThe most well
known form of singleéone NOMA is power
domain NoMA. Particularly, powedomain
NoMA invites multiple users to share the same
resource elementsimultaneously, where the
power domain is used for multiplexing.g,
superposition coding is used at the downlink
transmitter by allocating different power levels
to users, and SIC is used at the reees to
remove cechannel interference. Cognitive radio
inspired NoOMA (CRNoMA) is another
important form of singldone NOMA. The key
difference between powaomain NoMA and
CR-NoMA is that CRNoMA recognizes the
di fference
(QoS) requirements, i n
channel difference. For example, one of the key
features of future wireless networks is the
heterogeneous traffic pattern, and such diverse
QoS feature becomes more obvious after Internet
of Things (loT) is integrated with cellular

bet we e n iceus e rreqiiremgntsa to i they nunmbér

to singletone NoMA, multi-tone NoMA offers
better reception reliability and throughputs, but
may suffer from increagd designcomplexity at
both transmitter and receiver sidéa another
aspect because of the joint design over multiple
resource elementghe performance of multone
NoMA is further impacted by the way of
resource elements mapping osubcarrier
allocdion, which can also be taken as one
dimension to be optimizedCurrently seeking
the optimal solution for resource allocatiwith
low complexity for multi-tone NoMA has
become an important ongoing research direction.

Despite such increaselksign commxity, multi-
toneNoMA has attracted a lot of attention from
the industry, and many recently proposed
industrial forms of NOMA are based on multi
tone NoMA. For example, uplink sparse code
multiple access (SCMA) is implemented by
asking each user jointlyneodes its messages
sent on multiple subcarriers, and using the
message passing algorithm (MPA) at the base
station for joint decoding. Regular SCMA has a
strict constraint that each user can be allocated
the same number of subcarriers, whereas
irregular LMA as well as pattern division
multiple access (PDMA) use more relaxed
ofs subcarriers
allodated toieacim user. dt is warth pointimge auts 6
that many industrial forms of muitone NoMA

are based on the open loop concept, i.e., Gsers
channel information is not used for subcarrier
allocation. While this open loop approach
reduces the system complexity, the dynamic

nature of usersd channel cond
used, which means that the performance of these

industrial forms of multtone NOMA can be

networks. Compared to powdomain NoMA ,
CR-NoMA offers two advantages. One is that
the principle of NOMA can be still implemented

even i f usersd channel faondieri oinmpraocveedsi my | aerx,pl oi t
since users are ordered accordingly their QoS  channel information.
targe s . The ot her i s that usersbod Qo S

requirements can be strictly guaranteed. 4. Compatibility of NoMA with Other
Advanced Physical Layer Designs
The second type of hybridoMA is to jointly
implement the principle of NOMA across
multiple orthogonal resourcelemens, which is
thus referred as multone NoMA In such multi
tone NoMA, some types of joint coding across
the multiple resource elements can be introduced
to further improve NoMA performanceFor
instance, block based sequence spreading,
scrambling, interleaving, or muitone joint
modulation mapping can be apmali Joint
decoding across multipleesource elementsnd
multiple users is thus needed for the
implementation of multtone NoMA. Compared

Extensive existing studies have demonstrated that
the principle of NOMA is compatible not only to
other types of multiple access, but also to advanced
physical layer techniques to be used in the future
wireless networks. Some of these examples are
provided in the following:

mmWaveNoMA Both mmWave antdNoMA have
been recognizeads key techniques to combateh
spectrum crunch, i.e., there are not sufficient
bandwidth for communications, although the
solutions provided by the two techniques are
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different. A common question from the research
community is why to useNoMA for mmWave
networks when there is plentyf cbandwidth
available at mmWave bandghis question can be
answered by using the following example. In 1990s,
when a movie is stored in a computer by using the
VCD (MPEG1) format, the size of such a file is
around 206600MB. When this was replaced by the
DVD format, the size of a movie file is expanded
to 2-3GB, and the size of a typical BRiay file can

be 20GB. Human become more and more
demanding to the resolution and details, which
means that the amount of information to be sent in
the future wirelessnetworks will also become
larger and larger. Therefore, the gains we get from
mmWave bands can soon hit its ceiling, and how to
efficiently use the bandwidth from the mmWave
bands will become a critical issue, which motivates
the use of NOMA in mmWave ngorks.

Furthermore, existing studies of mmWaNeMA

have revealed that mmWave transmission exhibits
some features which are ideal for the application of
NoMA. For example, users in mmWave networks
can have strongly correlated channels, even if the

multiple users share the same orthogonal resource
unit, where one spatially orthogonal channel is just
anotherexample of such a resouremit. Or in
other words, conventional MIMO allows users to
use the same bandwidth, but tries to create multiple
orthogonal spatial directions todifferentiate
multiple users, whereas NoMAurther supports
multiple users to sharethe same spatially
orthogonal direction

In the context of massive MIMO, there was a
concern about the feasibilty for the
implementation of NoOMA. The rationale behind
this concern is that the quadégradation criterion
reveals that NoMA is not preferbbe i f
channel vectors are orthogonal to each other, but in
massi ve MI MO, usersbd
asymptotically orthogonal. However, some existing
studies have demonstrated that the use of NOMA is
still important to massive MIMO, where the reason

i s t hat user sbod channel
orthogonal in a practical scenario, because of
channel correlation. For example, when
implementing massive MIMO at a base station,
most likely this base station will be amounted at a

antenmas of these users are separated much largertop of a high building, withot many scatters

than half of the signal wavelength. While such
correlation has been conventionally recognized as a
harmful effect, the use of the quakigradation
criterion reveals that this correlation results in an
ideal sitwtion for the application of NoMA.
Another example is hardware impairments and
limitations, e.g., the use of finite resolution analog
beamforming, can also bring the opportunity for
theintegrationof NOMA in mmWave networks.

MIMO-NoMA During the last tw decades, MIMO
has been continuously in the spotlight of the
communication research and industrial activities,
mainly due to its superior spectral efficiency, i.e.,
high data rates can be supported without using
extra spectrum bandwidth but by exploriniget
spatial domain. At a certain stage of the
development of NOMA, there was confusion about
the difference between MIMO and NoMA. The
reason for this confusion is that using MIMO, we

around. As a result, users from one room in this
building can have highly correlated channels,
instead of orthogonal channels. As discussed in the
mmWaveNoMA part, the correlation among
usersd channels does
of NOMA. Moreover, it is very costly to get
accurate channel state information for massive
MIMO scenarios. In the case that the channel state
information is not perfect due to limited feedback
quantization, channel measurement latency, or
user mobility, N&A can help improve the system
performance which will otherwise be degraded
significantly.

Cooperative NOMAThe importance of cooperative
diversity can be easily spotted by the fact that the
paper by Laneman, Tse and Wornell has already
attracted 1200+ citations, probably one of the
most cited papers in the last two decades in
communications. The use of cooperative

can also accommodate multiple users at the same transmission is important to NoMA since users

spectrumat the same timeand hence yield the

same noforthogonality as NoMA. Actually, many

convectional MIMO techniques aim to use the
spatial domain and create spatially orthogonal
channels between users, in order to avoid co
channel interference. Zero forcing and singular
value-decomposition based designs are typical
examples to illustrate this orthogonal principle. On
the other hand, the use of NOMA is to assume that
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with poor channel conditions iturrentNoMA can

potentially suffer some performance loss,
compared to the case with OMA. By using
cooperative NoMA, the reception reliability of
these users can be improved. Most existing designs
of cooperative NOMA can be grouped into two
categories. One category is to employ NoMA users

with strong channel contitbns as relays to help the

other users which is also known as user
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cooperation The benefit of such cooperative
NoMA is that the redundant structure of NoMA
can be efficiently exploited. Particularly, these so
call strong users need to decode the messtme
the users with poor channel conditions in order to
decode their own information, and hence they are
natural relays to help those weak users.

The use of dedicated relays is another important
category of cooperative NoMA. In many
communication scenars, the number of mobile
devices is large, but many of them are not active in
transmitting or receiving. Therefore, these idle

requirement of accurate time alignment between
different transmit points and joint channel state
information for precise beamforming, which

prohibit the boom of CoMP applications in

practical systems.

Without loss of general, take CoMP as an example,
which is to ask multiple base stations to jointly
serve a user which is at the cell boundaries. While
such a design indeed helps the edge user, these
base stations have to serve this user solely for a
given bandwidth and time slot, which reduces the
spectral efficiency since this user has poor

users can be used as relays to help the active usersgconnections to the base stations. After network

and the number of such relays can be quite large in
practice, which is theadvantage of the second

category of cooperative NoOMA. Given the
existence of multiple relays, distributed
beamforming can be designed in order to

efficiently utilize the spatial degrees of freedom
offered by the dedicated relays, but the system
overhead aased by the coordination among the
relays needs to be carefully suppressed, particularly
for the scenario with a large number of relays. A
low-complexity  alternative  to  distributed
beamforming is relay selection, and recent studies
reveal an interesting ¢a that relay selection in
cooperative NOMA can be fundamentally different
to that in conventional cooperative networks. For
example, the mamin criterion which has been
shown optimal in conventional cooperative
networks is no longer optimal in cooperativ
NoMA. This explains why relay selection becomes
a quite popular area in cooperative NoMA.

Network NoMA Network MIMO has recently
received a lot of attention, since the boundaries of
cells are removed and base stations from different
cells are encouragl to cooperate each other. There
have been different forms of network MIM®pm
distributed CoMP to jointly scheduledC-RAN.
While the benefit of the NoMA principle in a
single cell setuphas been well recognizedts
benefit to the multcell scenariossuch as CoMP
and GRAN, has not been fully exploited and
investigated Hence recently, a lot of efforts of the
NoMA research community have been has been
devoted to thoroughly examine the impact of
NoMA on multicell scenarios, and the resulting
novel degns of NOMA can be viewed as special
cases of network NoMA, and these network NoMA
designs clearly demonstrate that it is beneficial to
use the NoMA principle in such network MIMO
scenarios [4]. In particular given its nomn
orthogonal nature, NOMA is expted to improve
the CoMP transmission by relaxing the
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NoMA is used, each base station can serve a near
user while performing CoMP and helping the edge
user. As a result, theverall system throughput as
well as connectivity can be significantly improved.
Advanced power allocation policies can be used to
ensure that those near users are admitted without
sacrificing the performance of the edge user. In the
heterogeneous netwarkthe NoMA principle has
also been shown to be very useful to improve the
spectral efficiency as well as coverage, where not
only more users can be served in each tier but also
the cooperation among different tiers can be
enabled.

5. Integrating NoMA into Systems Beyond
Cellular Communications

The superior compatibility of the NoMA principle
can be also demonstrated by the fact that NOMA
has found a lot of applications beyond cellular
communications, as illustrated in the following:

Wi-Fi Networks While the concept of NoMAhas
been investigatedor cellular systems, it can be
straightforwardly applied to the next generation
Wi-Fi systems. Conventional Wi networks still
rely on orthogonal resource allocation. This leads
to a difficult situation that soenusers cannot be
admitted after all the limited orthogonal resource
blocks are taken by other users. By applying the
NoMA principle, more users can be simultaneously
admitted, which is particularly important for the
deployment of WAFi in crowded areas,ush as
airports or sport stadiums.

VLC SystemsVLC has been recognized as an
efficient method for the last mile connection in
future communication networks. However, one
disadvantage of VLC is that the use of narow
band modulation and nesoherent detgion limits

the number of users which can be supported. As a
result, the NoMA principle is naturally compatible
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to VLC, and its application ensures that VLC can
be used not only for smadicale smart homes, but
also largescale scenarios, such as lectuadis.

TV Broadcasting Digital TV broadcasting is
another important application of NOMA. It is worth
pointing out that the concept of NOMA has already
been included intdhe next generation digital TV
standard(ATSC 3.0, where it is termed Layered
Division Multiplex (LDM). Particularly, a TV
station will integrate several layers of video
streams with different QoS requirements, and this
superposition will be broadcasted to users. Each
user will decode certain layers of the video streams
according to itchannel conditions.

Wireless Caching The key idea of wireless
caching is to proactively push content files to local
caching infrastructure, before they are requested.

As a consequence, users can fetch these files from

their local caching infrastructureyithout being
directly served by the network controller. Existing
studies have demonstrated that the NoMA concept
not only helps to push the content files to local
caching infrastructure timely and reliably, but also
improves the spectral efficiency ofrtent delivery
from the caching infrastructure to the users.

Internet of Things (IoT)One key feature of 10T is
the diverse traffic patterns of [0oT devices.

Particularly, some devices have demanding
bandwidth requirements, e.g., environmental
mentioring cameras deliver higtesolution

images/videos, whereas the others need to be

served with low data rates but timely, e.g., vehicles
receive incident warning messages in intelligent
transportation systems. NoMA can be naturally
applied to handle such dallenging situation, by

integrating devices with heterogeneous QoS
requirements at the same bandwidth. Furthermore,

recent studies have also demonstrated that the

combination of encoding with finite block length
and NoMA can be a promising solution for
swporting 10T as well as ultra reliability and low
latency communications (URLLC)n particular,
for contention based grafree transmission
NoMA is the key solution to enable reliable
communications  while  supporting  massive
connectivity

6. Conclusions
The aim of this paper is to focus on the
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compatibility feature of NoMA. In particular, we
have first examined how NoMA can be combined
with other multiple access techniques. Then the
compatibility between NoMA and various
advanced physical layer techniqudss been
illustrated, and the applications of NoMA to
communication systems beyond cellular networks
have also been discussed.
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1. Introduction

Operating at higlirequency millimeter wave
(mmWave) bands, spanning from 30 GHz to 300
GHz, is seen as a key enabler to address the
capacity demands of the fifth generation (5G)
wireless networks. MmWaveecthnology has
attracted substantial attention during past
decades, mainly due to the availability of large
bandwidth at the mmWave frequency bands as
compared with the strained s6b GHz
frequencies. Once properly deployed, mmWave
technology can provide pmising data rates,
sufficient enough to support many of the
emerging wireless services such as wireless
virtual reality (VR) and Vehicléo-Everything
(V2X) networks.

Today, mmWave technology is deployed under
different wireless local area network (WLAN)
standards, including IEEE 802.11ad, to support
ultra-high-definition video streaming to indoor
wireless devices. In addition, mobile network
operators have initiated channel sounding
measurements and early deployments of
mmWave communications for enhanceubbile
broadband (eMBB) applications.  These
initiatives are coupled with recent advancements
in silicon industry to manufacture lewost
mmWave chips for vast utilization in consumer
devices. As such, it may no longer be ambitious
to view mmWave technolgg as an integral
element of 5G networks.

2. Applications

International Mobile Telecommunicatio($1T)

and the % Generation Partnership Project (3GPP)
have defined different use cases for 5G services,
including: 1) eMBB; 2) Ultrareliable and low
latency communications (URLLC); and 3)
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Massive machingype communications. For
these performance indicators (KPIs), mmWave
technology can play a key role to achieve the
target qualityof-service (QoS) metrics such as
20 Gbps data rate or less than 1 milliseto
latency.

In fact, operating at mmWave frequencies allows
to deploy smalkize antenna arrays with large
number of antenna element both at base stations
and user equipment. Therefore, mualtitenna
communication techniques can be used to
achieve beamfoning gainsi to extend the
communication range, or multiplex multiple
stream of data to different users at the same-time
frequency resource via spatial multiplexing.

Another key advantage of mmWave
communication is that the available spectrum can
be aggessively reused, since directional
transmissions along with susceptibility of
mmWave signals to blockage can substantially
limit the interference across mmWave links.
Furthermore, the large bandwidth can be used for
in-band seHlbackhauling in small cellsto
provide wireless backhaul connectivity and
reduce the cost of small cell deployment in 5G
networks.

Nonetheless, despite these unique features,
several main challenges must be addressed in
order to reap the full benefits of mmWave
technology

3. Challenges

One of main challenges of mmWave technology
is the large path loss at mmWave frequency
bands that mandates directional transmissions to
achieve a reasonable transmission range.
However, directionality of mmWave links
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introduce new challenges such akkafness
(especially in a¢hoc deployments), the need for
performing beantraining, and managing
directional transmissions to multiple users. As
such, mmWave communication will naturally
require more overhead when compared with
omni-directional control cannels at sui6 GHz
frequencies. Such complexity scales with the
number of devices and becomes a limiting factor
specially for massive machivgpe
communications.

Additionally, mmWave signals are highly
susceptible to blockage, because of the poor
capablity to penetrate obstacles which makes
mmWave links intermittent. Therefore, it is
challenging to support the required reliability
and latency in URLLC over the mmWave
frequencies. Finally, the Doppler effect is more
severe at the higlrequency mmWave
frequencies, thus, new radio interface is required
to cope with fast channel variations.

In addition to these limitations that mainly stem
from the characteristics of mmWave signals,
addressing other challenges such as power
consumption and digital/hybricbeamforming
complexity, in particular at the user equipment,
is central for vast proliferation of mmWave
technology in 5G networks. In the subsequent
section, we overview two recently published
research papers that address some of the
aforementioned mmWawhallenges.
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1. Objectives

This work overviews some of the main
challenges for achieving ultlaw latency and
high reliability in millimeter wave (mmWave)
communications. In additiorgifferent potential
solutions are introduced with regard to the
medium access controlMAC) layer design
congestion controschemes and enabling core
network architectures to achieve the target
performance in emerging mmWave cellular
networks.

2. Relevarce to the feature topic
Communications over the highequency
mmWave bands is seen as an attractive solution
to meet the stringent qualityf-service (QoS)
requirement$ 100 Mbps cell edge and 20 Gbps
peak data raté of emerging wireless networks
deternined by the International Mobile
TelecommunicationdMT) 2020.

In addition to wireless services with high data
rate requirements, various emerging applications
will mandate extremely low latency and high
reliability communications. Among these
wireless srvices include immersive virtual
reality, augmented realityelesurgery, and real
time cloud/fog computingthat may necessitate
less than 10 msndto-end (E2E) latencies.
Other emerging use casesich asmission
critical machinetype communicatiofMTC) and
autonomous vehicles will require less than 1 ms
E2Elatency

Meeting these stringent latency constraints
clearly falls beyond the capacity of existing
cellular networks that operate at the congested
sub6 GHz frequencies. Leveraging the large
available spectrum at the mmWave frequencies
can reduce the owtheair latency. Therefore,
mmWave technology is viewed as an attractive
solution, not only to achieve extremely high data
rates, but also to enable delay intolerant
applications.
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3. Contributions and novelty

This work focuses on introducing key challenges
of achieving ultrdow latency and proposing
candidate mmWave solutions. Although
mmWave communications can reduce the
latency at the physical (PHY) layer, a
fundamental paradigm shift from exigin
cellular architectures is needed to achieve the
target E2E performance. To this end, the paper
studies the challenges and potential solutions
within three dimensions, namely: 1) Ldatency
core network architecture; 2) Flexible MAC
layer design; and 3Jongestion control.

The first challenge elaborated in this work is
with regard to the core network architecture in
existing cellular networks which is not suitable
to support lowlatency communications. This
architecture, known athe Evolved Packet Core
(EPC), is characterizedby a small number of
high-capacity, higkreliability network elements
(NEs), such as serving gatewd$GWs), packet
data network gateways (PGWsnd mobility
management entities (MMEs), whictely on
expensive applicatieapecific hardware.These
complex and expensive NEs are located in
geographically dispersed areas, and thus, the
existing core network architecture is highly
centralized. Nonetheless, the paper clarifies why
such a centralized architecture cannot meet the
stringent latency requirements of emerging
wireless services.

Another challenge to achieve the Hatency
communications in mmWave cellular networks
is the need for directional transmissions in both
data and control planes. To date, most
transceivers use analopeamforming which
allows directional transmission to only one user
at the time. Therefore, tirgivision multiple
access (TDMA) is typically considered to
schedule the wusers. However, TDMA is
inefficient scheme to utilize the mmWave
spectral resources, ew if very short frames are
employed. The existing solutions consider the
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decoupling of control and data planes to manage
the control signaling over the ordirectional
transmissions at su® GHz frequencies, while
mmWave spectrum is used to boost theacity

for data transmissions. Despite the importance of
mmWave coexistence with s GHz
communications in cellular network, the paper
argues that decoupling control and data planes
over different frequency bands may not be
necessarily the only solutiom fact, some of the
existing works show that more advanced
transceivers with digital/hybrid beamforming can
manage both control and data communications
over the mmWave frequencies.

The last challenge that has been discussed in this
paper is the latencyssociated with transport
layer. Due to the intermittency of mmwWave links,
the stochastic link quality variatiorisresulting
from different factors such as blockagecan
result in a backlogged data at the downlink
PDCP queue of the base station. Thdigsause
the existing TCP schemes are not fast enough to
adapt the packet transmission rate when
unexpected deep fade (blockage) occurs. Hence,
the backloggedqueue at the BS can result in an
excessive latency

The main contributions of this work are 1)
Suveying main challenges in achieving low
latency communications over the mmWave
frequency bands; and 2) Introducing enabling
techniques to address these challenges. The
paper categorizes the study into three parts,
associated with the core network architee,
multiple access and the MAC layer design, and
the congestion control.

To address the challenges of latency at the core
network, one potential solution that has been
proposed in this work is to bring the NEs closer
to the edge of network by utilizintechniques
from softwaredefined networking (SDN) and
network  functions virtualization (NFV).
Furthermore, content and application servers can
be moved to the edge of the network to further
reduce the overhead and latency in the core
network. The paperlso discusses the potentials
of distributed mobility management across
virtual MMEs to manage the substantial traffic
growth associated with handover in densified
future cellular networks.

At the MAC layer, this paper advocates

orthogonal  frequencdivision  multiplexing
(OFDM)-based systems that features three
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unique property compared with frame structure
in existing cellular networks: 1) Short symbol
periods (in order of few microseconds); 2)
Flexible transmission time interval (TTI); and 3)
low-power digtal beamforming for managing
control signals while using analog beamforming
for data transmissions.

4. Outlook

The mmWavetechnology can be a promising
solution to achieve extremely high data rates and
low latency in cellular communications. Reaping
the pdentials of mmWave technology requires
significant changes at different layers of the
exiting protocol stack. In particular, major
modifications are required to enable 1) flexible
and scalable architecture in the core network to
minimize the latency; 2) éxible MAC layer
designs to achieve scheduling with minimum
latency; and 3) efficient and fast congestion
control algorithms to manage the stochastic and
intermittent nature of the mmWavechannel
Therefore, in addition to the prior art works,
novel solutbns must be introduced at different
levels to guarantee the target E2E latency in
future mmWave cellular networks.
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Re v i e eviceto-Déavice Millimeter Wave Communications:

Interference, Cover age,

Rat e,

Transactions on Wireless Communications)Volume: 15, Issue: 9, Sept.

2016

by Kiran Venugopal, Matthew C. Valenti, and Robert W. Heath, Jr.

1. Objectives

This papers studies the opportunities for
leveraging  millimeter wave (mmWave)
communication, as one of the key enabler for
achieving multiGbps data rates for devite-
device (D2D) communications. This work
provides comprehensive analysis of mmWave
D2D communications, particularly for wearable
devices in indoor environments, such as inside
vehicles or airplane cabin, wherket effect of
blockage by human body can be severe. To this
end, performance analysis has been done using
the framework of stochastic geometry to analyze
key features such as data rate and coverage.

2. Relevanceto the feature topic

Wearable devices, sucts amart watches, are
becoming one of the integral component of
everyday life. These devices collect/generate a
large amount of data (from the human body or
environment) and often require to send this
information to one another or to a cloud.
Therefore, a samless wireless connectivity is
essential to turn many of services offered at
wearable devices into reality.

In  this regard, Ileveraging mmWave
communications is promising due to the
following features: 1) MmWave frequency bands
offer a substantially lamybandwidth that can be
exploited to support the required mu@®bps data
rates in D2D networks; 2) mmWave
communication is suitable for directional
transmissions which can limit the interference,
especially in indoor environments with many
users/wearabledevices; 3) the mmWave RF
components are small in size (due to operating at
high frequency) and can be easily deployed in
wearable devices.

3. Contributions and Novelty
The key challenge to analyze the performance of
the mmWave D2D network is to derivatkable

analytical expressions for the coverage and data
rate, while considering characteristics of
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mmWave communications such as the
directionality, antenna gain pattern, and blockage.
For analytical tractability, existing works
typically assumean infinite number of mobile
devices spread over an infinite area. These
assumptions allowto simplify the analysis

angkEE Fi ni t e

To

(mainly by usingthecCampbel | §@ndt heor em

derive analytical expressions related to the
spatialy averaged system performance. However,
such assunipns may not be applied to an
indoor environment with a finite number of
devices.

Therefore, one of the contributions of this work
is to analyze the performance of the mmWave
D2D network under more realistic assumptions
with finite area and number of tarfering
devices. This papers considers the human body
as the main cause of blockage for mmWave
communication among wearable devices and
under certairmassumptionsderivesthe spatially
averaged coverage amhtarate To model the
blockage inpresence ofhuman bodies in the
network, differentpath loss and fadingnodels
are consideredgdepending on whether a link is
blocked or not.

Comprehensive simulations are then provided to
validate he assumptions and analysis
Simulations includeepeated random @tement

of the usersaccording to the modeled point
process to find the spatial average of the system
performance.

4. Key results

This paper analysis the coverage and data rate of
mmWave D2D networks, particularly for
communication among wearable devices in
presence of human body blockage. In this regard,
the impact of interference and blockage are
analyzed with respect to the network size.
Moreover, the results show that gain and
directivity of the antenna s mlabie rcan
significantly impact the achievablgata rate in
mmWave D2D networks.

As an example, Fig. 1 shows the impact of
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different antenna configurations on the spatially
averaged SINR coverage probability. In Fig. 1,
N; and N denote, respectively, the number of
antenna elements at the transmitiad receiver.
The results in Fig. 1 show that larger, ¥
beneficial to improve the coverage. It is also
interesting to note that the effects of theaNd

N, on the performance is not symmetric.

Y
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Figurel- Effect of antennaanfiguration on the
performance

The simulation results corroborate the analytical
derivations and serve as an initial step in
characterizing the performance of mmWave
D2D networks via a stochastic geometry
famework with a finite space and network size.

5. Outlook

The results presented in this work shows the
capabilities of mmWave communications for
achieving multiGbps data rate in D2D networks
that involve wearable devices. The analytical
derivations provide a tractable framework to
design different systemparameters without
requiring to perform extensive simulations. The
presented results in this work can be extended by
developing a newnodelthat canincorporaé 3D
locations for the devices. In addition, it is
imperative toexplicity model the reflectiors of
the mmWavesignals from the boundaries of the
finite network region.It is also interesting to
extend the blockage model to consider the

shadowing effectbu s er 6 s own body.
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Feat ur e Spdéctumécarcifio
By Daniel Benevidesla Costaand OmidSemiari

Over the last decades, wireless
communications have undoubtedly
undergone an explosive growth with
myriad applications becoming an inevitable
part of human life. In this view, broadband
wireless technologies have enabled
efficient voice and data&communications
and more lately a rather satisfactory mobile
internet access. It is widely known that
such telecommunication services require
the transmission of high information
content and thus high ta rates. For
example, wireless voice and video
applications typically require data rates of
several tens and hundreds million bits per
second (Mbit/s), respectively. According to
the foundations of communication theory,
the data rate at which information can be
wirelessly transmitted is directly related to
the signalto-noiseratio (SNR) of the
corresponding information signal and the
channel bandwidth. As a result, the rapidly
increasing demand for high performance
broadband communications led to the
development of numerous sophisticated
technologies whichra sought to meet the
corresponding data rate requirements.

Nevertheless, these achievements were
mainly accomplished at the expense of
requiring substantially increased bandwidth
(Hz) and energy (joules) resources. As a
result, the corresponding engineer
complexity and financial cost increased
dramatically while a significant scarcity of
the available spectrum resources became a
notable burden. This motivated both
industrial and academic sectors to focus
their efforts in providing meaningful
solutionsto the aforementioned issues.

To date, many enabling techniques have
been proposed to optimize the spectrum
utilization. These approaches follow two
main directions to 1) increase the spectral
efficiency at the available spectrum (typical
below 6 GHz), ad 2) harnessing new
frequency bands at centimeter and
millimeter wave (mmWave) spectrum

23/43

(above 6 GHz). Among the promising
concepts for addressing the spectrum
scarcity below 6 GHz include Multiple
Input Multiple-Output (MIMO)
communications and more redign
massive MIMO, deviceo-device
communications, and dynamic spectrum
sharing schemes. Furthermore, substantial
effort has been done to characterize the
communications over the highequency
mmWave bands to harness the large
available bandwidth (whicham be in order

of multi GHz) to boost the capacity of
wireless networks.

Nonetheless, despite the large body of
research work that has been carried out so
far, spectrum scarcity is still an ongoing
challenge as new wireless servidesuch
as virtual relty and connected
autonomous vehicles are emerging that
impose new stringent qualiyf-service
requirements. As such, supporting the
emerging wireless services may require
novel solutions for: 1) further optimizing
the spectral efficiency at the s6bGHz
frequency bands; 2) enabling mmWave
communications  while  providing a
seamless integration with legacy dhib
GHz wireless systems; 3) providing new
models for enabling closer collaboration
between academia and industry; 4)
advancing the existing theoiel models
and proposing proedf-concept methods
via new experimental research and
development; 5) developing novel
businesgechnical models to enable
flexible and efficient spectrum
utilization/sharing among operators and
vendors.

For this newslettertwo position papers on
the theme "Spectrum Scarcity" are
presented. The first paper, entitled "L-ow
Cost Cognitive RadioAgainst Spectrum
Scarcity" discusses the impact of hardware
impairments in the spectrum sensing
performance of lowcost cognitive radi.
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Both the academia and the industry have
several concerns regarding the limitations
caused by the hardware imperfections and
the selfinterference leakage; especially in
high-data rate systems, and the proposed
study provides good insights for the
techntal literature. The second paper,
entitled "5G Unlicensed Spectrum Access
for Massive Machine Type
Communications Enabled by Distributed
Wideband Spectrum Sensing" presents a
spectrum sensing based approach to enable
massive maching/pe communications
ove fifth-generation new radio (56R)
using unlicensed spectrum access. Some
challenges, requirements, and key design
components for distributed wideband
spectrum sensing are presented and
discussed.Furthermore, an interview is
conducted with Ds. Sayeedand Debbah
two of the key experts in the fieldhom

we asked about present and future research
for addressing the challenge of spectrum
scarcity.

The goal of thetheme on "Spectrum
Scarcity" is to provide an abstract, yet
constructive and coherent ovemief this
timely research trend, especially to
highlight the ongoing and potential
research directions. We hope that this
theme be of interest to the community,
especially for those who are new to this
area of research.

Finally, we would Ilike to take th

opportunity to thank all the contributors to
this theme.
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Posi t i orbG Brigeresed:Spedtrum
Access for Massive Machine Type
Communications Enabled by Distributed
Wideband Spectrum Sensing

Ghaith Hattab and Danijela Cabric
University of Califonia, Los Angeles, USA
ghattab@ucla.eduwanijela@ee.ucla.edu

1. Abstract

This positionpaper presents a spectrum sensing
based approach to enable massive maetyipe
communications over fiftgeneration new radio
(5G-NR) using unlicensed spectrum acces
propose to enhance the cellular network
architecture with a distributed wideband
spectrum sensing system that provides fine
spatial and frequency reuse of spectrum. We
discuss challenges, requiremerasd key design
components for distributed widelhrspectrum
sensing and propose novel algorithmic
framework for its implementation.

2. Introduction

Cellular networks are on the verge of breaking
the traditional wireless access, which is limited
to licensed channels, by exploring spectral
opportunities oer the unlicensed bands sub
6GHz. Indeed, the latest LTE Rel. 13 and Rel. 14
have introduced, respectivellicensedAssisted
Access (LAAandenhanced AA (eLAA) modes
that allow an unlicensed carrier, at 5GHz, to be
aggregated with a licensed one [1].€6k modes
are set to evolve with 5GIR, as 3GPP has
recently approved a study item of 8@R in the
unlicensed spectrum without mandating a
licensed anchor, i.e., a staatbne unlicensed
access [2].
While enhanced mobile broadband is a key
feature of 5GNR, another critical use case is the
native support of a massive number of machines
and sensors also known amssive 10T 3]. The
proposal to use unlicensed spectrum for loT
traffic is not new, e.g., LoRa networkd], but
existing solutions do not use gmtion in
spectrum access. They access fixed narrow
spectrum bands, and rely on spread spectrum
techniques for cexistence, but these do not
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Fig. 1. Connecting a largenumber of machines over

cellular networks requires aggressive reuse of
unlicensed channed.

<----» Unlicensed

scale well when the number of devices is high
[4]. We argue that in order to connect a massive
number of 10T deices over cellular networks,
these networks must aggressively reuse the
unlicensed bands over space and frequemtys
requirement follows because many applications,
e.g., deploying sensors across a city for utility
metering and transportation managemdraye
low-rate requirements [3], and thus instead of
using a 20MHz channel at 5GHz for one device,
the same channel can be divided into carriers,
each of bandwidth, say 180KHz, serving in this
case more than 100 devices. Second, these
sensors transmit abw power, and thus they can
be clustered over space, where each cluster
occupies a small spatial footprint, motivating a
reuse of the same channel across clusters. An
illustrative example of the envisioned cellular
network is shown in Fig. 1. The base wmat(BS)
provides licensed access to UEs and unlicensed
access to loT devices. The BSs dynamically
search for unoccupied unlicensed carriers to
avoid interference from existing access points
(APs), and the same channel can be reused over
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Fig. 2. The cellular network is enhanced by a sensing framework that consists of two key componenss:sensing
assignment scheduler and a wideband distributedensing framework.

space to serve lo¢r loT devices.

3. Challenges of Unlicensed Massive IloT
Communications

The first step to unlicensed access for massive
loT is identifying channels with lower activity to
minimize interference. To this end, spectrum
sensing becomes central to the envisibne
cellular architecture. Indeed, B8R is expected
to continue with the listebeforetalk (LBT)
mechanisms, introduced in LAA, which are
essentially simple sensing algorithms.

There exists a plethora of spectrum sensing
algorithms, and the advantages dimitations of
each have been thoroughly investigated since the
inception of dynamic spectrum access over the
TV white space [5]. However, massive loT
brings distinct challenges due to the large
number of devices and their energynstrained
hardware. Hit, 10T devices transmit at low
power, with a short communication range. Thus,
it is imperative to develop sensing algorithms
with high spatial resolution, to exploit the short
transmission rangeand cluster devices to
aggressively reuse the same charowr space.
Such resolution can be achieved by allowing
spectrum scanner to make a local decision about
the occupancy of a channel. It is well known that
single radio spectrum sensing is unreliable in
fading channels [5]. Using centralized
cooperative semsg, e.g., scanners reporting to a
core network, improves sensing accuracy but
loses the spatial resolutioThis elevates the
need of a truly distributed implementation of the
sensing algorithm, where measurements and
decisions are shared and processeddannes
in local proximity. Second, since the number of
IoT devices is large, and their rate requirements
are low, it is imperative to identify lightly loaded
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unlicensed carriers with fine frequency
resolution, in the order of few tens to hundreds
of KHz, over a wideband spectrum, e.g. 1GHz.
Thus, deploying wideband spectrum scanners at
each BS becomes necessary.

4. Proposed Architecture

To exploit the expected high density of small
cell BSs, e.g., femto cells, in 5G networks, the
proposed architecture esions equipping each
BS with a spectrum scanner to enable fine
spatiatsensing resolution. To improve sensing
reliability, the architecture requires neighboring
BSs to cooperate and share their processed
sensing measurements. However, different from
centalized cooperative processing, e&&hmay
converge to a different decision, depending on
the proximity of incumbent transmitters to each
BS. Fig. 2 illustrates a higlevel overview of the
proposedcognitivecellular network architecture,
which consistsof two key components:l)
sensing assignment scheduler &jdwideband
spatiaspectral distributed sensing.
The sensing assignment scheduler is required to
reduce the sensing burden on ea@8t.
Specifically, it is desired to identify many
spectral opportoities over a 1GHz of spectrum
at 5GHz. Yet, instead of sensirg/ 1 (e.g.
M=5,000) channels at eacBS, the scheduler at
the core network assigns each BS a sd?/o
(e.g. P-100s)channels to sensélowever, each
BS will have missing information about the
remaining M-P channels. Thus, the scheduler
seeks to optimize the subset of sensing channels
under constraints on the accuracy of the sensing
decisions. The second component of the
architecture is the distributed spasipectral
sensing framework, whichequires each BS to
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locally sense the assigned channels, process the
sensing data, and share it with BSs in vicinity for
further distributed processing. The framework
will use the Xn interface, i.e., the standard
interface that connects to 5G BSs [6], fbasng
sensing data and decisions.

The sensing framework aims to overcome the
limitations of the centralized (cooperative) and
non-cooperative sensing frameworks.
Specifically, the centralized one maximizes the
sensing reliability and resolution over drgency,
yet it arrives at a single decision, limiting its
spatial resolution. In contrast, the Ron
cooperative framework maximizes the spatial
resolution as each BS individually makes a
decision, irrespective of other BSs. This,
however, is unreliable irafling channels and can
be costly due to the high sampling and power
requirements needed for the wideband scanner.
Fig. 3. summarizes the main properties of the
different sensing frameworks, highlighting that

A

W

Non-cooperative
(can be unreliable)

Distributed sensing
with shared sensing tasks

Centralized
! <

»

Spectral resolution (Hz)

Spatial resolution (m)

Fig. 3. Distributing the sensing tasks and sensing
measurements locally can provide a better balance
between the spatial and spectral resolutions.

the distributed one aims to balance the trafie
between the spectral resolution and the spatial
resolution. Next, we elaborate on the
component®f the proposed architecture.
4.a) The Sensing Assignment Scheduler

By assigningeach BS to sense a subset of
channels, the sampling burden and sensimg ti
on the spectrum scanner at each BS can be
reduced. Nevertheless, this comes at the expense
of inevitable spectrum sensing gaps over space.
Thus, the objective of the proposed scheduler is
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to minimize these gaps. More formally, the
scheduler seeks to fina sensing assignment that
attains an accurate radiomap for the entire
geographic area across all channels, at each BS,
given that each one merely sensed NP
channels.Here, we define the radiomap as the
aggregate received sigradwer at a given point

in space. To this end, & denote the sensing
assignment matrix with rows corresponding to
BSs and columns corresponding to channels, i.e.,
the (k,m}th enty a;,, = 1 denotes that th&-th

BS is assigned therth channel. Then optimal
scheduler is the one the minimizes the following
cost function:

-

1111111%11129 EEEJ Ek Em QpemX z'_,k,m

st ATl=p & a, {01}

where the first sum is over the set of 2D grid
points, the second sum is over the BSs in the
network, tfe third sum is over all channels, and
i m IS the distance between tivth grid point

and thek-th BS when it senses chanmal The
elements ofp are integers, and therth entry
determines how many BSs sense theth
channel. The proposed integ@ogram is
motivated as follows. The objective function
seeks to find an assignment such that at a desired
i-th location, the sum of the distances squared to
all BSs that sense an-th channel is minimized.
Thus, a BS at théth grid point can still has
information about the radiomap without sensing
the channelFinally, additional constraints can
be introduced to the problem. For instance, the
first constraint in the optimization framework is
designed to update the sensing assignments for
each channelflepending on the spectrum activity
over time, e.g., if the traffic estimator finds
higher activity over channeh then more BSs
can be set to sense that channel to ensure reliable
detection, i.e., higher value of tmeth entry of

the vectomp.

4.b) Distributed Sensing
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Algorithm 1
1: procedure DIFFUSION(S, oy i, [tk m)

2 fori=1— N do

3 Measure Yy, ., ;

4: Estimate dj, ., ; = Bdi mi—1 + (1 — 8)Yem.i

5 Update combination weights . ;

6: Combine . ., ;1 = ZIF.’\-"L," Qg i W i—1

T: Adapt Wk i = Prmi-1 +
2ftgem Yo [iemi — Yiem ikomai—1]

8: end for

9: Stack wy, v = [wp 1N, Wron - wWearN]T

10: Compare wy, v 2 A

11: end procedure

Fig. 4. Proposed diffusionbased sensing algorithm.

Once the sensing assignment is optimized,
each BS locally senses the assigned channels,
and then propagates the processed sensing data
to neighboring cells for further distributed
processing.The proposed distributed algorithm
is based o adaptive diffusiorbased signal
processing that has been shown to be superior to
LMS-like and consensdsased algorithms in
multi-agent networks [7]. The proposed
algorithm is shown in Fig. 4. First, theth BS
computes the energy in its assigned chimne
denoted asYy, Then, it cooperates with its
neighbors to make a decision on the radiomap
over the assigned channels. However, instead of
fusing energy measurements, we propose an
alternative message exchange. In particular, it is
known that the engy detector is not robust in
negative SNR regimes due to noise power
uncertainty. Thus, the framework defines a-BS
specific cost function, i.e., (W m)=E[(dgm T
Wk,mYk,m)z], where dym is a firstorder filter
approximation ofE[Yx.], as shown in Fig. 4
whereb a scaler close but less than one. Then,
the BSs assigned to sense theth channel
cooperate to distributively minimize the global
cost function J(Wm)=7 k J((Wk - This is done in
two steps: the combining step and the adaptation
step. In the former,azh BS shares its estimated
Wi m.i1 With its neighbors and combines it to get
W m i, Where {J(,.} are nonnegative combining
weights given to each neighbor [7]. In the
adaptation stage, the BS processéke
measurements and COMpPU:Sy: i, wherepy mis
the stepsize. Central to this algorithm ian
online clustering mechanisnthat is embedded
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in the algorithm by adapting the combination
weights. In particular, the weighting mechanism
finds similarities between the estimated m ;1
andw, .1, wherea higher weight is given when
these two values are closer to each other. Hence,
as the algorithm progresses, cooperating BSs
become clustered based on the similarities of
their optimal solutions. AfteN iterations,wi m n

is directly usedas a test statistic, instead of
energy measurememt , i.e.,Wimn IS compared
with a predetermined threshok ., to make a
final decision of the availability of themth
channel. Then, the BS shares its sensing results
with neighboring cells and celtts the results of
other channels to obtain a local view the
wideband spectrum. An illustrative example is
given next.

In this example, we consider a dense deployment

y-coord

y-coord

0.5 1
x-coord

(b)

Fig. 5: (a) Radiomap of transmittingincumbents; (b) The
value of Wi m N @and the sensing decision at each BS.

of small cells over a grid, with a small random
perturbation of the grid pointsThe ntersite
distancebetween two BSs is, on average, 200m.
We assume there are 8 incumbents, and they use
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the same unlicensed channel, where they
transmit at a fixed power of 20dBm. The
normalized radiomap is shown in Fig. %
dBm). A subset of BSs thenmiplements the
proposed sensingframework to sense this
channel, where they share the sensing results
using the Xn interface, denoted by solid lines.
Fig. 5b shows the normalized value of the
proposed statistiov,mn at each BS. We also
show the sensinglecision, for a normalized
threshold of 0.68, where 1 denotes that the
channel can be used for massive IoT access. It is
observed that theariations ofwy ,nOver space
capture the variations of the incumbents
radiomap. Also, it is evident that neighlagi
cells arrive at a similar statistig, m, n,and hence
make similar decisions, showing a clustering
mechanism in the proposed algorithm
5. Conclusion

The unlicensed spectrum access over cellular
networks has the potential to connect thousands
of machhes and sensors, protecting legacy UEs
from channel congestion over licensed carriers.
To this end, it is imperative to explore spectral
opportunities at a fine spatial resolution to
aggressively reuse the same channel, and at fine
spectral resolution toomnect a massive humber
of low-rate devices. This requires innovative
sensing assignment schemes as well as
implementing distributive sensing algorithm.
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1. Abstract

The next generation wireless networks are
envisioned to deal with the expected thousand
fold increase in total mobile broadband data and
the hundedfold increase in coretted devices.

In order to proide higher data rates, improved
endto-end performance, low latency, and low
energy consumption at low cost per transmission,
the fifth generation§G) systems are required to
overcome various handiga of current cellar
networks and wireless linksOne of the key
handicaps of 5G systems is the performance
degradation of the communication link, due to
the use of lowcost transceiver in high data rate
Motivated by this in this paper, we discuss the
impact of transceiver frorgnd hardware
imperfections on the spectrum sensing
performance of cognitive radios.

2. Introduction

Radio frequency (RF) wireless spectrum is one
of the most tightly regulated communication
resources. From the early days of wissle
communications, regulatory bodies were
concerned about the interference that will be
caused by different uses of the wireless spectrum.
These concerns lead to tfaoctrine of spectrum
scacityo which assigned each piece of spectrum
with certain bandwdth to specific wireless
systems [1].With the proliferation of wireless
services, in the last couple of decades, in several
countries, most of the available spectrum has
been fully (or almosfully) allocated, which
results in the spectrum scarcity prableOn the
other hand, several studies have revealed that an
important amount of spectrum experience low
utilization (see e.g., [2] and referesdherein).
Therefore, in order to maintain sustainable
development of the wireless communication
industryand narket rethinking of the spectrum
allocation policies is necessary.
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In this context, cognitive radios (CRs) are
envisioned as one of thikeey enablers to deal
with the RF spectrum scarcity issue. CRs are
intelligent  reconfigurable wireless devices
capable of sensing the conditions of the
surrounding RF environment and modifying
their transmission pasnaeters accordingly for
achieving best overall performance without
interfering with other userd\s a result, CR have
recently been adopted in several wireless
communication standards, such as long term
evoluion advanced (LTEA), wireless fidelity
(WIFi-IEEE 802.11), Zigbee (IEEE 802.15.4),
and worldwide interoperability for microwe
access (WIMAXIEEE 802.16) [3

One important taskf CRs is spectrum sengin
i.e., the identification of temporarily vacant
portions of spectrum. Spectrum sensing allows
the exploitation of the undertilized spectrum
hence, it is considered to be the main
countermeasure against the spectrum scarcity
problem. Moreoverit is an essential element in
the operation of CRs. From technological point
of view, in order to enable multiplieequency
band spectrum sensing, radio transceivers need
to be flexible and software -@onfigurable
devices. By definition, flexible radios are
charatterized by the ability to operate over
multiple-frequency bands, and to support
different types of waveforms, as well as various
air interface technologies of curtsn existing
and emerging wireless system$. W this sens,

the terms multimode, multiband, and muli
standard are commonly used. The flexibility of
transceivers is Hine with the software define
radio (SDR) principle, which is consider&nl be
one of the key technologig¢kat enables the use
of CRs [§.

From an economical point of viewthe
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advartages in integrated circuiechndogies and
the adoption of lowcomplexity transceiver
structures, such as the diretmnversion radio
(DCR) architecture, allowed impvements in
mandacturing efficiency and automation that
resulted in reducing the costperdevice.
Moreover, the use of lowomplexity transceiver
structures enable the reduction of the power
corsumption in  batterpowered  devices,
without sacrificing too much performance.
However, these advantages come with a cost in
the devicé& hardware quality.

3. Hardware imperfections in Low-cost CR
devices

In general, the demands for Hitstandards
operation, flexpility in order to deal with the
spectrum scarcity problenand higher data rate,
as well as the constraints of product cost, devic
size, and energy effiency, lead to the use of
simplified radio architectures and leeost radio
electronics §]. In this context, the DCR
architecture provides an tedctive frontend
solution since, as illustrated in Fig. it,requires
neither extamal intermediate frequencyiltérs
nor image rejection fiers [7]. Instead, the
essential image rejection is achieved through
signal processing methods. DC#&chitectures
are low costind can be easily integrated-omip,
which render them excellent caddies for
modern wireless technologies3][ However,
directconversion transceivers are typically
sensitive to fronend related impairments, such
as in-phase (I) and quadrature (Q) imbalance
(IQ1), local oscillator (LO) phase noise and
amplifiers nonlinedties, which are often
inevitable due to components imperfecgoand
manufacturing defectsMotivated by this, this
section is focused on presenting the impact of
hardware imperfections in spectrum sensing.

Digital
baseband
modulator

Amplifiers nonlinearties: Amplifiers nonlinear
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ities cause spurious signals, which play the role
of interference in adjacerthannels Whenthe
amplifier is used simultaneously by a number of
carriers, intermodulation products are generated,
which result to digrtion in the desired signals.
According to Bussgafit theorem, the amplifiers
nortlinearities results to an amplitude/phase
distortion and a nonlinear distortion noise. Fig.
2.b intuitively presents the impact of amplifiers
nonlinearities in spectrum seng. In more detail,
we consider a mukthannel spectrum sensing
scenario in which the CR decides whether the
channel k out of the K channels (in this case K=6)
is occupied. We observe that due to the-non
linearities, the signal power in an occupied
chamel is amplified, i.e., if a channel is busy, the
accuracy of the correct is increased. On the other
hand, if the channel is idle, the nonlinearities
cause a noise power increase; hence, the detector
can falsely decide that the channel is occupied.
As discussed in [9], in order to mitigate the
impact of false detection, due to the impact of
amplifiers nonlinearities, the CR designer should
appropriately adjust the spectrum sensing
threshold.

RF Signal
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Fig. 2: Spectra of the received signal: (a)
before the low noise amplifier (LNA)
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(passband RF signal), (b) after LNA (pass
band RF signal), (c) after downRconversion
(baseband signal), when local oscillatér s
phase noise is considered to be the only

RF imperfection, (d) after down -
conversion (baseband signal), when 1QI is
considered to be the only RF imperfection, (e)
after down-conversion (baseband signal), the
joint effect of LNA nonlinearities, phase noise
and 1QI. In this figure PU stands for the
primary user.

LO Phase noiseNoise is of major concern in
LOs, because introducing even small noise into a
LO leads to dramatic changes in its frequency
spectrum and timing properties. This
phenanenon, peculiar to LOs, is known as phase
noise or timing jitter, and it was identified as one
of the major performanceinhiting factors of
communication systems in severstldies (see
for example [9] and references therein)
Generally, the disturbance ofie amplitude of
the oscillator output is marginal. As a result,
most influence of the oscillator imperfection is
noticeable in random deviation of the frequency
of the oscillator output These frequency
deviations are often modelled as a random excess
phase, and therefore referred to as phase noise.
Phase noise will more and more appear to be a
performance limiting factoespecially in the case

of multi-carrier and multichannel
communications, when lowost
implementations or systems with high carrier
frequencies are consideregince, in thee cases,

it is harder to produce an oscillator with
sufficient stability. As illustrated in Fig.2.c,
phase noise causes adjacent channel interference
in channel k from the channelslkand k+1. As a
result, an idle channel might be identified as
busy, due to the power leakage from a neighbor
occupied channel. As illustrated in Fig. tBjs
phenomenon can significantly limit the spectrum
sensing capabilities of the CR [9], [10]. In more
detail, assuming that the signal to noise ratio
(SNR) for all the K channel is the same, we
observe that, for a fixed SNR, as the 3 dB
bandwidth of the D, b, increases, the
interference from adjacent channel increases, and
the spectrum sensing capabilities of the CR
decreases in comparison with the cespending
capabilities in ideal RF frorgnd case.
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1QI: It stems from the unavoidable amplitude
and phase differences between the physical
analog inphase (I) and quadrature (Q) signal
paths at the upand downconverter of the TX
and RX, respectively. In particular, I1Ql occurs
due to the error in the nominally 9@rror shifter
and the mismatch b&een the amplitudes of the
LO I and Q outputs. This problem arises mainly
due to the finite tolerances of the capacitors and
the resistors used in the implementation of the
analog frat-end componentsAs depicted in Fig.
2.d., in the case of multhannel spectrum
sensing, 1Ql results in  mirrezthannel
interference, which causes an energy reduction
on the occupied channel and a corresponding
energy increase in the idle mirrohannel Fig. 4
numerically quantifies the impact of IQI in the
spectrum sensing capabilities of the CR. Again,
we assume that the SNR in all the K channels is
the same. Fig. 4 indicates that as the level of this
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Fig. 4: ROCs for different values of image
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imperfection increases, i.e., as the image
rejection ratio (IRR) decreases, the interference
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of the mirror channel increases; hence, the
spectrum sensing capability of the lmest CR
decreases.

Joint_impact of RF impairments in spaim
sensingThe RF imperfections result in not only
amplitude/phase distortion, but also neighbor and
mirror interference, as demonstrated intuitively
in Fig2.e. anplifier& nonlinearities cause
ampliti-de/phase distortion and an additive
nonlinear ditortion noise, whereas phase noise
causes interference to the received base band
signal at the kK th channel, due to the received
base band signals at the neighbor chanké&lsl

and k + 1.The joint effects of phase noise and
IQI result in interference to the signal at théhk
channel by the signals at the chann&l4, -k, -
k+1, k1 and k+1 Furthermore, the joint effects
of LNA nonlinearties and IQtesult in additive
distortion noises and mirror channel interference.
Fig2.e. clearly demonstrates that LNA
nonlinearities, 1QI and phase noise results in an
amplitude and phase distortion, as wels
interference to channel k from the chann&ld,

-k, -k+1, k-1 and k+1 plus a distortion noise. If
channel ks busy, the received sigi@aenergy at
channel k is increased, due to the interference of
the neighbor and mirror channels, hence, the
decison will be more accurate. However, if
channel k is idle, the received siganergy at
channel k, due to theterference and the noise,
may be greater than the decision threshold, and
the detector will wrongly decide that the channel
is busy. Consequd, the interference due to
hardware imperfections plays an important role
in the spectrum sensing capabilities; therefore, it
should be quantified and taken into consideration
when selecting the detection threshold.

4. Conclusion

In this paper, we presat the impact of hardware
impairments in the spectrum sensing performance
of low-cost CRs. Both the academia and the
industry have several concerns regarding the
limitations caused by the hardware imperfections
and the selinterference leakage; especialin
high-data rate systems. Therefore, several studies
were focused on quantifying their impact in
spectrum sensing and revealed that RF
imperfections can significantly limit the CR
performance and capability to identify spectrum

3343

holes. On the other handspectrum sensing
solutions that take into account the impact of
hardware imperfections of the @RRF chain has
not yet fully investigated anid a subject for future
researchSuch solutions are expected to drastically
increase the spectrum utilizationdadeal with the
spectrum scarcity issue in a more efficient manner.
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1) Over the past decades, many advanced

technologies and techniquesi such as
MIMO, small cells, deviceto-device

communications, among othersi have

been introduced to increase spectral
efficiency in cellular networks. Which of

these technologies do you think has (or
will have) the greatest impact on
addressing the spectrum scarcity?

AMS: There are two fundamental ways in
which spectral scarcity can be addressed: i)
by making better use of a givdrequency
band (increasing spectral efficiency
bits/s/Hz), and ii) by using additional
frequency bands (increasing bandwidth).
Increasing bandwidth is the most
straightforward approach to addressing
spectrum scarcity, and new technologies
operating in hgher frequency bands (> 6
GHz), including centimetewave (630
GHz), millimeterwave (30300 GHz), and
Terahertz (>300GHz) will facilitate that.
However, several technological challenges
remain in realizing their potential which are
being currently beingursued.

MIMO, small cells, and devict-device
communications fall into the category of
techniques that increase spectral efficiency
through spatial multiplexing and/or spatial
reuse of the spectrum. MIMO was invented
in the mid1990s and is finally beégning to
have impact on spectral efficiency. Massive
MIMO  techniques are poised to
significantly increase spectral efficiency at
sub 6 GHz frequencies through spatial
multiplexing. Small cells and devide-
device communication will further enhance
spectal efficiency.

Operation at higher frequencies, such as
mmWave bands, through the use of narrow
beams, and in conjunction with small cells,
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3) Millimeter

is likely to have to the most significant
impact in terms of both increasing the
available bandwidth and increagispectral
efficiency  through  spatial/lbeamspace
multiplexing. At these high frequencies,
due to the highly directional nature of
propagation, MIMO techniques are
naturally better understood and analyzed in
ibeamspaceo.
beamspace massivBIIMO at mmWave
and higher frequencies has significant
technology challenges that are focus of
intense current attention in industry and
academia.

2) After all of these advancements, is the

ispectrum cruncho sti

AMS: The neaexponential growth in
mobile network traffic that we have been

witnessing in the past decade suggests that

we will continue to need more spectrum and
to utilize the available spectrum more
efficiently. Given the central role of cloud
based computing going forward, Witthe
implicit assumption of ubiquitous and high
rate wireless connectivity to the cloud, the
demands on the available spectrum are only
going to increase. From a physical and
technological perspective, the usable
spectrum is essentially limited. Thus, we
will need to continually innovate to sustain
the wireless communication needs of the
information economy and society.

wave (mmWave)
communication is seen as a cornerstone
technology to boost the capacity of next
generation wireless networks. Cold you
please elaborate how you view the
potential of mmWave technology for
overcoming spectrum scarcity?

AMS: Millimeter-wave wireless is emerging
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as a key technology for achieving multi
Gigabits/s data rates and millisecond latency
requirements in 5G atlular networks and
beyond. The ability of mmWave technology
for alleviating spectrum scarcity and
achieving high data rates rests on two
fundamental  characteristics: i)  the
availability of orders of magnitude larger
bandwidth (on the order of GHz), arijithe
highly directional, quasbptical nature of
communication through narrow beams. Thus,
beamspace (multiuser) MIMO i

significant attenuation over longer links.
Thus, it is likely that to ensure connectivity,
mmWave links will have to be augmented
with secondary links at lower frequencies,
which could also be exploited for control
information to improve network efficiency.

5) Given that ultra-high reliability and low
latency are among key requirements for many

emerging 5G applications, do you see the

spectrum sharing techniques be able to
support these services?

multiplexing data simultaneously through
multiple dynamic beamsi is a key
operational functionality. There has been
tremendous recempirogress in basic research,
technology  development, and pre
commercialization industrial trials that
support the viability of mmWave technology
in alleviating spectrum scarcity and enabling
a new class of highate/low latency use
cases, such as augmentegality and
autonomous vehicles.

AMS: | think spectrum sharing techniques
would play an important role in simultaneously
delivering ultrahigh reliability and low latency.

In particula, low latency will generally require
high bandwidth at the link layer, such as that
enabled by mmWave frequencies. However,
given the challenging propagation characteristics
at mmWave frequencies, especially in mobile
environments, reliability is more clenging and
even connectivity may not be guaranteed in some
extreme cases. In such scenarios, technologies
that share higher and lower frequency bands to
simultaneously satisfy reliability, rate and
latency requirements would be needed. If high
rates (neged for low latency) are to be achieved
at lower frequency bands, this would necessarily
require dynamic spectrum sharing for bandwidth
aggregation over multiple available frequency
bands.

the most
sharing

4) Could you please explain
pertinent spectrum
techniques/scenarios for 5G?

AMS: In sub 6 GHz technologies, dynamic
spectrum sharing will be essential for
efficient utilization of the limited available
spectrum  to support the growing data
requirements. This will be achieved in

conjunction with technigques such as MIMO,
small cells, deviceo-device and
cooperative communications to increase
spectral efficiency. Cloutbased network

6) Do you think that new economic models are
required for 5G networks, on top of the
engineering advancements, to
incentivize/enable operators and vendors to

resource allocation will ab likely play an
important role.

share the spectrum more flexibly?

AMS: | do think that new business models will
evolve for 5G and beyond as operators and
equipment manufactures grapple with the
development and deployment of 5G technology.
For example, it is not clear what would be the
first 5G use case for mmWave that will take
traction. A lot of people think it will be fixed
broadband wireless access (as an alternative to
fiber). However, a busess case has not been
fully developed or demonstrated.

For higher frequencies, such as mmWave
frequencies, needed for high rate and low
latency applications, spectrum sharing with
lower bands could be critical for reliability,

connectivity, and  efficient  network

operation. Tis is due to the fact that

mmWave propagation is predominantly
limited to lineof-sight (LoS) and single

bounce multipath propagation (due to
significant losses incurred in multiple
bounces), and is also more likely to be
blocked by humans and other obgect
compared to lower frequencies. Thus, the
mmW link characteristics and connectivity
can vary dramatically in mobile scenarios.
Heavy rain and snow can also cause

Another important aspect is connecting the
remote, rural and unconnected parts of the US.

With significant investments in the Connect
America Fund, the reach of the fiber backbone

will significantly increase in the coming years.
However, t he Al ast mil eo
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remain a big challenge to address cost effectively,
and would benefit from new business models
developed with collaboration between local and
national service providers and dguent
vendors.

Finally, new models are needed for collaboration
between academia and industry to fully unleash
the innovation in the US workforce. Currenily
primarily due to IP related issue$ this
relationship is suoptimal to put it mildly.

7) Could you please briefly introduce the most
recent research project that you have done for
addressing the challenges related to spectrum
scarcity? (Please explain the key idea and
interesting findings)

AMS: My group has been heavily involved in
the past sveral years in the development of
basic theory, new transceiver architectures, and
prototypes and testbeds for mmWave wireless
technology. In basic theory, building on our
earlier work on modeling and analysis of
multipath MIMO channels, we have pioneered
the concept of beamspace MIMO for system
design and analysis at mmWave and higher
frequencies. The basic beamspace MIMO
framework is being leveraged by our group and
many other researchers for developing new
approaches for beam tracking and management,
beamspace channel estimation, precoding and
receiver processing in multiuser scenarios, and
new applications.

While multi-beam forming and data multiplexing

is a key operational functionality, realizing it in
practice is challenging due to both hardward an
computational constraints. This is because the
size of the antenna arrays needed to overcome
the freespace path loss at mmWave frequencies
is large (100s to 1000s of array elements).
Conventional MIMO architectures based on
digital beamforming are noteésible since a
dedicated transmit/receive RF chain (mixer,
amplifier, filter, ADC/DAC) is needed for each
antenna element. Thus there has been significant
interest in hybrid beamforming architectures that
combine mmWave (analog) beamforming and
low-dimensonal digital processing to manage
complexity. This is feasible due to the expected
sparsity of mmWave channels in beamspace.

The most common and wethown hybrid

architecture uses a phased array for beamforming.
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However, phased array beamforming isited

to a single beam per array, due to the hardware
complexing of the phase shifting network, which
significantly limits the beamspace multiplexing
capability. Leveraging beamspace MIMO theory,
our group has pioneered an alternative hybrid
architecturei called continuous aperture phased
(CAP)XMIMO 17 that uses a lens array for muilti
beamforming. A lens array consists of a
mmWave lens for spatial focusing and an array
of antennas on the focal surface of the lens
different antennas on the focal surfacansmit

or receive beams from corresponding directions.
Importantly, a lens array can excited multiple
simultaneous beams from the same array.

In the last few years, we have successfully
developed CARMIMO prototypes at 10GHz and
28GHz for proofof-concep demonstration.
Building on this success, we are now developing
a stateof-the-art testbed of multiple CARIIMO
nodes, each capable of supporting at least four
beams, and a flexible and reprogrammable
FPGAbased architecture for  baseband
processing to efde realtime experimentation

on the testbed network, spanning the physical
layer, medium access control layer, and the
higher network layers. The testbed also serves as
a stateof-the-art channel sounder for measuring
mmWave propagation characteristics thwi
unprecedented spatial resolution. For example,
our existing 28 GHz
array with a spatial resolution of about 4 degrees.
In contrast, a phased array with over 600
elements (26 in azimuth and elevation) would be
needed to achievedlsame spatial resolution!

8) Beyond your own work, are there any
resources that you would like to recommend,
especially to those who are new in this field
and want to learn more about spectrum
scarcity challenge in 5G networks?

AMS: For mmWave researds it relates to 5G
and beyond, | would recommend getting
involved in the NSFsponsored mmW Research
Coordination Network
(http://mmwrcn.ece.wisc.efluThe mmwW RCN

is part of a new NSF Advanced Wireless
Researchnitiative (see below) and is aimed at
bringing together researchers from academia,
industry, and the federal government to develop
a technology roadmap for mmWave wireless,
and to tackle the critical research and technology
development challenges that det® be address
for realizing the potential of mmWave wireless.
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The RCN is also actively pursuing a cross
disciplinary research agenda spanning hardware
design, communication and signal processing
techniques, networking protocols, and the
development of mtotypes and testbeds. Links to
important resources related to mmWave
technology are also provided on the RCN
webpage, including the 5G webpages of all
major telecom companies, such as Qualcomm,
Samsung, Ericsson, Nokia Bélabs, Verizon,
and AT&T.

In recent years, special issues of several
magazines and journals have been dedicated to to
emerging 5G technologies, including small cells,
massive MIMO, devivdo-device
communications, cooperative communication,
spectrum sharing, and mmWave technology.

IEEE 5G Forum is another useful resource;
http://ieeewf-5g.org/

The National Institute of Standards and
Technology (NIST) is leading a 5G Channel
Modeling and Measurement Alliance, with a
focus on mmWave frequencies
https://www.nist.gov/ctl/5Sanmwavechannel
modelalliance

DARPA spectrum collaboration challenge is a
useful resource for spectrum sharing research
and technology development;
https://spectrumcollaborationchallenge.com/

Finally, NSF launched a new Advanced Wireless
Research initiative in 2016 aimed at tackling
challenges in wireless technology for 5G and
beyond;
https://www.nsf.gov/cise/advancedwireless/

In particular, Platforms for Advanced Wireless
Research (PAWR) is a joint effort between NSF
and a wireless industry consortium that is a key
component of théddvanced Wireless Initiative;
https://www.advancedwireless.orgfhe PAWR
program will fund and facilitate the development
of about four cityscale experimental platforms
for advanced wireless research aedhnology
development. This is a unique and unprecedented
opportunity ~ for  collaboration between
researchers from academia and industry to
unleash the full potential of US innovation in
addressing hard and significant challenges in
wireless technology fasG and beyond.
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9) What are the most important open
problems and future research directions
towards addressing the spectrum scarcity?

AMS: As noted above, spectrum scarcity is an
ongoing challenge that will require sustained
research, innovation, and edhnology
development for: i) more efficient use of the
existing spectrum (below 6 GHz), and ii)
harnessing higher frequency bands (above 6
GHz), including cmWave, mmWave, and THz
frequencies to increase the available bandwidth.

Given the central role ofvireless infrastructure
and connectivity in the information economy,
any and all technologies that have the potential
of impact must be pursued.

New and significant use cases may drive some of
the innovation and open problems.

For example, the area ofitanomous vehicles is
considered by some to
mmWave technology due to the high rate and
low-latency requirements.

Similarly, new communication and spectrum
sharing approaches for networking the billions of
wireless detvércrst
important open problem.

Given that new frequency bands are opening up
as older technologies become obsolete, there is a
case to be
holistic approach for best utilization of the
electromagnetic |trum. This  would
necessarily require a mulicale communication
framework: lower frequencies for longer ranges,
and higher frequencies for shorter ranges. If we
were to design the communication infrastructure
from scratch, given the current state of
technology (and anticipated developments), what
would it look like?

Given the recent advances in quantum
information science, quantum computing, and
guantum communication, the nexus between
classical and quantum communication networks
will become more impdant.

Some other general trends and patterns are
emerging and may be helpful in guiding future
research and development to fully unleash our
innovation potential:
9 The need for crosdisciplinary research;
e.g., across hardware designers, signal
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processors  communication and
information theorists, and networking
researchers.

1 The need for integrated theoretical and
experimental
development.

I The need for new models and closer
collaboration between
academia.

research and

industry and
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1) Over the past decades, many advanced

technologies and techniquesi such as
MIMO, small cells, deviceto-device

communications, among othersi have

been introduced to increase pectral

efficiency in cellular networks. Which of

these technologies do you think has (or
will have) the greatest impact on
addressing the spectrum scarcity?

MD: MIMO has been there for more than
20 years and for several reasons, which
would be too long @ detail here, the
technology was not mature enough. | think
there is no doubt that massive antenna
densification will play a key role in 5G and
spectrum will be traded for space. For me,
Massive MIMO and small cells are just
extreme operating points of éhmassive
antenna densification trend where either all
the antennas are docated or distributed
(with or without coordination). In between,
we can come up with any combination of
antenna configuration depending on the
backhaul capillarity which feeds the
antennas as well as the latency
requirements of the fronthaul. The massive
antenna densification approach (Cloud
RAN, Massive MIMO, Small Cells, etc)
will be for sure the key enabler to achieve
the Mobile Broadband requirement of 5G.

2) After all of these avancements, is the

Aspectrum cruncho sti

MD: The spectrum crunch will always be
there when the coverage issue comes in the
equation. This is for me one of the biggest
challenges (with the latency of 1ms
requirement) of 5G to ensure higlata rate
with good coverage (where the indoor
coverage everywhere at 10 Gbs is even more
difficult). As we know, good coverage
requires low bands which are not available
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3) Millimeter wave

anymore. Already, the actual discussions
around the suBGhz CBand Massive
MIMO scenario show that we need more
spectrum to achieve the target rates.
Unfortunately, going into higher bands
require more huge investments to ensure the
coverage.

(mmWave)
communication is seen as a cornerstone
technology to boost the cagcity of next
generation wireless networks. Could you
please elaborate how you view the
potential of mmWave technology for
overcoming spectrum scarcity?

MD: The most straightforward and realistic
application of Millimeter wave
communication is the WTTX (\Wkeless To
The X, where X can be Home for example)
scenario. In this case, MIMO Beamforming
permits to point the transmission towards the
receiver in a Line Of Sight environment and
provides a real wireless fiber experience. In
other cases, things are rearomplicated and
turn out to be a headache: managing Non
Line Of Sight, mobility or uplink
transmissions are typical examples.

4) Could you please explain the most

pertinent spectrum sharing
techniques/scenarios for 5G?

MD: Wheh 5@ wilt stamt,c neanynoperai
will still have LTE bands running and would
like to have a starting 5G network using
those LTE bands. | think that any
technology that could provide a-existence
of 5G NR within the LTE bands (without
ANY interference) will be welcome.
Without spectrm sharing, this has already
started in 5G where we are now deploying a
5G NonStand Alone network, using the
core network 6LTE.
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