IEEE COMMUNICATIONS SURVEYS & TUTORIALS (DRAFT) 1

Dynamic Spectrum Sharing in 5G Wireless
Networks with Full-Duplex Technology:

Recent Advances and Research Challenges

Shree Krishna Sharm&Jember, IEEE Tadilo Endeshaw Bogalélember, IEEE
Long Bao Le,Senior Member, IEEESymeon ChatzinotaSenior Member, |IEEE
Xianbin Wang,Fellow, IEEE Bjorn OtterstenFellow, IEEE

Abstract

Full-Duplex (FD) wireless technology enables a radio tasrait and receive on the same frequency
band at the same time, and it is considered to be one of theidsdedtechnologies for the fifth
generation (5G) of wireless communications due to its ag@es including potential doubling of
the capacity, reduced end-to-end and feedback delayspumgrnetwork secrecy and efficiency, and
increased spectrum utilization efficiency. However, on¢hef main challenges of the FD technology is
the mitigation of strong Self-Interference (Sl). Recentattes in different SI cancellation techniques
such as antenna cancellation, analog cancellation andaldicancellation methods have led to the
feasibility of using FD technology in different wireless pdigations. Among potential applications,
one important application area is Dynamic Spectrum ShafgS) in wireless systems particularly
5G networks, where FD can provide several advantages argibpibies such as Concurrent Sensing
and Transmission (CST), Concurrent Transmission and Riece(CTR), improved sensing efficiency

and secondary throughput, and the mitigation of the hidéeminal problem. In this direction, first,
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starting with a detailed overview of FD-enabled DSS, we mleva comprehensive survey of recent
advances in this domain. We then highlight several potetgzhniques for enabling FD operation in
DSS wireless systems. Subsequently, we propose a novel goitetion framework to enable CST in
DSS systems by employing a power control-based Sl mitigagtheme and carry out the throughput
performance analysis of this proposed framework. Finally,discuss some open research issues and
future directions with the objective of stimulating futuresearch efforts in the emerging FD-enabled

DSS wireless systems.

Index Terms

Dynamic spectrum access, 5G Wireless, Full-duplex, Spectharing, Cognitive radio, Self-

interference mitigation.

I. INTRODUCTION

In order to deal with the rapidly expanding market of wiresldsoadband and multimedia
users, and high data-rate applications, the next generafiavireless networks, i.e., fifth gen-
eration (5G) envisions to provide)00 times increased capacityp)-100 times higher data-rate
and to supportl0-100 times higher number of connected devices as compared toutlent
4G wireless networks [2]. However, the main limitation in eting these requirements comes
from the unavailability of usable frequency resources eduly spectrum fragmentation and
the current fixed allocation policy. In this context, one lahallenge in meeting the capacity
demands of 5G and beyond wireless systems is the develomhenitable technologies which
can address this spectrum scarcity problem [3]. Two pakmiays to address this problem
are the exploitation of additional usable spectrum in higirequency bands and the effective
utilization of the currently available spectrum.

Due to scarcity of radio spectrum in the conventional mi@esvbands, i.e.< 6 GHz, the
trend is towards moving to millimeter wave (mmWave) frequies, i.e., betweed0 GHz and
300 GHz, since these bands provide much wider bandwidths theutréditional cellular bands
in the microwave range, and also enable the use of highlgtitireal antenna arrays to provide
large antenna directivity and gain [4, 5]. In this directitimere are several recent research works
examining the usage of mmWave for cellular communicati@gr®][. With the help of statistical

models derived from real-world channel measurement88atHz and73 GHz, it has been



demonstrated that the capacity of cellular networks basethese derived models can provide
an order of magnitude higher capacity than that of the cticehular systems [4]

Another promising solution to address the problem of spettscarcity is to enhance the
utilization of available radio frequency bands by emplgydynamic Spectrum Sharing (DSS)
mechanisms [10-13]This solution is motivated by the fact that a significant amtoof li-
censed radio spectrum remains under-utilized in the dpatich temporal domains, and thus it
aims to address the paradox between the spectrum shortaganaer-utilization. Moreover,
recent advances in software defined radio, advanced dmitakessing techniques and wideband
transceivers have led to the feasibility of this solution dayhancing the utilization of radio

frequencies in a very flexible and adaptive manner.

A. Motivation

In contrast to the static allocation policy in current wags networks, spectrum utilization in
5G wireless networks can be significantly improved by inooating cooperation/coordination
and cognition among various entities of the network. In tleéigard, several spectrum sharing
mechanisms such as Carrier Aggregation (CA) and Channel Bon@@&g [11], Licensed
Assisted Access (LAA) [14], Licensed Shared Access (LSA) &pectrum Access System (SAS)
[15] have been studied in the literature with the objectivmaking the effective utilization of the
available spectrum. The CA technique aims to aggregate praultion-contiguous and contiguous
carriers across different bands while CB techniques caneggtg adjacent channels to increase
the transmission bandwidth, mainly within/across the agrlsed band2(4 GHz and5 GHz)
[11]. Besides, the LAA approach performs CA across the licgérss®l unlicensed carriers and
aims to enable the operation of Long Term Evolution (LTE)egsin the unlicensed spectrum by
employing various mechanisms such as listen-before-taltopol and dynamic carrier selection
[14]. Moreover, the LSA approach is based on a centralizéabdae created based on the priori
usage information provided by the licensed users. Therdifiee between LSA and SAS lies in
the way that SAS is designed mainly to work with the licensedrsi which may not be able to
provide prior information to the central database [15].

In addition, other spectrum sharing schemes such as spedtading, leasing, mobility
and harvesting have been studied in order to enhance dpetficeency as well as energy

efficiency of future wireless networks [10]. Moreover, Saite Defined Networking (SDN)-



based approach can be applied to manage the spectral ampestudynamically based on
the distributed inputs reported from heterogeneous nodesGonetworks [16]. Besides the
aforementioned coordination-based spectrum sharingisofy another promising approach is
Cognitive Radio (CR) technology, which aims to enhance spectitilimation dynamically either
with the opportunistic spectrum access, i.e., interweavevith spectrum sharing based on
interference avoidance, i.e., underlay paradigms [12, Wih the first approach, Secondary
Users (SUs) opportunistically access the licensed spacailocated to Primary Users (PUs) by
exploiting spectral holes in several domains such as tineguency, space and polarization [12,
17]. Whereas, the second approach aims to enable the opesatiwo or more wireless systems
over the same spectrum while providing sufficient level aftection to the existing PUs [12].

The level of spectrum utilization achieved by DSS technsqoan be further enhanced by
employing Full-Duplex (FD) communication technology. In contrast to the conventidoeief
that a radio node can only operate in a Half-Duplex (HD) modetlee same radio channel
because of the Self-Interference (SI), it has been recehtiwn that the FD technology is feasible
and it can be a promising candidate for 5G wireless [18, I9jeneral, an FD system can provide
several advantages such as potential doubling of the systpacity, reducing end-end/feedback
delays, increasing network efficiency and spectrum utibraefficiency [19]. Besides, recent
advances in different S| cancellation techniques such &saa cancellation, analog cancellation
and digital cancellation methods [19-21] have led to thesibelity of using FD technology
in various wireless applications. However, due to inevé@apractical imperfections and the
limitations of the employed Sl mitigation schemes, the affef residual Sl on the system
performance is a crucial aspect to be considered while pacating FD technology.

Towards enhancing the sensing efficiency and throughputsafcandary system while pro-
tecting primary systems, several transmission stratelgge® been proposed in the literature.
In this context, a sensing-throughput tradeoff for the étd Sensing and Transmission (PST)
based approach in an HD CR, in which the total frame durationviget into two slots (one
slot dedicated for sensing the presence of Primary Users)(Bd the second slot reserved for

secondary data transmission) has been studied in sevdiataiions [22—24]. This tradeoff has

Throughout this paper, by the term full-duplex, we mean in-band fuflaly i.e., a terminal is able to receive and transmit

simultaneously over the same frequency band.



resulted from the fact that longer sensing duration ackidatter sensing performance at the
expense of reduced data transmission time (i.e., lowemskaey throughput). On the other hand,
an FD transmission strategy such as Listen And Talk (LAT) §£8, which enables Concurrent
Sensing and Transmission (CST) at the CR node, can overconpetfoemance limit due to the
HD sensing-throughput tradeoff. In addition to this, the piihciple can enable the Concurrent
Transmission and Reception (CTR) in underlay DSS systemsidmrrdbard, this paper focuses
on the application of FD technology in DSS wireless systems.

Recently, applications of FD technology in DSS systems hageived significant attention
[25, 27, 28]. Authors in [25] have presented the applicattmenarios with FD-enabled CR
and highlighted key open research directions consideriDgCR as an important enabler for
enhancing the spectrum usage in future wireless networkweker, the main problem with the
FD-CR is that sensing performance of the FD-CR degrades dueet@ftect of the residual
Sl. One way of mitigating the effect of residual SI on the segmgperformance of a CR node
is to employ a suitable power control mechanism. In this exintexisting contributions have
considered CST method [25] in which the CR node needs to coitsrdlansmission power
over the entire frame duration. However, this results inagyethroughput tradeoff which arises
due to the fact that the employed power control results inrdduction of the SI effect on
the sensing efficiency but the secondary throughput is éithifThis subsequently results in a
power-throughput tradeoff problem for an FD-CR node [25, 26]this regard, it is important

to find suitable techniques to address this tradeoff problem

B. Related work

In this subsection, we provide a brief overview of the ergtsurvey works in three main
domains related to this paper, namely, dynamic spectrumnghdG wireless networks and full
duplex communications. Also, we present the classificatibtihe existing references related to
these domains into different sub-topics in Table I.

Several survey papers exist in the literature in the comtéxtynamic spectrum sharing and
spectral coexistence covering a wide range of areas sucheat'sm occupancy modeling and
measurements [29, 30], interweave DSS [31, 32, 34], und@&BS [35-37], overlay DSS [38],
MAC protocols for DSS [39], spectrum decision [43], spectrassignment [44], security for DSS
[40], learning for DSS [41, 42], DSS under practical impeti@ns [13], licensed spectrum sharing



TABLE |
CLASSIFICATION OF SURVEY WORKS IN THE AREA OF DYNAMIC SPECTRM SHARING, 5G NETWORKS AND

FULL-DUPLEX COMMUNICATIONS.

Main domain Sub-topics References
Spectrum occupancy modeling and measurements[29, 30]
Interweave DSS [31-34]
Underlay DSS [35-37]
Overlay DSS [38]
MAC protocols for DSS [39]
Dynamic spectrum sharing | DSS under practical imperfections [13]
Security for DSS [40]
Learning for DSS [41,42]
Spectrum decision and assignment [43,44]
Licensed spectrum sharing [45]
Coexistence of LTE and WiFi [46]
Overview, challenges and research directions [21]
S| cancellation techniques [19,21]
Full duplex communications FD relaying [47]
Physical layer perspective [48]
FD cognitive radio [25]
MAC layer perspective [48, 49]
5G overview, architecture and enabling technologief0-53]
Energy-efficient 5G network [53,54]
Massive MIMO system [7,55-57]
5G wireless networks mmWave communication [7,8,58]
Non-Orthogonal Multiple Access (NOMA) [59, 60]
Cellular and Heterogeneous Networks (HetNets) | [61-63]
loT, M2M and D2D [64-67]

techniques [45], and the coexistence of LTE and WiFi [46}tke@rmore, the contribution in [37]
provided a comprehensive review of radio resource allonakchniques for efficient spectrum
sharing based on different design techniques such as tisgiem power-based versus SINR-
based, and centralized versus distributed method, anldefuprovided various requirements for
the efficient resource allocation techniques.

In the context of 5G wireless networks, authors in [50] pded a detailed survey on 5G
cellular network architecture and described some of thergimg 5G technologies including
massive MIMO, ultra-dense networks, DSS and mmWave. Furtbee, the contribution in [51]
provided a tutorial overview of 5G research activities,ldgment challenges and standardization
trials. Another survey article [52] provided a compreheaseview of existing radio interference
and resource management schemes for 5G radio access retammkclassified the existing
schemes in terms of radio interference, energy efficiendyspectrum efficiency. In the direction

of energy-efficient 5G communications, authors in [53, 5djvirled a detailed survey of the



existing works in the areas of energy-efficient techniques5G networks and analyzed vari-
ous green trade-offs, namely, spectrum efficiency versesggrefficiency, delay versus power,
deployment efficiency versus energy efficiency, and baniwigrsus power for the effective
design of energy-efficient 5G networks [53]. In additionyesal survey and overview papers
exist in the area of 5G enabling technologies such as mas#iM© [7,55-57], mmWave [7,
8, 58], Non Orthogonal Multiple Access (NOMA) [59, 60], adlir and heterogeneous networks
[61-63], Internet of Things (loT) [66, 68], Machine to Manki(M2M) communication [64—66]
and Device to Device (D2D) communication [67].

Besides, there exist a few survey and overview papers in t& aff FD wireless commu-
nications [19, 21, 25,47-49]. The article [21] provided anparative review of FD and HD
techniques in terms of capacity, outage probability ancebibr probability, and discussed three
types of Sl cancellation techniques, i.e., passive supfmesanalog and digital cancellation,
along with their pros and cons. Also, authors analyzed thecebf some of the main im-
pairments such as phase noise, in-phase and quadratige-f@) imbalance, power amplifier
nonlinearity on the Sl mitigation capability of the FD tramsser, and discussed a number of
critical issues related to the implementation, optimmatand performance improvement of FD
systems. Furthermore, the authors in [47] considered a wwmepsive review of in-band FD
relaying as a typical application of in-band FD wirelessd aliscussed various aspects of in-
band FD relaying including enabling technologies, perfance analysis, main design issues
and some research challenges. Moreover, another surviele g#8] provides a comparison
of existing S| cancellation techniques and discusses tfextsefof in-band FD transmission
on system performance of various wireless networks suchelay, rbidirectional and cellular
networks. Besides, the comparison of existing MAC protoémisn-band FD systems has been
presented in terms of various parameters and providedradsehallenges associated with the
analysis and design of in-band FD systems in a variety of odvtopologies. In addition,
the article [19] provides a general architecture for S| edlation solution and presents some
emerging applications which may use Sl cancellation witlsagnificant changes in the existing
standards. In the context of DSS, the recent article in [25¢ussed a design paradigm for
utilizing FD techniques in CR networks in order to achievedtaneous spectrum sensing and

data transmission, and discussed some emerging apptisdto the FD-enabled CR.



C. Contributions

Although several contributions have reviewed the appbeast of FD in wireless communica-
tions [20, 48], a comprehensive review of the existing warkthe area of the applications of FD
in DSS networks is missing in the literature. In contrast26][where authors mainly focused
on the LAT protocol, this paper aims to provide a comprehensurvey of the recent advances
in FD-enabled DSS systems in the context of F&st, starting with the principles of FD
communications and S| mitigation techniques, we discussaplications of FD in emerging
5G systems including massive MIMO, mmWave and small cellvodts and highlight the
importance of FD technology in DSS wireless syste@sbsequently, we provide a detailed
review of the existing works by categorizing the main apgimn areas into the following
two categories: (i) CST and (i) CTR. Then, we identify the keghteologies for enabling
FD operation in DSS systems and review the related litezainirthis direction. Besides, we
propose a novel Two-Phase CST (2P-CST) transmission frarkeavarich for a certain fraction
of the frame duration, the FD-CR node performs Spectrum 8gn&S) and also transmits
simultaneously with the controlled power, and for the remmay fraction of the frame duration,
the CR only transmits with the full power. In this way, the flaikty of optimizing both the
parameters, i.e., sensing time and the transmit power infitee slot with the objective of
maximizing the secondary throughput can be incorporateitevdesigning a frame structure for
the FD-enabled DSS system. Moreover, we carry out the pedoce analysis of the proposed
method and compare its performance with that of the conveakiPST and CST strategies.

Finally, we discuss some interesting open issues and fuésearch directions.

D. Paper Organization

The remainder of this paper is structured as follows: Sedtiontroduces the main aspects
of FD wireless communications, S| mitigation schemes arndgmaizes the applications of FD
in DSS systems. Section Il and Section IV provide a detaiedew on the existing FD related
works in DSS wireless systems. Subsequently, Section Miglgk the key enabling techniques
for FD operation in DSS systems while Section VI proposes\ehcommunication framework
for FD-based DSS system and analyzes its performance irstefrthe achievable secondary

throughput. Finally, Section VII provides open researdués and Section VIl concludes this
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TABLE Il

DEFINITIONS OFACRONYMS AND NOTATIONS

Acronyms/Notations  Definitions Acronyms/Notations  Definitions

ADC Analog to Digital Converter SR Secondary Receiver

AF Amplify and Forward SuU Secondary User

CB Channel Bonding Sl Self-Interference

CA Carrier Aggregation SIS S| Suppression

CST Concurrent Sensing and Transmission SAS Spectrum Access System
CTR Concurrent Transmission and Reception | SO Sensing Only

CR Cognitive Radio SS Spectrum Sensing

CRN Cognitive Radio Network SNR Signal to Noise Ratio

CS Channel Sensing SINR Signal to Interference plus Noise Ratio
CSS Cooperative Spectrum Sensing TS Transmission-Sensing

CSl Channel State Information TR Transmission-Reception
DAC Digital to Analog Converter TDOA Time Difference of Arrival
DF Decode and Forward QoS Quality of Service

DSS Dynamic Spectrum Sensing Hy Noise only hypothesis

ED Energy Detector H, Signal plus noise hypothesis
FD Full-Duplex Pa Probability of detection

HD Half-Duplex Py Probability of false alarm
i.i.d. independent and identically distributed > Summation

LAA Licensed Shared Access T Sensing time

LAT Listen and Talk 7 S| mitigation factor

LTE Long Term Evolution fs Sampling frequency

MAC Medium Access Control T Frame duration

MIMO Multiple Input Multiple Output A Sensing threshold

MSE Mean-Squared Error E[] Expectation

OFDM Orthogonal Frequency Division Multiplexing ~ SNR

PST Periodic Sensing and Transmission o2 Noise variance

PDF Probability Density Function D Test statistic

PLNC Physical Layer Network Coding N Number of samples

PT Primary Transmitter h Channel fading coefficient
PR Primary Receiver L Number of multi-paths

PU Primary User P(H1) Probability of PU being active
RF Radio Frequency P(Ho) Probability of PU being idle
ST Secondary Transmitter

paper. In order to improve the flow of this paper, we provide structure of the paper in Fig.

1 and the definitions of acronyms/notations in Table II.

Il. FULL-DUPLEX ENABLED DSSIN 5G NETWORKS

In this section, we briefly describe FD communication piphes, its advantages and research

issues, existing S| mitigation approaches and the apmitatof FD in DSS wireless systems.

A. Full-Duplex Communications

In contrast to the traditional belief that a radio node caly @perate in an HD mode on the

same channel because of the Sl, it has been recently shotthehaD technology is feasible and



it can be a promising candidate for 5G wireless. In an FD n@& in a single frequency band
is possible, however, the transmitted signals can loop tathe receive antennas, causing the SI.
A generic block diagram of an FD communication system with ithvolved processing blocks
is shown in Fig. 2. FD communications can be realized with two antennas [70jlegscted

in Fig. 3. As noted, the transmitted signal may be picked upth®y receiving part directly
due to the loop-back interference and indirectly via reiftedscattering due to the presence
of nearby obstacles/scatterers. Although some level datism between transmitted and the
received signals can be achieved through antenna sepabatsed path-loss, this approach is
not sufficient to provide the adequate level of isolationuiegp to enable FD operation in DSS
systems [70].

Theoretically, FD technology can double the spectral efficy compared to that of the
corresponding HD systems since it enables a device to tiaresmd receive simultaneously
in the same radio frequency channel. However, in practloeret are several constraints which
may restrict the FD capacity to much less than the theotebica. The main limitations that
restrict to achieve the theoretical FD gain include noraid® cancellation, increased inter-cell
interference and traffic constraints [71]. Out of these,sShe main limitation in restricting the
FD capacity and a suitable Sl cancellation technique neebe Bpplied in practice. Even when
the transmitted signal can be known in digital baseband, fiot possible to completely remove
Sl in the receiver because of the involved RF impairments,aahdge power difference between
transmitted and received signals. In the literature, albout 113 dB of Sl mitigation has been
reported by using the combination of RF, analog and digitateHdation techniques [18, 72—75].
In Table IIl, we provide the employed S| cancellation tecjus, carrier frequency, bandwidth,
Sl isolation level and the FD capacity gain achieved in theseks [21].

Furthermore, several existing works analyzed the capagty of FD in wireless networks
with respect to the HD in various settings. The physical tdyesed experimentation results
presented in [72] showed that FD system provides a mediaughput gain ofl.87 times over
the traditional HD mode. The reason for th&7 times gain rather than the theoretical double
capacity is shown to be due to the SNR loss caused due to ideaeSI. On the other hand, even

if Sl is suppressed below the receiver noise or ambient eovodl interference, an FD transceiver

2For the detailed description of the involved blocks, interested readersefeyto [19, 69].



TABLE 11l

S| CANCELLATION CAPABILITY AND CAPACITY GAIN OF FD FROM THE EXISTING REFERENCES

Reference| Sl cancellation scheme Carrier frequency| Bandwidth Sl isolation level | Capacity gain

[73] Antenna cancellation+RF+digital cancellation | 2.4 GHz 5 MHz 60 dB 1.84

[74] Directional diversity+RF+digital cancellation 2.4 GHz 20 MHz 1.6-1.9

[18] Antenna cancellation+Balun+digital cancellation2.4 GHz 10 — 40 MHz | 113 dB 1.45

[72] Circulator+RF+digital cancellation 2.4 GHz 20 — 80 MHz | 110 dB 1.87

[75] SDR platform with dual polarized antenna 20 MHz 2.52 GHz 103 dB 1.9
+RF+digital cancellation

may outperform its HD counterpart only when there is corenirbalanced traffic in both the
uplink and downlink [76]. In [77], authors explored new teadfs in designing FD-enabled
wireless networks, and proposed a proportional fairnesgd scheduler which jointly selects
the users and allocates the rates. It has been shown thatdpespd scheduler in FD-enabled
cellular networks almost doubles the system capacity agpaoed to the HD counterpart.

Authors in [18] have evaluated the performance of FD in aneexrpental testbed ob
prototype FD nodes by using balun cancellation plus digitaicellation schemes and an FD-
based MAC protocol, and have shown the improvement in thentiokvthroughput by110 %
and the uplink throughput only by5 % considering the bidirectional traffic load. Despite the
theoretical double capacity due to FD, odly % increase in the total capacity has been achieved
in [18] due to the limited queue size at the access point. titiaa, it has been shown that FD
can reduce the packet losses caused due to hidden nodes by8&@4 and FD can enhance
the fairness in access point-based networks ftogh to 0.95.

The experimental results in [78] show that if the Sl is caleckin the analog domain before
the interfering signal reaches the receiver front-endn ttie resulting FD system can achieve
rates higher than the rates achieved by an HD system with désetical analog resources.
Moreover, authors in [75] presented a Software Defined RasipR) based FD prototype in
which the Sl issue has been tackled by combining a dualdgethantenna-based analog part and
a digital SI canceler. It has been shown that the dual-pmdrantenna with a high Cross Polar
Discrimination (XPD) characteristic itself can achie\@&dB of isolation, and by tuning different
parameters of active analog canceller such as attenugti@se shift and delay parameter, an
additional isolation gain of about8 dB can be obtained, thus leading to the total of isolation of

60 dB from analog cancellation. And from the digital cancellethe SDR platform43 dB of



cancellation has been achieved. The test results showed BBdimes throughput improvement
of the FD system as compared to an HD system by considerindKQQBSQAM and 64-QAM
constellations.

Besides enhancing the capacity of a wireless link, anothéential advantage of FD in
wireless networks is the mitigation of hidden node probl&unsidering a typical WiFi setup
with two nodesVN; and NV, trying to connect to the core network via an access pointclésical
hidden node problem occurs when the nddestarts transmitting data to the access point without
being able to hear transmissions from the nadeto the access point, thus causing collision at
the access point [73]. This problem can be mitigated usiegRD transmission at the access
point in the following way. With the FD mode, the access paiawh send data back to the node
N; at the same time when it is receiving data fravh. After hearing the transmission from
the access point, the nodg, can delay its transmission and avoid a collision. Furtheeno
in the context of multi-channel hidden terminal probleme thD-based multi-channel MAC
protocol does not require the use of out-of-band or in-badrol channels in order to mitigate
this problem [79]. As a result, the FD-based multi-channél@Vican provide higher spectral
efficiency as compared to the conventional multi-channelQVA

In addition to several advantages highlighted in SectioR), communications can achieve
various performance benefits beyond the physical layer asan the Medium Access Control
(MAC) layer. By employing a suitable frame structure in the MAgyer, an FD-CR node can
reliably receive and transmit frames simultaneously. Bigadly, the FD node is able to detect
collisions with the active PUs in the contention-based weétvor to receive feedback from other
terminals during its own transmissions [70]. This papecuéses the existing works, which aim
to enhance spectrum utilization efficiency in DSS wirelegsgtesns, particularly CR systems.

Despite the aforementioned advantages, the followingsseed to be addressed carefully in
order to realize future FD wireless communications [48):srong loop-back interference, (ii)
imperfect SI cancellation caused by hardware impairmemts ss Digital to Analog Converter
(DAC) and Analog to Digital Converter (ADC) errors, phase npis€ imbalance, power-
amplifier non-linearity, etc., (iii) inaccurate channelokviedge which may result in imperfect
interference estimation, (iv) total aggregate interfeee@rising from the increased number of
users (i.e., with a factor of two), (v) additional receivengponents to cancel S| and inter-user

interferences, thus may result in consumption of more nessu(power, hardware), and (vi)
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synchronization issues in multiuser FD systems.

B. Self-Interference Mitigation

Even if the FD node has the knowledge of the signal being tné&texd, a simple interference
cancellation strategy based on subtracting this knownasiffom the total received signal still
could not completely remove the Sl. This is because the rnatesl signal is a complicated
non-linear function of the ideal transmitted signal alonghvthe unknown noise and channel
state information while the node knows only the clean tratisthdigital baseband signal [19].
Furthermore, the Sl power is usually much stronger than dhdhe desired signal due to the
short distance between transmit and receive antennasefohersuitable SI mitigation techniques
must be employed in practice in order to mitigate the negagifect of Sl.

The SI power can be about0 dB stronger than the power of the desired received signal

and the statistical model of residual SI depends on the ctarstics and the performance of
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the employed Sl cancellation schemes [48]. Besides the Skdaby the direct link between the
transmitter and the receiver of the FD node, there may alsb we reflected interference signals
due to the nearby partially obstructed obstacles. S| nigaechniques enable the application
of FD technology in future 5G wireless systems. These tegles can be broadly divided into
two categories: (i) passive, and (ii) active. Furthermaetjve Sl suppression methods can be
categorized into: (i) digital cancellation, and (ii) angloancellation. Various existing passive,
analog and digital SI cancellation techniques have beealddtand compared in [21]. In the
following, we briefly describe the principles behind theleee Sl cancellation approaches.

Passive Sl suppression can be mainly achieved by the folipwiethods: (i) antenna sepa-
ration [73], (ii) antenna cancellation [78], and (iii) dotonal diversity [74]. The first method
suppresses the Sl due to path loss-based attenuation beth@asmit and receive antennas while
the second approach is based on the principle that constustdestructive interference can be
created over the space by utilizing two or more antennas.h@mther hand, the third approach
suppresses the S| due to separation between the main lokdesneimit and receive antennas
caused by their directive beampatterns. Besides, polemeaecoupling between transmit and
receive antennas by operating them in orthogonal polasizatill further improve the capability
of Sl suppression capability [80]. In this regard, authars[80] have demonstrated that a
decoupling level of up t@2 dB can be achieved by using antenna polarization diversity f
an FD Multiple Input Multiple Output (MIMO) system.

In the digital domain cancellation methods, Sl can be céedeifter the ADC by applying
sophisticated digital signal processing techniques tordloeived signal. In these methods, the
dynamic range of the ADC fundamentally limits the amount bttt can be cancelled and a

sufficient degree of the Sl suppression must be attainead#ie ADC in order to have adequate



isolation. In practice, one Sl cancellation method is natggally sufficient to create the desired
isolation and the aforementioned schemes must be applietlyjd=or contemporary femtocell
cellular systems, it has been illustrated in [70] that thatkd ADC dynamic range can lead to a
non-negligible residual Sl floor which can be abé2tdB above the desired receiver noise floor,
i.e., the noise floor experienced by an equivalent HD systeurnthermore, the digital domain
cancellation can suppress Sl only up to the effective dynamange of the ADC. This leads
to a serious limitation in designing digital Sl techniquasce the improvement of commercial
ADCs in terms of effective dynamic range can be quite slow afi¢heir capability has been
significantly improved in terms of the sampling frequenclefiefore, it is important to develop
S| suppression techniques which can reduce the Sl beforaDiass.

Analog cancellation can be developed by using the time-@domancellation algorithms
such as training-based methods which can estimate the Bhdeain order to facilitate the
S| cancellation [20]. Furthermore, in MIMO systems, ther@ased spatial degrees of freedom
provided by the antenna may be utilized to provide various selutions for Sl cancellation.
In addition, several approaches such as antenna canae]lgie-nulling, precoding/decoding,
block diagonalization, optimum eigen-beamforming, miammmean square error filtering, and
maximum signal to interference ratio can be utilized. Thennaalvantages and disadvantages of
the aforementioned approaches are highlighted in [20}thEéamore, a simple correlation-based
approach has been utilized in [81] and [27] to cancel thealingart of the SI.

Recently, the contribution in [82] studied the multi-userNi® system with the concurrent
transmission and reception of multiple streams over Ricading channels. In this scenario,
authors derived the closed-form expressions for the firdttha second moments of the residual
Sl, and applied the methods of moments to provide Gamma sippaton for the residual Si

distribution

C. Full-Duplex in 5G Networks

The current 4G wireless networks mostly use half-duplexgéeacy Division Duplexing
(FDD) and Time Division Duplexing (TDD) modes in which thewddink and uplink signals
are separated in terms of orthogonal frequency bands ahdgamal time slots, respectively. The
performance of both of these modes in meeting the perforenaretrics of a wireless system is

limited by some inevitable constraints as highlighted ie tbllowing [83]. The performance of



the FDD mode is constrained by the inflexible bandwidth atmmn, quantization for the Channel
State Information at the Transmitter (CSIT) and the guardlbdretween uplink and downlink.
Similarly, parameters such as outdated CSIT, duplexingydelaAC and the guard intervals
between the uplink and downlink degrade the performancbeTDD mode. In contrast to this,
FD-based transmission strategies can overcome the penfaerbottlenecks of TDD and FDD
modes, and also can enhance the spectral efficiency of 5Gret\83].

The authors in [52] have provided a summary on the merits adedts of several 5G
technologies such as ultra-dense networks, massive MIM@Wawve backhauling, energy har-
vesting, FD communication and multi-tier communicationwrtRermore, several works in the
literature have studied the applications of FD in variouseleiss networks such as massive
MIMO, mmWave communication, and cellular densification,iehhare briefly described below.

1) Massive MIMO Massive MIMO, also called large-scale MIMO, has been carsid as
one of the candidate technologies for 5G systems due to visralebenefits brought by the
large number of degree of freedoms. The main benefits of éstsnblogy include higher energy
efficiency and spectral efficiency, reduced latency, sifigalion of MAC layer, robustness against
jamming, simpler linear processing and inexpensive hare\W&v, 84]. Several researchers have
recently studied the applications of FD in massive MIMO eyt in various settings [84—86].

Authors in [84] analyzed the ergodic achievable rate of tie dmall cell systems with
massive MIMO and linear processing by considering two typégractical imperfections,
namely, imperfect channel estimation and hardware impaitencaused due to the low-cost
antennas. It has been shown that Zero Forcing (ZF) proagssisuperior to the Maximum
Ratio Transmission (MRT)/Maximum Ratio Combining (MRC) pro@egsn terms of spectral
efficiency since the SI power converges to a constant valuiéocase of MRT/MRC processing
but decreases with the number of transmit antennas for e @iaZF processing. Furthermore,
since the Sl power increases with the severity of the harelwaperfections, both the spectral
efficiency and energy efficiency of uniform power allocati@echniques becomes worse in the
presence of hardware imperfections and it is crucial tostigate new power allocation policies
taking the practical imperfections into account.

Another benefit FD can bring in wireless networks is in-barakhauling, which simul-
taneously allows the use of same radio spectrum to be utiletethe backhaul and access

sides of small cell networks. In this context, authors in][8Balyzed the performance of a



massive MIMO-enabled wireless backhaul network which imgosed of a combination of
small cells operating either in in-band or out-of-band madddéas been shown that selecting
a right proportion of the out-of-band small cells in the netivand suitable SI cancellation
methods is crucial in achieving a high rate coverage.

The combination of different 5G enabling technologies sastMassive MIMO, full duplex
and small cells may provide significant benefits to 5G systdmshis regard, authors in [86]
studied three different strategies of small cell in-bandeleiss backhaul in Massive MIMO
systems, namely, complete time-division duplex, inband &id inband FD with interference
rejection. The presented results in [87] demonstrate tl@&tirBband wireless backhaul can
significantly improve the throughput of massive MIMO system

2) mmWave CommunicationThe main applications of mmWave communications in 5G
networks are: (i) device to device communications, (ii)enejeneous networks such as phantom
cell (macro-assisted small cell), or the booster cell in achar-booster architecture, and (iii)
mmWave backhaul for small cells [9]. In the literature, a f@arks have studied the feasibility
of FD in mmWave frequency bands [88,89]. The authors in [88neined the possibility
of mmWave FD operation in 5G networks by grouping the FD systiato the following
components: antenna systems, analog front-end and digisglband S| cancellers, and protocol
stack enhancements. The comparison of HD and FD operatesm$dden presented in terms of
data rate versus distance, and it has been demonstratétalggieration range for FD operations
is Sl limited whereas the range in HD operations is noisetdichi

Enabling the in-band FD operation in wireless backhauldimperating in mmWave can
offer several benefits such as more efficient use of radioteapacand the re-use of hardware
components with the access side. In the design of currenti-sadtor base stations, multiple
panels are used to cover different sectors, and all the papdrate either in the receive or
transmit mode at a given time since the transmission leakage one panel can completely
harm the weak signals received at the adjacent panels.dnebard, the authors in [89] examined
the feasibility of an in-band mmWave wireless base-statiih the option of enabling backhaul
transmission on one panel while simultaneously receiviogcess or backhaul on an adjacent
panel. The level of SI has been evaluated in both indoor atdbou lab settings to understand
the impact of reflectors and the leakage between adjaceeipdnhhas been demonstrated that

about70—80 dB isolation is obtained for the backhaul transmission g/ihabling the operation



of adjacent panels in the receive mode. Thus, consideringnanmm of 110 dB of isolation
requirement for the satisfactory performance, it is shdwat only abouB0— 50 dB of additional
isolation is needed, demonstrating the possibility of gsanly the baseband techniques in the
considered set-up without requiring significant changeth@&RF side.

3) Cellular Densification Although the FD technique is shown to enhance the spectral
efficiency of a point to point link, the concurrent uplink atholwnlink operations in the same band
result in additional intra-cell and inter-cell interfee and this may reduce the performance
gains of FD cells in multi-cell systems. To address thisassuis crucial to investigate suitable
scheduling techniques in FD cellular networks, which canedale the right combination of
downlink and uplink users, and allocate suitable trangomnspowers/rates with the objective of
improving some network performance metrics such as totalor& utility and fairness [77].
Another promising solution to address the issue of interfee in multi-cell systems could be
to deploy the combination of FD cells and HD cells in a netwbdsed on some performance
objective. In this regard, authors in [90] proposed a stettbageometry-based model for a
mixed multi-cell system, composed of FD and HD cells, aneésssd the SINR complementary
Cumulative Distribution Function (CDF) and the average spéefficiency numerically, for both
the downlink and uplink directions. It has been shown thatesia higher proportion of the FD
cells increases average spectral efficiency but reducesotlerage, this ratio of FD cells to the
total cells can be considered as a design parameter of dacefletwork in order to achieve
either a higher average spectral efficiency at the cost ofitited coverage or a lower average
spectral efficiency with the improved coverage.

In addition, authors in [71] investigated the impact of mtell interference and traffic con-
straints on the performance of FD-enabled small cell nétsiowVith the help of simulation
results, it has been shown that ab®00 % theoretical gain can be achieved only under certain
conditions such as perfect Sl cancellation, full buffeffitanodel and the isolated cells. Also, it
has been shown that both the inter-cell interference anttdlffec significantly reduce the poten-
tial gain of the FD. Similarly, the authors in [91] have intigated the performance of two-tier
interference-coordinated heterogeneous cellular nésvwaith FD small cells, and have derived
the closed-form expressions for outage probability and catverage by taking the interference
coordination between macro and small cells into accounthEtmore, authors in [92] recently

studied the problem of joint load balancing and interfeeemgtigation in heterogeneous cellular



networks consisting of massive MIMO-enabled macro-celiebatations and self-backhauled
small cells. The problem has been formulated as a netwdityutiaximization problem subject
to dynamic wireless backhaul constraints, traffic load, emgerfect channel state information.
Moreover, in order to demonstrate the advantage of FD selktualing in emerging virtu-
alized cellular networks, the contribution in [93] formtdd the resource allocation problem in
virtualized small-cell networks with FD self-backhauliagd solved the problem by dividing it
into sub-problems in a distributed manner. With the helpwharical results, it has been shown
that a virtualized small cell network with the FD self-baakiing is able to take advantages of
both network visualization and self-backhauling and a ificant improvement in the average
throughput of small cell networks can be obtained. Besidas, authors in [94] studied the
problem of optimal spectrum allocation for small cell basgisns considering both the inband
and out-of-band FD backhauling. With the help of numeriedults, it has been shown that
the advantages of inband and out-of-band FD backhaulingrbeavident only after a certain
amount of Sl is removed, and hybrid backhauling (with bottaimd and out-of-band backhauling)
can provide benefits in both low and high SI mitigation scersaby exploiting the benefits of

both inband and out-of-band backhauling.

D. Full-Duplex in DSS Systems

The main enabling techniques for DSS in wireless networkshbsabroadly categorized into
spectrum awareness and spectrum exploitation technid@gsihe first category of techniques is
responsible to acquire spectrum occupancy informatiom ftiwe surrounding radio environment
while the second category tries to utilize the identifiedcs@é opportunities in an effective
manner while providing sufficient protection to the PUs. @pen awareness techniques mainly
comprise of different approaches such as spectrum serstohgigues, database, beacon-based
transmission, channel, Signal to Noise Ratio (SNR) estima#iod sparsity order estimation
techniques [95, 96]. On the other hand, spectrum exploitagéchniques can be broadly classified
into interweave, underlay and overlay based on the acceshansms employed by the SUs
[12]. Interweave paradigm allows the opportunistic seeospdransmission in the frequency
channels in which the primary transmission is absent [97]eshe underlay paradigm enables
the concurrent operation of primary and secondary systehike \yuaranteeing sufficient pro-
tection to the PUs [98, 99]. On the contrary, the overlay gigira utilizes advanced coding and



transmission strategies and requires a very high degresooflimation between spectrum sharing
systems, which might be complex in practice [100, 101]. Guhese three paradigms, this paper
discusses the application of FD in interweave and undegatems.

As highlighted earlier in Section |, the main benefits of Fi@tion in DSS systems are: (i)
CST, (i) CTR, (ii) improved sensing efficiency and secondampuighput, and (iii) mitigation
of the hidden terminal problem. By employing a suitable Sl @apsion (SIS) technique at
the CR node, both performance metrics, i.e., secondary ghpt and the SS efficiency can
be improved simultaneously. Furthermore, it can also @serehe collision probability under
imperfect sensing compared to that due to the HD-based CR.[ltD@ractice, the employment
of any SIS techniques cannot completely suppress the Skefdre, the effect of residual Si
needs to be considered while analyzing various sensingnmeaihce metrics such as false-alarm
and detection probabilities.

The traditional HD sensing is based on the assumption that adde employs a time-slotted
frame which requires synchronization between primary agwbidary networks. However, in
practice, it is difficult to guarantee synchronization bedw primary and secondary networks
since these networks may belong to different entities any Inaae different characteristics. In
this context, investigation of suitable enabling techemdior non-time-slotted Cognitive Radio
Networks (CRNSs) is one critical issue and the exploitation hed £D capability enables CR
nodes to achieve satisfactory performance in the non-tioteed frame [103].

In the following subsections, we provide an overview of elifint FD transmission strategies
and the applications of FD principles in FD-DSS systems.

1) Transmission Strategiesn general, the following two FD modes of operation can be-con
sidered for the SU [102]: (i) Transmission-Sensing (TS) eaxhd (ii) Transmission-Reception
(TR) mode. In the TS mode, the SU can transmit and sense smsoligly. In this mode, sensing
can be done over multiple short time slots instead of the kegsing slot to achieve a better
tradeoff between sensing efficiency and the timeliness teatieg PU activity. For the TR mode,
the SU transmits and receives data simultaneously overdime £hannel. In both TS and TR
modes, an initial sensing period of a certain duration isleden order to make a decision on the
channel availability before starting the above actionghin TR mode, since the SU is not able
to monitor the PU activity continuously, the probability abllision with the PU transmissions

increases.



In addition to the aforementioned modes of operation, asthmn[104] analyzed the switching
option to either switch to Sensing Only (SO) mode under thpeirfect SI cancellation or to
switch its operation to another frequency channel, i.e. n@ebSwitching (CS) if no PU activity
information is available. In [104], the authors used a wax@fbased sensing approach for the TS
mode to enable the SU to detect the PU signal in the presenbte &l and noise. Furthermore,
authors considered a set of the action states consistirtgeadforementioned states TR, TS, SO
and CS to investigate an optimal mode-selection strategynlaaimizes an SU utility function
subject to a constraint on the PU collision probability. digh numerical studies, it has been
shown that the SU should operate in the TR mode if it has a haliefbon the PU inactivity
in a given channel, and the SU should switch to the TS mode tatoroany change in the PU
activity while transmitting when this belief decreasesrtker, at very low value of this belief,
the best strategy is to switch to another channel.

In the conventional CR network, several existing works asstirat the primary traffic has the
time-slotted structure and the secondary network is symehed with this time slotted structure
(i.e., the cognitive device spends some time for SS and thaireng time for secondary system’s
data transmission in each time frame/slot) [24]. Howevepractice, the primary traffic may not
follow the frame structure of the conventional CR network,cihmeans the PUs can change
active/inactive status at any time during each secondarydr In other words, the primary traffic
can be non-time-slotted, for example in random access sosnén fact, the SUs cannot detect
the PUs’ state change when the SUs are transmitting. Moreifsadly, secondary achievable
throughput depends on the PU activity and the followingedéht cases for the PU activity may
arise in practice [105]: (i) PU is always not active during t8U’s frame, (ii) PU is always
active during the SU’s frame, (iii) PU is initially active dthen becomes inactive after a certain
duration within the SU’s frame period, and (iv) PU is inijainactive and then becomes active
after certain time within the SU’s frame period. In [105],tlaars utilized a continuous-time
Markov chain model to analyze the achievable throughputldé Bnd SUs considering FD SS
scheme. It has been shown that PUs can maintain their relqthireughput and the SUs can
increase their achievable throughput compared with theéeagble throughput under the HD
scheme. In addition, authors in [106] proposed a sensingcafidctively transmit protocol,
which enables the Secondary Transmitter (ST) to switch éetwS5O and TS modes, taking the

uncertainty in PU statistics into account.



Furthermore, in [107], authors studied a CST scheme comsglénat a CR may transmit
and receive interchangeably over the time. When the CR nodeeisating in the receive mode,
it receives the combination of the primary signal as wellreesgecondary signal. Assuming that
the received signal can be correctly decoded at the secpmdegiver in order to extract the
secondary signal, the residual part is just the PU signa phise. By comparing this residual
energy with the predefined threshold, the CR can make itsida@bout the presence or absence
of the PU activity and can use this decision to transmit orindhe next frame.

For a given interference rejection capability of the FD egst the sensing performance
degrades with the increase in the transmit power due to thesmonding increase in the Sl.
For sufficiently small values of transmit power, SI becomegligible, however, the secondary
throughput becomes limited. On the other hand, if the trainpwwer is considerably large,
Sl becomes problematic in limiting the secondary throughgince the available spectrum
opportunities can be wasted due to large probability offalarm caused by high SI. The above
phenomenon results in the existence of a power-throughadéoff in the FD-CR system or in
an LAT protocol. In other words, there exists an optimal powaich results in the maximum
secondary throughput [26].

Recently, in [108], a sliding-window based FD mechanism hesnbproposed in order to
allow sensing decisions to be taken on the sample-by-sabgdes. It has been shown that as
compared to the existing HD periodic scheme and the sloti2ddheme, the sliding-window
based scheme significantly decreases the access latenihef@R user.

2) Applications: The two main functionalities required by a CR node in DSS systare
[13]: (i) spectrum awareness, and (ii) spectrum explatatiThe first functionality enables a CR
to acquire information about spectral opportunities by itwwimg the surrounding environments
while the second functionality enables to exploit the alag opportunities efficiently. Spec-
trum awareness techniques may comprise of SS, databasenenental and waveform related
parameter estimation techniques. On the other hand, speaxploitation techniques can be
broadly classified into interweave, underlay, and overlasagigms [12]. The detailed mapping
of various spectrum awareness and exploitation techniguesovided in [13]. In this work, we
are interested in the application of FD principles in inteawe and underlay DSS paradigms.

The aspect of utilizing FD principles in order to enhancediigamic spectrum utilization in

DSS wireless networks has received significant attentitatyian the literature. The existing FD



TABLE IV

EXISTING REFERENCES INFD-DSS & STEMS AND THEIR MAIN CONTRIBUTIONS.

Main research | References Contributions to 5G DSS networks
theme
Transmission [20,97,99, 1. Proposed frame structures to enable CST in 5G networks
strategies 102,103] 2. Analysis of different modes of operation such as TS, TR, SO and CS

1. Performance analysis of different sensing techniques in the presence of residual Sl and
derivation of optimal detection thresholds to maximize some performance metrics
Performance [20,79,100, 2. Verification of the existence of a tradeoff between the secondary transmit power and

analysis 104-107] throughput, called power-throughput tradeoff
3. Power-allocation algorithms to enhance the spectral efficiency and energy efficiency of
FD-enabled massive MIMO systems
1. Mean-squared errors (MSE) based optimization problems have been studied for FD-
Transceiver based MIMO transceiver considering the case with channel uncertainties
design [108-110] 2. FD precoding transceiver structure has been proposed for single-carrier and OFDM-
based systems, and for both single and multi-user MIMO scenarios.
1. Different SI cancellation techniques such as correlation based least square algorithm,
Self-interference [21,76,99, optical Sl cancellation techniques have been proposed.
mitigation 111,112] 2. Waveform based sensing and cyclostationary spectrum sensing have been studied to
detect PU signal in the presence of residual SI.
1. Use of directional multi-reconfigurable antennas and spatial filtering to enable CST
Multi-antenna [79,105, 2. Antenna mode selection (transmit and sensing) based on CSI and optimization of the
FD-DSS 113-116] ratio of the transmit antennas to receive antennas to maximize the sum-rate of FD-
based multi-user MIMO systems

Resource 1. Optimal power allocation policies for the ST and the relay in an FD-enabled CRN
Allocation [117-121] 2. Joint optimization of OFDM sub-carriers and the power allocation
3. Distributed power control scheme for underlay FD CR networks
Cooperative 1. Analysis of LAT method for cooperative spectrum sensing in the presence of residual S|
Sensing [122-126] 2. Derivation of collision and outage probabilities for CSS scheme in the context of non-
time-slotted FD-CR networks considering both CST and CTR modes
1. Modeling of residual SI and cross-talk interference caused by imperfect channel
estimation considering the FD relaying
2. Performance analysis of cooperative FD system with transmit imperfections
Cooperative [127-132] 3. Proactive estimation scheme for the cross-channel gain by considering the ST to act as
Relaying an FD AF relay for the primary transceivers to trigger the power adaption of a PT.

4. Application of Physical Layer Network Coding (PLNC) on decode and forward FD relaying
to enable simultaneous transmissions from two sources to two destination nodes

1. Implementation of packet fragmentation at the MAC layer in order to improve the
performance of the FD-based CR networks.

FD-MAC Protocol | [98,133,134] 2. Wireless FD cognitive MAC protocol which can efficiently solve the reactivation-failure
problem in multi-channel non-time-slotted CRNs

3. Adaptive FD MAC protocol for CR networks without the need of synchronization among

the SUs.

1. Secrecy performance analysis of FD-enabled wirelessly-powered CR system, and

Physical layer [135,136] derivation of upper and lower bounds of the probability of strictly positive secrecy
security capacity

2. A dual antenna selection mechanism to improve the secrecy in the primary network
and data transmission in the secondary network

TABLE V

APPLICATION OF FULL-DUPLEX IN DSS S STEMS

Protocol layer FD Mechanism CR Paradigms | References
Physical layer 1. Concurrent sensing and transmission Interweave [25, 26, 106, 109, 110]
[102,104,107,108,111,112]
2. Concurrent transmission and receptiot/nderlay [113-123]
Medium access layer| Concurrent transmission and reception| Underlay [103, 124, 125]




based DSS works deal with various aspects such as tranesmgsategies, performance analysis,
transceiver design, SI mitigation, multiple-antenna algirocessing, resource allocation (power,
frequency), cooperative sensing, cooperative relayirigreRabled MAC protocol design and
analysis, and physical layer security. The main availabferences in these areas are listed in
Table 1V, and are described in the related sections throuigtins paper.

It is worthy to mention that all the references listed in BabV mainly employ either one
of the following FD principles: (i) CST and (ii) CTR. Also, as ntemed earlier in Section
lI-A, the FD technology can lead to benefits beyond the playsayer. From the physical layer
perspective, the FD technology can be used for CST purposeeinnterweave CR scenarios
and for CTR purpose in the underlay CR scenarios. Besides, thenMAC layer perspective,
FD technology at a CR node can be utilized with the objectiv€®R. In Table V, we classify
the existing works based on these two principles in relatitophysical and MAC layers. In the
following sections, we focus on these two FD mechanisms asclss the current state of the

art techniques.

I11. FD-BASED CONCURRENTSENSING AND TRANSMISSION IN5G DSS NETWORKS

In order to meet the exponential increase in the demand elegs broadband and multimedia
services, it is extremely important to utilize the avait@lspectrum in a flexible and effective
manner in the 5G networks. The flexibility in the spectruroedition under the existing regulatory
constraints can be achieved by using a flexible platformedapectrum toolbox as in [126],
which can enable to flexible utilization of available radiequencies by using different modes of
spectrum sharing such as opportunistic access/interwaade, spectrum coexistence/underlay
mode or LSA/SAS mode. The main enablers of opportunistictspm sharing in 5G networks
include spectrum sensing and dynamic frequency/chantesdtsm, and a geolocation database.
In order to utilize the available spectral opportunitiefeetively, it is crucial to acquire accurate
and reliable information about the spectrum occupancy & shrrounding RF environment.
In this direction, several existing works have demonsttdtee importance of FD-based CST
scheme in enhancing the performance of a sensing mechanigioyed at the sensing node.
In the following, we describe an interweave scenario with E@mmunication principles behind
FD-based CST and the related works in the areas of FD-basednCi@ling cooperative sensing

Figure 4 presents a typical interweave CR scenario with anCRDnode equipped with



two antennas. Of these two antennas, one is dedicated forid& the other is dedicated for
data transmission. It should be noted that in this appboasicenario, the secondary link (the
transmission link between ST and Secondary Receiver (SR)og@rates under either time
division duplex or frequency division duplex mode. In théldwing subsections, we describe
the detailed principle behind this application scenarid amscuss the current state-of-the-art

techniques.

A. Signal Model and Communications Principles

As discussed in the aforementioned sections, the key difter between the conventional
HD-CR and the FD-CR is that in the FD-CR, a sensing device is capatbperforming SS
and data transmission simultaneously. Thus, in the FD-CRs$8rformed continuously which
is different from the conventional HD-CR device where SS isfgyened in a different time
slot than that of data transmission. Furthermore, an SU aamitor the PU activities during its
transmission, thus improving the PU detection performamberefore, from the SU’s viewpoint,
transmitting while sensing increases the total transmisperiod, thus increasing the secondary
throughput, and also reduces the probability of simultasesecondary and primary transmissions
[104].

Since the FD-CR performs both sensing and transmission sinedusly, the CR device will

receive the following signal at theth sampling instance [81]

rin] = z_: h{l]si[n — 1] + sp[n] + win], (1)

where s;[n — [] is the self-transmitted signah[i] is the ith multi-path channel coefficient from
the direct leakage and reflection withbeing the number of multi-paths,[»] is the transmitted

signal by the PU anav[n] is the additive noise term. In the above formulation (1)csis;(n)

is known to the receiver, the problem of SIS is reduced to gtenation problem of multi-path

components, i.e., channel estimation. In this regard, cstlin [127] proposed a preamble-
based minimum mean square error based approach for Sl titigeonsidering the fact that
many wireless systems transmit known preamble packetsgluransmission. Similarly, the
contribution in [81] investigated a correlation-based rapph in order to reliably estimate the
multi-path channel coefficients which can then be utilizednrtitigate the SI. Once the Sl is

removed, an SS scheme exploiting the phase difference & aséhe test statistic where the



Primary Tx (PT)

Y

“'
: p— H
./ - interference
. - nel
—_ E\
— < ed 5€

Secondary Tx
(ST)

Secondary Rx (SR)

Fig. 4. A typical interweave CR scenario with an FD-CR node equippél two antennas

distribution of the phases of the received samples follovioum distribution in the case of the
noise only signal and different from the uniform distrilautiin the case of signal plus noise case.
As the test statistic does not utilize the noise informatitiis detection is considered robust
against noise variance uncertainty [81].

Even after the application of different combination of Sthiriques highlighted in Section II-
B, there remains the effect of residual Sl due to several fasiach as limitations of SI mitigation
techniques, hardware imperfections and estimation eritatewestimating the SI channel. To
incorporate this residual effect in our analysis, we defifactor n whose value varies from
to 1, with 0 denoting the case with complete S| suppression laodpturing the case with no Si
mitigation. LetH; denote the hypothesis of the PU signal presencefandenote the hypothesis

of the PU signal absence. The received signal under thesatligges can be expressed as

Vsin] + sp[n] 4+ wln), H,
Visiin] + wln), n=1---,N H,

(2)

rln] =

wheren is used to represent the capability of an FD-based CR to rnetijee S| effect. If
n = 0, the CR cancels the SI completely, otherwise, it can onlygaié its effect. As in [81],

we consider a simple Energy Detector (ED) to detect the poeséabsence) of,[n| considering



the assumption that[n], s,[n], w[n] are independent and identically distributed (i.i.d.) Gsas
random variables. Under such an assumption, one can \fgafn] + w[n] as an independent
random variable with the variane€ +nE{|s;[n]|*} (i.e., amplified noise). From this explanation,
one can notice that the ED in FD-CR scenarios can be treatdwtsftthe conventional ED but
with higher noise varianc&he difference from the HD case is that the FD-based energpctie
has to decide the presence of the PU signal in the presenceis# plus Sl signal instead of
making decision only in the presence of noise. Therefoeesénsing threshold becomes different
since the total sensing noise in the FD case is contributad fvoth Additive White Gaussian
Noise (AWGN) and the residual Sl, and detection performamm®ines different in the presence
of residual Sl. However, in the ideal case with perfect Sicedlation, the residual SI becomes
zero and the problem becomes equivalent to the HD case.

One of the main requirements for sensing in 5G DSS networie &hieve accurate sensing
results in a timely manner. However, the conventional EBeldasensing suffers from long
error delay (at least one sensing period) before correcisideccan be made in the future
sensing slots. This sensing error may occur rapidly in FBetasensing due to the possibility
of accommodating PU state changes during the sensing pefmaddress this, the feature
of consequent sensing periods being adjacent in nature eartilized to design new sensing
strategies for FD-based sensing node. Utilizing this featauthors in [81] proposed sliding
window ED by enabling the overlapping of samples used fdedht sensing periods to reduce
the delay of finding sensing errors. Furthermore, authof81hanalyzed the effect of PU state
change on the performance of FD sensing and showed signifiesgradation in the sensing
performance of the conventional ED when PU changes statesgdthe sensing period. In
order to tackle this issue, a weighted ED, which assignsdrigteights to the samples collected
towards the end of the sampling period, seems promising.

Since in this DSS application, sensing and data transmnissike place during the whole
duration of the secondary frame and no sensing-througtrpdeoff exists. Also, finding an
optimal sensing time is no longer an issue due to the reasainctintinuous sensing can be
achieved under this design. Furthermore, better protectiqrimary receivers can be achieved
due to lower probability of false alarm and higher secondargughput can be achieved due to
a longer data transmission period as compared to the perg#i{107]. Since the SI cancellation

is imperfect in practice, it leads to inevitable residuatadition. In this regard, the contribution in



[109] studied the effect of this residual distortion on tlielgability of detection of the PU signal
compared to that in the HD scenario. It has been shown thatftbet of this residual distortion
can be compensated by using a longer integration periodd8gstwo scenarios where both
sensing and transmission can be performed with a singl@@ater using two separate antennas
have been compared. It has been shown that when the sensingaasmission take place in
two separate antennas, the effect of residual Sl is redugethis creates a channel imbalance
problem for which sensing provides different informatioompared to what the transmitting
antenna would observe.

In addition, the recent contribution in [128] analyzed therfprmance of FD-enabled ED
technique considering multiple sensing antennas at the @R aod derived the closed form
expressions for probability of false alarm and probabiitynissed detection. Moreover, authors
in [129] studied the problem of optimizing detection threlsls to maximize the FD sensing
and the secondary throughput in both non-cooperative angerative settings. Moreover, the
contribution in [130] evaluated the effects of In-phase §uhdrature (IQ) imbalance in FD-
based ED in both non-cooperative and cooperative SS sosnavnsidering single channel and
multiple-channel cases, and showed that the 1Q imbalandeesidual Sl significantly degrade

the sensing accuracy of FD-based DSS networks.

B. FD Cooperative Sensing

Cooperative Spectrum Sensing (CSS) has received signifitiemtian in the CR literature
because of its numerous advantages such as reliable decisiaxed receiver sensitivity, higher
throughput, and the mitigation of hidden node problem [33]1Recently, some attempts have
been made to exploit the advantages of the FD-CR in cooperatitings [110-112]. The
work in [110] studied the LAT method for the CSS purpose in casitto the traditional listen
before talk method. The main advantage of the LAT method in @&S#at the secondary
transmission becomes continuous and the sensing duratioo longer limited. However, the
performance of CSS considering the LAT approach is deteddrhy the following factors: (a)
S, (b) interference between the cooperating SUs, and éi¢éicrement in the number of sensing
and transmit antennaSimilar to the case of FD-based local sensing, it has beenrsiro[110]
that there exists a power-throughput tradeoff in LAT base®,GX., there exists an optimal

transmit power which yields the maximum throughput



While applying cooperative schemes in FD CRNSs, there may atieagsinterference from
the surrounding cooperative SUs which may lead to sevemridedtion of their local sensing
performance. This leads to certain differences in the agptin of FD in non-cooperative and
cooperative CR scenarios. In this context, authors in [1idied a robust FD based cooperative
scheme by employing a confidence-only report rule and a atipatbased weighted majority
fusion rule in order to alleviate the issue of interferencel ghe impact of abnormal nodes,
respectively. Moreover, authors in [112] studied a CSS sehemthe context of non-time-
slotted FD-CR networks and derived collision and outage qivdities of the PU considering
both CST and CTR modes. It has been shown that the CST mode is otorst than CTR
mode in the presence of uncertain PU activities and the uakial.

Although the CSS scheme can provide more reliable and quistection of the PUs, it faces
significant challenges in meeting the statistical QualityService (QoS) requirements of CR
networks. In this regard, the contribution in [132] has megd a QoS-driven resource allocation
scheme for a cooperative sharing model in CR networks ungeN#kagami-m channel model,
and the proposed scheme is shown to achieve the optimalitgrihe statistical delay-bounded
QoS constraints. Furthermore, authors in [133] evaluated pgerformance of two categories
of cooperative FD schemes, namely, CST and CTR modes, in asymis CR networks.
Subsequently, an analytical expression for the PUs’ aeethgpughput has been derived under
asynchronous PU-SU condition for the aforementioned twarkddes by considering the impact
of the interference from the SUs. With the help of numerieslutts, it has been shown that the
CTR mode can provide similar achievable primary throughputhat of the CST mode when
the number of cooperating SUs is sufficiently large

In addition to the widely used primary’s channel conditicsséd exploitation of the spec-
trum, SUs can exploit the transmission opportunities duiutomatic Repeat Request (ARQ)
retransmissions of the primary network [134]. In this ARQdxhspectral coexistence approach,
the SUs exploit the structure of primary ARQ transmissionsriter to utilize the under-utilized
resources, leading to significant secondary rates whileigirgg no harmful interference to the
primary’s performance. In this regard, authors in [135]goeed a cooperative protocol based
on FD capability of the SUs, in which the SUs utilize the oppoities which arise during
primary Automatic Repeat Request (ARQ) retransmission iaterfor their data transmission

while cooperating with the primary system at the same timedpeating the failed packet in



an FD manner. It has been shown the proposed FD based coepgnattocol can significantly
improve the throughput of both the primary and secondaryoaspared to other HD and non-
cooperative protocols

C. Summary and Insights

Starting with the importance of sensing of RF environment®@ networks, this section
provided a typical interweave DSS scenario and describedptinciples of communication
for CST in 5G DSS networks. Subsequently, existing referendeich studied CST in various
scenarios have been reviewed and the application of FD iperative sensing has been discussed
by referring to the existing works.

Concurrent sensing and transmission is one of the main aatyesmtthat FD can bring to
5G DSS networks. The main difference between HD and FD dpesat the sensing node is
that sensing and transmission are performed in differemé slots for the HD case while FD
enables the CST operation. The advantage of this FD operatithe sensing node as compared
to the HD is two-fold. On one hand, primary receivers can biicsently protected since the
SU can monitor the channel occupancy conditions all the &me the detection performance
will be enhanced. On the other hand, secondary throughpltb@iincreased since the total
transmission period will be increased as compared to the oa$1D. In contrast to the HD
case, no sensing-throughput exists in the FD sensing casé&(2].

However, the mitigation of residual Sl resulted from the a@rfpct cancellation is the main
challenge in achieving the full performance gain from the & this requires the need of
accurately estimating the coefficients of SI channel. Inliieeature, preamble-based minimum
mean square error based approach [127] and correlatiedmasthod [81] have been studied to
estimate the multi-path channel coefficients in a reliabéenner. Moreover, some works studied
the detection performance of widely-studied ED techniqud-D scenario in the presence of
residual Sl [109] and in non-time-slotted case [81, 128]thdwus in [109] proposed to use long
sensing duration to compensate the effect of residual Staddcide between single antenna and
two-antenna FD transceiver implementations based on #uedff between residual distortion
level and channel imbalance gain problem. The performahE®ebased ED is severely affected
by the state changes in the PU statuses and the weighted poge in [81] seems promising

to enhance the detection performance in dynamic PU envieohnin addition to the negative
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Fig. 5. A typical underlay CR scenario with FD-CR nodes equippedhwito antennas

effects of residual Sl and varying PU states, FD-sensinfppaance is also affected by the
inevitable hardware impairments such I/Q imbalance [13(] & is crucial to investigate novel

solutions to tackle the effects of these impairments.

V. FD-BASED CONCURRENTTRANSMISSION ANDRECEPTION INSG DSS NETWORKS

Another application of FD in 5G DSS networks is simultanetrassmission and reception
in the same frequency channel. This application arises dediay spectrum sharing scenarios,
and cooperative relaying towards improving the utilizatiefficiency of the available radio
frequencies. In the following, we provide a typical undgrlaSS scenario and provide an
overview of the existing works in the area of underlay DSS eodperative relaying.

Figure 5 presents a typical underlay DSS scenario with FD-G&es equipped with two
antennas in which the objective is to enable the CTR. As dapictehe figure, there occurs
S| on both CR nodes and the primary receiver needs to be pedtexgainst the aggregated
interference caused by simultaneous transmission from @Ronodes. Also, in the network
scenario having multiple SUs and PUs, each SU experientessuser interference from other
SUs and causes interference to the PUs. In this case, SUsmesahage their radio resources
such as transmit power and antenna in such a way that thegaggdeinterference received at
the Primary Receiver (PR) remains below the acceptable amerte threshold.

In the following subsections, we provide an overview of teated works on underlay DSS,

FD-based cooperative relaying and the MAC layer aspectdDoEdmmunications.



A. Underlay DSS Networks

In underlay DSS setting, authors in [136] proposed an itexdatansceiver design method for
FD-based MIMO system considering the following two optiatian problems : (i) minimization
of the sum Mean-Squared Error (MSE), and (ii) minimizatidrihee maximum per-SU MSE. It
has been shown that the solution to the first problem prowdesmum total MSE while the
solution of the second one can achieve almost the same MS&If8tJs. However, authors in
[136] considered the assumption of perfect Channel Statarition (CSI) at the transmitter,
however, this is difficult to obtain in practice due to chanestimation errors and the lack of
coordination between primary and secondary systems. &vialé this assumption, authors in
[137] studied the sum-MSE optimization problem with SU sauit power and PU interference
constraints for FD-based MIMO system taking the channeértatties into account. Moreover,
authors in [138] studied a spectrum sharing problem consiglean-band FD PUs by using
improper Gaussian signaling at the SUs. Subsequently, utege probability at the SUs and a
tight upper bound for the outage probability of the PUs wesgved. It has been shown in [138]
that improper signaling becomes advantageous when themmaxipermissible Interference to
Noise Ratio (INR) exceeds a desired interference threshaldtes SU operates under a certain
target data rate.

Recently, a few publications have applied FD principles imarfay DSS networks from
the perspective of physical-layer security [139, 140]. Bgowmporating FD functionality at the
secondary destination node, it can simultaneously perftiven selection of the receive and
jamming antennas in order to improve the secondary thrautghpd the secrecy performance
of the primary system, respectively. Following this cort¢ceuthors in [139] proposed an FD
dual antenna selection scheme for an underlay CR network ared the outage probability
for the secondary system as well as upper and lower boundscoéey outage probability for
the primary system. In addition, authors in [140] studiedhgsgical layer security problem for
an underlay CR system considering FD operation at the wslglgpwered destination node,
which is equipped with one transmit antenna and one receitenna capable of simultaneously
receiving energy and information from the source.

The estimation of cross-channel gain from the ST to the PRusia in underlay spectrum

sharing scenarios. In these scenarios, the ST can also atayafor the PU signals. In this



regard, the contribution in [121] proposed a cross-chagagl estimation scheme by assuming
AF relaying capability at the ST. In the proposed scheme 2i]1the relaying at the ST triggers
the closed-loop power control between Primary Transm{@dr) and PR, leading to the power
adaptation at the PT. Then, by observing the changes in twerdevels, the ST estimates the
cross-channel gain towards the PR. It has been shown in [h2t]the FD relaying-assisted
estimator performs better than the jamming-based estimatderms of primary protection
independent of the location of the PR. However, this appraaely not be suitable for the
scenarios causing large Time Difference of Arrivals (TDQPAstween the direct signal and the
relayed signal since TDOA is a random variable and dependiefocations of the ST, PT and
PR. To address this issue, authors in [141] proposed to ita time delay at the FD-based
ST while performing AF relaying in order to force the TDOA te large enough. Subsequently,
an estimation algorithm was developed to estimate croasfa gains in the large TDOA case
and it has been shown that this delay-enabled method carms@isecontrol the interference to

the PR than the relay-assisted only approach.

B. Cooperative FD-DSS Networks

Wireless relays play a major role in CR communication systémsause of its several
advantages such as extended cell coverage and reduced pomgmption. Recently, several
authors have applied the FD concept in relay-based CR nesveorksidering FD-CR nodes [119,
120]. An FD relay receives and retransmits concurrentlyame frequency band while an HD
relay receives and retransmits on different bands at difitetime. In [119], the authors provided
the modeling of the residual Sl and cross-talk interferarazesed by imperfect channel estimation
considering the FD relaying. Furthermore, [119] also arediythe impact of the residual SI on
the outage probability and spectral efficiency considetinmge typical cooperative schemes.

The Physical Layer Network Coding (PLNC) enables a DecodeFamdiard (DF) strategy
to jointly decode the information from the source nodes ammvdird the information to the
destination. In the context of DSS networks, authors in [Efplied PLNC concept in an FD-
CR system to ensure that two source nodes can transmit to stimakson nodes in a single time
slot assuming the availability of multiple spectrum bart$as been concluded that the PLNC-
based FD relay system can achieve better outage perforncangeared to its HD counterpart.

Moreover, an ST may select between the options of coopegratith the PU and transmitting



secondary data probabilistically based on some criterdh® secondary access. In this regard,
authors in [122] studied a problem of finding optimal chanaetess probabilities for the SU
in the cooperative context by taking into account the seneutcome, FD capability at the ST
and the probability of successful transmission.

Moreover, with the objective of enhancing the cooperatifficiency in cooperative FD-
CR networks, the authors in [118] studied the cooperationvéeh a primary system and a
secondary system where the secondary base station rekaywithary signal using Amplify-
and-Forward (AF) or DF protocols, and in return, it can traitgts own cognitive signal. In
this setting, closed-form solutions have been derived keesithe problem as the related residual
interference power is scaled or not-scaled with the tranpower. The conclusion from [118]
is that the aforementioned cooperation substantiallyemses the access opportunities for an
SU in the licensed spectrum and improves the overall sysggutal efficiency. In addition,
authors in [115] proposed an opportunistic spectrum sfgmntocol where the secondary system
can access the licensed spectrum based on FD cooperaayengel The joint optimization of
Orthogonal Frequency Division Multiplexing (OFDM) subrgar and power allocation has been
studied considering two phases of the relay operation. énfitist phase, the CR node receives
the primary signal on some particular sub-carriers and enstacond phase, it serves as a DF
relay by using a fraction of sub-carriers to forward the @mynsignal in achieving the target rate.
In contrast to the traditional HD CR, the residual Sl and thessitalk interference caused by
the imperfect channel estimation are additional overhdéadthe FD-CR relay. In this context,
authors in [119] studied the impact of cooperative overheadhe outage probability and the
spectral efficiency of three different types of cooperatebemes considering the FD relays.
Moreover, authors in [123] analyzed the performance of OHdded underlay CR network
considering the selection of FD relays. Subsequently, aisthnalyzed the outage probability
of the considered network and showed that OFDM-based CR netwith FD relay selection
provides higher data rates than its HD counterpart.

C. MAC Layer Aspects

In addition to the ongoing developments in the physical laylee design of the FD-CR
requires necessary adaptations in the upper layers sudte ddAC layer. The main drawback

of an FD-based CR is that secondary data transmission maytdéreuipted by the appearance



of the PU, hence deteriorating the Quality of Service (QoS)he secondary link [124]. To
address this issue, it is critical to investigate how thenbrgayers of the protocol stack such as
MAC layer can support FD communications in DSS networks eviiiproving the performance
of these networks. In this context, authors in [124] havelisal the implementation of packet
fragmentation at the MAC layer in order to improve the parfance of the FD-based DSS
networks. It has been demonstrated that by dividing the Stkegda into smaller independent
segments, the packet dropping probability caused due torbgpected appearance of the PU
can be significantly reduced, and subsequently the QoS ddabendary link can be improved.
In this way, only a single fragment can be dropped insteadhefwhole packet, thus allowing
the remaining data to be transmitted later as the channeinibex free.

In non-time-slotted CRNs, due to the lack of synchronizatietween primary and secondary
systems, the PUs may sense a busy channel when the PUs atieatedcduring the SUs’
transmission, thus creating a collision or entering in® Ilackoff stage. This problem is known
as reactivation-failure problem [103] and this problemreatrbe addressed using the traditional
HD-based sensing mechanism. In order to address this isstently authors in [103] developed
the wireless FD cognitive MAC protocol which can efficiengplve the reactivation-failure
problem in multi-channel non-time-slotted CRNs. The mainigtesnotivation behind this FD
cognitive MAC protocol is that each SU transmits the reqtestend packet with a certain
probability P and after the SU successfully receives clear-to-send paakee sending the last
request-to-send packet, it is allowed to transmit data énrtéxt slot.

Recently, authors in [125] studied an adaptive FD MAC protdoo CR networks in order
to enable simultaneous sensing and access of the PU chamitieteit requiring the need of
synchronization among the SUs. Subsequently, authorgzetathe performance of the proposed
scheme taking imperfect sensing, Sl effects, and the dynataius changes of the PU into
account. It has been shown that the proposed FD-MAC protpanlides significantly higher
throughput than the HD-MAC protocol.

D. Summary and Insights

This section provided an overview of the existing works ie @irea of underlay DSS and
cooperative relaying and further discussed MAC layer a@spetFD for 5G DSS systems. As
for the case of CST, the main problem in achieving the capatifyD in 5G DSS networks is



the residual SI.

In underlay DSS applications, guaranteeing the proteatioprimary receivers against the
aggregated interference generated from all co-channetrrssions is another important issue.
To address this, SUs need to carefully manage their radiouress in order to satisfy the
interference threshold constraint at the primary recsivér this regard, existing works have
studied MSE-based optimization problems for FD-based MIB\3tem in different settings:
(i) with perfect CSI assumption [136], and (ii) taking chahogcertainties into account [137].
Besides radio resource allocation, accurate estimatiorcitbgs-channel gain from the ST to
PR is important to provide sufficient PU protection in undgrDSS networks. In this context,
FD relaying-assisted estimator has been proposed in [I#l padelay-enabled method in [141]
towards the improving the PUs protection. Furthermore roppr Gaussian signaling at the SUs
has been shown to be advantageous in an underlay spectrumgspeaoblem under certain
conditions [138]. From the physical layer security perspec FD functionality can enable the
concurrent selection of the receive and jamming antennaspoove the secondary throughput
and the secrecy performance of the primary system. In thectibn, some recent works have
analyzed performance of FD-enabled underlay DSS systerarious settings [139, 140].

Cooperation between primary and secondary system in DS&systan significantly increase
the access opportunities for the SUs and improve the systerutral efficiency [118]. An
FD technique can be beneficial in 5G cooperative DSS systenthe following different
ways. First, an FD-enabled relay can enhance the spectiGeerty of relay-based cooperative
relaying systems since it simultaneously receives andamsmits in same frequency band.
Second, PLNC concept can be applied at the FD-enabled reldg m order to enable the
concurrent transmission from two source nodes to two dastim nodes in a single time slot
[120]. Third, the ST may act as a cooperative node and mayapiltically choose between
the options of either cooperating with the PU or to transnaitadto secondary receiver based
on some performance criteria [122]. In addition, by apglyanproper relay selection technique,
higher data rates can be achieved as compared to the HD goamt relay-based cooperative
DSS networks [123]. Despite these advantages, FD-basaygl saffers from the residual SI and
the cross-talk interference resulted due to imperfect mbbestimation [119] and it is crucial to
reduce the cooperative overhead in practical scenarios.

In addition to physical layer enhancements discussed alaftieient design of MAC layer



TABLE VI

ENABLING TECHNIQUES FORFD-DSS &STEMS

Enabling Techniques Principle References

Self-Interference Mitigation Schemes| Combination of passive (antenna) and active [19,20,142]
(analog, digital) cancellation techniques

Waveform Based Sensing To distinguish the self-interfering signal from the PU [104, 143]

signal using some waveform-specific characteristics
Multiple Antenna Signal Processing | To carry out adaptive spatial filtering with an antenna arraj25, 144, 145]

Power Control To control the transmit power in order to reduce [105,113-115,117]
the impact of Sl

significantly helps in achieving the potentials of FD in 5G 8etworks. The QoS of the
secondary link may be degraded by the reappearance of thenFDEE networks. In this
regard, packet fragmentation can significantly enhancepdréormance of FD-DSS networks
since the packet dropping probability is reduced due to thisidn of SU packets into smaller
independent segments [124]. Another advantage of FD bageci piotocol is that it can address
the reactivation-failure problem in DSS networks as derrated in [103]. In addition, FD-based
MAC protocols can enable the concurrent sensing and acdetbe U channels without the
need of synchronization among the SUs and they can provgtefisantly higher throughput
than the HD-based MAC protocol.

V. ENABLING TECHNIQUES FORFD-DSSIN 5G SYSTEMS

As discussed in the aforementioned sections, there areaseballenges in achieving the full
capacity of FD technique in 5G DSS networks. In this regaederal works are investigating
different ways to enable the application of FD in 5G DSS neksoln the following subsections,
we discuss the key enabling techniques for the FD-enable&l€yStems. Furthermore, we list the
main enabling techniques for the application of FD in 5G D®&8works and the corresponding

references from the current-state-of-the-art in Table VI.

A. Self-Interference Mitigation Schemes

As discussed in Section 1I-B, by combining different S| cdlad®n techniques such as pas-
sive, analog (RF) interference cancellation, and the digitarference cancellation, FD wireless
communications in general or FD-CR communication in paldicihave become feasible. In

[142], authors proposed to employ antenna cancellatiomgalith RF and digital cancellation in



order to enable FD-CR operation. The main disadvantagesdrtenna cancellation technique
is that it requires periodic manual tuning of the FD related dREuits, thereby rendering its

practical implementation infeasible. Moreover, the capgof passive S| cancellation technique

is limited by the device size due to its dependence on thenaateonfigurations and separation.
Besides, the capability of analog Sl cancellation is limibsdhardware imperfections such as
phase noise, and its performance degrades in wideband dwentfiat frequency response [21].

On the other hand, digital cancellation techniques can tadigportions on the per-packet basis
but their performance is limited by different transceiverperfections such as power amplifier
non-linearity and I/Q imbalance. Despite their advantaged disadvantages, in practice, the
combination of these three types of techniques is neededder do have a sufficient level of

isolation between the received Sl and the desired signa.detailed description of various Sl

mitigation techniques can be found in [19-21].

Besides several RF front end based Sl cancellation technidjsesssed earlier, the authors
in [146] proposed to employ an optical system at the RF frodtiarorder to effectively cancel
the Sl in FD-enabled CR systems. In the proposed system seh@mptical system receives
a tap of the already known transmitted signal and is placeéddsn the receiver antenna and
a low-noise amplifier. The main advantage of using opticatesy for S| cancellation lies in
the fact that it can inherit the wide-band performance arghdprecision features of optical
processing. Through experiments, it has been demonstitziedhe proposed system is capable
of providing abou®3 dB isolation for a narrow-band signal, aba@iitdB isolation for a50 MHz
frequency modulated signal and40 dB cancellation ove500 MHz of instantaneous bandwidth
[146]. However, the investigation of suitable algorithmasehable the quick adaptation of optical

system on time varying RF environments remains a crucialeimgeé to be addressed.

B. Waveform based Sensing

In order to carry out SS with an FD-CR having low Sl rejectiompataility, it is crucial to
distinguish the self-interfering signal from the PU sigtalbe detected. However, the simple
and commonly studied energy detection technique canniareliftiate between a PU signal and
a residual Sl. In this context, suitable waveform basedrtiegles which can distinguish the
primary signal from the self-interfering signal need to beeistigated. There exist only a few

works along this direction in the literature.



Authors in [104] studied a waveform-based sensing apprdachthe TS mode to enable
the SU to detect the PU signal in the presence of Sl and namsaddlition, the authors in
[143] have recently analyzed the performance of cyclastaty SS in FD CRs considering
concurrent sensing and transmission. It has been showibyhaming the cyclic features of the
secondary signal appropriately, i.e., cyclic prefix dunator the subcarrier spacing, or making
them different than that of the PU waveform, the effect ofdesl interference on the FD-CR

sensing performance can be significantly mitigated.

C. Multiple-Antenna based Signal Processing

By employing multiple antennas at the FD-CR node, differenttiramtenna based signal
processing techniques such as beamforming and antenrdigelean be employed [25]. By
employing transmit beamforming, the FD-CR can simultangousaximize its transmission
power in the desired direction and can reduce interferendts town received sensing signals.
Furthermore, the incorporation of multiple antennas atRBeCR node provides the option of
selecting a proper antenna configuration which can optirthizesystem performance. In this
approach, simultaneous operation of sensing, transiigtind receiving signals may be carried
out by dividing the total number antennas into differentup® However, the effect of mutual
coupling and near-field effects need to be investigated taild@ future research works.

The FD-CR node can be equipped with redundant transmit aasemmorder to form an
adaptive spatial filter that selectively nulls the transsiginal in the sensing direction. Following
this concept, authors in [144] proposed a spatial filteripgraach in order to enable the CST
in an FD-CR node. It has been shown that a wideband isolatiegl l&f about60 dB can
be obtained by the considered antenna system and by fobjothie spatial filtering stage with
active power cancellation in the radio-frequency stageianide baseband stage, a total isolation
greater than about00 dB can be obtained. Furthermore, authors in [147] proposeshtploy
directional multi-reconfigurable antennas to enable CST inn€®vorks. The considered multi-
reconfigurable antenna is capable of dynamically changisigadiation beam in one of the
predefined directions. This feature allows the FD-CR tramseceo select the direction that
maximizes the Signal to Interference plus Noise Ratio (SINRhas been shown that the
directionality of multi-reconfigurable antennas can digantly increase both the communication

range and the rate of FD transmissions over omni-directiangenna-based FD transmissions.



Moreover, selecting an antenna either for sensing or tresssom in an FD-CR node can
introduce the spatial diversity to enable the CST scheméisncontext, authors in [145] studied
antenna mode selection for CST in order to select one antesmaehsing and another for
transmission based on their Channel State Information (ORI). different kinds of selection
schemes, one based on the maximization of secondary thpatighd another based on the ratio
of sensing Signal to Noise Ratio (SNR) to transmitting SNR, Haeen studied. It has been
shown that both schemes improves the throughput perforenascompared to the case without

antenna selection.

D. Power Control

By controlling the transmit power of the CR node, the impact le¢ SI on the sensing
performance can be mitigated. However, there exists a ptweughput tradeoff in the FD-CR
systems and the transmit power control should be carefudligihed to achieve the efficient
tradeoff. Furthermore, different constraints such asl totaindividual transmit power (in the
MIMO case) may lead to different solutions. Besides, the fipomtion of FD relay nodes
into the cognitive relay networks may raise several issid8][ The PU may suffer from the
harmful interference from the ST and from the relay simwdtarsly. In order to satisfy the
interference constraint at the PR, the CR node has to loweaiismit power, thus resulting in the
performance degradation for the secondary system. In @mgexgt, authors in [113] investigated
optimal transmission powers for the ST and the relay in an FD GRiN the objective of
minimizing the outage probability. Furthermore, an outagastrained power allocation scheme
has been applied to reduce the amount of feedback overhead.

Moreover, the contribution in [114] investigated variousyer allocation mechanisms between
the ST and the cognitive relay in a cognitive AF FD relay nekwdubsequently, with the
objective of maximizing the secondary throughput, autliesgeloped the following three optimal
power allocation algorithms: (i) optimal power allocatiaith instantaneous interference channel
information, (ii) optimal power allocation with statiséicinterference channel information, and
(iif) optimal power allocation with unknown interferenchannel information and the maximum
acceptable interference at the PR. In addition, spectruroiezifty can be improved if the CR
system operates in the FD mode by simultaneously transgniind receiving information. In

this context, authors in [115] proposed a two-phase oppatic FD spectrum sharing protocol



in which the secondary system works in the FD mode only in tis¢ ihase in the cooperative
relaying. Subsequently, authors considered the joinhopétion of OFDM sub-carriers and the
power allocation in two phases with the objective of maxingzthe transmission rate of the
secondary system while guaranteeing desired transmisaterfor the primary system.

In addition, authors in [116] studied the problem of powenteol in an underlay FD-CR
network with the objective of guaranteeing a minimum SINReath CR user while keeping
the interference to the PUs below a prescribed thresholdseguently, in order to achieve the
above goals, authors in [116] proposed a distributed powatral scheme which integrates a
proportional-integral-derivative controller and a powenstraint mechanism. Moreover, authors
in [117] studied the problem of joint decentralized chanaetl power allocation scheme for
an FD-CR network. The channel allocation scheme in [117] deduon selecting whether a
particular channel needs to be used in an FD mode or HD modeder a0 maximize the

achievable data rate.

E. Summary and Insights

Due to several limitations for the application of FD in 5G D&Sworks such as the presence
of strong Sl, large amount of interference in the networknace, detection of PU in the
presence of residual SU and the effect of inevitable harewapairments, it is crucial to
investigate suitable techniques to address these lignistiin this regard, this section discussed
the key enabling technologies for the applications of FD @& BSS applications. Mainly, Sl
cancellation techniques, waveform based sensing, meiliptenna-based signal processing have
been discussed by referring to the current state-of-the-ar

In practice, a single Sl cancellation technique is not sefficto provide the level of isolation
required to mitigate the effect of SI and three main techesgunamely antenna, analog and
digital cancellation techniques have been investigatatieniterature. The capability of antenna
cancellation technique is mainly limited by the device sizele the analog cancellation capabil-
ity is limited by hardware imperfections such as phase n@sailarly, the capability of digital
cancellation is limited by ADC dynamic range and differeransceiver impairments such as
I/Q imbalance and power amplifier non-linearity. Therefdhee combination of antenna, analog
and digital cancellation techniques as listed in Tabledlheeded to provide sufficient level of

isolation in FD transceiver [21]. Several existing workvéngrovided the detailed description



on these techniques [19-21].

One of the main challenges in opportunistic DSS network® iddtect the presence of the
PU is to distinguish Sl signal from the PU signal, especiallyen PU received signal is weak.
In this regard, waveform-based sensing which can diffeatnthe features of Sl signal and
the PU signal seems promising [104, 143]. Another approachnhance the performance of
FD-based DSS system is to employ multi-antenna based tpodsisuch as antenna selection
and beamforming. By dividing the total number of antennase uhfferent groups, it may be
possible to carry out simultaneous sensing, transmissiohreception [25, 145]. Furthermore,
by employing spatial filtering at the sensing node, transighal in the direction of sensing
can be nulled out, thus enabling the CST [144]. Also, by usingtimsonfigurable antennas,
radiation beam can be controlled dynamically and this wilh@&ce the communication range
of FD and also the data rates.

Although it is possible to mitigate the effect of Sl on the Sag performance by controlling
the power of transmission on the secondary link, there acgawer-throughput tradeoff in
FD-based DSS systems. Therefore, it is necessary to desigarpontrol policies carefully
to achieve a desired tradeoff. In this direction, severateyg works proposed various power
allocation mechanisms in various settings [113—115]. Haurhore, in DSS systems, secondary
achievable throughput is dependent on the PU activity siftemay leave or occupy the
frequency channel at any time. It has been shown that FDdb&Sescheme can enhance the
achievable throughput of the PUs can maintain their requlieoughput and the SUs can increase
their achievable throughput compared with the achievaireughput under the HD scheme. In
addition to SI mitigation, power control mechanisms shaaisb consider the PU interference
constraint in order to provide sufficient protection to the.Rn conjunction with the power
allocation, channel allocation can be employed to seledrtcplar channel to be either in FD

or HD mode with the objective of enhancing the achievabla date [117].

VI. TRADEOFFANALYSIS OF FD-BASED SENSING AND COMMUNICATIONS IN 5G DSS

NETWORKS

In this section, we first describe the traditional PST and G3iEses and then propose a novel
transmission strategy for the FD-CR. Subsequently, we carryhe performance analysis of the

proposed scheme and compare its performance with theitraaitapproachedn our analysis,
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Fig. 6. Secondary frame structure for Periodic Sensing and Traassom (PST)

we assume ON/OFF PU traffic model ('ON’ indicating the preseand ‘OFF’ indicating the
absence of the PU in a specific channel). Furthermore, fosithplicity of analysis, we consider
the static nature of the PU, i.e., channel occupancy staés dot change during the sensing

duration.

A. Transmission Frame Structures

1) Periodic Sensing and Transmission (PSThe frame structure of a CR with the PST
scheme is shown in Fig. 6. In this conventional sensing ambrothe CR operates in a time-
slotted mode, i.e., the CR sensing module performs SS for & dhaation, which is denoted
by 7 and transmits data for the remaining ¢ 7) duration,7" being the duration of a frame
[22]. Since the SUs do not perform sensing and data trangmissmultaneously, this scheme
can also be referred as an HD SS scheme. The assumption hbed the PU status remains
constant over each frame duration. Furthermore, SUs aralietto monitor the PU’s status
when they are transmitting, hence causing interferenceedR. In this frame structure, there
exists an inherent tradeoff between sensing time and tlendacy throughput as noted in various
previous publications [22, 148, 149]. As the sensing tinedaases, the probability of detection
increases and the probability of false alarm decreasegltirgsin better PU protection and the
improved utilization of the spectrum. On the other hand,ittteease of sensing time causes a
decrease in the data transmission time, hence resultingeineduced throughput.

2) Concurrent Sensing and Transmission (CSThe frame structure of a CR with the CST
method is shown in Fig. 7. Since continuous sensing can hiewwszhunder this scheme, finding
an optimal sensing time is no longer an issue. However, tegigts the problem of strong
Sl which may degrade the sensing performance. In contragheoperiodic frame structure

(Fig. 6) where the throughput increases with the power nwrmisly, there exists a power-
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Fig. 8. Two-phase Concurrent Sensing and Transmission (2P-CST)

throughput tradeoff for the frame structure in Fig. 7, whieates a fundamental limitation
in the performance of an FD-CR [25]. Authors in [25] showedt timathe low-power region,
the secondary throughput first increases and then decremsgéghere is an optimal transmit
power to achieve the maximum throughput, whereas in the-pagter region, the secondary
throughput increases monotonically with the power.

3) Two-Phase Concurrent Sensing and Transmission (2P-CR&parding the aforemen-
tioned power-throughput tradeoff problem in the CST metlhibd, assumption in most of the
related works is that the CR transmits with the controlled @oaver the entire frame duration.
In this case, power control over the entire frame duratiorstnine performed to mitigate the
effect of SI on the sensing performance. To this end, we m®@onovel Two-Phase CST (2P-
CST) frame structure presented in Fig. 8 in which the transionsstrategy can be described
as follows: At the beginning of the frame, CR performs SS foregain fraction of the frame
duration and also transmits simultaneously with the cdletlopower and for the remaining
fraction of the frame duration, the CR only transmits with th# power. In this context, our
design objective is to optimize two parameters: sensing,tamd the transmit power in the first

slot, which result in the maximum secondary throughput.



B. Performance Metrics with Self-Interference

The commonly used metrics for evaluating the performance afetector are probability
of false alarm P;) and probability of detection;). Subsequently, using these probabilities,
the performance of a CR system can be characterized in termgfefent tradeoffs such as
sensing-throughput tradeoff and power-throughput tridds mentioned earlier, there exists a
sensing-throughput tradeoff for an HD CR and a power-thrpugltradeoff for an FD-CR. For
the proposed frame structure in Fig. 8, there exist botheafentioned tradeoffs and we can
characterize its performance in terms of the sensing-ptlweughput tradeoff.

Let N be the number of samples collected withirduration, i.e..N = [7f,]|, with f, being
the sampling frequency. Regarding the binary hypothesimteproblem in (2), the test statistic
(D) for the ED technique is given by) = + SV |r(n)|?, whereD is a random variable and its
Probability Density Function (PDF) under tli&, hypothesis follows a Chi-squared distribution
with 2NV degrees of freedom for the complex valued case. For verg leatpies ofN, the PDF
of D can be approximated by a Gaussian distribution with mgaas o2 and the variance
of = +[Elw(n)]* — 02] [22], where E[.] denotes an expectation operator. The expressions for
Py and P, can be computed byP; = Pr(D > M H,), Py = Pr(D > A\H;). where is the
sensing threshold. For the circularly symmetric complexi$3@&n noise casé;[w(n)]* = 207,
thuso? = %aﬁ,, the expression foP; can be written as [22]

v =Q( (5 -1) var), ©

w

where((.) is the complementary distribution function of the standaedissian random variable.

Similarly, under theH; hypothesis, the expression f@; is given by

Pd()"T) = Q <(>\/O-i) — O — 1) 2;{?_ 1) ’ (4)

where~, is the PU SNR measured at the ST. Rt be the target probability of detection to be
respected by the detector based on the current radio remdaCombining (3) and (4)P; is

Py =Q (\/ @+ 1Q(P) + \/T_fsvp) | ©)

The main problems in the PST scheme illustrated in Fig. 6 25¢ [(i) an SU has to allocate

related toP, as follows

a certain fraction of the frame duration for the sensing psep and transmission slot needs to



be divided into small discontinuous time slots even if thectpum opportunity is available for
a long period, and (ii) during data transmission phase, Slgsiat monitor the changes of PUs
states, which leads to the collision when the PUs becomeeaatid the spectrum opportunity is
wasted when PUs become inactive. In the FD-CR, since the trdadmpower level affects the Sl
and subsequently the sensing performance, one way of aufidesired sensing performance is
to constrain the transmit power of the ST. However, this $etadthe reduction in the achievable
throughput of the secondary system.

The main problem with the CST strategy is that the node suffera the Sl due to its own
transmitted signal, hence causing sensing errors. Theession forP; for an FD transceiver
depends on the following cases, namely, perfect and imgteEkecancellation.

1. Without Residual Self-Interference (Perfect SI CanceligtiFor a target probability of de-
tectionP,, P; in (5) for the considered ED technique can be written as

PAT) = Q ( (29 + DO~ (Pa) + \/T_fsvp> . 6)

2. With Residual Self-Interference (Imperfect SI Canceligtidlthough several antenna-based,
RF and digital interference mitigation techniques have beeastigated in the literature to
mitigate the Sl [150, 151], there still remains its residefé&ct. The sensing-throughput tradeoff
performance of the FD transceiver is affected by this redithierference which depends on the
SI mitigation capability. This is due to the effect of resai&l onP; andP;. Considering the
residual SI mitigation factor; defined in Section IlI-A withp € {0, 1}, the expressions foF,

and Py can be written as [102]

A Tf
Pa ) =@ | (25 =P = — 1 : N
A 7m) =Q ((agv 7 ) \/2772%n + 20290 Yp + 29 + 1) @

A [ T
Pf()‘77_’ 77) :Q (((7_2 - 772'7in - 1) W%) ) (8)

where~;, denotes the ratio of the strength of the Sl to the noise paweasured at the receiver

of the same node. It can be noted that (7) and (8) reduce ton@)(3), respectively, when
n = 0, i.e., perfect cancellation of the SI. Combining (7) and (8g expression for’; for a

targetP,; can be written as



Pr=Q ((Q‘l(ﬁd)\/ 219 + 202 Yp + 27 + 1+ 1/ Tfs> ﬁ) . (9)

As highlighted earlier in Section IV, power control is onepiontant approach to control the

S| and we consider this approach in this paper. The emplogagipcontrol mechanisms are

detailed in the following subsection.

C. Tradeoff Analysis

We denote the full secondary transmit power By, the controlled secondary power by
P.oni, and the PU transmit power bi,. The expressions for the throughput of the secondary
network in the absence’()) and the presence&’() of the active PU can be defined as:

Co = logy(1+1s),
Vs
=1 1 : 10
e = o (1472 ) (10
Let P(H,) denote the probability of the PU being inactive, @RdH,) as the probability

of the PU being active. For the conventional PST approach,atrerage throughput for the
secondary network is given by

RPST()\a 7') = Ro()\, T) + Rl()\, 7'), (11)

where the values ofy(\, 7) and R, (A, 7) can be calculated using the following expressions
T—r71

Ro(A\,7) = (1- Pf(AaT))P(Ho)C(J?

T—r1

Rl()\,T) =

(1 =Pa(A, 7))P(H1)Ch, (12)

where the values ofy, and C; are obtained from (10), with, = ijv—o“ and-, = %, with N,
being the noise power measured at the CR node.

For the CST approach, sensing duration7isinstead ofr in the periodic SS approach.
Therefore, the total throughput of the CST approach can beenras [107]

Rest(\T) = Ro(\, T) + Ri(\, T), (13)

where the values oRy(\,7") and R;(A,T") can be calculated using the following expressions:
Ro(M\,T) = (1—=P¢(\,T))P(Hy)Co, and Ry (N, T') = (1 —Py(X\, T))P(H,)Cy, where the values

Py

of Cy and C; are obtained from (10), with, = PTOt andy, = .



In the proposed scheme with the frame structure shown in&ighe total throughput will
be contributed both from the controlled power and full potvansmissions. In this context, the

additional throughput, let us denote B, is given by

oA, 7) = (1 = P\ 7))P(Ho)Co + (1 = PalA 7))P(H1)C, (14)

where the values of, andC; are obtained from (10), with, = PT(;” and~, = %.

In this scheme, we formulate the throughput optimizatioobfgm in two ways as follows:
i. Approach 1: In this scheme, the controlled powary,, is calculated based on the SI mitigation

capabilityn. Based on this model, the controlled power is calculated as
Pcont - Pfull(]- - 77) (15)

From (15), it is implied that since varies from0 and 1, P, varies from Py, to 0. The

optimization problem for this approach can be written as

max R(7) = Ro(\, 7) + Ri(\, 7) + Ra (A, 7),

T

subject to Py(\,7) > Py, (16)

where Ry(\, 7) and R1(\, 7) can be obtained using (12) att}(\, 7) using (16). This approach
allows us to make the fair comparison of the proposed approait the CST approach.

ii. Approach 2: In this method, the controlled power is not based on theevalu; and we
optimize both parameterB,,,; andr. The secondary throughput optimization problem for this

case can be formulated as

max R(7) = Ro(A, 7) + Ri(\, 7) + Ra(\, 7),

Tvpcont

subject to Py(\, 7) > Py, a7)

where Ry(A, 7) and R, (A, 7) are obtained from (12) anf, (A, 7) from (14).
To solve the optimization problem (17), we take the follogviterative approach:
1) For afixed value of), calculate the controlled power based on the first appro@pprpach
1).
2) Based on the controlled power in step (1), calculate thenymh value ofr which provides

the maximum throughput.



3) Increment the controlled power in step (1) Hyrnd calculate the value of total throughput
R.

4) Repeat step (3) till the calculated throughput becomesthen or equal to the throughput
in the previous iteration and note the corresponding ctiattgpower as the optimum
controlled power.

5) Using the optimum controlled power calculated in step ¢&)culateR.

D. Analysis for Fading Channel

The aforementioned analysis does not include the effecadih§ in the sensing channel. In
this section, we include channel fading in the sensing celanmhile evaluating the optimization
problems considered in Section VI-C. In this case, underHhdwypothesis, the expression for
P, without considering the effect of SI can be expressed as

Pa(A,7) =Q <(>\/Ufu — |h]*y, — 1) #) ) (18)

whereh represents the zero-mean, unit variance complex Gaussiiom variable. It can be
noted that (18) reduces to (4) whéfl = 1, i.e., no channel fading. Similarly, considering the

Sl effect, the expression fa?P, can be written as

A Tf
Pa\,T) = = Py — B —1) s . (19
d( ) Q ((O’% 77 Y | | /710 2772'}/111—"2772|h|2’}/in’7p+2|h|2’yp+1 ( )

Subsequently, the expressions for in terms of the targef; after considering the effect of

S| can be written as

o 1
Pr=Q ((Q 1(’Pd)\/2772%n + 2072 | iy + 2 |2 7 + 14 (B Tfs) m> |

(20)

Next, the analysis presented in Section VI-C is applied taiolthe corresponding throughput
in the presence of channel fading. Then the results obtainddthe optimization problems (16)
and (17) while considering the effect of channel fading irotlyghput expressions are presented

in Section VI-E.
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E. Numerical Results

In this section, we present some numerical results for etialg the performance of the
conventional PST, CST and the proposed 2P-CST schemes. Bgrettiormance evaluation, we
consider carrier bandwidth and sampling frequency t@ BéHz. Let us consideP(H;) = 0.2
and the target detection probability be95. In the presented simulation results, we consider a
fixed channel attenuation df) dB for the channel between ST and the SR.

Figure 9(a) shows the probability of false alafp versus sensing time for the conventional
PST method. It can be observed that the value’pfdecreases with the increase in the value
of sensing time and its value almost approaches zero at fhe @A+ = 35 ms. In Fig. 9(b),
we plot secondary throughput versus sensing time for the &fpfoach. From the figure, it can
be noted that there exists a tradeoff between the secondlayghput and sensing time for the
PST approach as noted in [22]. It can be further noted thaséitendary throughput increases
for the higher received power at the secondary receiver.

Figure 10(a) presents; versus transmit SNR for the CST approach for different lewéls
residual SI mitigation capability, i.ey. It can be noted that when= 0, P; is almost zero for
all values of the transmit SNR. However, fpre£ 0, Py remains constant up to a certain value of
SNR and then increases sharply with the increase in thenittl®N\NR, and this sharp increase

occurs earlier (i.e., at lower values of the transmit SNR)tfa higher values of). This sharp



Probability of false alarm
°
o

14 16 18 20

8 10 12 8 10 12
Transmit SNR (dB) Transmit SNR (dB)

(a) (b)
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increase in the value aoP; after a certain value of the transmit SNR is due to the inereas
the value of Sl beyond the SI mitigation capability of the FBnisceiver.
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Fig. 11. Secondary throughput versus sensing time for the propos#iibds, primary receiveéNR = —20 dB, secondary
transmit SNR (FulB= 10 dB, Frame duratiorf’ = 0.2s.

Figure 10(b) depicts the secondary throughput versusmir&\R for the CST scheme for
different values of). It can be observed that fgr= 0 i.e., perfect Sl cancellation, the secondary

throughput increases with the increase in the value of m&nSNR. However, in practice, it
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(Full)= 10 dB, Frame duratiod” = 0.2s.

is impossible to completely suppress the Sl and we need t ttak residual Sl into account.
From Fig. 10(b), it can be noted that fgr£ 0, the secondary throughput first increases, reaches
the maximum point and then decreases. As also illustratedference [25], this result clearly
shows the tradeoff between transmit power and the secortlewyghput in the presence of
residual Sl. With the increase in the valuergfthe secondary throughput decreases due to the
effect of SI and the optimal tradeoff point appears at lonadugs of SNR.

In order to analyze the performance of the proposed two @gpes, we plot the secondary
throughput versus sensing time in Fig. 11. It can be dedutaittihere exists a tradeoff between
sensing time and the secondary throughput tradeoff as itrddéional PST approach. More im-
portantly, the optimum value of throughput due to both apphes is higher than the throughput
that can be obtained with the conventional sensing andrrissgn method. Furthermore, the
optimum throughput for the second approach is higher thanogitimum value of throughput
with the first approach for the considered values,;of

In order to demonstrate the effect pfon the optimum throughput provided by the proposed
two approaches and by the CST approach, we plot secondarygthpat versus; in Fig.

12. From the figure, it can be noted that both approaches gedvigher throughput than the

conventional sensing and transmission approach. In péatjcthe proposed second approach



provides higher optimum throughput than the first approgehouthe value of; = 0.5 for the
considered frame duratiol = 0.2 s and beyond this value, the optimum throughput values
of both approaches become the same. On the other hand, thapimoach is simple and the
second approach requires the iterative process to compaiteontrolled power. Thus, depending
on the interference rejection capability of the FD trangseand the complexity implementation
requirement, we can make a suitable choice between the ggdgechniques.

The above results were obtained without considering thecefbf fading in the sensing
channel. In order to analyze the performance of the propesgarithms in fading channels,
we generated a complex Gaussian sensing channel and tHeweflthe analysis presented
in Section VI-D to obtain the results shown in Figure 13. Whitamparing the cases without
fading in Fig. 12 and with fading in Fig. 13, it can be notedttllze trend of the curves
is similar, however, the value of optimum secondary thrqughis less in the presence of
fading. Furthermore, it can be depicted that the gap betwieerachievable throughput with
the simultaneous sensing and transmission approach amqdpesed approach is larger in Fig.

13 than in Fig. 12, especially at the higher values)of
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Fig. 13. Secondary throughput versu$or the proposed methods considering Rayleigh fading in the sensimpeharimary
receivedSNR = —20 dB, secondary transmit SNR (Fu#)10 dB, Frame duratiorf” = 0.2s.



VIl. RESEARCHISSUES ANDFUTURE DIRECTIONS
A. Primary Traffic Model

The performance of DSS networks operating in the opportichimode may degrade sig-
nificantly due to the dynamicity of channel occupancy in tleernsed channel since the PU
may appear or leave a wireless channel at a random time. How®wost of the FD-CR studies
consider the scenario where sensing and transmission appene frame duration and the
sensing result calculated in one frame is utilized to talkedhcision on the data transmission
in the next frame. Therefore, the assumption that PU agtinatains constant over the entire
frame duration is required for this strategy, which may nettbe case in practice. Although
the frame duration can also be divided into small intervald ¢he decision can be applied
more frequently, proper linkage with the realistic traffiodel in the literature is missing. In the
context of HD-CR, several existing works [152—-154] studieslithpact of dynamic PU traffic on
the performance of a DSS network in various settings and bhoen significant performance
degradation in terms of achievable throughput and sendfiwjeacy. Besides, primary systems
may carry different kinds of traffic such as bursty user tcaffnd more static backhaul traffic.
In this context, it is crucial to have an accurate estimatbPU traffic/channel parameters and
then to investigate the linkage between PU traffic distrdsuaind the FD transmission strategies
in such a way that available spectral opportunities can bizad efficiently.

Acquiring spectrum occupancy information of the surromgdenvironment accurately within
a required time frame is a critical challenge in opportuaiftSS networks. Although several
existing works assume the prior knowledge about the spectccupancy information such as
the state of a channel (idle/busy) and the received poweh auprior knowledge is difficult
to acquire in practice and these parameters need to be &sdirf@/]. For modeling the PU
activity, existing works mostly use ON/OFF models such as state Markov model, Bernoulli
and exponential models, and recently, the concept of usiging based PU modeling is getting
attention in the literature [41, 155]. In practice, paraengtelated to the PU traffic/channel can be
estimated by employing the following approaches: (i) stetal analysis of sensing measurements
obtained from spectrum occupancy measurement campai@pgi[Bspectrum prediction models
like hidden Markov model and Bayesian interference mode6],1&nd (i) Radio Environment

Map (REM) which can be created either based on sensing infmmabtained from the sensor



nodes or database information obtained from regulatoesatprs or both [32, 157].

In DSS networks, if SUs can acquire sufficient knowledge aboei PUs’ traffic distributions,
various performance benefits can be obtained including timmization of channel switching
delay, interference minimization by predicting PUs’ fuigubehavior and also finding optimal
PU channel sensing order [158]. Hence, the accurate egimat the PUs’ traffic by the SUs
and fitting the estimated traffic into suitable probabilitgtdbutions is crucial to enhance the
efficiency of a DSS scheme. This traffic classification woukbae beneficial to identify the
strategy of individual licensees and to adapt the licensulgs accordingly in emerging LSA
networks. Therefore, the combination of traffic estimatoil classification with the FD approach
is an interesting future research direction. Besides thatiam in the PU channel state during
the sensing period, the received energy at the SUs may cHaatgeeen adjacent observation
windows due to the random arrival and departure of PU sighalis regard, weighted spectrum
sensing scheme [159], which uses larger weights to the newplsa using a power function
based on the corresponding sampling sequence as compathd fevious samples, seems

promising for the FD CR to reduce the false probability andrionp the energy efficiency.

B. Self-Interference Cancellation and Related Issues

As discussed earlier, the realization of FD-CR communicaticequires the combination of
different types of S| mitigation techniques such as antecawacellation, analog cancellation
and digital cancellation, which usually require complegasithms and costly hardware circuitry
[21]. Furthermore, SI mitigation techniques should be ableperate efficiently for the scenarios
involving high transmit power and wider bandwidtim addition, the performance of digital
Sl cancellation techniques is constrained by the interradidun distortion caused by a power
amplifier, leading to the need of non-linear Sl cancellatiechniques [160]. The cancellation
of non-linear components requires additional resourceb si$ extra hardware, pilot overhead
and higher computational powdn this regard, it is highly important to develop cost-etici
low-complexity SI mitigation algorithms to make FD-CR mosealizable in practice.

In order to carry out SS with FD-CR having low Sl rejection daipty, it is crucial to
distinguish the self-interfering signal from the PU sigtabe detected. However, the simple and
commonly studied ED technique cannot differentiate betwee®U signal and a self-interfering

signal. In this context, suitable waveform based techrsgueich can distinguish the PU signal



characteristics from the self-interfering signal desdwther studyln addition, the consideration
of real constellations is needed rather than the widely @ssdimption of Gaussian signalling
[161]. Besides, multi-antenna based techniques such as spaaahl can be investigated for
distinguishing the two spatially separated transmissibmaddition, suitable training/calibration
methods can be explored in order to have the proper modefitigedSI channels. Furthermore,
one may exploit the spectral opportunities over a widebgedtsum to better distinguish the PU
signal from the SI (for example, by learning the charactiessf the PU signal from the unused
bands). Moreover, investigating the FD paradigm in the tahel context utilizing compressive
sensing with the improved sidelobe suppression capalkifity adaptive power control is another
interesting research directiokurthermore, it should be noted that most of existing FDelas
sensing works approximate self-interference as an additinoise but in order to find the
detection performance accurately, one needs to model stebdition of SI by considering
the Sl channel effects. In addition, pilot signals utilizedestimate S| channel in the existing
digital domain cancellation techniques will introduce ajeland transmission overhead to the
system [162]. In this direction, suitable SI channel estiomalgorithms need to be developed

by considering the aspects of delay and transmission oadrhe

C. Energy-Efficient FD-DSS Systems

The FD-CR needs additional processing in order to combat fleeteof Sl, resulting in
additional power requirement. Since the wireless termiteadices are limited in power, one of
the requirements of the next generation wireless devidedis as energy-efficient as possible. To
this end, one may employ a CST scheme over the entire (or sornefghe) frame duration and
consider power control in order to limit the effect of SI. Timain problem in this transmission
strategy, however, is that the CR has to compromise its timouigdue to the limitations in
the power, leading to the power-throughput tradeoff whéseoptimal tradeoff solution is not
known [25]. On the other hand, it could also be possible tizata multiple antenna FD-CR with
separate arrays for transmission and reception with theofuappropriate beamforming/antenna
selection strategies. Nevertheless, how to enable optamgle/multiple antenna FD energy-
efficient transmission is an interesting future researcaction.

Wireless energy harvesting from the surrounding RF enviemtnis considered as a promising

approach to enhance energy efficiency in 5G spectrum shaatworks [163]. In such energy



harvesting based DSS networks, an SU can act as a relay féttend simultaneously harvest
energy from the PU signals using an FD mechanism. Similerly)e context of wireless powered
communication network, FD can enable the hybrid accesst foirsimultaneously broadcast
wireless energy to the users in the downlink and to receif@nmation from the users using
time division multiple access in the uplink [164]. Moreovércan also enable an RF energy
harvesting-enabled wireless node to perform energy h@ngefrom the surrounding ambient
environment and to perform uplink transmission at the same. tin this regard, it is an important
research direction to study energy harvesting and simedias wireless and information transfer
problems in combination with FD by considering the pradtazmnstraints such as energy storage

capacity at the energy harvesting devices.

D. Imperfections in FD-DSS systems

As in the traditional HD CR, there can be several practical mgotions such as noise
uncertainty, channel uncertainty, hardware imperfestioise/channel correlation in the context
of FD-CR communications [13]. The RF impairments occurringhimi the FD transceivers
present one of the most significant challenges for the imptgation of an FD-CR [130)Marious
impairments such as phase noise in the local oscillatoreetrainsmit and receive RF chains,
power amplifier non-linearity, in-phase/quadrature imabak and quantization noise limit the
amount of active analog cancellation in the FD node. Out ek¢himpairments, experiment
results [165] have shown that the transmit and receive phage is the main bottleneck in
achieving the desired level of SI cancellation at the FD node

More specifically, these RF imperfections may impose linotet on the SI mitigation capa-
bility of the employed techniques. In the ideal scenariopdty be possible to estimate the linear
channel experienced by the Sl signal and then equalize thkrexeived signal by generating
a corresponding cancellation signal to be subtracted fimenréceived signal [166]. However,
practical impairments may prevent the usage of such a sipgdeedure, thus presenting a
crucial challenge in achieving a sufficient level of SI matign. Furthermore, due to the large
difference in the powers of the transmitted signal and tleeived signal of interest, especially
when operating near to the sensitivity level of the receiesen relatively mild distortion of
the overall signal may lead to a drastic decrease in the fifdRSIn this regard, practical

imperfections including the hardware imperfections nedokt taken into account while designing



the FD-based systems. Furthermore, development of a confiramework which can combat

these imperfections requires further studies.

E. Coordination and Synchronization in Multiuser FD-DSS Nekso

Most of the existing FD-DSS works in the literature considsingle SU scenario. However, in
practical FD-DSS networks, multiple SUs need to share thectkd vacant spectrum at a time in
order to maximize the spectrum utilization efficiency. Mmrer, DSS systems in practice should
be operated based on the collective decision process giecdecision coming from one node
may not be reliable in practice. This operation requiregai¥e coordination among various
network nodes as well as between two networks. In this redasd to enable coordination
among the nodes of FD-DSS networks in making reliable datiabout the dynamic spectrum
utilization is one crucial to be considered in future reskaBesides, if the transmissions of
multiple SUs over a radio channel are not synchronized, gwegate interference at the PR
will be affected. Furthermore, there may arise interfeeeatthe FD cognitive receiver due to
transmissions from other co-channel cognitive transngiftdhus reducing the overall achievable
throughput of the secondary network. In this regard, it i@l to investigate suitable cross-layer
mechanisms and distributed solutions which can optiminsiag time, and the transmit power
in order to minimize the aggregate interference at the PRealsag to minimize the collision
probability with the transmissions from co-channel SUsle/hnaximizing the overall secondary
throughput.One potential approach to apply FD in multiuser wirelessvodts with minimum
synchronization burden could be to employ it in more stgtpe of networks such as point to

multi-point wireless backhaul networks.

F. FD-based Concurrent Sensing and Transmission

FD-based CST scheme can significantly enhance the sensiogreffi and the achievable
secondary throughput of interweave DSS systems. Howeeseral challenges need to be
addressed in order to employ FD-based CST in practical DS8rags The residual SI causes the
problem in achieving the full capacity of FD-based CST andafle S| mitigation techniques
should be investigated for a particular DSS applicatiomade. Also, it is difficult to distinguish
Sl signal and PU signals at lower SNR values in practice ugisgnple energy statistics-based

technique and hence suitable waveform-based techniqueb toebe developed. Furthermore,



suitable beamforming and antenna selection techniquebeamnvestigated to mitigate the effect
of Sl in practice.

Although no sensing-throughput exists in FD-based sensimgge exists a power-throughput
tradeoff and suitable transmission strategies need to \mstigated to balance this tradeoff.
Furthermore, in dynamic environment with varying PU traffiatistics, FD-based sensing suffers
from frequent sensing errors [81], and therefore, suita@esing and transmission strategies
should be investigated by taking PU traffic/channel siaishto account. For the case of sensing
and transmission in separate antennas, the affect of Sibeilfeduced but it may create the
problem of channel imbalance problem [109]. In additiore gerformance of FD-based CST
is also affected by hardware impairments such as 1/Q imisalamd novel techniques need to

investigated to compensate their effects.

G. FD-based Concurrent Transmission and Reception

As discussed in Section IV, FD-based CTS can provide signif@dvantages in underlay DSS
systems and cooperative relaying systems. However, thierseaeral challenges to incorporate
FD-based CST schemes in practice. Similar to the CST case, dire Irmitation of FD arises
due to residual SI, and suitable techniques need to be igaéstd to mitigate the impact of Sl
for enabling simultaneous transmission and reception imgles channel. Another challenge in
underlay DSS application scenario is to provide sufficientgrtion to the PRs. For this purpose,
primary interference constraint should be taken into astethile applying resource allocation
techniques, Also, learning interference channel gain eetwST and PR and the interference
constraint of the PRs is also another challenge to be addie@se possible approach to learn
interference channel is to employ a suitable probing schedrttee ST and to learn PU reverse link
feedback by analyzing different parameters of the revek$diik such as binary ACK/NACK
packets and modulation and coding scheme [167].

Similarly, in the context of cooperative relaying systerasidual SI and the cross-talk in-
terference caused due to imperfect channel estimation mg@gadt the performance of FD-
based CTR. Furthermore, it is a crucial challenge to reducperative overhead required in
exchanging channel state information. Moreover, comiigttidditional interference caused by
the FD operation at the relay and selecting the best relayatisfg a certain performance

metric are other challenges to be addressed. In this directuture works should focus on



developing low-complexity channel estimation algorithnmgterference mitigation techniques

and relay selection strategies in FD-based cooperatiagirg systems.

H. Efficient MAC Layer Protocols

Although it may be possible to achieve almost double capagdtin for a single wireless
link in theory, the additional interference and imperfetic&ncellation degrades the achievable
throughput of a wireless system in practice. Furthermardatige-scale networks, the benefits
of FD are significantly affected due to various factors sushspatial frequency reuse and
asynchronous contention [87]. Therefore, it is crucial &sign efficient MAC protocols for
FD systems by taking these aspects into account in order @bleeto translate the physical
layer capacity enhancement to the gain in the network ldvelughput. In this direction, one
promising approach seems to design an adaptive MAC protagich can allow a node to decide
on its FD or HD mode of operation based on the surroundingfarence with the objective of
achieving some performance objective such as the overatbnle throughput [168]. Furthermore,
in FD-DSS networks, the nodes can operate in different inésson modes such as CTS, CTR,
SO, and CS as highlighted in Section II-D.1 and it is cruciaflésign an adaptive MAC which
can select one of these modes based on channel conditiori3lat@ffic model.

Moreover, in FD-DSS scenarios, deafness caused due tdidiracantennas may result in
the collision in the transmissions of two co-channel traissians since other users will not
be able to detect these transmissions. In this case, areafficentralized MAC controller can
be employed in order to avoid such collisions [49]. Anotheserarch channel in FD-enabled
wireless networks to address the fairness caused due tamform distribution of users in a
coverage area and also the unbalanced traffic distributionhis direction, efficient and fair
MAC protocols need to be developed which can allocate tharsaaccess opportunities to all

the nodes in a coverage area in a fair manner [49].

VIIl. CONCLUSIONS

One promising way of addressing spectrum scarcity probfefature wireless networks is to
enable the dynamic sharing of the available spectrum ameoag@t more wireless systems either
in an opportunistic way, i.e., interweave or with interfeze avoidance approach, i.e., underlay.

The level of spectrum utilization achieved with dynamic @&pem sharing mechanisms can be



further enhanced using full-duplex technology. In thisarely starting with the main features

of FD technology and its importance in 5G DSS wireless systdhis paper has provided an

overview of the existing works which employed FD principiesDSS systems. Furthermore,

the potential technologies which can enable FD operatioD$% systems by mitigating the

effect of SI have been described. Subsequently, consglexipower control mechanism as

an important enabler, a novel 2P-CST transmission framevarkhe FD-based DSS system

has been proposed and its performance analysis has beedaaut in terms of the achievable

secondary throughput. It has been concluded that the ped@R-CST FD transmission strategy

provides better performance in terms of the achievableutfhiput than the conventional PST and

CST techniques. Finally, some interesting open issues ftinduresearch have been discussed

with the aim of accelerating future research activitieshis domain.
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