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Abstract

The recent significant progress in realizing full-dupleXDjFsystems has opened up a promising
avenue for improving quality of service (QoS) and quality exfperience (QoE) in future wireless
networks. There is an urgent need to address the diversédwlienges regarding different aspects of FD
network design, theory, and development. In addition tes#i&interference cancelation signal processing
algorithms, network protocols such as resource managesneriso essential in the practical design and
implementation of FD wireless networks. This article aimgptesent the latest development and future
directions of resource allocation in different full duplexstems by exploring the network resources
in different domains, including power, space, frequenayl aevice dimensions. Four representative
application scenarios are considered: FD MIMO networkscBBperative networks, FD OFDMA cellular
networks, and FD heterogeneous networks. Resource maeagproblems and novel algorithms in these

systems are presented, and key open research directiodisavssed.
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. INTRODUCTION

With more and more new multimedia rich services being inicadi and offered to a rapidly grow-
ing population of global subscribers, there is an everdasing demand for higher data rate wireless
access, making more efficient use of the precious resourcei@ak need. As a consequence, new
wireless technologies such as Long Term Evolution (LTE) &m#-Advanced have been introduced.
These technologies are capable of providing high speede laapacity, and guaranteed quality-of-

experience (QoE) mobile services [1]] [2]. However, alls¢ixig wireless communication systems deploy
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the half-duplex (HD) radios which transmit and receive tlymals in two separate/orthogonal channels.
They dissipate the precious resources by employing eithiéne-division or a frequency-division du-
plexing. Though a full-duplex (FD) system, where a node aamdsand receive the signals at the same
time and frequency resources, offers the potential to dotire spectral efficiency, for many years it
has been considered impractical. This is because the diggledge from the local output to input may
overwhelm the receiver, thus making it impossible to extthe desired signal.

Recently, there has been a significant process in the selffenénce cancelation in FD systems.
Depending on the size of devices, it has been shown that tloairsnof self-interference and the extent
to which it can be canceled varies greatly, thus impactirey gerformance of different nodes in the
network differently. In [3], several interference candiela mechanisms have been proposed. It was
shown experimentally that it is possible to adequately cedine self interference to a certain level at
which the FD radios achieve a higher rate than the HD systkmiid], new analog and digital cancelation
technigues were developed and implemented in an in-band HD fAdios. It is shown experimentally
that the self interference level can be reduced to the recawise floor. These significant progresses in
hardware design and signal processing techniques havenpeelsa great potential for realizing the FD
communications in a near future for the next generatiorutzlinetworks.

Since the FD technology enables to explore another dimemdithe network resources to increase the
network capacity, it requires the new design of networkgrols and resource allocation algorithms in FD
communications systems. This promising opportunity hafasmspired the rapid research development
in this area. In[[5], the optimal power allocation among ti& $ource nodes was presented to maximize
the sum-rate of wireless FD bidirectional transmissions[6], the optimum power allocation schemes
subject to individual power constraints have been anaiticobtained for a FD decode-and-forward
relay channel. In[]7], the gain factor of amplify-and-fomdarelaying was optimized to maximize the
signal-to-interference and noise ratio (SINR) and at thmeséime prevent the oscillation effects at the
relay caused by the residual interference.

Though resource management is essential to system perfoeqaost existing work mainly focuses on
power allocation in FD wireless networks. Actually, manheit network resources in space, frequency,
and device dimensions can be explored in FD networks to dunthduce the self interference and at

the same time improve the system spectrum efficiency. In réaggrd, there is a significant need to



address the various challenges in the theory, design, amelogenent of FD systems. In this article,
we comprehensively discuss the novel resource allocatgoritnms for FD communication systems to

optimize their network performance. In particular, we fean the following major application scenarios:

o FD MIMO systems (FD-MIMO): Each node in the FD-MIMO systemsseiquipped with a FD radio
and multiple antennas, each of which can be used for trasgmisand reception. This enables a
simultaneous bidirectional information exchange betw@ennodes. The resource allocation in such
systems involves the allocation of spatial domain resayrsech as antennéas [8], [9].

« FD relay networks (FD-Relay): The basic FD-Relay networkicure consists of one source and
destination pair, and one relay node. Both the source antihddésn nodes are HD, but the relay
is operated in the FD mode. The resource allocation in suskesys involves the allocations of
antennas, relays and power [10]-[14].

« FD OFDMA networks (FD-OFDMA): It is composed of a FD base istatBS) using OFDM, and
multiple single antenna HD uplink and downlink users. Thénkpand downlink users can form a
transmit-receive pair to communicate with the FD BS. The &egllenge in such a network is how
to optimally pair the uplink and downlink users for each OFBNbcarrier in communicating with
the FD BS [15].

« FD heterogenous networks (FD-HetNet): In such a networ, nfacro base stations (MBSs) and
femto access points (FAPs) are equipped with FD radios. mitrast to the traditional HetNet systems
where FAPs in the adjacent cells typically do not interferecmwith each other, in FD-HetNet the
simultaneous uplink and downlink communications betwe®sn users and MBSs/FAPs can lead

strong interference among the FAPsI[16].

Obviously, in different FD application scenarios, diffetenetwork resources need to be optimized
by exploring different resource allocation algorithms.this magazine paper, we demonstrate, in the
above mentioned FD application scenarios, new researdleres in resource allocation and network
protocols, and present the latest promising research a@@vent to resolve these technical challenges.
Some potential research directions and open problems willlbo discussed.

The rest of article is organized as follows: Section Il rexdethe basics of FD communications, and
presents main application scenarios. The major resoutoeatibn problems in these applications are

discussed in Section lll. Then we provide two example sdesan Section IV on link selection for FD-



MIMO networks, and user pairing and subcarrier assignmentD-OFDMA. In Section V, we draw

the main conclusions, and also discuss future researcttidins.

Il. FULL-DUPLEX COMMUNICATION BASICS AND APPLICATIONS

In this section, we first briefly introduce FD communicatioystems, and then, present possible

application scenarios.

A. Basics of Full-Duplex Communication

Fig.[d presents a two-node FD communication system with restnit and a receive antenna at each
node. Two nodes can concurrently transmit and receive tipeals at the same frequency and time
interval, which leads to severe self interference causettidgignal leakage from the transmit RF unit to
receive RF unit, as shown in Figl 1. One way to cancel the s&dfference is by antenna cancellation,
and there are many analog and digital signal process teasbsi3], [4], [7] developed recently for self

interference cancellation.
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Fig. 1. Full-Duplex Wireless Communications and Exampleseff Interference Cancelation at each node

Depending on the distance between the transmit and recetemrsas, the self interference can be

50-110dB larger than the received signal. As a result, the sigradived at each node is dominated by



the self interference. This will overwhelm the AD/DA consi&m process due to its limited dynamic
range. Consequently, the effective bits for the desiredived signal is much smaller, and the resulting
SINR is low. Therefore, the self interference needs to beégatitd before the ADC in analog circuit.
After the analog self interference cancelation, the reimgiinterference can be further reduced by the
active digital cancelation. However, due to the practi@aistraint, the interference cannot be completely
suppressed. In the literature, depending on the selffarerce cancelation techniques, the residual self-
interference (RSI) can be modeled as AWGN, Rayleigh or Ridistributed variables [5]/ [6].

As a result, the signals received at each node are a cominattithe signal transmitted by the other

source, the RSI, and the noise. As shown in Eig. 1, at rigdehas

y1 = /Pzha1 w2 + /prhuizs + 01, (1)

where p; and py represent the transmit power at each node;, denotes the communication channel
from node2 to nodel, hy; represents the interference channel, apdienotes the noise term. Thus, the
instantaneous received SINR can be calculated as

_ |hai[*p2
Y1

=T e (2)
‘hn‘ p1+ No

From [2), it is obvious that the instantaneous SINR decseasehe RSI increases. As indicated[ih (2),

the values ofha1|?, \Bll 2, Py, and P, have a strong impact on SINR, and in turn will affect the syste

performance significantly, while in traditional HD commaation system, the major effects come from
the transmit side only. Therefore, the effective resoulteation that can further reduce the effects of
RSl is crucial for FD communication and networks. In the reedtions, we will present various resource

allocation algorithms for the FD wireless systems.

B. Key Full Duplex Communications Networks

1) Full-Duplex MIMO Networks: Let’s first introduce a simple bidirectional communicatibhMO
system by extending the setup in Hig. 1. Fifj. 2 consists ofiagbdD MIMO transceivers, where each
node is equipped with multiple antennas, respectivelyctipally, at each node, some antennas will be
used for transmission and some can be chosen for receptith.ri®des operate in the same frequency

band at the same time|[8],/[9].
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Fig. 2. Full-Duplex MIMO Networks

2) Full-Duplex Relay Networks: Relaying technology has been widely used in many commuaitat
systems. Traditional relay systems, where a source nodencomates with a destination node through
one or multiple relays, operates in the HD mode. This leadbddoss of spectral efficiency because the
relay node needs to receive and retransmit the signals iarthegonal resources. By equipping the relay
nodes with FD radios, the relay can receive and retransignitats simultaneously, and thus the spectral
efficiency can be improved [11]—[13]. In this subsection,imteoduce FD cooperative and two-way relay

networks.
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Fig. 3. Full-Duplex Cooperative Networks



Full-Duplex Cooper ative Relay Networks: Fig.[3 (a) illustrates a simple FD relay network consisting
of one HD source, one HD destination, and one FD cooperagila mode. Both the source and relay
nodes use the same time-frequency resource and the relag maak in the FD mode with two antennas
(one for transmission and one for reception). The commuioicgrocess can be briefly described below:

« The source transmits signals to both the FD relay and déistma

« At the same time the FD relay forwards the signals receiveth@ previous time slots to the

destination.

As a special case, when there is no direct channel link betweesource and destination, the scenario
in Fig.[3 (a) can be reduced to FD one-way relay networks.

Full-Duplex Two-way Relay Networks Similar to the FD one way relay network, employing the FD
relaying in two-way relay networks can also greatly imprasgperformance [11]. As shown in Figl. 3 (b),
the FD two-way relay system consists of two sources, and elag node and all nodes work in the FD
mode with two antennas, one for transmission and one foptieee The direct link between two source
nodes does not exist. The communication process consistgogbhases:

« Two source nodes transmit signals to the relay node, whileiving the signal sent from the relay

node at the same time;

« The relay broadcasts the signals received in the previgue slot to both source nodes and

meanwhile receiving the signals from the sources.
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3) Full-Duplex OFDMA Cdllular Networks. OFDMA has been widely used in many wireless and
cellular communication systems. Design of efficient OFDMB Retworks has recently stimulated
new research interest. As shown in Hig. 1, in FD-OFDMA cealluhetworks, the transmit (TX) and
receive (RX) users need to be properly paired into separatesdeiver pairs, and each pair of TX and
RX users simultaneously communicate with the FD BS over tmaessubset of subcarriers. Within
each pair, the transmission of TX user will cause the co-bhmterference to the RX user, and this
interference varies largely with the mutual distance betwihe TX and the RX user of each pair. The TX
and RX users pairing, subcarrier and power allocation antiffigrent pair of users need to be properly
managed to achieve the optimal sum rate performance in ttveorie Due to the combinatorial nature
of pairing multiple TXs, RXs, and subcarriers, and also tlenplexity of optimal power allocation
to each subcarrier-transceiver pair, resource allocatiosuch a FD OFDMA network can be very
challenging [[15].

4) Full-Duplex Heterogeneous Networks. The increased number of wireless communication users
have stimulated a continuous demand for new resource #bocechemes that are able to decrease the
traffic congestion. Accordingly, two-tier heterogeneoasworks have emerged as an effective solution
by offloading the traffic from the macro BSs to the FAPs. In #ubsection, we introduce the FD two-tier
heterogeneous networks, consisting of micro and smal edillof which are employed with FD radios,
as shown in Figl]5.

A FD-HetNet consists of a single BS and multiple FAPs, allipgad with multiple antennas. Each
cell has multiple users that attempt to connect either toBS8eor the FAPs. Both BS and FAPs work
in the FD mode. Obviously, employing FD radio will increase tinterference level at each BS and
FAPs because of the self interference and inter-cell ieterfce caused by the asynchronous downlink
and uplink transmissions. The users can select to connbelr ¢d the BS or to the FAP, and there exist
following four different possible modes and different medbat need to be selected for different users
to optimize the network throughput [16]:

« Both uplink and downlink users are connected to the BS;

o The uplink user is connected to the BS but the downlink useoimected to the FAP;

« Both the uplink and downlink users are connected to the FAP;

« The uplink user is connected to the FAP and the downlink useonhnected to the BS.



—7Z—uplink
—2Z—downlink

- —self-interference

Base Station

Fig. 5. Full-Duplex Heterogenous Networks

[1l. RESOURCEALLOCATION PROBLEMS IN FULL-DUPLEX COMMUNICATIONS SYSTEMS

In this section, we summarize the main resource allocatioblpms for FD communication systems.
FD communication provides another dimension of resourak r@quires the new design of resource
allocation algorithms, but the performance is also greaffgcted by the RSI, as shown inl (2). Some

key resource allocation problems for FD communicationsesys can be summarized below.

A. Mode Switch

FD radio allows a node to send and receive signals at the siameeint the same frequency band.
However, it is practically impossible to have perfect seffeiference cancelation (the cancelation ca-
pability also depends largely on the node’s signal proogssapability), and thus the amount of RSI
greatly affects the performance of the FD system. As a reBulsome scenarios, the HD mode may
outperform the FD mode for certain RSI values. On the othadhdue the limited size of transmitter
and receivers, many wireless communication systems shéfar the spatial correlation which degrades
the performance gain of the HD mode. Taking into account tteetital RSI and spatial correlation,
either FD or HD might be optimal. To this end, it is essentialibderstand the performance of these two
transmission modes in order to identify the conditions ftick FD or HD performs best. This motivates

the adaptive mode switching between the FD and HD modes @sdide RSI and channel conditions
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to maximize the ergodic capacity [17].

B. Power Control

Power control has been a commonly used approach in multiassamunication systems to optimize
system performance such as link data rate, network capanitycoverage. Unlike traditional wireless
networks, FD communication suffers from the RSI, and thosrdasing transmit power can improve
the signal strength in the receiver side, but on the othex sidreases the RSI at its own receiver, as
indicated in [(2). Therefore, due to the existence of RSIresponding power control algorithm needs
to be properly redesigned in order to maximize system padoce of all users. The different power
constraints, e.gotal or individual transmit power, will lead to different designs and final siolos [13].

Moreover, as detailed below, different FD systems requifferént power control algorithms:

« FD-MIMO: In bidirectional FD-MIMO communication, the amteas at the FD node are divided into
transmit and receive antenna sets, and water-filling pollecation can be applied at the transmit
antenna set to maximize the sum rate based on individual poevestraint. The water-filling power
allocation at each nodes needs to take into account theénseiference from the transmit antenna
set to the receive antenna set at each node and the powengoesults at each node can be
significantly different;

« FD-Relay: In FD-Relay networks with individual power caragint at each relay, the relayed signals
are corrupted by the RSI, and thus, the received signalseatl¢istination are the combination of
the desired signals plus RSI introduced at the relay nodee&sing the transmit power at the relay
will increase the power of desired signal at the destinatiom on the other side it will increase the
RSI in the destination received signal. Therefore, themni®ptimal transmit power at the relay to
maximize the performance at the receiver node;

o« FD-OFDMA: For FD-OFDMA with one FD BS and HD multiple usersplink (transmit) and
downlink (receive) users are paired to communicate withRBeBS at the same time. The transmit
power can be allocated at the BS side with total power coinstoy splitting the power among all
the subcarriers for different user pairs. At the user sidwsygr control needs to take into account
the inter-user distance among the transmit-receiver usier fhus, the optimal power control in the

FD-OFDMA system depends on many factors, which requiredifdimensional optimization for
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the BS and the mobile useis [15];
« FD-HetNet: Similar to FD-OFDMA, the power control can be fpemed for the FD BS and FAPs
and HD users in FD-HetNet to optimize the network perforneartdowever, both the inter-cell

interference and RSI need to be considered jointly in opiimgi the overall network performance.

C. Transmit Beamforming

Transmit beamforming is a general signal processing tecienused to control the directionality of
transmission in order to provide a large antenna array geihd desired directions, and has been widely
applied in the 3rd and 4th generation wireless communioatisstems. To change the directionality of
the array when transmitting, a beamformer controls the @laasl relative amplitude of the signal at the
transmitter in order to create a pattern of constructive @estructive interference in the wave front. For
FD communications, it would be greatly beneficial to desiym obust transmit beamforming algorithms
that can improve the signal strength at the receiver sidd, meanwhile reduce the self interference
subject to various design criteria such as the minimum meaarg error. Below are the discussions of

beamformer design for different FD systems.

« FD-MIMO: In this case, the transmit antenna set at each F2sicdn perform transmit beamforming
to simultaneously transmit information and reduce therfatence to its own received signals. The
design is to jointly optimize the system sum rate.

« FD-OFDMA: In FD-OFDMA, the FD BS is equipped with multiple i@mnas, consisting of transmit
and receive antenna sets, while the users only operate iHBhieansmission mode due to hardware
constraint. In this case, the BS can construct beamformsupport multiple users in the downlink
while maximizing the received SINRs at BS by minimizing th8IRBesides, the beamforming design
also needs to consider appropriate pairing of downlink apihk users, which also significantly
affect the self interference at the BS, and the co-channetference among downlink and uplink

users.

D. Link Selection

For a FD communication system, each antenna can be confitmrednsmit or receive the signals.

This will create multiple possible virtual links betweenavnodes, with one virtual link representing
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the channel from a transmit antenna of one node to a receitenmen of the other. Since the FD
radio enables simultaneous bidirectional informationhexge between two nodes, an important question
arisen in such a scenario is how to optimally select the limkdach direction to optimize the system
performance. Obviously, the optimal selection requirdsaestive search among from all possible antenna
links. However, as the number of antennas increases, suchteforce search suffers from very high
computational complexity, and thus, simple but near-ogtiselection algorithms need to be developed.

Next let us discuss some selection algorithms for the FD-M|NFD-Relay, and FD-HetNet systems.

« Antenna selection in FD-MIMO systems: For FD-MIMO systenithw 4 and N antennas equipped
at two nodes. Such a FD MIMO system will creat, x Np possible virtual links between two
nodes, with one virtual link representing the channel frotraasmit antenna of a node to a receive
antenna of the other node. The challenge is to design thelesilnft (near) optimal bidirectional
link selection algorithm to optimize the bidirectional suate or sum symbol error rate (SER) [8],
[9].

« Joint antenna and relay selection in FD-Relay systems: lereeigl FD relay networks consisting
of one source, one destination, and FD relays, and each antenna of the FD relay is able to
transmit/receive the signal. Hence, the source, relayd, dastination form a number of virtual
end-to-end links. In this case, each antenna of the FD ralabie to transmit/receive the signal.
Each relay adaptively selects its TX antenna and RX anteasadon the instantaneous channel
conditions, and the optimal single relay with the optimal/RX antenna configuration is selected
to maximize the end-to-end SINR of the system| [11], [13].

« Coordinated multiple point transmission: In FD HetNet, tisers can select to communicate with
the transmit/receive antenna of multiple available FD asqmints (BSs or FAPS) in a coordinated
way so as to form the joint multiple point transmission, ioying spatial and frequency utilization

efficiency [16].

E. Subcarrier Allocation

In an OFDMA system, at each time slot, disjoint sets of sufie@ can be assigned to different
users based on some target objectives. The users then itranemit data by spreading the information

across the assigned subcarriers. In a FD-OFDMA networkistmg of one FD BS withV, subcarriers,
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N, uplink users, andV, downlink users, a fundamental challenge arisen in suctesys how to pair
uplink and downlink users, and allocate subcarrier actosse user pairs, in order to optimize the network
performance. The subcarrier allocation involves allogathe different subsets of subcarriers to different
users by taking into account the RSI at the BS and the co-etamerference between the uplink and
downlink users within each user pair [15]. This is signifittardifferent from the traditional subcarrier
allocation problem and present further research chaleimeesource allocation.

Similarly, in FD-Relay networks, consisting of multiplewsoe and destination nodes, and FD relay
nodes using OFDM transmission, the corresponding sulecarshould be properly allocated at the relay

for different source-destination pairs.

IV. RESOURCEALLOCATION EXAMPLES

In the following two subsections, we provide two examplensc®s to illustrate how to conduct FD

resource allocation.

A. Bidirectional Antenna Link Selection for Full-Duplex MIMO Networks

In this section, we discuss in details the specific link g&@eqoroblem and its near-optimal algorithms
for FD-MIMO systems|[8], [[9]. We consider a bidirectionalmmunication scenario between a pair of
FD transceivers, node$ and B, as illustrated in Fid.]2, where noddsand B are equipped withiv, and
Np antennas, respectively. Both nodes use the same frequendyat the same time for FD operation.
Each node employs only one transmit and one receive RF chathany antenna can be configured to
connect either transmit or receive RF chains. In the prapasmultaneous bidirectional link selection
scheme, two antenna links are selected for simultaneouretitibnal communications by choosing a pair
of transmit and receive antenna at both ends for each dirediVithin each antenna pair, one antenna is
selected for transmission and one is for the reception toimia& the sum rate (Max-SR) or minimize
the sum symbol error rate (Min-SER), respectively.

1) Maximum Sum-Rate (Max-SR): In the Max-SR selection criterion, two communication lirfkem
the Ip-th transmit antenna at node A to thi-th receive antenna at node B and thig-th transmit
antenna at node B to thE;-th receive antenna at node A, are selected to maximize tieebiional

sum rate [[8]. This is equivalent to select, among all the ibbssantenna configurations, the optimal
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transmit-receive antenna pairs, denoted by, Ir) at nodeA and (Jr, Jr) at nodeB, to maximize the
sum rate

{(Ir,JRr), (Ig, J7)} = arg max {Rate (y"/")+Rate (v"7*) } . (3)
We useRate(-) represents transmission ratg:’~ and~*J¢ to denote the corresponding instantaneous
SINR of the selected transmit-receive antenna pairs of fidd® B and nodes3 to A, respectively.

2) Minimum SUm-SER (Min-SER): In the Min-SER selection criterion, the bidirectional amta links

are selected to minimize the sum SER,

{(Ir, Jr), (Ir, Jr)} = argmin {SER (y"")+SER (y"9) }, (4)

whereSER(-)represent the SER.

Average sum rate (bps/Hz)
Average sum SER

—t— N=3
3 —— N=4 [
—&— N=5
2 : : : : ‘ 10° : : : : :
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Fig. 6. System performance of the Max-SR and Min-SER methatiere N = 3,4, 5.

Fig.[8 illustrates the average sum rate of the Max-SR and $&R for different numbers of antennas
N = 3,4,5. It can be observed that the average sum rate increaseshgithumber of antennas, while

the the average sum SER performance decreases with the nofrdrgtennas.

B. User and Qubcarrier Pairing for Full-duplex OFDMA Networks

In this subsection, we consider a FD-OFDMA cellular netwardnsisting a FD BS, and multiple TX

and RX users and discusses the resource allocation isduesontemporary matching theory is proposed



15

to solve the complicated resource pairing problems [15].sAswn in Fig[4, in FD-OFDMA cellular
networks, the BS needs to allocate a subset of non-overigibcarriers to each pair of users, so that
each pair of users and the BS form a FD transceiver unit, irtvbine user acts as a TX and the other
acts as a RX. Note that each subcarrier is assigned to a userna Without loss of generality, we
assume that the BS is equipped with two antennasdb, and multiple users each with one antenna.
To facilitate describing the user and subcarrier pairiracpss, define a three-dimensioddlx M x K

pairing matrixX = {0,1}, wherex;; ; = 1 denotes thaf"X; and RX; are paired and use subcarrier
k. Our objective is to maximize the sum-rate of the system liytljo optimizing the pairing variables

{z1;} and the power variablefp, ;}. The optimization problem can be formulated as:
K M M

max Z Z Z Rate({zk,i ;},{Ps.jk})

k=1i=1 j=1

st. each TX can only be paired with one RX, and vice versa,
each subcarrier can only be assigned to one transceiveramtitvice versa,

the total transmit power of the BS is subject to its peak posegrstraintp;. )

The matching algorithm can be briefly described as follovitst Fdefine a price for each SR unit and
set the price to zero. These prices are fictitious money withay physical meanings that are considered
as the matching cost for each TX. The price of any SR usik;, ; is the sum of RX;’s price and
subcarrierk’s price. Then in each step, affyX; that is still not matched proposes to its most preferred
SRy, ; according to the achieved sum-rate and the cost of the gameling7'X;-SR unit. If RX; or
subcarrierk receives offers from more than two TXs, they increase thedep with a price step number
until only one offer is received. WheR.X; and subcarriek both receive only one offer, which comes
from TX;, they will be matched together. The matching algorithm ésative and ends if all the TXs
are matched and no new offer is being made. This point isd#tle equilibrium point of the matching,
which also indicates that the convergence has been achieved

To evaluate the performance, the centralized solution ispawed. Besides, a random matching algo-
rithm is utilized, in which the TXs, the RXs and the subcagiare randomly matched with each other
while satisfying the system constraints. These two algoré are considered as the upper and lower

bound solutions in terms of the complexity. Hig. 7 illusésthe total sum-rate vs. transmitted power of
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Fig. 7. Sum rate performance in terms of transmitted powezash user.

each user. It shows that the proposed matching algorithwiges a total sum-rate of the network quite
close to the centralized algorithm. Besides, the compldaitel of the proposed algorithm is much lower
than that of the centralized algorithm such that when= 5, and K = 7, the number of iterations in

the centralized algorithm is 7200, which is 928&Tigher than that in the proposed algorithm which is
no more than 700. Also, the proposed matching algorithmopexd significantly better than the random

matching.

V. CONCLUSIONS ANDFUTURE RESEARCHDIRECTIONS

This article presented the recent development of FD signatgssing and network protocols by
considering representative FD communications networksMIMO, FD-Relay, FD-OFDMA, and FD-
HetNet networks. The associated resource allocation gnoblin these systems are discussed, including
the mode switch, power control, link selection and pairintgrference-aware beamforming and subcarrier

assignment. Then we illustrate two example FD resourceatilon scenarios. Since the FD communica-
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tion creates multiple possible virtual links between eaotiey we present simultaneous link selection for

FD-MIMO networks by Max-SR and Min-SER criteria; Besidesg lso elaborate how matching theory

can be applied to solve the user and subcarrier pairing @nubin FD-OFDMA cellular networks.

FD communication is a very promising technology, and theme rmany potential future research

directions in this area, for example,

« FD cognitive radio networks: In traditional cognitive radietworks, secondary users (SUs) typically

access the spectrum of primary users by a two-stage “lis¢dore-talk” protocol, i.e., SUs sense
the spectrum holes in the first stage before transmit in tlersk With a FD radio, it allows
SUs to simultaneously sense and access the vacant speétsumresult, research topics such as
spectrum sensing algorithms, dynamic spectrum accessnaoaioation protocol design, etc, need
to be redeveloped [18];

Physical-layer security: Physical layer security progide alternative security solution by consider-
ing the physical characteristics of wireless links. Tradial opinion typically treats the interference
as a disadvantage, but in physical-layer security, interfee can be utilized to interferer the ma-
licious nodes. In FD communication, the self-interfereice® be certainly reused to improve the
network secrecy capacity. Various research topics sucke@esy capacity analysis, power control,

beamforming, etc., are worth of further investigation.
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