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Abstract— Among several potential applications of Full-Duplex have received significant attention [4]—{6]. In order to leiea
(FD) technology, FD Cognitive Radio (CR) communication is CR communications, different transmission strategiesehav
one important area where FD can provide several advantages jjaap proposed with the objectives of enhancing the sensing

and possibilities such as concurrent sensing and transmission, ffici d th hout of th d t hil
improved sensing efficiency and the secondary throughput. How- efliciency an roughput of the secondary system while pro-

ever, the main challenge is to mitigate the harmful effects of the tecting primary systems. In this context, a sensing-thnpug
residual Self-Interference (Sl) which depends on the SI mitigatin  tradeoff for the Periodic Sensing and Transmission (PST)

capability of the employed technique. One way to mitigate this pased approach in an HD CR, in which the total frame duration
effect is to control the transmit power of the CR node, however, is divided into two slots (one slot dedicated for sensing the

this power control over the entire frame duration results in .
a power-throughput tradeoff. In this context, we propose a Presence of Primary Users (PUs) and the second slot reserved

novel Two-Phase Concurrent Sensing and Transmission (2P-CST) for secondary data transmission) has been studied in severa
framework in which a CR performs concurrent sensing and literature [7], [8]. On the other hand, a Full-Duplex (FD)

transmission for a certain fraction of the frame duration by transmission strategy such as Listen And Talk (LAT) [5],
employing a power control mechanism and for the remaining hich enables simultaneous sensing and transmission at the

fraction of the frame duration, the CR only transmits with the full CR nod th f limit due to the HD
power. The proposed framework allows the flexibility to optimize node, can overcome theé periormance fimit due fo the

the sensing time and the transmit power in order to maximize the Sensing-throughput tradeoff. However, the main problem is
achievable throughput of the CR system. Our results demonstra that sensing performance of the FD-CR degrades due to the
that the proposed 2P-CST FD transmission strategy provides effect of the residual SI.
better performance in terms of the achievable throughput than ot ;
the cor?ventional Periodic Sensing and Transmissior? (IB’ST) and Oqe way of mitigating the effect (.)f residual Sl on .the
CST techniques. sensing performance Qf a CR pode is to empl.oy a swt'able
power control mechanism. In this context, existing comkrib
|. INTRODUCTION tions have considered Concurrent Sensing and Transmission

In contrast to the conventional belief that a radio nodg€CST) method [5] in which the CR node needs to control its
can only operate in a Half-Duplex (HD) mode on the santeansmission power over the entire frame duration. However
radio channel because of the Self-Interference (SI), itdess this results in a power-throughput tradeoff which arises du
recently shown that Full-Duplex (FD) technology is feasiblto the fact that the employed power control results in the
and it can be a promising candidate for the fifth generatiorduction of the S| effect on the sensing efficiency but the
(5G) of wireless communications [1], [2]. In general, asecondary throughput is limited. This subsequently result
FD system can provide several advantages such as potertigbwer-throughput tradeoff problem for an FD-CR node [5].
doubling of the system capacity, reducing end-end/feddbathe main assumption behind this approach is that the FD-
delays, increasing network efficiency and spectrum utiliz&R node transmits with the controlled power over the entire
tion efficiency [2]. Besides, recent advances in differeht $rame duration and it does not consider the optimization of
cancellation techniques such as antenna cancellatiotpcgandhe sensing time.
cancellation and digital cancellation methods have led toln the above context, we propose a novel Two-Phase CST
the feasibility of using FD technology in different wiretes (2P-CST) transmission framework in which the FD-CR node
applications. However, due to various practical impeiterst performs Spectrum Sensing (SS) for a certain fraction of the
and the incapability of the employed S| mitigation schemeg&ame duration and also transmits simultaneously with the
the effect of residual Sl on the system performance is aaructontrolled power. For the remaining fraction of the frame
aspect to be considered while incorporating FD technologyduration, the CR only transmits with the full power. In this

Recently, applications of Full-Duplex (FD) technology irway, we have the flexibility of optimizing both the parameter
Cognitive Radio (CR) communications, which enables thee., sensing time and the transmit power in the first slot
spectral coexistence of different wireless networks with t with the objective of maximizing the secondary throughput.
help of dynamic spectrum access or spectrum sharing [$ibsequently, we carry out the performance analysis of the
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Fig. 2. Secondary frame structure for proposed 2P-CST scheme
@
frame [7]. The assumption here is that the PU status remains
constant over a single frame duration. In practice, either

Framej Frame j+1 Frame j+2

o synchronization is required between primary and secondary

: - , - -
SEfj;j;?iZ;jii;;’fn”,?Zsion Sefjn_"j;”,iZ;;’ii:ﬁj;?;ion transmissions or the SU frame must be much shorter than the
{with controlled power) {with controlled power) -—— PU frame for the above assumption to be true. Furthermore,
T T SUs are not able to monitor the PU’s status when they

are transmitting, hence causing interference to the pgimar
receiver. With this approach, there exists an inherenetid
between sensing time and the secondary throughput as noted
in various literature [7], [10], [11].
proposed method and compare its performance with that 2f Concurrent Sensing and Transmission (CST): In this ap-
the conventional PST and CST strategies. proach (see Frame structure in Fig. 1(b)), continuous sgnsi
The remainder of this paper is organized as follows: Sectiean be achieved and finding an optimal sensing time becomes
Il presents a system model and also describes the frame longer an issue. However, there exists the problem of
structures for the conventional PST, CST and the proposegidual SI which may degrade the sensing performance. In
2P-CST schemes. Section Il analyzes the performance @intrast to the PST approach where the secondary throughput
the proposed scheme in terms of the achievable second@pteases with the power monotonously, there exists a power
throughput. Subsequently, Section IV evaluates and coespathroughput tradeoff with this approach, which creates a fun

the performance of proposed method with the conventiongdmental limitation in the performance of an FD-CR [5].

schemes via numerical results. Finally, Section V condude ] ]
this paper. B. Proposed Two-Phase Concurrent Sensing and Transmis-

sion (2P-CST)
Il. SIGNAL MODEL AND TRANSMISSION SCHEMES The main drawback of the conventional CST scheme is that
The received signal at the FD-CR node under the hypotheses CR needs to control its transmission power in order to
of the PU signal presencél{) and the PU signal absencH{) mitigate the effect of the SI. If the transmission power rgéa

(b)
Fig. 1. Secondary frame structure for (a) PST, (b) CST

can be expressed as [9] than a certain limit, it will affect the sensing performance
For a fixed self-interference suppression quality, senpery
r[n] = { \/ﬁslﬂ I SP[[n}] +w[nl’ LN }]21 (1) formance degrades with the increase in the transmit power
Vs +win, =1 0 due to the increase in the Sl. The increased Sl causes higher

where si[n] is the self-transmitted signak,[n] is the PU probability of false alarm, thus causing the severe waste of
transmitted signaky[n] is the additive white Gaussian noise, the spectrum opportunities. On the other hand, if the trénsm
represents the capability of an FD-CR to mitigate the Slogffe power is small, SI becomes negligible and sensing results
and N is the number of acquired samples within a sensirgecome reliable. However, the secondary throughput igdini
duration. Ifn = 0, the CR can cancel the Sl completely, otherFhus, there exists an optimum transmit power which results
wise, it can only mitigate its effect. In order to detect tlmegp in the maximum throughput, leading to the power-throughput
ence (absence) af,[n], we employ an Energy Detector (ED)tradeoff [12].
under the assumption that[n], s, [n], w[n] are independent Regarding the aforementioned power-throughput tradeoff
and identically distributed (i.i.d.) Gaussian random ahkes. problem, the assumption in most of the related literature is
Under such assumption, one can treajs;[n| + w[n] as an that the CR transmits with the controlled power over therenti
independent random variable with variance+ nE{|s;[n]|?}. frame duration. In this case, power control over the entire
In the following, we describe the frame structures for thisame duration must be performed to mitigate the effect of
conventional schemes and the proposed 2P-CST scheme. Sl in the sensing performance. To this end, we propose a
i novel Two-Phase CST (2P-CST) frame structure presented in
A. Conventional Schemes Fig. 2 in which the transmission strategy can be described
1. Periodic Sensing and Transmission (PST): In this ap- as follows: At the beginning of the frame, CR performs
proach (see Frame structure in Fig. 1(a)), the CR operatesS8 for a certain fraction of the frame duration and also
a time-slotted mode, i.e., the CR sensing module performs 8&nhsmits simultaneously with the controlled power and for
for a short duration, let us denote byand transmits data the remaining fraction of the frame duration, the CR only
for the remaining T — 7) duration,T" being the duration of a transmits with the full power. In this context, our design



objective is to optimize two parameters: sensing time, &ed t1. Without Residual Self-Interference (Perfect S Cancellation):
transmit power in the first slot, which result in the maximunfror a targetPy, Py in (3) for the considered ED technique
secondary throughput. can be written as

[1l. PERFORMANCEANALYSIS Pr(T)=Q <, [(27, + D)Q ™ (Pa) + \/Tfsyp) : 4)

A. Performance Metrics with Self-Interference . )
2. With Residual Slf-Interference (Imperfect S Cancellation):

The commonly used rpetrics for evaluating the performan%‘?though several antenna-based, RF and digital interferen
of a detector are probability of false alarfA4) and probability mitigation techniques have been investigated in the libeea

of detection ). Subsequently, using these prob_abiliti_es, tht% mitigate the SI [13], [14], there still remains its residlu
perfprmance of a CR system can DESChalactenzed insier ct. The sensing-throughput tradeoff performance &f th
of different tradeoffs such as sensm.g-throughput tra‘d@‘“ﬂ FD transceiver is affected by this residual SI which depends
power-t.hroughput tradeoff. As mentioned earlier, theristex on the S| mitigation capability. This is due to the effect
a sensing-throughput tradeoff for an HD-CR and a powei}r residual SI onP; and P;. Considering the residual SI

:Eroughp_utt t[)a(iﬁofhfor ?n FD'C?' F%r E{hedproffoseddZP-CS itigation capabilityn defined in Section Il withy € {0, 1},
ere exist bo € alorementioned tradeofis and we ¢ expressions foP; and P; can be written as [15]

characterize its performance in terms of the sensing-power

throughput tradeoff. A ) Tf,
Regarding the binary hypothesis testing problem in (1), t&1(A, 7) = Q((—5 =7 St 2 T 2 T ) 6
test statistic D) for an ED is given by W " i P
1 o A Tf
D=— r(n)|?. (2) - 2 s
N ;| ( )| Pf()‘>7—) Q ((0_12[} " Yin 1) 27]2’Yin ¥ 1) ) (6)

In (2), D is a random variable and its Probability Densityvherey;, denotes the ratio of the strength of the Sl to the noise
Function (PDF) under thef, hypothesis follows a Chi- power, measured at the receiver of the same node. Combining
squared distribution witl2N degrees of freedom for the(5) and (6), the expression for for a targetP; can be written

complex valued case. For very large values\gfthe PDF of ag
D can be approximated by a Gaussian distribution with mean

p = o2, and the variance? = & [E[w(n)]* — 02] [7], where ~ Pr = QUQ™ (Pa)v/20*im + 202 Y + 27p + 1

E[.] denotes an expectation operator. The expression® for +7p\/Tfs)+)). (7
andP, can be computed by?; = Pr(D > A Hy), andPy; = Vit

Pr(D > \|H,), where) is the decision threshold. We consideB. Tradeoff Analysis

the case of the circularly symmetric complex Gaussian noisewe denote the full secondary transmit power By, the
case in whichE[w(n)]* = 207, thusof = O N controlled secondary power b...., and the PU transmit
For the conventional CST scheme, the probability of falggower by P,. The expressions for the throughput of the

alarm P is related to the target probability of detectidty secondary network in the absencg) and the presence’()

as follows [7] of the active PU can be defined as
Pr=0(y/E, + 0@ P+ V) @ Co = loga(1+),
Vs
cC; = 1 1 . 8
where @Q(.) is the complementary distribution function of ! ng( * 1+vp) ©)

the standard Gaussian random variablg,is the PU SNR | P(H,) denote the probability of the PU being inac-

measured at the secondary transmitteis the sensing time tive, andP(H,) as the probability of the PU being active.

and f, is the sampling frequency. When th ; . .
. ; . ere is perfect detection under t hypothesis,
The main problems in the conventional PST scheme are tfﬂgt P =0 thcfn the throughput of the @cozgary link is

transmission slot needs to be divided into small discootisu T—r

i ot £ th " unity i lable given by ===Cy. Since there always exists some non-zero
ime sSIots even 1Tihe Specirum opportunity 1S avarable dor robability of false alarmP; in practice, the probability of
long period, and SUs cannot monitor the changes of P

: . . aving perfect detection under th#&, hypothesis is given b

stat_e_s, during data transmission pha'_se, which leads to %E-%&T))P(Ho) [7]. Similarly[,fi)nd)ée thefl, hypgthesis,y

coIhsusn .;Nh.en th(ta ;Ui be;am% active .andt. thesspectr throughput of the secondary link under the ideal case is

opportunity 1S wasted when FLS become nactive [5]- iven byT;T C1 and the probability of having such a situation
As discussed earlier, the main problem with the CS1,., e \written astl — Py(A, 7))P(H))

S”f"“er Inan FD.'CR IS that the node suﬁers from the Sl dueFor the conventional PST approach, the average throughput

to its own transmitted signal, hence causing the sensigserr for the secondary network is given by

The expression foP; for an FD transceiver depends on the

following cases, namely, perfect and imperfect S| cantielia Rpsr (A, 7) = Ro(A, 7) + Ri(\, 7), 9)




where the values of?y (A, 7) and Ry (A, 7) can be calculated where Ryo(A,7) and R;(\,7) are obtained from (10) and

using the following expressions Ro(A, ) from (13).
T_ 7 To solve the optimization problem (16), we take the follow-
Ro(\,7) = (1 =P¢(A,7))P(Ho)Co, ing iterative approach:
T -1 1) For a fixed value ofy, calculate the controlled power
Rl()‘vT) = (1 _Pd(A»T))P(Hl)Clv (10)

based on the first approach (Approach 1).

where the values of, and C; are obtained from (8), with 2) Based on the controlled power i_n step (1), c_alculate
e = pjfT)ll and~, = %’ with N, being the noise power the optimum value ofr which provides the maximum
measured at the CR node. throughput. .

For the CST approach, sensing duratioff’igistead ofr in 3) Increment the controlled power in step (1) byand
the PST approach. Therefore, the total throughput of the CST calculate the value of total throughpit

approach can be written as [16] 4) Repeat step (3) till the calculated throu_ghput beco_mes
less than or equal to the throughput in the previous
Rcst(\,T) = Ro(M\,T) + Ry (\,T), (11) iteration and note the corresponding controlled power

as the optimum controlled power.
5) Using the optimum controlled power calculated in step
(4), calculateRspcsT.

where the values oRy(\,T') and Ry (A, T') can be calculated
using the following expressions

RO(Aa T) = (1 - Pf()‘7 T))P(HO)C()y

Ri(A\T) = (1 - Py(A,T))P(H)CL, (12)

IV. NUMERICAL RESULTS

In this section, we present numerical results for evaluat-

where the values of’, and C; are obtained from (8), with ing the performance of the conventional PST, CST and the
Vs = % andy, = B proposed 2P-CST schemes. For this performance evaluation,

0 No

In the proposed 2P-CST scheme, the total throughput wie consider carrier bandwidth and sampling frequency t6 be
be contributed both from the controlled power and full powdviHz. Let us consideP (H,) = 0.2 and theP,; be0.95. Unless
transmissions. In this context, the additional throughjaitus otherwise stated, we consider the primary received SNR of

denote byRs, is given by —20 dB, frame duration 0.2 s and secondary transmit SNR
T T of 10 dB when FD-CR node transmits with the full power.
Ra(A,7) = (1 = Pr(A,7))P(Ho)Co + 7 (1 = Pa(A, 7))P(H1)C1, gesides, we consider a fixed channel attenuatiotOcdB for

i (13_) the channel between ST and the SR.

where;the values oC}g and C, are obtained from (8), with Figure 3(a) shows the secondary throughput versigs the
s = Tyt andy, = xe PST approach. It can be depicted that there exists a tradeoff

For the proposed 2P-CST scheme, we formulat(.a BBtween the secondary throughput and sensing time for the
throughput optimization problem in two ways as follows:  pg1 gnproach as noted in [7]. It can be further noted that the
I. Approach 1. In this scheme,_'ghe _controlled_powé’gont IS secondary throughput increases for the higher receivedipow
calculated based on the SI mitigation capabilityBased on 4 the secondary receiver. Figure 3(b) depicts the secpndar
this model, the controlied power is calculated as throughput versus transmit SNR for the CST scheme for
Peont = Pran(1—1). (14) different values ofy. It can be observed that foy = 0,

. _ _ i.e., perfect Sl cancellation, the secondary throughpreases
From (14), itis implied that sincg varies from0 and1, Peont  with the increase in the value of transmit SNR. However, in

varies from P t0 0. . ~ practice, it is impossible to completely suppress the Sl and
The optimization problem for this approach can be writtefje need to take the residual Sl into account. From Fig. 3(b),
as it can be noted that fon # 0, the secondary throughput first
max R A7) = Ro(A,7) + Ri(A, 7) + Ra(\, 1), increases, reaches the maximum point and then decreases. As
T 2pesT (X, 7) ol&7) 1(A7) - 2(4,7) also illustrated in [5], this result clearly shows the traffe
subject to Pa(A,7) > Pa, (15) between transmit power and the secondary throughput in the

where Ry(\, 7) and Ry (), 7) can be obtained using (10 andPresence of residual SI. With the increase in the value,of
Ra(X T)OL(JSing) (15). 'I}rgis a|)oproach allows us to m?alge t)he fa{Ej secondary throughput decreases due to the effect ofdSI an

: : e optimal tradeoff point appears at the lower values of SNR
comparison of the proposed approach with the CST approa n order to analyze the performance of the proposed two

ii. Approach 2: In this method, the controlled power is
.- 2P-CST approaches, we plot the secondary throughput versus
not based on the value gfand we optimize both parameters in Fig. 4. It can be deduced that there exists a tradeoff

Peons andr. The secondary throughput optimization prObIerﬁetween sensing time and the secondary throughput as in

for this case can be formulated as . . .
the traditional PST approach. More importantly, the optimu
max RopcsT(A, 7) = Ro(A\, 7) + R1(A\, 7) + Ra(\, 1), value of throughput due to both approaches is higher than
7 Peont _ the throughput that can be obtained with the CST method.
subject to Pa(A, ) > Pu, (16)  Furthermore, the optimum throughput for the second approac
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