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Efficient Cooperative Spectrum Sensing for

Three-Hop Cognitive Wireless Relay Networks

Quoc-Tuan Vien, Brian G. Stewart, Huaglory Tianfield, and Huan X. Nguyen

Abstract

This paper is concerned with cooperative spectrum sensing (CSS) mechanisms in three-hop cognitive
wireless relay networks (CWRNSs). The data transmission from a source to a destination is realised with
the aid of two layers of cognitive radio (CR) users which are in the transmission coverage of two
primary users. In this paper, we first propose a new CSS scheme for a layer of CR users to improve the
spectrum sensing performance by exploiting both local decisions at the CR users and global decisions
at the fusion centre. Particularly, we derive the probabilities of missed detection and false alarm for
a practical scenario where all sensing, reporting, and backward channels suffer from Rayleigh fading.
The derived expressions not only show that our proposed CSS achieves a better sensing performance
than the conventional scheme but also characterise the effects of the fading channels on the sensing
reliability. Furthermore, we propose a CSS scheme for two CR layers in a three-hop CWRN using

binary XOR operator to help reduce one phase of sensing for a higher system throughput.
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I. INTRODUCTION

Recently, cooperative communications has attracted growing interest in wireless communica-
tions with various enhanced technologies to improve data throughput and transmission quality
by exploiting spatial diversity gains [1], [2]. To cope with the scarcity of spectrum resources,
cognitive radio (CR) was proposed as an emerging technology to improve spectrum efficiency by
providing dynamic spectrum access [3], [4]. In order to detect the occupation and reappearance
of a primary user (PU), CR users must continuously monitor the spectrum, and thus spectrum
sensing is one of the most basic elements in CR technology. Various well-known signal detection
methods have been applied to spectrum sensing technology [5]. However, the implementation
of these spectrum sensing techniques is not feasible for hidden terminal problems when the CR
users suffer from shadowing or severe fading effects while their nearby PUs are active.

Motivated by relaying techniques for cooperative communications, cooperative spectrum sens-
ing (CSS) was proposed not only to help the shadowed CR users detect the PUs but also to
improve detection reliability by carrying out spectrum sensing in a cooperative manner [6],
[7]. A CSS scheme can be divided into three phases, namely the sensing (SS) phase, reporting
(RP) phase, and backward (BW) phase. These phases can be summarised as follows: Initially,
every CR user carries out local spectrum sensing (LSS) in the SS phase to determine locally
the existence of the PU. Then, all CR users forward their decisions to a fusion centre (FC),
1.e., a common receiver, in the RP phase. Based on the local decisions received from various
CR users, the FC makes a global decision on the existence of the PU and then broadcasts this
decision to all CR users in the BW phase. Over the wireless medium, the CSS scheme suffers
interference and noise from all the SS, RP, and BW channels. However, most published work
assumes that the RP channels are error-free [8], [9] and that the BW channels are also error-
free [7]. Additionally, in practical applications, e.g., in wireless ad hoc or sensor networks, the
relay-aided data transmission from the source to the destination node can be realised via various
transmission paths or hops. This stimulates us to consider a three-hop wireless relay network as
a specific model of multi-hop communications'. In this model, two layers of relay nodes help

the source transmit data to the destination.

'The considered model is extendible to a general relay network with more than three hops by changing the operations

performed at the fusion centre to adapt to various network configurations.



In this paper, we investigate the spectrum sensing in a three-hop cognitive wireless relay
network (CWRN) where a source node S transmits data to a destination node D via two layers
of relay nodes. In a CR environment, the relay nodes can be regarded as CR users and two layers
of relay nodes can be accordingly referred to as two layer of CR users. Each layer of CR users
is assumed to be within the coverage of a CR network corresponding to the transmission range
of a PU [10]. Inspired by cooperative spectrum sharing, the CWRN can generate a seamless
transmission from S to D by exploiting some portions of the spectrum that may not be utilized by
the PUs over a period of time. Specifically, cooperative diversity was incorporated into cognitive
networks to realise cooperative spectrum sharing [10]-[13]. In [10], the authors proposed a
cognitive space-time-frequency coding to maximize the spectrum opportunities in the CWRN. In
[11], the CR users perform the role of a relay to assist the data transmission of the PU to increase
their opportunities in spectrum access. In [12], a cooperative diversity scheme was proposed for
CWRN where the CR users cooperatively send both the signal of the PU and their own signals.
In [13], a cooperative scheme was proposed to improve the secondary outage probability by
optimally selecting the best CR user as the relay for the secondary data transmission. However,
the cooperative spectrum sharing in the three-hop CWRN poses the question of how the CR users
in two layers can efficiently sense the spectrum holes of both PUs to exploit all the available
frequency bands in both CR networks for cooperative communications.

Dealing with the spectrum sensing in three-hop CWRNs, we first consider the CSS for a
layer of CR users and then extend to the whole system consisting of two layers of CR users.
Specifically, for a CR layer, we propose a new CSS scheme to improve the spectrum sensing
performance by exploiting both the local and global decisions in spectrum sensing at each CR
user. The basic idea of our proposed scheme for a CR layer is that each CR user combines its
local decision in the SS phase with the global decision of the FC in the BW phase. Also, we
take into account a practical scenario where all the SS, RP, and BW channels are characterised
by Rayleigh flat fading channels. To the best of our knowledge, this has received less interest.
By deriving the expression of the probability of missed detection and false alarm, we not only

show that our proposed CSS scheme achieves a better CSS performance than the conventional



CSS scheme? but also evaluate the effects of all the SS, RP, and BW channels on the CSS
performance.

Extending to the whole system consisting of two layers of CR users in a three-hop CWRN,
a total of eight phases is conventionally required to sense the available spectrum of both PUs at
each CR user, including six phases for the CSS of two CR layers and two phases at the FC for
the exchange of spectrum information between two CR layers. As the second contribution of the
paper, we propose a new CSS scheme for three-hop CWRNSs using binary XOR operator. With
our proposed XOR-based CSS scheme, the number of phases is reduced by one, and thus the
system throughput is improved. The basic idea of our proposed scheme is that the FC combines
two decisions of the available spectrum of two PUs and then broadcasts this combination to all the
CR users in two layers. Based on the known spectrum information at a CR user, the spectrum
information of the PU in another layer can be extracted. It can be seen that the signalling
number for the spectrum information is reduced by half with a simple XOR operator in our
proposed scheme when compared with the conventional scheme®. Thus, the system throughput
is considerably improved, especially when the number of frequency bands in the wide-band
channel is large. This accordingly confirms that our proposed simple XOR operator in the CSS

scheme is efficient.

II. SYSTEM MODEL AND LOCAL SPECTRUM SENSING
A. System Model

Fig. 1 illustrates the system model of the three-hop cognitive wireless relay network under
investigation. The data transmission from source node S to destination node D is accomplished
via three hops with the assistance of two layers of relay nodes which are referred to as CR users.
The routing tables for the data transmission are established at runtime based on the sensing results
at the CR users. We assume that there are two PUs, namely PU; and PU,, in the network and
each CR user is within the transmission range of one PU. For convenience, let N; and N,

denote the number of CR users in the first and second layer, respectively. Accordingly, we can

“The conventional CSS scheme for a CR layer is defined as the scheme where there is no combination of the local and global
decision at the CR users in the BW phase.
3The conventional CSS scheme for two CR layers is defined as the process of eight phases, including six phases for the CSS

of two layers and two phases at the FC for the exchange of spectrum information between two layers.



Fig. 1. Sensing process in cognitive wireless relay network.

represent the CR users in two layers as CRMN) = {CR11,CR12, ...,CR1 N, } and CRW2) =
{CR31, CRy, ...,CRa N, }. Here, CRM) are referred to as relay candidates at the first relay
hop & — CR™V and potential senders at the second relay hop CR™) — CR™?), while CRM?)

(N2) s D. The two PUs are assumed

are considered as relay candidates at the third relay hop CR
to operate in a wide-band channel including K non-overlapping frequency bands f1, fs, ..., fk-
A spectrum indicator vector (SIV) of length K (in bits) is used to report the availability of
frequency bands in the transmission range of each PU where bits ‘0’ and ‘1’ represent the
frequency band being utilized or available, respectively. The CSS of two CR layers is carried
out over a common FC in a centralised manner (see Fig. 1). The FC is assumed to be located
between the first and the second layer of the CR users and its role is to assist the spectrum sensing
of all the CR users in both layers. We assume that the channels for all links are Rayleigh flat
fading. The channel gains for the SS links PU; — CR;;, the RP links CR;; — FC, and the
BW links 7C — CR;;, 1 = 1,2, 3 = 1,2,..., N, are denoted by hpc, ., ho,,;r, and hrc, ,,
respectively. All the channels are assumed to be time-invariant over the whole transmission of

both the data and the SIV, and assumed to be known to all the nodes in the network.



B. Local Spectrum Sensing

Over the SS channel, the received signal at CR; ;, ¢ = 1,2, j = 1,2,..., N;, can be expressed

as
(SS) (PU;)
r(SS) B hpcuxl -+ n s Hl . (1)
7,7 -
nE:S;S)’ 7_[(791/{ )

where x; is the transmitted signal from PU; and n(SS)

is the independent circularly symmet-
ric complex Gaussian (CSCG) noise vector at CRij over the SS channel. Here, ngu") =
{7—[ 7-[17)21’{ ). Pu )} and H, (Prdo) {7—[ ”H,(Pu , 77-[(()7;?)} denote the hypothesis
that the frequency bands are occupied by PU; and the hypothesis that the frequency bands are
available for CR users, respectively. We notice that the vectors in (1) have length K which
corresponds to the number of frequency bands in the wide-band channel.

Then, following an energy detection rule for unknown signals over fading channels [14], CR,; ;

can detect the usage of a k-th frequency band, k = 1,2, ..., K, at PU; by comparing the energy

of the received signal r(SS) [k] at the k-th frequency band with a corresponding energy threshold
& jlkl, ie., exe
B |37 M) 2, €ialH. @)
(CR:,;) (CR:;)

and 7—[
the estimated hypotheses at CR; ; that the k-th frequency band is occupled and unoccupied

where FE|.] represents the energy measurement of a signal. Here, ”H denote
respectively, by PU;. Let s 5) denote the local SIV estimated at CR; ; over the SS channel

hpc,,- We can mathematlcally formulate the k-th element, £k =1,2,..., K, of sgis) as

) (S5) . (CR:;)
(SS)[k] _ 0, if £ [ri : [k]} > & [k, ie., Hip s

2y}

R (3)
1, otherwise, i.e., 7—[ o),

III. PROPOSED COOPERATIVE SPECTRUM SENSING
A. Proposed CSS Scheme for A CR Layer

For simplicity, we investigate the CSS scheme performed at only one layer of CR users, e.g.,
CR™WV. The CSS scheme for the remaining CR layer, CR™M2) can be similarly obtained*. The

proposed CSS scheme consists of three phases, which can be described as follows:

*Note that the CSSs for two layers of CR users can be carried out simultaneously.



1) Sensing Phase: In SS phase, each CR user carries out the LSS over SS channel. Specifi-
cally, CR1;, j = 1,2,..., Ny, locally senses the available frequency bands of Pif; over the SS
channel /p,c, ;, and then makes a binary decision in terms of an SIV denoted by sij) (see (3)).

2) Reporting Phase: In the CSS scheme, the spectrum sensing at the CR users is carried out
in a cooperative manner with the help of an FC. Over the RP channels, each CR user CR, ;,
J =1,2,..., Ny, forwards the local estimated SIV, i.e., sgi-s), to FC. The received signals at

FC from CR,; can be written by

I‘l J = 1/ Al th1 JFXES;S) + Ilgljp)? (4)
where A, ; is the transmission power of CR4, x§ g 9 is the binary phase shift keying (BPSK)

modulated version of si jS , and nl’ ; P)is the independent CSCG noise vector at FC over the RP

channel with each entry having zero mean and variance of Nj.

Then, FC processes to decode the received signals from each CR,4 j, j =1,2,..., N;. Let
us denote the decoded SIV at FC from CR, ; over the RP channel as s1 y ). Combining all the
decoded SIVs {sl’j '} from all the CR users {CRy;}, FC makes a global decision using the
following OR rule:

b S s < N e, KIS
Spcy [k‘] = (Fe) (5)
1, otherwise, ie., Hg, ",

where spc, of length K denote the global SIV estimated at FC for the first CR layer, £ =
1,2,..., K, and, H (7€1) and 7—[ (7€1) denote the estimated hypotheses at FC of the k-th frequency
band occupied and unoccup1ed, respectively, by PU;. Note that, in (5), the decision of the
availability of the frequency bands at FC follows the principle of the OR rule, i.e., FC decides
the k-th frequency band being utilized by Pl (i.e., Hﬁcl)) when at least one SIV (i.e., sgp)) out
of N; SIVs indicates the k-th frequency band being unavailable (i.e., 7-[ (CR13) o sgﬁp) (k] = 0),
and otherwise, FC decides the k-th frequency band being available.

3) Backward Phase: In the BW phase, the FC broadcasts the global SIV to all CR users over

BW channels. The received signal at CR,;, j = 1,2,..., Ni, can be written by

ri?") = \/Apchre, xre, + i, (6)

where Apc is the transmission power of FC, xp¢, is the BPSK modulated version of sp¢,, and

ngw) is the independent CSCG noise vector at CR;; over the BW channel with each entry



having zero mean and variance of Ny. Then, CR; ; decodes the received signal from FC as
(BW)
Sl j .
In our proposed CSS scheme, each CR user combines its local SIV determined in the SS
phase (i.e., s1 ¥ ) with the global SIV received from the FC in the BW phase (i.e., s1 ] ) using
the OR rule as follows:

1.j

0, if (SgsgS)[/{?] +S(BW)[/€]) <2, ie, Hi, CR” , -

SCRl,j[k:]: (CR1,)
1, otherwise, i.e., 7-[ b7

(CR (CR
13 and H 13 denote

where scr, ; denotes the final SIV at CR,;, k= 1,2,..., K, and, 7-[
the globally estimated hypotheses at CR; ;, j = 1,2,..., Ny, of the k-th frequency band occupied

and unoccupied, respectively, by PU; considering both the local and global SIVs.

Remark 1 (Higher Reliability in Spectrum Sensing). The proposed CSS scheme can determine
the availability of frequency bands more reliably than the conventional scheme. In the conven-
tional CSS scheme, the global SIV received at the CR users from the FC is also the final SIV.
This means that the decision at the CR users using the conventional scheme depends totally
on the decision at the FC. Instead, in our proposed scheme, the final SIV at the CR users
is the combination of two SIVs obtained from the LSS at the CR users and the CSS at the

FC. As shown in (7), the hypothesis ﬁéc,f 1) is decided by scr,, k] = 1if S(SS) [k] =1 and

S(BW)

1, [k] =1, which correspond to the hypotheses H(()C,Zz *3) and 7—[ (7€) It can be seen that the

frequency bands are finally determined to be available at the CR users only if both the LSS
and CSS indicate that PU; does not occupy these frequency bands. Therefore, the probability

of missed detection is reduced.

B. Proposed XOR-based CSS scheme for Two CR Layers in Three-Hop CWRN

In this subsection, let us investigate a three-hop CWRN consisting of a source node S, a
destination node D, and two layers of CR users CRM) and CRWY 2), which are in the transmission
range of PU, and PU,, respectively (see Fig. 1). In order to realise a continuous transmission
from S to D with the assistance of CR™" and CR™? in the three-hop CWRN, the spectrum
can be shared in a cooperative manner to efficiently exploit the frequency bands that are not
occupied by PU; and PU,. Thus, all the CR users in two layers are required to sense the

spectrum holes of both PUs.



The CSS scheme for each CR layer, as previously presented, consists of three phases to detect
the available spectrum in the coverage of the corresponding PU. In order to help two CR layers
know the spectrum information of each other, the conventional scheme requires two additional
phases at FC to forward the global SIV of a CR layer to another layer, i.e., 7C sequentially
forwards spc, and spe, to CR™2) and CRWY, respectively. Accordingly, this results in a total
of eight phases in the conventional CSS scheme for two layers of CR users in the three-hop
CWRN. Exploiting XOR operator, we propose an XOR-based CSS scheme for two CR layers to
reduce the exchanging time of the SIVs between CR™") and CR™?). The proposed CSS scheme
for two CR layers consists of seven phases as follows: SS, RP, and BW phases for CR™V; SS,
RP, and BW phases for CR™?); and an exchange (EX) phase between CR™") and CR™),

Following the proposed CSS scheme for each layer of CR users in the first six phases, the
final SIV at CR;;, ¢« = 1,2, j = 1,2,...,N;, and the global SIV at FC for the i-th CR layer
are given by scg,; and sgc,, respectively. In the EX phase of the proposed XOR-based CSS
scheme, FC combines the global SIVs determined after two RP phases for two CR layers, i.e.,

src, and spc,, as

Src = Src, D Srcy, ()

where & denotes the XOR operator and sp¢ is the XOR-based combined SIV at FC. Then, FC
forwards spc to all CR users in two layers. The received signal at each CR user CR,; ;, @ = 1,2,

7 =12,..., N;, can be written as

EX) =V Archre, ;Xrc + H(EX)7 )

where xpc is the BPSK modulated version of sgc, and nEfX)

is the independent CSCG noise
vector at CR,; ; in the EX phase with each entry having zero mean and variance of Ny. Then, CR, ;
decodes the received signal as s( %) Note that the decoded signal at CR,; ; of the transmitted
signal spc, in the BW phase is given by s (see (6)). Thus, CR,; in the ¢-th CR layer can
detect the spectrum information of the i-th CR layer, i = 1,2, ¢ # 4, with XOR operator, i.e.,

Stk = s @ s, (10)

where S(C)R denotes the global SIV of the i-th CR layer estimated at CR; ;.

Remark 2 (Higher System Throughput with XOR Operator). The proposed XOR-based CSS
scheme for two CR layers in the three-hop CWRN achieves a higher system throughput than
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the conventional CSS scheme. Let Tl(fs) and Ti(,fp) denote the local sensing time and reporting
time, respectively, for a frequency band at the j-th CR user in the i-th CR layer, ¢ = 1,2,
j=1,2,...,N;. Also, let TBW) and T(FX) denote the backward time and the exchange time,
respectively, at FC for a frequency band. It can be seen that the conventional CSS scheme requires
a total time of [ (ZZ ) ZJ L T(SS + T(RP ) + 2KTBEW) 4 2KT(EX)] whilst the total time
in our proposed CSS scheme is [K (ZZ ST (55) 4 T(RP)> + 2KTBW) 1 KT(EX)] . Thus,
the proposed XOR-based CSS scheme reduces the time of spectrum sensing in the whole system
by KT¥X), which accordingly results in a higher system throughput. It can also be observed
that the combination operations performed at the CR user and the FC in the proposed scheme
require a higher complexity processing. This may cause a delay of the spectrum sensing, and
thus results in a lower system throughput or a decreased end-to-end relay performance of the data
traffic. However, this delay is negligible when compared to the improved throughput achieved

with our proposed CSS scheme.

IV. PERFORMANCE ANALYSIS OF COOPERATIVE SPECTRUM SENSING

In this section, we investigate two performance metrics for spectrum sensing in CWRNs
including the missed detection probability (MDP)> and the false alarm probability (FAP)S.
Specifically, we derive the expressions of MDP and FAP for the proposed CSS scheme over
a practical scenario where all the SS, RP, and BW channels are characterised by Rayleigh flat
fading channels. For convenience, let P and P}A), Ae{CR,;;, FC},i=1,2,5=1,2,...,N,,
denote the MDP and FAP, respectively, at node A.

For the LSS at a CR user CR,j, i = 1,2, j = 1,2,..., N, the average FAP and MDP of the
k-th frequency band over the SS channels are given by [14]

T (M Em'[k])
(CRi ;) _ (CRU (SS)rp1 _ _ ol _ © 2
PR — Pr{ MM } Pr{sm k] = 0|x; = 0} == b

SMDP is defined as the probability that a CR user detects an available frequency band given that a PU currently occupies
that frequency for transmission.
®FAP is defined as the probability that a CR user senses a frequency band occupied by a PU given that the PU does not

operate on that frequency band.
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PR _ Pr{ CR” |7'[ } Pr{s(ﬁs)[lﬁ] = 1|x; # 0}

- CRi N\ P Ly - CR,;

w42 LK) —(l +’V%c,.,?)) ARET) e Gt ELGHORG)
(

1=0

191 CR:,) RN
12 ) i,; 1=0 12! (1 +71(Df§iz’;)>
(12)

respectively, where p is the time-bandwidth product, 7}52]] ) is average signal-to-noise ratio

(SNR) at CR;; over the SS channel %p,c; ;, and I'[a, b] is the upper incomplete gamma function
defined as ['[a,b] £ [t te~tdt [15].

Now, let us analyse the CSS scheme performed at only one layer of CR users, e.g., CRMW
The analysis of the CSS scheme for the remaining CR layer, CR™2) can be similarly obtained.
In the CSS scheme, each CR user forwards the sensing information to FC over the RP channels.
The FC then decodes all the received information and makes a global decision based on the OR

rule. The FAP and MDP at the FC can be written as

PJE]—'CQ _ Pr{ (.7:Cl !7—[ (PUy) } = Pr{spc,[k] = 0x; = 0}, (13)
PEC) _ py {Hg;;cl (P } — Pr{spc,[k] = 1jx1 # 0}, (14)

respectively. From (5), we can rewrite (13) and (14) as

P — HPr {sfj” —1)x; = 0} (15)
HPr{slj —1|x, # o} (16)
Thus, if considering an ideal case where the RP channels are error-free, i.e., S(RP) = sgsf), from
(11) and (12), the FAP and MDP at the FC can be written as
N1
rror-fr CR1.;
Pjg]:cl,e or-free) -1 H (1 . P}E 1,])) 7 (17)
j=1
P (FCy ,error-free) H P (CR1,5) (18)

respectively. However, the RP channels suffer from fading and noise.
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Over a Rayleigh flat fading channel % 45, the bit error probability (BEP) for the transmission
of BPSK modulated signal is given by [16]

Py(Eag) = 6(7), (19)
where 7 is the average SNR and ¢(z) £ % <1 — 14%) Thus, taking into account the noisy
RP channels {hc’l’jp}, j=1,2,..., Ny, the FAP and MDP at the FC are given by [7]

N1
PP =1 =TT (1= Pf) (1 = B(Ee,p) + P BB ,p)] . @O)
j=1
N
]-'C1 H Cng Pb(ECLjF» + (1 o p&C’le)) Pb(ECLjFﬂ ’ (21)

respectively. Here, Py(Ec, ;r) = ¢(7017j1p) (see (19)), where Vg% denotes the SNR at FC over
the RP channel %, ;r.

Then, in order to help each CR user decide the availability of the spectrum, the FC needs to
forward its decision to all the CR users over the BW channels. In our proposed CSS scheme,
CRij, j =1,2,...,Ny, ORs its local SIV with the global SIV received from FC to make a
final decision. Let P; (CR13) and P,{®*) denote the FAP and MDP of the final decision at CR1;
over the BW channels. We then have the following finding:

Lemma 1. FAP and MDP at CR,;, j = 1,2,..., Ny, over the noisy BW channels hrc, ; are

determined by

P}(C’Rl,j) =1 — [(1 — PJECRl’j)> (1 — Pb(EFCLj)) + P}CRl’j)pb(EFCLj)}

(22)

< [(1= PY) (1= Pl Ere,,)) + PPV R(Ere,,)]

PR = [P7(rLCR1,j) (1= Py(Epc,,)) + (1 - PT%CRLJ')) Py(Erc,,)]
’ ’ (23)

x [P (1 = Py(Erey,)) + (1 — PYY) Py(Erey,)]

respectively, where Py(Erc, ;) = 925(71(5;?])) and 7;’651;]) denotes the SNR at CR, ; over the

BW channel hpc, ;.

Proof: See Appendix A. [ ]
Corollary 1. For identical SS and RP channels, i.e., fy}(fg i) A %SS) and fy(fcl) *y{RP),
j = 1,2,..., Ny, all CR users achieve the same FAP and MDP in the LSS process, i.e.,
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P;CR” ) A P}CRI and P(CR”) 2 p€R1) “and, the BEPs of all the RP channels are identical,
ie., P(Ec,,r) = Py(Ec,p) = ¢(7§RP)). Then, the FAP at CR,; over the BW channels is
CR1 )

lower-bounded by P , where

P}ngl’j) = 1—(1 = M Py(Ec,r)) (1 = Po(Epe, ) = NiPy(Ecyr) Po(Ercy ) (1 = Py(Erc, ) -
(24)

Proof: See Appendix B. [ |

Remark 3 (Improved MDP and Higher Lower-Bound of FAP with Increased Number of CR
Users). The proposed CSS scheme improves the MDP at the CR users and increases the lower
bound of the FAP when the number of CR users increases. In fact, from (21), it can be seen
that P/CV monotonically decreases over Ny. Thus, P, (CR19) ,j=1,2,..., Ny, given by (23) is
a decreasing function over V. This means that the MDP at C'R, ; is improved as the number

of CR users increases. In addition, from (24), it can be proved that P}FgRl’j )

monotonically
increases over V. In other words, the increased number of CR users results in the higher lower
bound of the FAP at CR; ;. This observation will be confirmed later in the numerical results
where the FAP at CR, ; is limited by the lower threshold and the MDP increases quickly to one

as the FAP approaches this threshold.

Remark 4 (Better Sensing Performance with Our Proposed CSS Scheme). The proposed CSS
scheme at the CR users achieves a better performance than the conventional scheme in terms of
MDP. In fact, following the conventional CSS scheme, the final SIV at the CR users is obtained
from the global SIV at the FC, which means that Scri;»J = 1,2,... , N1, depends totally on
src,. Thus, the MDP of the conventional CSS scheme at CR; ; is given by

P;rECRLj,conventional) _ PTSfCl) (1 _ Pb(EFCLj)) + (1 . PTSfCl)) Pb<EFCLj )V] — 1’ 2’ o 7N1’ (25)

where Pﬁfcl) is given by (21). Let us denote GG as the performance gain achieved with our

proposed CSS scheme compared with the conventional scheme, which is defined as

'(CRu1,5)
Pyt
G4 . (26)

’(CR1,;,conventional
Pﬂg 1,5 )

From (23) and (25), we obtain

G = P*3) (1 — By(Epe,,)) + (1 = PER)) Py(Ere, ). (27)
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PR pFe) and Py(Epc, ). In other words, independent of

It can be seen that G < 1 for all
the LSS at the CR users, the CSS at the FC, and the quality of the BW channels, our proposed
CSS scheme achieves a lower MDP than the conventional scheme. Additionally, a significant
gain is achieved with our proposed scheme (i.e., a much lower ) when either the BW channels
is at high SNR (i.e., a very low Pb(EFcl,j)) or the LSS at the CR users is very reliable (i.e., a

very low PRy,

V. NUMERICAL RESULTS

In this section, we present numerical results of the MDP and FAP using various spectrum
sensing schemes. Specifically, the relationship between the MDP and the FAP is represented
by the complementary receiver operating characteristic (CROC), which is defined as the MDP
versus the FAP [14].

100
.. ‘vy\ ., l~.
. Lo A Te
10" 4 Sv._ A e
= SNR .. ..=0dB (simulation) ) A
SNR_ ..., =0 dB (analytical) =
oS 1074 ¢ SNR,, =5 dB (simulation) ; E
i B i N o
] SNR,_ . =5 dB (analytical) RN
4 SNR__ =10dB (simulation) 3
1 SNR_ =10 dB (analytical) Y
10°4 v SNR_,_=15dB (simulation) M
- SNR_, =15 dB (analytical) ]
¢ SNR , - =20dB (simulation) ‘
} ~=SNR_ =20 dB (analytical) 1
10 ™ '
10" 10°
P,
| | | . ) CR
Fig. 2. Cooperative spectrum sensing performance at a CR user (CR1,1) over backward links with 2 CR users, 71(310i N =
(CR12) _ _(FC) (F0) _ )

VPiCy s = V01, F = V0, ,p = 10 dB, and various ype 1

In Fig. 2, the CSS performance at a CR user using our proposed scheme is illustrated with
respect to various SNR values of the BW channel. We assume that there are 2 CR users in

the first layer, i.e., CR1; and CR;» and the CROC curves are corresponding to the sensing

performance at CR, ;. The SNRs of the SS and RP channels are assumed to be ng)F = vg?F =

(CR1,1)
1

yﬁgj) = 71(517;11’2) = 10 dB and the SNR of the BW channel, i.e., ., ", is assumed to vary in
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= N =2 (simulation)
N, =2 (analytical)
°~E 1074 e N, =4 (simulation)
1 N, =4 (analytical)
A N =6 (simulation)
- NI = 6 (analytical)

1

1

1

1

v N =8 (simulation)
f N, =8 (analytical)
1 o N, =10 (simulation)
~ N, =10 (analytical)

: :
10" 10

Fig. 3. Cooperative spectrum sensing performance at a CR user (CR1,1) over backward links with 'ygig:’;) = (cf (;)F =

,y;CCR;f =10dB, j =1,2,..., N1, and various number of CR users (IN7).

{0, 5,10, 15,20} dB. It can be seen that the sensing performance at CR, ; is significantly reduced
when 7}%? 711’1) decreases. This observation reflects the effects of the BW channels on the CSS
performance. Additionally, the analytical results are shown to be matched with the simulation
results. In order to investigate the effects of number of CR users on the CSS performance,
Fig. 3 illustrates the CROC curves of the CSS at CR,; with respect to various number of CR
users. The SNRs of the SS, RP, and BW channels are assumed to be 10 dB and the number of
CR users (i.e., N;) is assumed to be in {2,4,6,8,10}. We observe that the MDP is lower and
the lower-bound of FAP is higher when N; increases. This observation confirms the statements
in Remark 3 regarding the improved MDP and higher lower-bound of FAP with the increased
number of CR users in our proposed scheme.

For the comparison between our proposed CSS scheme and the conventional scheme, Fig. 4
shows the CROC of both CSS schemes with respect to various SNR values of the BW channel.
The CROC curves are plotted for the CSS at CR,; in the first CR layer including 2 CR users
CRi1,1 and CR4 2. The SNRs of the SS, RP, and BW channels are assumed as follows: ygf)p =
V(CJZ)F = vggj) = ﬁiﬁ;;j) = 10 dB and 7}%?11’1) € {0,10,20} dB. It can be seen that our

proposed CSS scheme achieves better sensing performance than the conventional scheme for all

SNR values of the BW channels. This observation confirms the statements in Remarks 1 and
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10
10"
Q..: 10 R~
—=— Conventional scheme, SNR_ | =0dB
—e— Proposed scheme, SNR,_ . =0dB
10° 4 —a— Conventional scheme, SNR . .. =10dB
—v— Proposed scheme, SNR_, =10 dB A
—&— Conventional scheme, SNlﬂmkW W= 20dB
—<— Proposed scheme, SNR_, =20 dB
10" ———— r
10" 10°
P,
. . . . . . CR CR
Fig. 4. Comparison of two cooperative spectrum sensing schemes over backward links with 2 CR users, (CR11) _ (CR12)
Ypicy Tpicy o

fy((fl i)F = ’Y(cf ?F = 10 dB, and various fyfg .11’1)

4 about the improved reliability of spectrum sensing with our proposed CSS scheme. In fact,
in our proposed scheme, the combination of the LSS and CSS at the CR user results in better

sensing performance at the CR users.

0

10° 3
10" 5
B
U
1024 —=— Conventional scheme, N, =2
—e— Proposed scheme, N, = 2
—a&— Conventional scheme, NI =6
—v— Proposed scheme, N =6
—&— Conventional scheme, NI =10
10° 7 —<— Proposed scheme, N, = 10
— T T T —
10" 10’
Pf
. . . . . . (CR1,5) _ (Fe) _ (CRi;) _
Fig. 5. Comparison of two cooperative spectrum sensing schemes over backward links with yp, c; TV, P = 0Re, ] = 10

dB, 7 =1,2,..., N1, and various number of CR users (Ny).
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Investigating the effects of the number of CR users on the sensing performance, Fig. 5 plots
the CROC of both our proposed CSS scheme and the conventional scheme with respect to various
number of CR users (i.e., N;). We assume that the SNRs of the SS, RP, and BW channels are
10 dB, and, N; in {2,6,10}. Similarly, it can be observed that our proposed scheme achieves
better performance than the conventional scheme for all values of N;. This also confirms the
statements in Remarks 1 and 4 about the improved sensing performance with our proposed CSS

scheme.

10 J —=— Conventional scheme, N, =2 N

V\\

—e— Proposed scheme, N, =2 \\\

—a— Conventional scheme, N, = 10 ~

—v— Proposed scheme, N, = 10
0+

0 2 4 6 8 10 12 14 16 18 20
SNKJackward [dB]
(CR1,5) (Fo)

Fig. 6. MDP of cooperative spectrum sensing over SNR of backward links with vp, o =GP 10dB, 5 =1,2,..., Ny,

and various NVj.

Taking into consideration the MDP, Figs. 6 and 7 plot the MDP of various CSS schemes versus
SNR of the BW channels and versus number of CR users, respectively. In Fig. 6, the SNRs of
the SS and RP channels are 10 dB, and, N; in {2, 10}. It can be seen that our proposed scheme
achieves a much lower MDP than the conventional scheme. For example, 8 dB is improved
with our proposed scheme for a MDP of 1072 and N; = 10. The effectiveness of our proposed
scheme is further confirmed in Fig. 7 where the MDP of both our proposed CSS scheme and
the conventional scheme is plotted over the number of CR users. The SNRs of the SS and RP
channels are 10 dB, while the SNRs of the BW channels are in {10,20} dB. We observe that
the MDP of our proposed scheme is better than that of the conventional scheme for any value of

either V; or SNR of BW links. Specifically, for a SNR of BW channels of 20 dB, our proposed



—=— Conventional scheme, SNR =10 dB T T~w—
3 —
103 —e— Proposed scheme, SNR_, =10 dB ]
—A— Conventional scheme, SNR_ =20 dB
—v— Proposed scheme, SNR =20 dB
T T T T T T
2 4 6 8 10

18

N

1

Fig. 7. MDP of cooperative spectrum sensing over N1 with ’yl(gclgi‘? = ’Y(CTC]»)F =10dB, j =1,2,..., N1, and various SNRs

of backward links.

scheme achieves the MDP of 10~2 with 4 CR users while 6 CR users are required to achieve
the same MDP using the conventional scheme. The aforementioned observations from Figs. 6
and 7 confirm the statements in Remarks 1 and 4 regarding a better MDP with our proposed

CSS scheme.

VI. CONCLUSIONS

In this paper, we have proposed two CSS schemes for three-hop CWRNs. Exploiting both the
local decisions at the CR users and global decisions at the FC, a better sensing performance is
achieved with our first proposed scheme. An analysis of the probabilities of missed detection
and false alarm has been carried out with respect to the SNRs of SS, RP, and BW channels. The
derived expressions reflect well the impacts of the quality of the SS, RP, and BW links upon
the sensing performance and confirm the improvement of sensing reliability with our proposed
scheme. Moreover, for the exchange of spectrum information between two CR layers, we have
proposed an XOR-based CSS scheme to reduce the number of signallings for a higher system
throughput. In addition, simulations have been provided which have confirmed the analytical
results. For future work, we will investigate the CSS for CWRNs with more than three hops.

Also, we will investigate the optimisation of the FC location for the best sensing performance.



19

APPENDIX A

PROOF OF LEMMA 1

The FAP and MDP at CR,;, j = 1,2,..., Ny, can be computed by
PR — Pr{ AT gy ) } = Pr{scn, [k] = 0jx; =0}, (28)
PR — py { HCR) (P } — Pr{scr,,[k] = 1jx; £ 0}. (29)
From (7), we can rewrite (28) and (29) as
PJ;(CR”) =1- Pr{sgs)[ | =1]x; = O} Pr{sfjw) k] = 1|x; = O} , (30)

PRy = Pr{sgis)[k] = 1|x; # 0} Pr{sgéw)[ | = 1]x; # O}. (31)

(BW)

In the situation that there is no error in the BW phase, i.e., S

(12), (13), and (14) into (30) and (31), we obtain

= Spc,, substituting (11),

P}(cnlyj,error—free) —1_ (1 . P}Wﬁ,j)) (1 — P]E]—'Cl)) , (32)
PrlrgcRLj,error-free) _ PT(nCRLj)P#IfCl). (33)

Therefore, over the noisy BW channels h,FCLj, we obtain the FAP and MDP at CR,;, j =
1,2,..., Ny, as (22) and (23), respectively.

APPENDIX B

PROOF OF COROLLARY 1
From (22), the FAP at CR,;, j = 1,2,..., Ny, over the BW channels can be rewritten as

"(CRy,; CR1, Fo i
P <1 (1= P (1= PPY) (1= Ry(Bre,)

— By(Ere, )1 — Py(Erc, ) [P;cm,j) + P}]'—Cl) _ 2PJECR1,J’)P]£]:CI) (34)
_ P}CRl’j)P]E]:Cl)(Pb(Echj))2.
It can be seen that the FAP of the CSS scheme is lower-bounded if the FAP of the LSS scheme

approaches to zero. Let us denote P ( R13) as the lower bound of P}(CRl’j ). Then

P}%’Ru) _ (Clé?)l PJIC(CRLJ')' (35)
Pf —0
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Since PJECR”) = ;CRI), PR — PR and Py(Ec, ,r) = P(Ec,r), Vj = 1,2,..., Ny,
from (20), the FAP at the FC is rewritten by

. N
P —1— [ (1= P™)) (1 = B(Eour) + P P(EBor)| (36)
and lower-bounded by

Pio? = Jlim P =1 - (1= BBe)™ & NiA(Be,r) (37
b —0

/(CR1,5)

Thus, from (35), P, can be computed by

! 1,5 2
P =1 (1= PE™) (1= RilBro,,))” = B(Ere,,)(1 = RErc, )P (38)

Substituting (37) into (38), we obtain (24).
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