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Abstract—Cooperative relay technology was recently intro-
duced into cognitive radio networks in order to enhance network
capacity, scalability, and reliability of end-to-end communication.
In this paper, we investigate an underlay cognitive network
where the quality of service of the secondary link is maintained
by triggering an opportunistic regenerative relaying once it
falls under an unacceptable level. We first provide the exact
cumulative density function (CDF) of received signal-to-noise
(SNR) over each hop with co-located relays. Then, the CDFs
are used to determine very accurate closed-form expression for
the outage probability for a transmission rate R. We validate
our analysis by showing that simulation results coincide with
our analytical results in Rayleigh fading channels.

I. INTRODUCTION

Cognitive radio (CR) is an emerging technique which is
proposed to improve the wireless spectrum resources utiliza-
tion efficiency. This improvement is achieved by allowing
the unlicensed users, referred to as secondary users (SU), to
get dynamic access to the spectrum of the licensed users,
referred to as primary users (PU), using interweave, overlay,
or underlay paradigms [1]. In particular, in spectrum underlay
cognitive radio, the SU coexists with PU in the licensed
band by keeping their transmission power under a certain
threshold to avoid any problem for the detection at the primary
receiver. Thus, traditional underlay cognitive networks have
predominantly used direct point-to-point secondary link where
the transmission power is constrained [2]. Accordingly, the
quality of service (QoS) of the secondary user may be under
expectation. At the same time, cooperative diversity schemes
have been very attractive for small-size and antenna-limited
wireless devices, and opportunistic relaying (OR) techniques
have been proposed where only the best relay from a set of
K available candidate relays is selected to cooperate [3], [4].
Recently, several works investigated cognitive wireless relay
networks consisting of a source node that intends to commu-
nicate with a destination node aided by a total number of K
relays nodes based on the underlay approach [5]-[9]. More
specifically, in [5], the authors considered a relay selection
based on max-min criterion where the direct secondary link
was omitted, and they derived the outage probability. However,
the direct secondary link was considered and only a tight lower
bound of the outage probability was provided in [6]. Besides,
the authors opted for relay selection based on the second hope,
and they did not consider a maximum transmission power
which means that transmission power will increase as more as
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the interference channel is in deep fading. In [7], the authors
investigated a cognitive relay network under PU’s outage
constraint, where the SU’s transmission should not affect the
PU’s transmission and maintain the outage probability at the
primary receiver under a predetermined value. However, and
considering that direct secondary link may or may not be
used, they derived the outage probability of SU based on an
upper bound expression of the PU’s outage probability, and
the number of involved relays is determined by exhaustive
comparisons. By investigating several relay selection strate-
gies, the authors in [8] derived asymptotic outage analysis
of the secondary system, whereas the authors in [9] derived
exact outage analysis by relaxing the maximum transmission
power constraint and by reducing the number of active relays
to one. Both works [8] and [9] did not consider direct link
in the cognitive network. Obviously, involving relays within
underlay cognitive networks may lead to better performances
by addressing the aforementioned drawbacks.

Our goal in this paper is to evaluate the end-to-end outage
analysis of cognitive relay networks where an incremental
opportunistic DF relaying is considered. Our contribution is
three folds. First, we provide exact statistics of the received
signal-to-noise (SNR) over each hop with co-located relays, in
terms of cumulative density function (CDF). Since the received
SNRs by the secondary receiver and the selected relay are
dependent, we provide their joint CDF. Finally, we derive the
end-to-end outage probability for each scheme.

To the best of our knowledge, such performance analysis for
underlay cognitive network using incremental opportunistic
regenerative relaying has not been considered in the literature,
and is crucial to offer accurate outage of such systems.

II. SYSTEM MODEL

In this section, we describe our proposed underlay cognitive
network using an incremental regenerative relaying which is
triggered based on the received SNR at the secondary receiver,
and we note that only a selected relay from a cluster is
targeted to cooperate. The secondary networks consists of a
source (S-Tx), a receiver (S-Rx), and a cluster of K potential
relays, whereas the primary network consists of a source
(P-Tx) and a receiver (P-Rx), where each node is equipped
with a single antenna and each relay works in DF mode.
For the secondary network, we denote h .., hss and h,, s as
the coefficients of the channels between S-Tx and the k'
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relay, S-Tx and S-Rx, and the k' relay and S-Rx, modeled
as flat fading and Rayleigh distributed with variances Ay, ,
Ass and A, s, respectively. Similarly, we denote h, and A,
as the coefficients of the interference channels between S-
Tx and P-Rx, and the k' relay and P-Rx, and modeled as
flat fading and Rayleigh distributed with variances A, and
Ar,.p»> Tespectively. We assume that the relays are close to each
other and forming a cluster' and accordingly, we assume that
Asr = Asri> Ars = Apys and Ay = Ay, for all £.

While a conventional terminal transmits with a constant power,
under the underlay paradigm, S-Tx is able to optimize its
broadcasting power P according to the radio environments
by satisfying the following conditions

{QS<I

P, < P, M

where P is the maximum S-Tx transmit power constraint,
Qs is the interference induced at P-Rx by the simultaneous
transmission of S-Tx over the same band with P-Tx, and given

by

P,
séhs 2= 2
Q2 |hop 57 @)

where Ny is the noise variance, and I is the maximum accept-
able level of interference tolerated at P-Rx. As a consequence,
the received SNR at S-Rx, labeled as ~y,,, can be given by

. IZVO >, |hss|2 . I _ 2
Vss = 1IN (|h/5p|2,P> No = min |hsp|277 |hss| s
(3)

where |hgp|? is considered to be known at S-Tx and the first
inequality in (1) is well satisfied. It follows that CDF of ~y;
is given by
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When ;s exceeds a certain threshold, we consider the direct
transmission is enough and no need to cooperate. Otherwise,
the cooperation is needed to maintain the QoS at S-Rx, which
sends a binary feedback to S-Tx and relays requesting them to
retransmit. Therefore a relayed copy is needed and the received
signal is decoded and forwarded by a relay r, which is selected
following the rule

®)

We can deduce that received SNRs at r, and S-Tx can be

Ty = argml?xmin ([Pesry |25 s |?) -

given by

O e L ©
and

R e L ™)
respectively.

'We assume short distances between the relays compared to the distances
(S)-cluster, cluster-(D) and cluster-(P-RX), respectively.

Lemma 1: For a (S-Tx)-(S-Rx) pair with K relays sharing
the same spectrum witn a (P-Tx)-(P-Rx) pair using opportunis-
tic DF-relaying scheme in Rayleigh fading channels, the CDF
and the probability density function (PDF) of ~,. s are given
by (8) and (9), respectively, where \ = %, &= Xar/Ars)
A(i) and B(i) are given by

. 13
AV = aer -

(10)

7 )

U .1
<)\rs )\sr(z(l + (1/5)) - 1)> (1
and Z(.) is given by

_ 1 —é(aJrl)
Tya) = 15 © 7). (12)
Proof: See Appendix A. |

ITI. OUTAGE ANALYSIS
The end-to-end outage probability of the underlay cognitive
radio using the opportunistic DF relaying at the operating
transmission rate R is given by
Pout:Pr ['Yss < (I)/, Vsr, < (I>]
+P, ['Yss < (I)/a’}/sm > (bv')/ss + Yr,s < (I)] 5 (13)
where ® = 2 —1 and ® = 22F — 1, and the first probability

in (13) can be given by the joint CDF? of v, and Ysry»

F,.. ~...(.,.), which is given by (See Appendix B)

Fy e (@, @) = P (D, D) + Po(D, D), (14)
where Pi(.,.) and P(.,.) are detailed in (15), and g, (.,.)
is given by

o /a
Isp (aaﬁ) = / (1 — e—az)(l _ e—ﬁz)e -

dz = (16)
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e
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In (13), the second probability can be defined as

Pr [’Vss < ¢,775r* > (I);’Yss +’Yr*s < q)] - (17)

@
/ P [yss < min(®', @ — 2), vsr, > P@lz] p,y,_, (2)dz,
0

which can be derived as function of F',_(.), F, ,(.), and
Fy..~...(.-), as shown in (18). Moreover, by using (4) and
(9), I can be given by (19) where S; are detailed in (20) with
the help of the following identities.

In (20), 3(.,.) is given by

e(afb)<1> ,
_ _ —(a=b)®
3ah) = —— (1 e ) : 1)
J1(.,.,.) is defined in [10, Eq. (3.352.3)], and given by
a—b P
e e 1
jl(a, b, C) = l - FE; ((a - b) (X + E))] (22)
Y

2Looking at (3) and (6), it can be noted that vss and ~s., are not
independent.

1267



H
!
[~

Ky (=D
S rsl
- i ) Asr(zArs — )\) A Arp

K . K
(1w K (=1 iA Tw_é - K\ (_qyi-1 A =
(1-e )[E}() vt | GO T RO DI ISl wid | ®)
1 L K K o L
p,yr*s(x):%(l—e*'zﬂ)[ () (~1) T A@)e 5 + 30 () (1) Bli)e 3 | 4+ e x
=1 =1
)DIGITEERNI] (i I I () TR 0] [ T | RO
i—1 I+35 <1+ /\:”I‘) i=1 I+ = <1+ L ”’X)
.y Z—l( 1)1-71 iy
— a7 — >‘pr — ST —e
s = (1) (1) [ S BRI (1) o 3 UG (1)
) ig(=1)" (i—1)(=1)""! X iy
ol 1
; (116 -1 M(A I /\STI>+Z To-1 PN/ (15)
Pr[Yes < @' ysr. 2 @755 + s < O] = (F, () = Prys.s < ' ysr, <P F,, (D —9)
P [
t [ Pb<@—dip @ [P < @ n < Bp, () (18)
-/ b—P/
11 12
, L\ e -1 L=
I = [F%*S(@)—F%S((b—(b)]—(1—6 *SP”)@ xes7 [(1—e %07 )(Sy + Sa) + e Xor (53+S4)}
— TR ¢TI (1= €T ) (S5 4 Sg) + € (7 + S5 (19)

where E;(x) = [~ Xoo dt is the exponential integral function,
and Jof., ., .) is given by (23). g(., ., -, .) can be deduced from
g(aa bla & b2) =-T0

(19) as
a (bl’b2’_§) ’

and g1(.,.,.,.,.) and ga(., ., .,.,.) are given by (25) and (26),
respectively.
Similarly, by using (15) and (9), 12 can be given by (23) where
A ¢/ (.) is given by (28), where S, S2, S5 and Sy are already
given by (20), and 2, (.,.) is defined by

,ﬂ) P, (),

3]
[}
. (A%Iﬁ) lmg (AI .

which is given by (30), where s%, si, - and s§ are given by

31).

L (24)

IV. PERFORMANCE RESULTS

In this section, we confirm our performance analysis in
terms of closed-form expression of the outage probability
derived in Section III through comparisons with simulation re-

sults. We use Asp = 1 and \j; = d;”, where v =4, i € {s, 7}

and j € {s,r,p}’, and all distances are normalized by ds,
(0 < d;; < 1). Therefore d,p, =1 —ds, and dys = dss — dsp.
We evaluate the outage probability expression of our scheme
as function of several parameters, for a transmission rate R
(=2 bit/s/Hz) and a number (K = 4) of active relays in the
secondary system, and for several interference threshold 1.
We first show the performance results as function of 7 where
S-Rx is fixed at the mid-distance to P-Rx. At I = 0 dB,
the use of four relays provides an excellent percentage of
outage when the relay cluster is also placed at the mid-
distance of S-Rx. The outage probability is about to 7% when
I = —5 dB. Nevertheless, the QoS of the secondary system
can be improved, even if the relay cluster is close to S-Rx,
when the latter leaves the vicinity of P-Rx (ds, = 0.4).
Based on results shown in Fig. 1, we opted in Fig. 2 for
positioning S-Rx at ds;s = 0.5 and fixing 7 at 30 dB,
and varying the relay cluster position (ds,) to optimize the
overall QoS of the system. It is shown that secondary system
performance achieves significant gains when dg. = 0.25.

35 refers to S-Rx
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Fig. 3 shows performance results function of A5 (A = 1) with A, can be given by
varying interference power constraints I. Using d . = dss/2, -
1/ Ass\ 7
Arp = [1— = [ — .
s Ge) |
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Fig. 1. Outage probability versus 7 using different interference constraint’s Fig. 2. Outage probability versus ds,/dss using different interference
level I, when dss = 0.5. constraint’s level I, when ¥ = 30dB and dss fixed to 0.5 (middle between
S-Tx and P-Rx).

When As5/Asp 4 dB, which corresponds to dgs = 0.9, the . . ) ' .
outage probability is about 7% for I = 5 d B, whereas the same ~ in perfect match with simulations, and show that by using
performance can be achieved at dys = 0.63 and dys = 0.5 relays the interference constraint level can be lowered while
for ] = 0 dB and I = —5 dB, respectively. For an outage Maintaining significantly the system performance.
probability at 2%, dss = 0.7 (6 dB) could be enough even
when I = —5 dB. APPENDIX
A. Derivation of Egs. (8) and (9)

V. CONCLUSION . . .
Based on v, s expression in (7), its CDF can be given by

In this work, we evaluated the outage probability of a relay-
assisted secondary system coexisting with a primary system (x) =
under the underlay paradigm. Our performance results are Vs X) T 0

e

Pr [Ihml2 < ] D, 12 (¥)dy

=21 A
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Fig. 3.  Outage probability versus Ass/Asp using different interference

constraint’s level I, when ¥ = 20dB and ds is fixed to 0.5 (middle between
S-Tx and P-Rx).

+/OO Pr {|hm

where pj;,, 12(.) is the PDF of |h,.,|?, which is given by

X
< ] b e G)dy, (G2)

2l

1 y

P2 (Y) = y— € ™7,

>0,
A Y

(33)

and probability expressions in (32) can be computed with the
help of py,__j2(.), the PDF of |h,. |?, which can be deduced
from [4] and be given by

K
Pin,..[2(2) = Z () (=1) L A(i)e /Ao
’L;l
3 E o EGe T, o
i=1
where \ = ﬁ’ € = Aor/Ars, and
N i€
A= GErn g
B(Z) = <>\_rs — o (1 + (1/0)) = 1)> .

Eq. (8) can be found using (33) and (34), and Eq. (9) is the
derivative of (8).

B. Derivation of Eq. (14)

Looking at (3) and (6), it can be noted that ss and .., are
not independent. As a consequence, the joint CDF of v, and
Ysrves Fyooer, (-5 +), can be derived by solving the following
integration

o0
Fypy e (%,5) = / Pr[es < % 7en. < Y12 ppo, 2 (2)d,
’ (35)

where pjp,, 2(.) was defined above, and the probability
expression can be given by

X
Pr[vss <X, 7sr. <Vlz] = F\hss|2 1 | X
min (E,’y)
y
Fip,,. 2 m , (36)
7Y

where F,, j2(.) and Fj, 2(.) are the CDFs expressions
given by

Fip, p(x) =1~ e %7, (37)
and deduced from [4],

K ‘ -

—_ ({() Zf(—]_)" ! -
F|hs7v*|2(}’) = ; W (1 —e 57')
K . -
() G-DEy

iR e (1-c7%).09

respectively. After some manipulations, and using (16), the
result can be found.
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