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Abstract—Combining cognitive radio technology with user Cognitive Radio Networks (CRNs) to improve the secondary
cooperation could be advantageous to both primary and sec- putage performance while satisfying a primary outage prob-
ondary transmissions. In this paper, we propose a first relayng ability threshold. By letting the “best’ CR relay assist the

scheme for cognitive radio networks (called “Adaptive relging o ..
scheme 17), where one relay node can assist the primary or secondary transmission, the secondary outage probatdlity

the secondary transmission with the objective of improvingthe € considerably reduced. In! [7], secondary transmissioas a
outage probability of the secondary transmission with respct to  assisted by a group of CR relay nodes located at different
a primary outage probability threshold. Upper bound expressions  positions. The outage probability was investigated whén al
of the secondary outage probability using the proposed schee hq relays forward simultaneously their received signale

are derived over Rayleigh fading channels. Numerical and t hi full di itv when th b f fi
simulation results show that the secondary outage probalitly System achieves full diversity when the number of coopegati

using the proposed scheme is lower than that of other relayip €lay nodes is adequately selected.lIn [8], we proposed a new

schemes. Then, we extend the proposed scheme to the caseelaying scheme for CRNs where a CR relay node is able to

where the relay node has the ability to decode both the primay  assist simultaneously the primary and secondary trangmiss

and secondary signals and also can assist simultaneouslytho |4 has heen shown that for certain relay’s position, asisti

transmissions. Simulations show the performance improveent . L ;

that can be obtained due to this extension in terms of seconda simultaneously bOth transm|SS|0ns prpwdes better oupege

outage probability. formance than assisting only the primary or the secondary
transmission. However, the proposed scheme is greedy on the

. INTRODUCTION relay’s transmit power.

In order to overcome the problems related to the rigid Even though, the previous works have investigated the uti-
allocation of spectrum bands to few licensed operators aliwhtion of user cooperation in CRNs for assisting the prima
the under-utilization of these bands, Cognitive Radio (CRjansmissions, the secondary transmissions or both, n& wor
technology has evolved in wireless communications for atas investigated adaptive relaying schemes where the relay
lowing unlicensed secondary users (SUs) to access licensedle decides independently when and which communication
parts of the spectrum without harmfully interfering witheth to assist. Consequently, we propose in this paper a novel
transmissions of the licensed primary users (PUs) takiagepl opportunistic adaptive relaying scheme, where the CR relay
in the same spectrum band] [1]-[2]. In underlay spectrunode is able to decide when to cooperate or not, and in case
sharing mode, SUs are allowed to transmit simultaneouslycooperation, whom to cooperate with (primary transroissi
with PUs if they tune their transmission parameters (such as secondary transmission) depending on the channel states
transmit power) to be harmless to primary transmissions. We propose to extend the adaptive relaying scheme to the case

Meanwhile, user cooperation has been recognized as valnere the relay node can also cooperate simultaneously with
interesting technique that allows to achieve increaseerslity both transmissions.
order when one or several relay nodes assist the transmissioThe paper is organized as follows. Section Il presents the
[3]-[4]. system model. In section Ill, we describe the two adaptive

Consequently, combining user cooperation and cognitivelaying schemes and we provide analytically the secondary
radio has recently attracted attention to improve both tloeitage probability for the first adaptive relaying scheme.
spectrum utilization and the transmission performancaerU Section IV shows and discusses the numerical and simulation
cooperation has been applied for the primary transmissiogsults and a conclusion closes the paper in section V.
when a cognitive secondary transmitter acts as a relay [p]. B
doing so, the primary outage probability is improved, while
SUs have more opportunities to access the licensed spec¥e assume a CRN where one primary transmitter (PT)
trum bands and hence secondary transmission performaricagsmits data to a primary destination (PD) and a secondary
can be also improved. In|[6], an adaptive user cooperatitmnsmitter (ST) communicates with a secondary destinatio
scheme with best-relay selection is proposed in multipleyr (SD) over the same frequency band (Hig. 1). We assume a

Il. SYSTEM MODEL
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IIl. ADAPTIVE RELAYING SCHEMES

FraLe) POL1.82) A. Description of adaptive relaying scheme 1

This novel scheme aims to exploit efficiently the relay
position, the acquired information and the prgpagation en-

H HH 1 — slhssl J—
V|ronme2nt COﬂdItIO?S). W<2a define by, = m a, =

s|hss] _ 0 Nhes| —_ —

(Z)Ih |2+1 ) G5 = D wherevy, = P, /Ny (a = p or s)
and% is the transmit power of the relay node when assisting
transmission. We also defineg; = {a;, = max {ap, as,a0}}
the opportunism condition & p, s or 0). At the first sub-slot,

‘QQ s R attempts to decode, or z; and then, a relaying procedure
is chosen depending on the value bfdefined by:

ST(0,0) sD(1,0) _
__ , 1stsub-slot transmissions If AP N {{As M (ap > ao)} U {AS |l Ep}} ’then D = 17
rrrrrrrrrrrr s anmisons If As N {{4, N (a5 > ap)} U{A, N E,}} then D=2,
» Interfering signals Otherwise D — O,
Fig. 1. The Cognitive Radio Network (3)
where A is the complement ofi, and
1 7p|hpr|2
decode-and-forward secondary CR relay node (R) that can Ap=qglogz | 1+ NTSNENEY >Ry 0, (4)
assist the primary or the secondary transmission in order to Ts|sr
increase the secondary access to the licensed spectrura band 1 sl |2
with respect to a certain primary outage probability thoddh Ag = { slog, TSR] s %)
In the extension, we assume that the relay is able to assist olhor|” +
both transmissions. The comparison ofa; : i = p, s or 0) indicates which relaying
We assume that PT and ST transmit their signgjsand Would improve better the secondary outage probability.
z, (Where E{|z,|>} = E{|z.]?} = 1) with powers P, The different cases are detailed below.

and P, respectively in order to achieve data ratRs and 1) R assists the primary transmissiof = 1): This case

R, respectively. We assume also that R uses transmit pov@§€urs either when (i) R succeeds to decode the primary
P, < Pmar whereP™e is the maximal relay transmit power.Signal but not the secondary signal and when relaying the
We assume that the channels are submitted to Rayleigh fadiiinary signal provides lower secondary outage probgbilit

and path loss attenuation and are stationary during a tiste-ghan the repetition (i.e.a, > ao) or (ii) R succeeds to
(time slot= 15t + 274 sub-slots). decode both the primary and secondary signals and assisting

. : . . : , the primary transmission provides the lowést;,_ (i.e., E,).

Following Fig.[1, the received signals during the first Sumenl?:e, Wﬁ/en the relay |sp able to decode thte p(rimar;)signal

slot are expressed by: and the best choice is to assist the primary transmissiem, th
1) = \/Pyhpatty + / Pshsas + N, (1) D = 1. Consequently, the received signals at PD and SD, on

. the second sub-slot, are respectively given by:
wherea = p,s or r (p, s andr denote primary, secondary

and relay node resp.Jiq (_b =por s) is the ctlannel g_ain ya(2|D = 1) —\/pP hmxp + \/_hsaws Tt n..  (6)
between nodes anda having varlancmga = dbf , dpa 1S

the distance betwednanda, § is the path-loss exponent, andAfter normalizing the noise variances and combining the
wheren, is the additive white gaussian noise with zero meagignals received in the two sub-slots (given by (1) ddd (6))
and varianceV, received at. We assume a fixe#, and that With Maximum Ratio Combining (MRC)([5], the Signal-to-
P, is calculated with respect to the primary outage probabilitnterference-plus-Noise-Ratio (SINR) at PD is:

threshold denotee. P; is given similarly to [6] by: 2 (p) 2
2P, SINR,(D = 1) = 2] Il gy
= CrM’er7 ) Yslhsp? + 1 yslhsp* +1
Apos, while SINR, at SD is given by:
727/\52 'Ys|h/ss|2 'Ys|h/ss|2
where pt = max(0, p), p # 1, A, =22 —1 SINRs;(D =1) = (8)

hpsl|? +1 (p) 2 ‘
andy, = P,/Ny. ST calculatesD assuming that PT repeats olhps[* + o s ]2 41
the same signal over the two sub-slots with the same transmi2) R assists the secondary transmissidn & 2): This
power P,. second case occurs when (i) R succeeds to decode only the



secondary signal and when relaying the secondary signal isvhere

beneficial to the secondary transmission (ieg.>> ag) or (ii) Ap_
R succeeds to decode both signals and assisting the segondar gpAg + 'yrp)'yspA <1 —e W )
transmission provides the loweB},;.. (i.e., E;). In this case, o
R assists the secondary transmission &ng 2. The received b (Gop + ApTsp) (3 + ApFsp)
SINR at PD and that at SD are expressed[ds (8) Ahd (7) (12)
respectively, where indexgsand s are inverted. A Ap

3) R does not assist the transmissiofis € 0): When the A2, (1 - e‘%) - ﬁppﬁﬁf,) <1 —e 75?)
relay is not able to decode the signals or when relaying is o
not beneficial toP,....., the relay does not participate in the 2T (Ypp + Amsp)(:%gz;) — ) ’
transmissions. In this case, we assume that the primary and v £ 5P (13)
secondary transmitters retransmit the same signals. decor ow 7 rp
ingly, the received SINR at SD is given by (eq.(7), [8]) and  Proof: See Appendix B. ]

that at PD by inverting indexgs and s in (eq.(7), [8]). "
y g @ s in (eq.(7). [8]) Lemma 2. An upper bound on the conditional secondary

B. Outage Probability Analysis outage probability is given by:
In this scheme, any of three cases can happen. We start by In ( + swps)
calculating the probability of occurrence of each one. Peclout|D=1) = [1-—e" =1
An upper bound on the probability of occurrencel®f= 1 Yps
is given by:
~(p) — ~(p)
ap As(itap) X (%s + 1) =X (%s + 1) . (14)
S = Ypr  (A—=ApAs)Fsr
PD=1) = Tps —7 X Jpr€ ! T _ Proof: See Appendix C. u
Yps + Vrs Tpr + ApTsr By assisting the primary transmission, this relaying proce
Aps Fgre™ o dure aims to reduce the interference caused to the secondary
+ m - m transmission with respect to the primary outage threshold

For that purpose, R should control its transmit pou#rto

x | 1- e@ﬁ,ﬁ%ﬁp) —i | - L 2 be as low as possible. This value Bf, denotedP}f’,?um, is
! Aps  AssTps | €valuated numerically by solving,,;(out.|D = 1) = e. If
~ 145 2 Pr(f’,fum > P™mae% then relaying is not beneficial and = 0.
Tps T Wps | oz
X (p) — e Tps YssVps . D _ 2
'Yps + Yrs Tss s - .
A Ap(4Ay) Due to the similarity of the outage probability analysis of
o Ysre Tor OApAe)ipr ( )this relaying procedure to the first one, it is not given in
Vor + AsVpr ’ details. However, by inverting indexes and s and indexes

pri and sec in equations [(TI0)E(14), we obtain an accurate
7 outage probability analysis. The relay transmit power sthou
orr) and¢;(z) = [ <. also be calculated such thd,.;(out.|D = 2) = ¢. The

Proof: See Ap_pendlx A relay transmit power is given by ., = &=L, where
By following similar calculations, we can obtai(D = 2). or

where¥,, = 7,02, 7517) = 7( )0217 (a=p,sorrandb=np,s

2 / —Fe ln(l+%)
Finally, P(D =0) =1— Y. P(D =1). pr=\1-e w14+ ——7 :
=1
We next present the conditional primary and conditional Then,wﬁs) = min (75 )mmﬁ;naw),
secondary outage probabilities for each case: e D=0
e D=1

The outage probability analysis of this case is presented in
[8]. The conditional secondary outage probability is giv®n
Pyi(out.]D=1) = P(SINR,(D =1)<A,) (€9.(16), [8]), while P, (out.|D = 0) is obtained by simply
— Pw< A+ Aywr —ws) (10) inverting indexe and s in (eq.(16), [8]).
P Pl 2 Finally, upper bounds on the primary and secondary outage
where A, = 22F« — 1 (@ = p or ), w = 7§P)|hrp|2, probabilities are given by:
w1 = Yslhspl? and wa = 7, |hyp|%. We shall make use of

The conditional primary outage probability is given by:

the following Lemma. Py, = Z P(D (out.|D = 1), (15)
Lemma 1. The exact closed-form expression of the conditional _
primary outage probability is expressed by: wherec = pri or sec. The obtained expressions are upper

bounds since some of the conditional outage probabilities
Pyri(out.|D =1) = A1 + Ao, (11)  calculated are upper bounds.
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Fig. 2. Comparaison of different relaying schemes
Fig. 3. “Adaptive relaying scheme” versus “Adaptive retayischeme 2"
(simulations only)

C. Extension to “Adaptive relaying scheme 2”

In this extension, we assume that R is equipped with
a SIC (Successive Interference Cancelation) receiver [9],
and hence it is able to decode both signals. We define
aps = % where 0 < a < 1. We also
define C; = a;S: mazx {ag, ap, as,aps}} (@ = 0,p,s or
ps) and E = {4,N B,} U{A4;N B,} the event of a suc-
cessful successive decoding of both signals, whBfe=
{% log, (1 +’Yi|hir|2) >R; r. We call this extension “Adap-
tive relaying scheme 2”. For this scheme, we distinguistr fou 2"
relaying procedures:

Secondary outage probability

Y-axis X-axis

If ENCps, then D=3,

If {As N Bs N (as > ao)} U {E N Os}v then D =2, Fig. 4. Secondary Outage Probability vs. Relay positiom(ations only)
If {A,NB,N(ap>ag)} U{ENC,}, then D=1,

Otherwise D=0 outage performance since the proposed scheme chooses the

The relaying procedures fap = 0,1 or 2 are identical to most adequate relaying procedure. The “R assists secondary
the first scheme. WheP = 3, a fraction of the relay transmit transmissions” and “R assists primary transmissions” isese
poweraPr(pS) is used to send, and the rest, i.e(,l—a)Pr(pS) outperforms the non cooperative scheme. When R assists only
is used to transmit,. SINRs at PD and at SD are then giverthe secondary transmissions, the performances are degrade
by (eq.(10),[[8]) and (eq.(11),][8]) respectively. The paeter by the fact that the relay transmit power is limited By***.

« is calculated using (eq.(33).1[8]) Wheﬁéps) = ymaz, In Fig.[3, we compare the secondary outage probabilities
of the two adaptive relaying schemes for differdty values
IV. NUMERICAL AND SIMULATION RESULTS and where we assumg, — %_ For R, < 2.2bits/s/Hz,

We consider the CRN presented in Fig. 1 where thitbe second scheme outperforms the first one. Indeed, the
coordinates of PT, ST, PD and SD are given by (0,1.83)roposed second scheme offers more relaying possibilities
(0,0), (1,1.82) and (1,0) respectively (coordinates areligsa for R and hence improves the secondary performance. For
tance units). We assume th&, = 0.8bits/s/Hz, Ry = R, > 2.2bits/s/Hz, no secondary or relaying transmissions
0.2bits/s/Hz, ¢ = 0.1, B = 4 and~, = y**® = 20dB. are allowed due to the high primary outage probability re-
We measure the average of the secondary outage probabiityrement that blocks any interfering transmission.
calculated for different random positions of the relay node In Fig. [4, we present the secondary outage performance
in the plan of coordinates (X,Y) wher@1l < X < 0.9 and using the “Adaptive relaying scheme 2" for different pamits
0.1 <Y < 1.7 unless otherwise is stated. of the relay node on the plan (X,Y) where0.5 < X < 1.5

In Fig. @, we compare the “Adaptive relaying scheme 1dnd0 <Y < 2. When R is close to the secondary nodes, the
to other transmission schemes presented in the literd@)ye econdary outage performance is improved. Indeed, when R
[8]. At low ~, (v, < 8dB), no secondary transmissionss close to the primary nodes, the cades= 1 and D = 3
are allowed. Wheny, is higher than the cutoff value, theare predominant and the outage probability gain comes from
“Adaptive relaying scheme 1" presents, as expected, the bt interference reduction. As R gets closer to the secgndar



nodes, the case® = 2 and D = 3 occur more often. Hence,

the outage performance gain is issued from the interference

reduction O = 3) and cooperationl) = 2). Moreover, when
R is in the middle zone, the secondary outage probability
decreases. In this zone, the condition of the channelsdinke

Using [1T)[(I8) and(20) il (16), we obtain (9).

APPENDIXB
PrROOF OFLEMMA 1]

From [10),w, w1 andws are exponential random variables

to the relay node favors successful decoding and efficieffth parameters /5., 1/, and1/7,, respectively. Thus,

forwarding of the signals.

V. CONCLUSION

In this paper, we proposed adaptive relaying schemes fcfﬁ(w) -

cognitive radio networks, where a relay node is able to adecid

the pdfs ofw and¢ = wy — Apw; are:

__¢
e Tpp

T Frp £ - >
w20 folg)={ e 020
Yrp - eApYsp
Tt i 00

assisting the primary, the secondary or both transm|SS|qﬂ§|a||y we obtain the conditional primary outage probiil
depending on the channels condition. We showed by analysis

and by simulation that the first adaptive relaying schem
where the relay may help the primary or the secondary
transmission, outperforms the non adaptive relaying selsem
in terms of secondary outage probability, with respect to a
primary outage probability threshold. Then, a second sehem
has been proposed considering that the relay may help simult
neously both transmissions. Simulations show the perfooma
improvement of the second scheme, specially at low data.rate

» O A, FspeRrier
%(z <A, = / f2(2)dz :/ %dz
A R ‘52 —e T
n / P Ap'?spe Vrp n pp "
0 B2 5P~
Bi (v — Yop

A1+ Ao, (21)

wherez = w + ¢, f.(2) is its pdf, 81 = App + ApFsp, B2 =

APPENDIXA
PrROOF OFEQ.(9)

Due to the independency between events, we have:

)

This completes the proof of Lemrha.1.

+A,%sp; A1 and), are given by[(IR) and(13) respectively.

APPENDIXC
PROOF OFLEMMA [2]

P(D=1) = P(A,NA,)P(a,>ap)
+ P(A,|A,)P(A,)P(E,) Using [I9) forX,, (b = p or r), we obtain:
= P(yplhpe]* = maa{Ap(1 + sl hsr[*), P (Xop+Xor <A = (22)
Vs hsr 2 Vss Yy ~ _As
el ) Pl < syl s @+mﬂﬁ0< G\
Ap(1+ As 0 Vss T «r'}/rs ’755 + (AS - I)ﬁ/ps
+ Pyplhpr]® > %)P(% > ag)
— Apls (1+ asswﬁs()))
Vsl hsr |* > A)P(a, > a,). (16) Since ﬂ***”rﬁ < 2241 then using this upper bound
Yolhpr|? +1 g in (22), we obtaln[:{ﬂ4) This completes the proof of Leniha.2.

Sincey, | hap|? andy.|hey|? are exponential distributed random
variables with parameteiy,, and1/4., respectively ¢ = p

1
ors,c=pors,andb=p,s orr), thenvz € R o
P(alhas? < velhe?) = —2—, 7) @
Yab + Yeb
Fape Tab B
P(Yalhao|* = (yelhe|* + 1z) = ————, (18)
Yab + TYeb [4]
and the probability density function (pdf) of ,;, = 7:‘“;1‘57“'2';
(a = s orr; b=porr)is given by: 5]
e_ﬁ ﬁ/asﬁ/bs
= 1 >0. (19
fXQb (:C) ls/as + xﬁ/bs < * ﬁ/as + x’?bs) e ( ) [6]
14 2 Aps -
Since — 2= tripe < ”%S , Vy > 0 and using[(IB), we get:
SSer’YTIS? [8]
~(s) ~ (s)
1 rs 1 s = rs
P(ap>as)§_¢i — _ g ( —’:’717 )67] Vssps |
Tps  VssVps Vss 9]

(20)
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