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Secondary Outage Analysis of Amplify-and-Forward
Cognitive Relays with Direct Link and Primary Interference
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Abstract—The use of cognitive relays is an emerging and B. Contributions and Related Work

promising solution to overcome the problem of spectrum un- 1) Contributions: We perform an analysis for the outage
derutilization while achieving the spatial diversity. In this paper, robability of ndar tem with AF relavin rovd

we perform an outage analysis of the secondary system with PrOP@DIlity OF @ secondary syste _ elaying, prodde
amplify-and-forward relays in a spectrum sharing scenarig that the outage probability of PU remains below a predefined
where a secondary transmitter communicates with a secondgr threshold-we characterize the interference to PU as its outage
destination over a direct link as well as the best relay. Spéfically,  probability. We couple the primary outage constraint with
under the peak power constraint, we derive a closed-form ine neak power constraint. We then choose the best relay

expression of the secondary outage probability provided tat the . . - .
primary outage probability remains below a predefined value We that maximizes the end-to-end signal-to-interferenceseoi

also take into account the effect of primary interference onthe ratio (SINR), and derive_ a C|055‘_d'f0_rm eXPreSSion for the
secondary outage performance. Finally, we validate the amgsis secondary outage probability considering the interfezdrmm
by simulation results. N ~ the primary transmission. We assume the presence of thet dire
Index Tet:n:)s_l_—Amphfy-and-fﬁnN_ard relays, cognitive radio, |ink petween the secondary transmitter and the secondary
outage probability, spectrum sharing. destination, and use the maximum ratio combining (MRC) to
. INTRODUCTION cpmbine two copies of signabne via dir_ect I_ink and second
A. Relays in Cognitive Radio via the best relayat the secondary destlnatlon.
) " . L 2) Related Work: In [6], [12], authors derive a closed-

In future wireless networks, cognitive radio [1] is an eX@t oy, expression of the secondary outage probability with
solution to overcome the inefficient use of spectrum as e girect link and primary interference under PU's outage
allows spectrum sharlng between the licensed user (p”m?{%bability constraint. In[[13], authors consider a spetr
user) and_ the unllce_nsed user (secondary user). In a s aring scenario, where a single AF relay assists the sacpnd
trum sharing scenarid [2]/[3], a secondary user (SU) M@frect link communication, and the signals at the secondary
share the spectrum with the primary user (PU), provided thatgination are combined by selection combining; but the PU
SU does not violate the interference constraint at the Rllerference is ignored. I [14], authors study the effett o
regewer—whmh prompts SU to. limit its transmit power t0p 5 jnterference on secondary outage probability for AF
satisfy the interference constraint. S __relays in absence of the direct link, while [15] uses similar

The use of relays for secondary communication in cognltl\é%tup like [14] for DF relays. Authors i [L6]_[L7] study a
radio, at the same time, offers better reliability and inve® gocondary system with DF relays under direct link and pymar
coverage for SU's transmissionl [4]+[8]. In addition, theg€o jnterference with the interference power constraint at Pk
nitive relays provide increased spatial diversity compa® |eferences/]4],[T18] consider the direct secondary linknglo
only direct link transmission. However, the secondary&yst ith DF relays and calculate the secondary outage probabili
with relays, in spectrum sharing, faces particularly faflog oy ever, they ignore the effect of PU’s interference on the
two challenges that hinder its performance: secondary transmission.

1) Limitations on its transmit power to satisfy the inteffer

ence constraint at PU receiver. _ N . o _
2) Harmful interference from primary transmissions. Consider a cognitive radio network consisting of a primary

Among various relaying protocols, amplify-and-forwardr@nsmitter (PT), apélmargll destination (PD), ;seconda:jrys-
(AF) and decode-and-forward (DF) are the most popular dm%tter(SSTR), a sechon ary Ftlfa'f'lr? n (SSTD)' andhF _seion ‘?t?]/ sD
to their low complexity. In AF relaying, a relay amplifies the© a){’]s( R), a? skown |n” e e I communicates wi
signal received from the secondary transmitter and forgvérd V'st el direct lin as weh ?ft AIF relay ¢ :hl’ 2, N,)' .
to the secondary destinatidr [S], ]10], whereas in DF relgyi The relays operate in a half-duplex mode. The communication

the relay decodes the received signal and forwards it to tRgWeen ST and SD happens over two time slots, eadh-of
secondary destination ][6], TL1]. second duration. In the first time slot, ST transmits the align

with power Pst to SD over the direct link, and to secondary
TThe author is with the Department of Electrical and Compérgineer- relays- while in the second time slot, the best relay ampllfle
ing, University of Waterloo, Waterloo, Canada (e-mail: §ni@uwaterloo.ca). the received signal and forwards it to SD with pow@yg,.
*The authors are with the Department of Electrical Engimeggr IIT At SD, two received signal copiedirst via direct link and
Kanpur, India (e-mail: kalamkar@iitk.ac.in, adrish@i#&.in). . . . .
Sanket S. Kalamkar is supported by the Tata Consultancyicgsr¢TCS) secon_d_wa the best relayare combined by the maximum rat'_o
research fellowship. combining. Relay selection can be employed by a centralized
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@?J*\\. _/,.3- represents the received SINR at PD. [[h (5), at the maximum
W, I .\_4-242’ allowed average powep’, st for ST, i.e., whenP, g1 =

< ; 2 P, st, the weak inequality becomes equality. Thus, fréin (5),

conditioned onhgt_pp|? = x, we can write

0p(Py N
— Pr(|hPTPD|2<w> =\,
|hsT—pD|?=2 PT

N _ (6)
Interference channel: =« — 3 whered, = 2% — 1. Thus, we can write[{6) as

Fig. 1. Secondary transmissions via AF relays in spectruanirsi '9p(Pu STT + NO) ( )
Poutp —_— . 7

=1—exp|—
entity, such as the secondary source or a secondary network- |hsT—pp|2=2 b ( {pr—pp T
manager or in a distributed manner using timérs [19]. WEaking expectation with respect thst_pp|*, we obtain
consider the peak power constraiRf, on transmit powers exp (7 0p No )
of ST andith secondary relay. In addition, the constraint that Pou, = 1 — . ISJPT*SDPPT ) (8)
the primary outage probability should be below a predefined Ty S

value regulates the transmit powers of ST aftdsecondary Rearranging the terms and usifg (6), we find the maximum
relay. Denote the powers of _ST aith secondary re!ay, when secondary transmit poweP, s under alone primary outage
they are regulated by the primary outage constraint aloye, &nstraint as

P, st and P, sr,, respectively. Then, combining both above
constraints, the maximum allowable powers for ST atid

Poutp

Forward channel:

exp (o—telNo "
PprQpr_pD P\ s eoPer 1

P,st = , (9
secondary relay become ST 0pQsT—PD 1-X ©)
Pyt = min (Ppk, Pust) (1) where (r)T = max(z,0). After combining with the peak
and power constraint, the maximum average allowable transmit
Psr, = min (Ppk,Puys,Ri), (2) power Psp for the secondary transmitter can be given by

respectively. The channel between a transmitter ¢ (D). Similar to [9), the transmit power ath secondary relay
{PT,ST, SR} and a receiveb € {PD, SD, SR} is a Rayleigh regulated alone by the primary outage constraint can belyead

fading channel with its channel gain denoted/ty ,. There- found as

n
fore, the channel power gaifh,_|*> is exponentially dis- PprQpr_pp [ €XP (prf,%)
tributed with the mean channel power géiip_,. Thus, we can  Tuskr, = - ST T -1] . (10
write the probability density function (PDF) and cumulativ P P
distribution function (CDF) ofX = |h,_,|? as After combining with the peak power constraint, the maximum
Fx(z) = Qal_b exp < Q:_b> >0, 3) szedrza)g.;e allowable transmit powBgg, for relay: can be given
Fx(@)=1—exp (- T >0 @) IV. DERIVATION OF SECONDARY OUTA(_BE PROBABILITY
X P Qup /)~ — 7 The AF relays cooperate opportunistically, where the relay

respectively, wherexp(-) represents the exponential functionWith the largest end-to-end SINR at the secondary destimati
We consider that the channels are independent of each otifeelected to forward the received signal in the second time

experience block-fading, and remain constant for two sifts slot. Thus, after receiving the signal from both time sI&B,
the secondary communication, i.e., F —second, as ir([4], combines them using MRC technique. The end-to-end SINR

6], [7]. is given by [20], [21]
1. M AXIMUM AVERAGE ALLOWABLE TRANSMIT POWER Yeq = YSD + Srg_agR (%)
FOR SECONDARY TRANSMITTER AND RELAYS - N ’ (min( SR VR;;) (11)
- - . max (min s VR, = ,
We use the primary outage probability to characterize the = 8D SR;€ER V8Ri» TRD et

quality of service (QoS) of primary transmissions. The gatawhere R is the set of relays given asR =
probability of the primary user should be below a certaimigal {SR1,---,SRi, ..., SRy}, 7sr,, 7sp, and 7g,p denote
Ap, given the interference from the secondary transmitter aRdNR at the ith relay, and SINR at SD due to direct
relay. For a constant primary transmit powBpsr, we can transmission and relaying respectively, which are given by

calculate the primary outage probability as Pgr|hsr_sr, |*

SR; — ’ 12
Pprlhpr_pp|? E Ppr|hpr_sr,|* + No (12)
Pout,= Prllog, | 1+ 5 <Ry < Ap,

P, st|hst—pp|% + No ©) Pstlhst—spl|? (13)

YSD = ;

whereR,, is the primary user’s desired data rai&, is additive Ppr|hpr—spl* + No
white Gaussian noise (AWGN) power at all receivezrs, and Psr, |hsr, —spl?
P, g7 is the transmit power of ST. The tergrtliet—rpl TR = B e sol® + N (14)



For analytical tractability, we use the upper bound given iThus, by substituting (20) anfl(21) ih_{19), we have
(I13), which is tight in medium to high SINR randE[Z(ﬂ:[Zl].FZ(z)|

We can obtainPst and Psg, from (@) and[(2). The secondary hpr—sp 2=y

outage occurs when the instantaneous SINR of the secondary exp (szo (QSTQRPST + QSR;DPSR))
transmission falls below the designated threshéld, Thus, = <1 -

we can write the secondary outage probability as

N
. P
P, = P + ma L YRD)) < 0s), (15 __zrery
r(ysp + gax (min(ysr,, 7rip)) < 0s), (15) xexp< o oo P

2Qpr_srPpT
T+ QsT_srPsT
sT—srPsT

where s = 228s — 1 with Rg is the desired secondary N L L
data rate. From{11), we can see thaip, vr,n, and gr,p _ Z N (—1)" exp (_”ZNO (QST,SRPST + QSR,SDPSR))
(i # j) contain a common termhpr_gp|?, that makes —\n (1 + zgmfsa}fm)”
them dependent. Thus, conditioning gn-r_sp|? = y and ST-SREST
denotingZ = max (min(ysg,, yr,p)), We can write X exp <_ nzPpry ) 22)
i Qsr-spFPsr
Pr(’YtOt < es)||hPT—SD|2:y :Pr (’YSD < 98 - Z)
0 Hence, PDF ofZ is given by
= Fisp (93 - Z) fZ(Z)dZ' NN
0 fz(2)| =y < )(—D”“n
16 |[hpr—sp|?=y
Now, we have (16) n=1 \"
1 1
P N X —nzN +
Fsn (Z)ylhprsDP:y = Pr (|hST—SD|2 < W) eXP( e <QSTfSRPST QSR%DPSR))
» NST X exp (_ nzPpry )
=1—exp (_W) . (17) Qsr—sp Psr
ST-SDLST
We also have « [(QSTZURPST + QSR—I\SI,[])DPSR + QSRIiPsEyPSR>
. zQpr_sr P "
FZ(Z) | |hpr_spl?=y Pr (SIII%?EXR (Inln ('YSRZ' ) ’YR«;D)) < Z> (1 + #ﬁ)
N Qpr_srPpr
Qgr_srPsT
— : + 23
i]_:[Pr (mln (’YSRia'YRiD) < Z) (18) (1 + zngstIfPT)n+1 23)
- ST—SRIST
N
From , we have
=I[t —Pr(sr, > 2) Pr(vm,p > 2)], (16)
=t (19) Pr(’ymt < gs)’\hPTst\Z:y
where [I8) results from the independenceygf, andr,p; _ /95 <1 exp (_ Os (Pery + No))
giveny. For ease of presentation and without compromising 0 Qst-sp Pst
the insight into analysis, we assume that mean channel gains w oxp, [ 2Py + No) F2(2)|
of STSR; are the same for all relays and so is fIR;-SD, P\ "Qsr_sp Pt 2V |hpr_spl?=y
PTSR;, and SR;-PD channels. Thus, we hav&gr, = Psg. = FZ(QS)M;L ey
Next, given|hpr_sp|? = y, we computePr (ysr, > 2) as rresery .
Pr(ysr, > 2) — exp (—%) Z (Z) (=1)""'n
o 2 (Ppr|hpr_sr,[* + No) n=t
=P |hST_SRi - P X /98 ex (—ZN ( r + r
ST 0 P O\ Qst—srPst | Qsr_spPsr
o z (PpTw + N()) 1
= Pr{|lhst—sr; L et L LA 2 (w)dw _7>>
/0 q Psr Siner—sn| (w) QsT-spPst
n 1
/OO < z (PPTw + NO)> o (_ QP;U—SR) d X P (_PPTyZ (QSR*SDPSR — QST*SDPST>>
= exp | — w > ~ 7
0 Qsr_srFPst Qpr-_sr (1 + %)
exp (_ QSTiJg[F(iPST ) No No ngpTisRﬁpT
= . (20) x + + ST—SRIST
1+ 7%2”*“5” Qst-srPst  Qsr-spPsr (1 N zngstlpr)
ST—-SRLST ST—-SR4LST
We also comput®r (vg,p > 2) as ) Prry )d 24)
Ppr|hpr— N
Pr(yr;p > 2) = Pr<|hSRiSD|2 > z (Per| PITD so|” + 0)) Qsr-sp Psr
ST Hence, the outage probability can be expressed as

_ z (Pery + No)
—ew (SELRY). @) Py= By [Pt <05

)|Y:y} =T —1>—-15  (25)



where Ey [-] is the expectation operator dn and

()

n-3
n=0
1 1
exp (_HHSNO (QST srPsT + Qsr— SDPSR,))

X
0sQpT_sr Ppr
<1+ QsT—srPsT )
_ Y
% /oo exp (_ TZHSPPTy ) eXp( QprsD)d (26)
0 Qsr-spPsr QpT_sD ’
0s N, NN
T — ___Usiv0 _q)ntt
o (i) 3 (V)
n n

Qst-srPst  Qsr-spFsr

0s
X / exp ( — zNp (
0
o))
Qst_spPst

2pr_srPpT
2sT_srRPST

N, N,
QST—S?KPST QSR—S[])DPSR ( 2Qpr_sr PpT
057 sk PeT )
X
2Qpr_sr PpT
(1+ Qgr—srPsT )
X /00 ex — P nz Os
y=0 P PV Qsr_spPsr | Qst_sp Per
_ 'l(
B z )exp( QprsD)dy dz (27)
Qsr_spPst QpT_sD ’
N
0s No N il
Is=exp| —=——"— —1 n
: p( QST—SDPST>;<H>( )
g n n
X exp [ —zV
/0 P ( ’ (QSTstPST Qsr-spPsr
Ppr
_ 1 Qsr-sp Psr
Qs1—_spPsT (1+ 2Qpr— SRPPT)
QsT-srPsT
o nz Os
X exp | —P; +
/0 v p( oy (QSR—SDPSR Qsr_spPst
.y
B z ) exp( QPT*SD)dydz (28)
Qsr_spPst QpT_sD '

with R > 0. Using [29), we comput#&; as
N

£ ()

n=0

1 1

exp (7n98N0 (QST—SRPST + Qsr—sp Psr
n

(1 + ) (1 +

To computeZ,, we write it as
N
)Z:( ) et

Iy

)

n0sQpr_spPer \
Qsr—sp Psr

(31)

X
0sQpT_srPpT

QsT-srPsT

Os Ny

I =
? eXp( Qgst_spPst

X (Zoan +Zo2om),
N, N
0 0 0]
s (QST—SRPST + QSR—SDPSR)
0 (1 + ZQPT—SRPPT)H

QsT-srPsT
n n
exp (_ZNO (QST—SRPST + Qsr—spPsr

(32)

where

Irin

1
QsT—sp PsT )) dz

. z
QsT—sp Pst ))

(33)

X

s
QsT-spPsT

(1 + Qpr_spPpr (SISRJISZDPSR i

and
Qpt_srPpT
Qst-srPsT

0s
Loppn = /
- Q P
0 (1+M

QsT-srPsT

)’fl-i—l

n n
exp( #No (QST—SRPST + Qsr—sp Psr

1
Qs7-sp Pst )) dz

(1 + Qpr_spLpr (QSRJZDPSR I QST—BSSDPST B QST—;DPST ))

(34)
To comput€eZ, 1, andZ; 2 ,, we use the following notations
for convenience of presentation:

X

We use the following results in(29) and {30) to derive thenys we can write

integrationsZ;,: = 1,2, 3: WhenY is an exponential random

variable with mearf)y, we have

E&kxp(—RYﬂ::é% Ome“°(‘(R*'é;))dy
1
T IE Oy R )
Ey [Yexp(—RY)] = Qly /°° Y exp (_ (R * %)) dy
Qy (30)

T 1+ QyR)”

S— N, ( n N n 1 )
Qsr—srPst  Qsr-spPsr Qst—spPst/’
n 1
= Qpr_sp P - ,
K Pr=spaeT (QSRSDPSR QSTSDPST)
Qo s Pord
Qprsaliate 1
T = ,
I
Qar_gr
S ( ST—SR ST)_ (35)
Qpr_srPpT
” N, N,
1-271,71 = 7T_1 ( 0 + 0 )
i \Qst—srPst  sr-spPsr
Os -S
></ exp(n z2) (36)
o (z+m)" (z+7)
J2,1,n

For Qsr_sp > Qgr_sr and Qsr_sp > Qsr_sp, we have
S > 0,u > 0,7 >0 and we can write[(36) in terms of the
exponential integral as shown later in this section. Ushng t
substitution,r = z 4+ 7; and denotingy = 7 — w1, we write

m1+0s
Toin = eXP(Sﬁl)/

1

exp(—Sr)

dr.
)

(37)



Using the partial fraction expansion, we have expressions. Usind (80), we wrig as

e 05 No N (N _—
-1m Ta = __ UsiNo 1
1 - Z ( 11) + ! , (38 exp( QST—SDPST> 2 <n>( S
7‘71(7“ + X) ot Xm-l— rn—m (_X)n(,r i X)

n=1
Os n n 1
X —z N + -
Thus, we can write /0 eXpSPTZ O<QST78RPST Qsr-spPsr  Qst-spPst ))
o Qsr-—sp Psr
71 +0s s B n
Forn = exp(sm) [ exp(=sv) (1+ )
n—1 o QPT_SD dZ
(71)771 1 d % nz 0s z 2
* mZ:o x™mtHlpn—m + (=) (r +x) : (1 + Qpr—sp Per (QSR—SDPSR, T Ot _soPsr  Ost_spPer ))
N
n—1 m 140, Q — P Os N N <k
(_1) 1+6s exp(—Sr) _ PT—-SDLPT (_ S4Vo ) 1 n+l 71
= exp(Sm1) Z VR n—m dr Qsn_spPon P\ Qsr_sp Pt le n (=1 nu2
m=0 T n=
x 0s _
exp(Sm1) 1+x+0s exp(—S(p — X))d 39) X / #‘%)2 dz, (44)
(=)™ Jri4x P P o (z+m)"(z2+7)
™ — ———
ol ym S(m1+0s) _ Ts.n . _
= exp(Smi) > ( W}J)rl S"*mfl/ exi(_mz) d=  where we use the same notations as for the cas.odVith
m=0 S * the substitution ot = = + 7, J3,, can be written as
S(T+0s) _
+ exp(S(m :r X)) / exp(—y) dy (40) 1405 exp(—St)
(_X) ST Yy ‘_73,71 = eXp(Sﬂ'l)/ mdt (45)
n—2 m X
= exp(Sm) Z (D™ gnm—1 . o . . .
— X"t For computation of/s ,,, we use the following partial fraction
- expansion:
><[F(mfnJrl,Sm)fl"(mfnJrl,S(eres))]) S
-1y o © (X S :
+ exp(Sm) T [E1(Sm) — B (S(mi +05))] i (r +x)? oy S G A (=x)"(r + x)?
=" - (46)
+exp(ST)~—" [E1(ST) — E1(S(7 + 0s))], (41) (=)™ (r +x)

) o . Using the steps similar to that of the derivationZef; ,, given
where in [39), we use the substitutign= r + x, and in ;, (38), we, hereby, can write the expressionf, as
(40), we usez = Sr andy = Sp; I'(,,.) and E,(-) are ’
upper incomplete gamma function and exponential integral
[22], respectively withE, (z) = [ 220 gt Similarly, we Jsn = exp(Sm)| D

v m=0

computeZ, » ,, by representing it as

n—2
(_1)m(m + 1)Sn—m—1
Xm+2

xT(m—-—n+1,8m)—-T(m—-n+1,5(m +95))]>

n s
T exp(—5Sz
I2,2,n =-L p/,(lJrl ) dZ, (42)
#oJo (24 m) (z+71) (1)1
o + exp(Sm)W [E1(S71) — E1(S(m1 + 0s))]
1)
where 7, 2., is computed as +6XP(ST)( - [[(=1,87) = I'(=1,5(7 + 65))]
—1)"n
n—-1 (71)m _ +6Xp(57)% [El(ST) 7E1(S(T+95>)] . (47)
Toom = GXp(Sﬂ'l)( Z et X
m=0 X V. RESULTS AND DISCUSSIONS
x [D(m —n,8m) —T(m—n,S(m +6s))] ) Using the analysis performed in previous sections, we inves
tigate the effects of direct link, primary interferenceinpeiry
(—=1)" outage constraint, and the peak power constraint on thgeuta
E —E !
+ exp(Sm) X"t [B1(Sm) 1(S(m +65))] performance of the secondary system. We also validate the
(—1)ntt analysis by simulation results. The simulation paramedees
+ eXp(ST) XnJrl [El(ST) - El(S(T + 95))] : as follow: Qst_sp = 1.5, Qpr_pp = Qs1_sr = QQSR_SD =

43) 1, Qpr_sr = Qpr-sp = Qst-pp = Qsr-pp = 0.5,

No =1, R, = 0.4bits/s/Hz, Rg = 0.1bits/s/Hz.
We note that7z 2, = J2,1,, With n replaced byn + 1. Fig[d shows the effect of primary powePpr on the
Thus, we can use the same procedure to compute both thessondary outage probabilit),. The increase inPpr has



10° : ‘ ‘ ‘ ‘ Fig.[d, the primary power, in turn, the primary interfererce
Only Direct Link A s SD remains constant. Thus, irrespective of the increase,in
O Simulation: N =5 the secondary outage probability remains constam call it

it as floor-once the peak power constraint is reached. We can
also notice from Fid.13 that relaxing the peak power constrai
delays the arrival of the floor as expected.

Without Direct Link:
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