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Abstract: In this paper, a dual-hop cognitive amplify-and-forward (AF) relay network subject to independent non-
identically distributed (i.n.i.d.) 7 — u fading channels is investigated. In the considered network, secondary users
(SUs) including one secondary user source (SU-S) and one secondary user relay (SU-R) are allowed to share the
same spectral resources with the primary user (PU) simultaneously under the premise that the quality of service
(QoS) of PU can be guaranteed. In order to guarantee the QoS of PU, the maximum interference power limit is
considered to constraint the transmit powers at SU-S and SU-R. For integer-valued fading parameters, a closed-
form lower bound for the outage probability (OP) of the considered networks is obtained, whereas the lower bound
in integral form for the OP is derived for arbitrary-valued fading parameters. For the special case of the generalized
n — p fading channels, such as Nakagami-m fading channels, the analytical results become the previous published
results. In order to obtain further insights on the OP performance, asymptotic expressions for the OP at high
SNRs are derived. From the asymptotic results, we also reveal that the diversity gain of the secondary network is
only determined by the fading parameters of the secondary network, whereas the primary network only affects the
coding gain. Finally, simulation confirms the correctness of our analysis.

Key—Words: Outage probability (OP), amplify-and-forward (AF), cognitive relaying networks (CRN), n— i fading,
spectrum sharing.

1 Introduction in [2]. Bao et al. proposed cognitive multihop DF
networks and analyzed the system performance with
Over the past few years, cognitive radio with spectrum the interference limits in [3]. With maximum trans-
sharing has attracted considerable interest. In under- mit power limits, the outage performance of cogni-
lay cognitive networks, the secondary users (SUs) can tive network using AF relaying in [4] and DF relay-
simultaneously access the licensed spectrum of the ing in [5] has been analyzed. Most recently, incorpo-
primary user (PU) without causing harmful interfer- rating multiuser diversity and multiple-input multiple-
ence on PU. Thus, in order to ensure PU’s quality of output (MIMO) technologies into cognitive network-
service (QoS), the power constraint of the interference s, the outage analysis has been investigated in [7].
on the primary network must be considered. Recent- While in these works, the channel models are normal-
ly, to further improve the spectrum efficiency, incor- ly assumed as Rayleigh fading distribution [1-3,7] or
porating cooperative relaying into cognitive networks Nakagami-m fading distribution [4—6].
has gained extensive attention owing to its high spec-
trum utilization [1-7]. With the maximum interfer- For small-scale fading, many well-known chan-
ence power limits, the exact outage probability (OP) nels, e.g., Rayleigh, Hoyt, Nakagami-m channel, have
of an underlay cognitive network with amplify-and- been widely used to characterize the fading chan-
forward (AF) relaying has been investigated in [1]. In nel. However, in some practical cases, there are no
the presence of the primary users interference, the ex- distributions that can match experimental data very
act expression for OP of a dual-hop cognitive decode- well. Due to this, Yacoub [8] proposed the so-called
and-forward (DF) relay network has been obtained 1 — w distribution to better model small-scale fading in
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non-line-of-sight (NLOS) conditions than those well-
known distributions. In addition, the n — u fading is a
general fading including Rayleigh, Hoyt, Nakagami-
m fading as special cases [9]. In recent years, the n—p
fading model has been paid much attention [11, 12].
In [11], the authors analyzed the error performance by
using moment generating function (MGF) over n — u
fading channels, without investigating outage perfor-
mance. Later, Peppas et al. analyzed the conventional
dual-hop relaying network over mixed n— p and xk —
fading channels in [12].

Despite the wide applicability of the n — p distri-
bution, to the best knowledge of the authors, the per-
formance of cognitive AF relay networks in n — y fad-
ing environment is still unexplored in the open tech-
nical literature. Motivated by this lack, we investi-
gate the outage probability for the dual-hop cognitive
AF relay networks over i.n.i.d. n — p fading chan-
nels. The tight lower bound and the asymptotic ex-
pressions for outage probability (OP) have been both
obtained. From the asymptotic results, the diversity
gain and coding gain are achieved indicating that the
diversity gain is only determined by the fading param-
eters of the secondary network, whereas the primary
network only affects the coding gain. For the special
case of the generalized n — u fading channels, such
as Nakagami-m fading channels, the analytical results
become the previous published results in [4]. In order
to guarantee the QoS of PU, the maximum interfer-
ence power limit is considered in this paper. Finally,
simulation is presented to verify the correctness of our
analysis.

2 Network and Channel Model

Consider a dual-hop cognitive AF relay network in-
cluding one SU source (SU-S), one AF SU relay (SU-
R), one SU destination (SU-D), and one PU destina-
tion (PU-D). All nodes are equipped with single an-
tenna and operate in half-duplex mode. The commu-
nication from SU-S to SU-D is performed into two
times slots. During the first time slot, SU-S trans-
mits signal z to SU-R with transmit power Pg, then
the received signal at SU-R can be written as y, =
g1v/Psx + n,, where g1 is the channel coefficien-
t of the link SU-S — SU-R and n, is additive white
Gaussian noise (AWGN) at SU-R. Whereas during
the second time slot, the received signal ¥, is ampli-
fied with gain factor G and then forwarded to SU-D
with transmit power Pg, the received signal at SU-D

is ya = Gg192v/PsPrx + Ggav/Pgn, + ng, where
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g2 is the channel coefficient of the link SU-R — SU-D
and n4is AWGN at SU-D. In order to ensure the inter-
ference on PU below the maximum tolerable interfer-
ence power Q, the transmit powers at SU-S and SU-R
are governed by Ps = Q/|h1|? and Pr = Q/|hs?,
where h; and ho are the channel coefficients of the
interference link SU-S — PU-D and SU-R — PU-
D, respectively. We assume that all AWGN compo-
nents have zero mean and variance Ny. By setting
1/G? = |g1|?Ps + Ny, the end-to-end instantaneous
SNR at SU-D can be obtained as [4]

Y172
d=——", (D
! Mm+r+l1
where
_ gl _ lg2l?
=T 2 2 TV, 2

with 75 = Q/Ny. Throughout this analysis, it is as-
sumed that all links are subject to i.n.i.d. 7 — p fading.
Thus, |g¢|? and |he|? follow the 1 — y distribution with
parameters fig,, 74, and th Mhys respectlvely, where
t e {1 2}. Let E{|g1]*} = Qu1, E{|g2]} = Qo,
E{|h1| } Qg andE{|h2| }—Q4

Therefore, the probability density function (PDF)
of X, where X € {|g1|%, |g92|%, |h1|?, |h2|?} can be
expressed as [8]

2 ,u+0.5h,u pn—0.5 2uh
() =TI e (- 2
T () H#—05 X" X
2uHzx
x Limos( 7). 3

where I'(-) denotes the Gamma function [15] and
I,,(+) the v-th order modified Bessel function [15, e-
q.(8.431)]. Also, X = E(X), > 0 is related to the
fading severity, u € {ug,, ttn, } and n € {ng,,nn, }-
The parameters h and H are given by [8] h = (2 +
nt+n)/4, H = (n~' —n)/4 with 0 < 1 < oo, with
h € {h/g£7hhg} and H € {Hggthg}'

Assuming integer values of p, the cumulative dis-
tribution function (CDF) of X can be obtained as fol-
lows [12],

p—1pu—k—1

Fy(z)=1- F(lﬂ)(g)“{ S %

k=0 p=0

' Apxpa

x exp(—Az) + (—1)"BPPb*) exp(—Buz)] }, 4)
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where
ay _ GOtk —1)HF
T ToutkEI(h — Hyp R
B (n+k—1)H*
20tk KN (h + H)r=k’
A 2u(h — H) B_ 2u(h + H)
X X 7

and ) € {af),al®}, 50 € {49}, 4 €
{Agw Ahz}’ B e {BQW th}'

For arbitrary values of p, the CDF of X can be
expressed as

H [2h
Fx (z)=1-Y, (h, ;x> 5)
where
V2L (1 — 22K
A YT

x / e 1, _o5(t2x)dt  (6)
Yy

denotes the Yacoub integral [8, eq. (20)]. It is noted
that Y, (z,y) can be expressed in terms of tabulated
functions for integer or half-integer values of y only.
For arbitrary values of 1, an expression of Y, (x,y) in
terms of the bivariate confluent hypergeometric func-
tions is available in [10, eq. (2)].

The MGF of X can be deduced in closed form
as [14, eq. (3)]

M(s) = [(1 + s/A)(1 + s/B)]"". ™

Finally, by employing an infinite series repre-
sentation for the modified Bessel function, [15, e-
q- (8.447)] as well as the definition of the in-
complete gamma function [15, eq. (8.350.2)], the
incomplete MGF of X, defined as M(z,s) =
[ exp(—sz) fx (z)dz, can be deduced as

2\/Th* i
I(p) &
HQ’“(M/X)2“+2’“F(2M +2k,2uht/X) + st
KID(p+ k +1/2) (2uht /X + 5) 2

M(z,s) =

(®)
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3 Outage Performance Analysis

In this section, the OP of cognitive AF relaying system
over i.n.i.d. n — p fading will be analyzed. The OP,
i.e., Pout(74n), is defined as the probability that the
instantaneous SNR at SU-D is below a specified SNR

threshold 7y, i.e., Pou(7in) = Pri{va < 7}

3.1 Lower Bound Analysis for OP

It can be observed that v, in (1) is upper bounded by
~va < min{vy;, 2}, yielding

Pout(vtn) = Pr{min(vy1,72) < 7n}
=1- (1 - Fm (%h)) (1 - sz (%h))
= F,, (vn) + Fyy (in) — Fyy (ven) Foo (3m)- (9)

In order to obtain the lower bound expression for
OP, the CDFs of +y; and 72, F, () and F, (vy) should
be firstly studied, respectively. Then, F.,(7) is given
by

Fry(3) = Prye <} = Pr{lge” < = [huf?}

- / " (@) / g a(o)drdy
/f|he|2 F|ge\2< )dl‘ (10)

Since |hy|? and |g¢|? follow the 1 — y distribution,
V¢ = {1,2}, and for integer values of p,, and pp,,
using [15, eq. (8.467)], the modified Bessel function
I,—05(%) in (4), with 4 > 0 being an integer, is ex-
pressed in closed form as

15 (= 14k)!
Lu—05(2) = %k:om

[(—D’“eXp(Z) — (=1 exp(—2)
(zz)k+0.5

Then, by utilizing (3) and (4), f5,2(-) and Fg,2(")
can be easily obtained. By substituting these results
into (10) and with the help of [15, Eq. (3.351.3)], the
CDF of 7; can be obtained as (12) given on the top of
next page, where

hgl Uy hh Mhlﬂm lpgy —k—
1
z% b)) 2 z

XZ uh1+q—1 (Mh1+p—q—1)!<uh1>“h1q
= Ppn — g - DW4HR )T\ Qs

X

)
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< /7\ N ~ —(phy +p—9) ~y —(phy +p—9q)
Fu)=1-% () agJAgl[(—l)q (Aglwwhl) I (Aglwwhl) ]

k,p,q

~ — (g +p—0q) ~y — (g +p—0)
+ a1y (Bgl,yg + ) I (Bglm + b, ) [t a2

It can be observed that the CDF of 5 is similar to
the CDF of 71, so F,, () can be directly derived from
(12) by substituting the respective parameters by their
counterparts (i.e., flg, —> [flgo» [Mhy —> Hhys Rg —
hgos hiny — hings Hyy — Hyy Hy, — Hpy, alit) —

k) (k2) (k2) b(kl) bé’?), b(kz) N b(kz)

92 > Phy - ha g1
a) = ol p® b§2), Ag, — Agy. Ap, — Ap,,

Bg1 — BQQ, Bh1 — th and Qg — Q4)

Finally, for integer values of ug, and up,, V¢ =
{1,2}, substituting (12) and the CDF of 2 into (9),
the lower bound expression for OP can be obtained is
given as (13) given on the top of next page, where

Hgy—k—1

Z hgo ¥ hiy uhzﬂgisl Z
I'(pgs) th) <H92 ) Hp, ) =0

k=0

= Pl — g = DWEHR)T \

Specially, for Nakagami-m fading channels, i.e.,
Hge = Mgy, Hhy = Mhp, and Nge = Mhy =1 — 0 [8],
where mg, and mj,, denote Nakagami fading parame-
ters, hence, h—H — 1/2, h+H — occand h/H — 1,
A — m/X and B — oo. The lower bound expres-
sion for OP in (13) becomes

7o

myp, +k
k=0 k!F(mhl) (043 + L%’;th) ! J

k
mgy —1 a?hlf‘(mhl + k) (Lﬂth) -I
Pout(’)/th) Z 1-

k
Mgy —1 amhzr(m —I—k}) <042'Yth>
4 h.
<[ : el 1)

mh2+k
k=0 k!F(th) (044 + %)

where ] = mgl/Ql, Qg = mQQ/QQ, a3 = mhl/Qg
and oy = myp,/Qq which is identical with [4, e-
g- (23)].

Analyzing the most general case of 7 — p fading
channels, i.e., the case with not-necessarily-integer
values for the p parameter of the 1 — p distribution, for
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XZ uh2+q—1 (pny, +p —q—1)! </‘hz>#h2_q'

arbitrary values of the u fading parameters, the com-
putation of (10) is very difficult, mostly because of the
fact that the CDF of the n-u fading channel is avail-
able in integral form only. Consequently, the evalua-
tion of (10) requires a two-fold numerical integration.
Instead, it is more convenient to express in the Fourier
transform domain, by employing the Parseval’s theo-
rem.

By employing the Parseval’s theorem [16], the
product integral in (10) can be written as

e () = 217T/_OO F{fip2(@); 250}

x F {Fge|2 (éx) iz

where F{-} denotes Fourier transform and (-) denotes
complex conjugate. To this end, the Fourier trans-
forms F{ fx(z);z;w} and F{Fy (Tz);z;w} should
be deduced. The first Fourier transform, can be readi-
ly obtained as

F {fin,2(x)

where My, 2(s) is the moment generating function
(MGF) of |h¢|? and 2 = /1.

By employing the following Fourier transforms
[16]:

w} dw. (15)

;x;w} = My, 2(—w),  (16)

F{ [ atrrie) = L)
+ F{g(x); 2; 0} 7o (w),
(17a)
Fig(Tx);z;w} = |;|f{ (z); x; %}, (17b)

where 7' = =, one obtains:

Yo

? w
}—{F\WP (Tz) ;:E;w} = _;ML‘M\Z (_ZT>
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p —(pny +p—q) —(pnytp—q
Pout(')’th) >1- {Z <%h> aé(Jlf)Ag1 [(_1)(1 <Ag1?;t;1 + Ah1> "‘(_1)%1 <A91 ::t; + Bh1> y]

k,p,q 7o

P |- (B, 2

— P
7th 7th
: {Z (2 g |- (4,22

k,p,q v

ﬂﬂ%@%kﬂ%%g

> —(ptny +p—9)

) —(thy+p—0q)

+en%(&ﬂm

—(tony +p—q)
o)
7o

—(thy+p—q)
+ (*1)#,12 <*’4£72ﬂ>/t][1 + Bh2> :|
Yo

—(phy +p—q) Ve —(phy+m—q)
+Ah2> + (_1)#h2 <Bg2,y +Bh2> :| . (13)
Q

For arbitrary values of 114, and pp,,, V0 = {1, 2},
using [14, eq.(3)] as well as the identity

(141a)7* = (1 + a®) "% explyparctan(a)] (19)

with a being real, a lower bound for OP can be de-
duced as

2
Pout(’yth) > Z I(,U’ge s Hhgs Tlges Thy s Vths WQ)
/=1

2
- H I(I“’QZ? /'thv 779/_; y nhe » Yth) WQ)a (20)
/=1

where Z(fig,, fthy s Nges Mhes Veh> Vo) 1S expressed as in
(21) on the top of the next page. Note that the in-

tegral in (20) can be easily evaluated numerically by
employing Gaussian quadrature techniques or by em-
ploying standard built-in functions for numerical in-
tegration, available in popular mathematical software
packages such as Matlab, Maple or Mathematica.

3.2 Asymptotic Analysis for OP

In order to obtain further insights on the system per-
formance, the asymptotic expression for OP at high
SNRs will be derived in this section, wherefrom the
diversity and coding gains can be deduced.

Using the lower bound  Poy(y) =
Pr{min(y1,72) < 7}, PFou(y) can be ap-
proximated at high SNRs as Pou(y) =

o (7) + o (7) = B (V) Fry () 22 Fryy (7) + Fo (7).
From [12, eqs. (14),(15)], for x — 0F, the asymptotic

approximation for fx (x) can be expressed as [12]

2
~ " <2“> ua?ﬂ*l (22)
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where ;1 € {11g,, ptr, } and h € {hg,, by, }. Employing
(22), one can finally obtain the asymptotic approxima-

tion for F'y (z) as
h¥ <2N> 2 2u
- ., < j— J: .
2ul(2u) \ X

Utilizing (3) and (23) to obtain f|,2(-) and Fig j2(-),
respectively, then substituting them into (10) and with
the help of [17, eq. (2.15.3.2)], the asymptotic approx-
imation for F,, () can be deduced as

E ('Y) ﬁP(QMg1 + 2Nh1)
I N91F(2M91)F(N’h1)r(ﬂh1 + 0'5)

T
(4hh1)uh1 Qllu’hl hhl WQ

X 2F1<U91 + fhy s gy + iy £ 0.55 ppy 4 0.5

Fx(x) ~ (23)

Yo 00

Hp.
h.

Similarly, the asymptotic expression for F,(y) can
be directly derived from (24) after replacing the pa-
rameters by their counterparts. Finally, for arbitrary
values of jig, and pp,,, V€ = {1,2}, when 745 — oo,
utilizing these results, the asymptotic approximation
for OP can be expressed as

o0

Fo—r
Pout(’)/th) Q: F’Yl (’Yth> + F72 (Vth)

min(2g; ,24g,)
-0 (“) .29
gre
where

@17 if Hgy < Hga
0= 01+ 69, if fhgy = [hgo (26)

GZa if Hgy > Hga
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1
2 7

1 /oo sin [Mhe arctan (ﬁz) + pup, arctan (BLW) — [ig, arctan (AL%) — fig, arctan (BL%%H "
0 Hihy /2 fing /2 1igy /2 2\ gy /2 ’
w<1+;;§> <1+ 2> (1445 22)™ (1+§§”Q) :
hy h,_; 90 Vth Ve

2D

and ©1, ©5 are given as
VL (2pg, + 2pn,)

1191 T (2419, )T (b, )T (121, +0.5)

h“91 < Q&“gl >2M91
@iy )™\ Qupin, o,

X o F1 (ugl + Whys phgy + Py + 0.5 pp,

0, =

VL (2pgy + 24n,)

0, =
M92F(2H92)F(/‘h2)r(ﬂh2 + 0'5)
“92 2#92
% h o < Q4M92 )
(4hh2) 2 Q2:uh2hh2

X o Fy (Mgz + By Hgy F fohy + 055 fin,

where 9F(+) is the Gauss hypergeometric function
[15].

Based on the asymptotic expression for OP in
(25), the diversity gain G4 and the coding gain G can
be expressed as

Gq = min@ﬂglﬂ 2“92)7
GC — rythflgfl/min@/»‘sn :2/‘92)7

respectively. As it can be observed from the above
formulae, the diversity gain only depends on the more
severe fading channel between two hops of the sec-
ondary network, whereas the primary network only
affects its coding gain.

4 Numerical and Computer Simula-
tion Results

In this section, in order to evaluate the outage per-
formance of cognitive AF relay networks over n — u
fading, some representative numerical results are now
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“gzzl,qglzquzo.ﬂAnal.)
—O—- pgzzs,nglanZZOJ(Anal.)
1074 | —v— ugzzlA,nglzngz:O.1(Ana|.)

-1 7n =ngZ=O.1(AnaI.)
”gz Sng1 ngZZO.l(AnaI.)

Asymptotic
—*%— Simulation

15 20
o) (dB)

0 5 10

Fig. 1: OP of cognitive AF relay network over n —
p fading channels with parameters n = 0.7, g, =

2, phy = pny = 5.

presented by using common mathematical softwares
such as Matlab or Mathematica. To validate the accu-
racy of our analytical expressions, we utilize Monte-
Carlo computer simulation to demonstrate the afore-
mentioned expressions. For the simulations in Figs. 1
and 2, without loss of generality, we assume that
the average channel powers of all links are given by
0 =7g,1={1,2,3,4}. The outage threshold 7, is
set to 3 dB for all considered analysis. In all figures,
the lower bound results are quite tight and the asymp-
totic results also converge the simulations in high SNR
region. This validates the usefulness of our derived
analytical and asymptotic expressions.

In Fig. 1, the OP of cognitive AF relay networks
over 1) — p fading channels is plotted for different z,,
Ngy and ng, withn = 0.7, g, = 2 and pp, = pp, =
5. Fig. 1 shows the OP for various values of y4, be-
tween 1 and 3, namely p4, = {1,1.4,1.7,3}, and
Ng, = Ngo = {0.1,0.7}. As observed from Fig. 1, the
outage performance improves as .4, increases and/or
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—O— Wy =H,=1n,,, =N, ,=0.7(Anal)
—8— M =W,,=1N,,=n,,,=0.1(Anal.)
—— uhl:uhZ:Z.S,nm:nhZ:O.1(Anal.)
—e— Hyy =H, =50, =Ny, =0-1(Anal)

Asymptotic
Simulation

10_ L L L
0 5 10

Yo(dB)

Fig. 2: OP of cognitive AF relay network over n —
p fading channels with parameters n = 0.7, g, =

2, pgy = 3.

7g1+ Ngo increase. It can be also seen that, there is a sig-
nificant increase in diversity gain when 14, increases
from 1 to 3, however the same diversity gain can be
achieved when p4, = 3. This is because the diversity
gain equals to min (24, , 2414, ).

Fig. 2 depicts how the parameters iy, , ptn, and
Mh,, h, affect the OP performance of the secondary
network, respectively. And the OP curves for dif-
ferent pp,, pin, and np,,np, with np = 0.7, pg =
2 and pg, = 3 are plotted. It can be observed that
the OP performance improves when pp,, and pp, in-
crease from pp, = pp, = 1to pp, = pp, = 5 and/or
Nh, > Mh, INCrease. Moreover, as expected, the fading
parameters of interference links only affect the cod-
ing gain, without affecting the diversity gain, just as
our preceding analysis.

To evaluate the effect of position of PU on SUs’
network, Fig. 3 shows the OP of cognitive AF re-
lay network for different PU’s position with 7,
0.7, ug, = 2,9, = 3 and pp, = pp, = 1. As-
sume all SUs are located in a straight line, and SU-
S, SU-R and SU-D are located at co-ordinates (0,0),
(1/2,0) and (1,0), respectively, and PU-D has three
co-ordinates (0.44,0.44), (0.55,0.55) and (0.66,0.66).
The average channel power ()x can be expressed as
Q; = yo/d} [4], i = {1,2,3,4}, where d; denotes
the distance between the transceivers. From Fig. 3, it
can be seen that the position of PU-D significantly af-
fects the OP performance of the secondary network,
and when PU-D is located at co-ordinate (0.66,0.66),
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PU(0.44,0.44)

—o— - Lower Bound|
Asymptotic

-4

10 —¥— Simulation
PU(0.55,0.55)

10° L | ~V— Lower Bound

Asymptotic
—#— Simulation

8 PU(0.66,0.66)

- —0O— Lower Bound
©vens Asymptotic
—%— Simulation

10_ L L
-5 0 5

20

Fig. 3: OP of cognitive AF relay network over n —
i fading channels with parameters n = 0.7, g, =

27#92 =3, fbhy = fhy = 1.

the best performance can be achieved.

5 Conclusion

In this paper, the tight lower bound as well as the
asymptotic expressions of OP for cognitive AF re-
lay network over i.n.i.d. 7 — p fading channels have
been obtained under the maximum interference pow-
er constraint. Based on the newly derived formulae,
several important performance metrics can be exhib-
ited to quantify the impact of primary networks on
the secondary performance. Our findings reveal that
the diversity gain only depends on the more severe
fading hop between two hops of the secondary net-
work, whereas the primary network only affects the
coding gain. Monte-Carlo computer simulation has
confirmed the correctness of our analysis.
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