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ABSTRACT

This study investigates the performance of a cognitive amplify-and-forward (AF) relay network over composite asymmetric multipath/shadowing fading
channels, whereby a new power allocation method is adopted at the secondary source and relay, assuming the mean-value interference channel. To
quantify the performance of the proposed structure, closed-form outage probability and ergodic capacity expressions are derived. Moreover, asymptotic
ergodic capacity analysis is performed to observe the effects of limited feedback and fading/shadowing severity in the system. The analytical results are
validated with Monte-Carlo simulations, and they show that the proposed structure can be a realistic scenario for next-generation wireless systems, and
a system designer can test the overall performance of the proposed system without dealing with complex prototypes.

Keywords: Cognitive radio, multipath/shadowing fading channels, cooperative communication

Introduction

Wireless data traffic has grown tremendously over the past years as the number of users and
applications have increased. To meet the data traffic, several promising technologies have
been developed. Among them, relay aided communication (also known as cooperative com-
munication) and cognitive radio (CR) have been recognized as two of the most important en-
ablers [1].

Cognitive radio proposes the spectrum-sharing paradigm to enhance the radio frequency
spectrum efficiency in wireless systems while keeping the harmful interference between pri-
mary and secondary networks at a minimum level [2]. Different techniques have been consid-
ered for spectrum sharing so far. Among them, underlay model, which allows the secondary
user (SU) to transmit simultaneously with the primary user (PU) in the PU’s frequency band,
has become a practical solution for next generation wireless systems.

Relay aided transmission on the other side, can provide a reliable communication for the sec-
ondary networks by placing intermediate relay nodes between the secondary source and des-
tination. Hence, it can exploit the spatial diversity. In relay-aided communication, amplify and
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range of studies in the literature have been considered cognitive cooperative structures (see,
e.g., and the references therein) [5-12]. AF method was studied in a CR relay network where
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the diversity gains of AF and DF CR systems was investigated in
[7, 8]. Moreover, physical layer secrecy performance of CR DF re-
lay network was investigated in [9]-[10]. Yang et al. [11] derived
the outage probability performance of dual-hop AF CR network
over n—u fading channels in and Li et al. [12] studied the impact
of uncorrelated fading channels on CR relay networks in.

As can be seen above, none of the works above have focused
on a cognitive cooperative scheme under practical multipath/
shadowing propagation conditions. Herein, we considered an
AF cognitive relaying scheme where the transmission between
secondary source (S) and relay (R) is impaired by fading and
shadowing effects. To do so, generalized-K composite fading
model which can incorporate both fading and shadowing ef-
fects is used [13]. Considering that the second hop is modelled
with Nakagami-m fading due to asymmetric traffic conditions,
we derived closed form expressions of outage probabilitty and
ergodic capacity and analyzed the outage probability in the
presence of low-rate feedback.

System Model

This paper considers a cognitive underlay AF relaying scheme
in which the communicates with the secondary destination
(D) over single relay (R) terminal in the presence of a prima-
ry receiver (PR) over asymmetric fading channels. The direct
path between S to D is not avaliable as the transmission is per-
formed in a time-division multiple access (TDMA) fashion in
two time slots. In the proposed structure, we assume that the
S—R path is detoriarated by the shadowing/fading effects and
hence follows the Generalized-K composite fading model. On
the other side, R—D path is modelled as Nakagami-m fading
channel with p,  severity parameter.

In the first hop, both shadowing and fading effects between
S—R path are modeled as i.i.d. Gamma distribution with and
fading Tk, and T\, shadowing parameters respectively.

In the first time slot, S transmits its information to the R. The
received signal at the R can be written as

Ysr = PskspAspXs + Ng, m

where k. and A, denote the shadowing and channel informa-
tion respectively and x is the the source signal. In the second
time slot, R transmits the amplified signal to the D. The received

signal at the D can be written as

Yrp = Prhg,GYsg + np, 2)

where h, | denotes the channel information between R and, D,
n, and n  are the additive white Gaussian noises modeled with
zero-mean and unit variance and scaling gain G is given as

Pr (3)
PslicspAsr]? + No

Mean-Value Power Allocation at Secondary Source and
Relay

In underlay CR networks, it is generally assumed that the PR
knows the interference gain of the channel instantaneously.
However, this assumption cannot be used in practical wireless
networks as it brings huge feedback burden and feedback er-
rors. To reduce the feedback burden and to prevent feedback
errors, the practical mean-value (MV) power allocation tech-
nique can be used. In MV power allocation, the PR obtains the
mean value of the feedback gain and feeds back to the sec-
ondary system. Therefore, S and R powers can be written as Pg
Min (5= Pre } and {255 P |, Where i, and A, show the
shadowing and channel informations between Sand PR, h, , is
the channel information between Rand PR, Q_ is the maximum
tolerable interference power of the PRand P__ shows the max-
imum power available in the system.

End-to-End Signal to Noise Ratio Calculation

By substituting (1) and (3) into (2), end-to-end (e2e) SNR can
be written as

_ YsrRYRD @
Veze Ysr +Yrp +1

where Y and Y, can be written as

Op
VsrR= mi (— ,P ) A 2,
1n E[|KSPASP|2] max |KSR SRl (5)

. Q
Yrp = min (E“Tilz]'})max) |hgp %

As the analysis of (4) is theoretically complicated, obtaining the
statistics of SNR can not be possible. However, (4) can be sim-
plified as

Yeze < Yup = min(Ysg, Yrp) - (6)
Performance Analysis

In this section, outage probability and ergodic capacity expres-
sions are obtained for the proposed structure.

Outage Probability

As both A, and K, are independent and Gamma distributed,
the CDF of Y can be expressed as

By () = j e (5) frgp e )
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With the aid of [14], FKSR can be given as can be seen in (8) at

the top of the next page. In (8), Y'(,,.) shows the lower incomplete

Gamma function [14, eqn. 8.350.1]. The derivative of F, _ (y) can
) % SR

be obtained as F, (;)

CrespX
r C‘CSR"—QSR—)
_ < min (E[IKSP;-SP 17] Pax ) (8)
Fegp(X) = (¢

[ ad Cren—1 v
-— T SR
=1 o "lemrm ) Yy — Gwx ) L.

. Qp v!
min | =—5—-5, B,
(E“KSP}LSHZ] max

v=0

can be found similarly by changing the variables in (8) as

(KSRx

. p
min(——f—_p )
(E[|KSP/15P|2] max

fKSR x)=e

(KSR (9)
(KSRX

min | =———2—- P )
(E[|K5P/15P|2] max
r((K,'SR)

(10)

$asg~1
QcpY v
—1l—e % E (—(ASRV) l
X V!
v=0

By substituting (9) and (10) into (7) with the help of [14, eqn.
3.471.9] and after few manipulations, Fy, (Y) can be obtained
as can be seen in (11) at the top of the page. In (11) K (.) shows
the modified Bessel function of the second kind [15, 51]. On the
other hand, the CDF of the Y | can be obtained as

Sagp—1 (ngw
_ 2 (KSR
B =1 T Z, (mm ( ﬁ , me) 1/v!
KspAsp
()
Sxsp TV
B P 1Y B 2
min (E“Kspasp 121 Prax )
PRDY
. Qp
min| ————5=Pmax
FVR,D (y) =1—e (E[lhRP|2] )
PrRD-1 v
y Z PRDY 1
. Qp > U!’
vee A\ (EnhRPF ] Fnax (12)

and with the aid of (6), Fy,, (Y) can be expresed as

R, =1-QA -k, NA=-F,, ®). (13)

Outage probability is defined as the probability of SNR falling
below a predefined threshold, Y, and can be expressed as
P_.=Fv,» (Vth). It can be obtained easily by substituting (11)

out

and (12) into (13).
Ergodic Capacity

Ergodic capacity is one of the most important performance
indicators in wireless systems. Ergodic capacity is the maxi-
mum achievable rate that a communication system can obtain.
Mathematically speaking, it can be expressed as where E [.] de-
notes the expectation operation. To the best of our knowledge,
there is no direct

1
Cg = 55[1082(1 + Yez2e)l, (14)

method to find the closed form solution of ergodic capacity.
However, a tight upper bound can be obtained by adopting
yup to the above expression as

1
Cp < EE[log2(1 + Yup) |

_10gz(e)J°° 1
2 ), 14y

(15)

E.,@dy

where the simple form f’f FYUP(Y), l:“yupm denotes the comple-
mentary CDFof Y i.e., Fyup(Y)=1 _FYup(Y)- By subsituting FYUP(Y)
into (15) and after few manipulations, C can be found as given
in (16) at the top of the next page. In (16), Monte-Carlo simula-
tions show that Is can be negligible at medium and high SNRs
as it is the multiplication of two CDF expressions. I,, can be ob-
tained by using [14, egn. 3.383.10] as can be seen in (17). Note
that, T'(.,.) denotes the upper incomplete Gamma function [14,
eqn. 8.350.2]. and I'(.) stands for the Gamma function [14, eqn.
8.339.11. I; on the other hand can be derived in closed form by
using well known software programs such as MAPLE or MATH-
EMATICA as can be seen in (18). Note that, @,, @,, , and g, can
be obtained as given in (19-22).

1 © 1 © 1 © 1
G < %(@( f — B dy + f —— By )y — f —Fys,,(v)Fm(y)dv) (16)
0 0 0

1+y 1+y 1+y
I Ip I3
z _a"zzv_
I =5 ("—) Lol e+ or (—z, ”—) A
min(e ey Pmax )] 7 min( 2 P ) 17)
1 yhsTi1 _ 11— o “Sxsplisn
L= "L(kalzv}:n w [d’: X (¢2 = ¢3) + b3 X pF, (1. 1= legpl—v; g “Pm“))]_ (18)
ke srTV
¢1 _ (’CsRZAsR (19)

. 0, )
min | =—5—>37, 5
(E[|KSP/1SP|2] max

x 2 csc[m({ygp — V]
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¢2 = ]_ZKsR‘HJ 2 . <K5:{ASR X CSC[Uﬂ,’], (20)
i (E[|KSP/15P 12’ Frax )
¢z = ]{KSR—U 2 (KSR (lsR

. p
min | =—5—, P,
(E“KSP)-SPlz] max

)) X csc[ZKSRn], @n

—Ssg™?

cKSR CASR (22)

94 = T (Gese) X | — .
min (E[mspzspvl"’W)

In (18), pFq(.) denotes the generalized hypergeometric func-
tion and in (20, 21), J.(.) stands for the modified Bessel function
of the first kind [15]. By substituting (18) and (17) into (16), er-
godic capacity can be obtained as ¢, < l"gzﬁ (I +1)-

Moreover, a tight asymptotic bound on the Ci can be obtained
(23) by using Jensen's inequality as

1 1
EE[]ng(l + VeZe)] < zlogZ(E[l + YeZeD .

CE CEO

(23)

After several manipulations, C; can be obtained as given at the
top of the next page in (24).

1
CP= Elog2<

Impact of Limited Feedback

. Q Q "
. min gy, Pna ) Ellésp A 2] min (e Prar ) Ellno 2] D (24)

(=% e [ "
min (E[l’fsplspm f Pma,)E[|x‘;p/15P| 1+ min (—E“hnplz ]'Pmux)E[lhRD 12]

In wireless systems, feedback link is always assumed as full-rat-
ed. However, if a network suffers from power constraints, lim-
ited feedback occurs. Herein, we assume that the R—D path
is modelled with Rayleigh distribution (special case of Nak-
agami-m when m=1) and the feedback path between R to D
is limited. Therefore, the PDF of Yip can be expressed as [16]
where & shows the rate of feedback, i.e. =0 denotes the full
rate feedback. F_(y_(R,D))ALim (y) can be obtained by integrat-
ing (25) with respect toy as

4

%
fyLim ) = e lespAspl?] (25)
7 :
(1—E)m1n(E[ Z ],Pmax)

(1-¢€) min(E[ erax)

[spAsp|?
4

. [0
; 1- Fiices 1oorzyPmax
Fimy)=1-e € min( g s, a5p Py )

(26)

By substituting (26) into (13) and by adopting the theoretical
steps described above, both outage probability and ergodic
capacity can be obtained.

Numerical Results

In this section, Monte-Carlo simulations are carried out to
demonstrate the impact of asymmetric fading/shadowing
channels in cognitive AF relaying scheme and the theoretical
results are validated with Monte-Carlo simulations. Moreover,
foranalytical brevity,(ffSR = U,fsp = U,fs , U,%SR = Gfsp = 0,125
and Figure 1 illustrates the outage probability performance
of the considered scheme. As can be seen, there is almost 10
dB difference between intense fading/shadowing environ-
ment ie, g, = 0,125 =of, = 1 and light fading/shadowing
i.e., g"?S = 0/125 = g,fR =4 at 5 x 10—1 dB. Moreover, after 24 dB,
there is no performance gain and the diversity goes to 0 as P,
and P, reachestoP__.

Figure 2 depicts the ergodic capacity performance of the pro-
posed scheme. The dash/dot curves (theoretical and asymp-
totic results) show good agreement with the marker symbols
of the Monte- Carlo simulations. It is observed that, there is
almost 4 dB difference between intense and light fading/shad-
owing environments at 4 bits/channels use.

Figure 3 shows the impact of limited feedback on the perfor-
mance of ergodic capacity. As seen from the figure, there is
almost 10 dB difference between full-rated feedback (o0 = 0)
and very limited feedback (o = 0.9). Therefore, we can infer that
low-rate feedback can degrade the performance of wireless
systems.

Conclusion

In this paper, we propose and analyze a cognitive AF relaying
scheme in the presence of intense and light fading/shadowing
environments. We believe that the proposed model can be a
reliable scheme for next generation wireless systems and a sys-
tem designer can have a quick idea about the system perfor-
mance with the help of the theoretical results, without dealing
with complex prototypes.

T T

—-—- Asymptotic

-------- Theoretical
¢ Simulation

Ergodic Capacity

Figure 1. Closed form and theoretical outage probability for dif-
ferent fading/shadowing severity parameters.

175



Electrica 2018; 18(2): 172-176
Erdogan E. Cognitive AF Relaying over Shadowing/Fading Channels

10’ T T T T T

. i i . " ——Simulation
intense fading and shadowing environmen O Theoretical

B
B N P
Em‘_ ks Ag
1) St 2
= o, =0
A fig s D
% JE R
2L =
§10 g )‘S
o e =gi =d? = D
fig s R
1098 fylh=10dB

light fading and shadowirTg environment

104 L L 1 L 1
0 5 10 15 20 25 30
Q

P

Figure 2. Closed form, theoretical and asymptotic ergodic capac-
ity performance.
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Figure 3. Impact of limited feedback on the performance of the
proposed scenario.
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