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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 
forward (AF) and decode and forward (DF) relaying techniques have been considerably investi-
gated. In DF, the relay detects the received signal and forwards the uncoded signal to the des-
tination. However, in the AF mode, relay simply scales and then transmits the scaled version of 
the signal [3]. Hence, due to its simple structure, relay aided communication has been adopted 
into several standards such as 3GPP LTE-Advanced and IEEE 802.16j [4]. In this respect, a wide 
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 
outage probability was examined for Rayleigh fading channels [5]. A general case of was con-
sidered where both outage and error probability were derived for Nakagami-m fading channels 
[5, 6]. Considering DF relaying in Nakagami-m fading, outage probability was examined in and 
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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 η−µ 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 ρR,D 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 ζκSR and ζλSR 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

      (1)
 

where κSR and λSR denote the shadowing and channel informa-
tion respectively and χs 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 

      (2)
   

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

      (3)

  

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 Ps 
Min   and , where κSP and λSP show the 
shadowing and channel informations between S and PR, hR,P is 
the channel information between R and PR, Qp is the maximum 
tolerable interference power of the PR and Pmax 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

      (4)
  

where ϒSR and ϒRD can be written as

 (5)

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

   (6)

Performance Analysis

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

Outage Probability 
 
As both λSR and κSR are independent and Gamma distributed, 
the CDF of ϒSR can be expressed as

   
(7)
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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), ϒ (.,.) shows the lower incomplete 
Gamma function [14, eqn. 8.350.1]. The derivative of FKSR(χ)  can 
be obtained as 

         (8)

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

      (9)

  

      (10)

  

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

      (11)

  
  

    
 (12)

and with the aid of (6), FϒUP (ϒ) can be expresed as

 (13)

Outage probability is defined as the probability of SNR falling 
below a predefined threshold, ϒth and can be expressed as 
Pout=FϒUP (ϒth). It can be obtained easily by substituting (11) 
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

      (14)
   

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

      (15)

   

where the simple form of Fϒup(ϒ), F̆ϒup(ϒ) denotes the comple-
mentary CDF of ϒup i.e., F̆ϒup(ϒ)=1−Fϒup(ϒ). By subsituting Fϒup(ϒ) 
into (15) and after few manipulations, CE can be found as given 
in (16) at the top of the next page. In (16), Monte-Carlo simula-
tions show that I3 can be negligible at medium and high SNRs 
as it is the multiplication of two CDF expressions. I2, can be ob-
tained by using [14, eqn. 3.383.10] as can be seen in (17). Note 
that, Γ(.,.) denotes the upper incomplete Gamma function [14, 
eqn. 8.350.2]. and Γ(.) stands for the Gamma function [14, eqn. 
8.339.1]. I1 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, ø1, ø2, ø3 and ø4 can 
be obtained as given in (19-22).

       (16)

 (17)

 (18)

      (19)
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      (20)

 

       (21)

  
    
      (22)

 

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  .

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

      (23)
  

After several manipulations, CE
∞   can be obtained as given at the 

top of the next page in (24).

      (24)
 

Impact of Limited Feedback

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 ϒRD can be expressed as [16] 
where ∈ shows the rate of feedback, i.e. ∈=0 denotes the full 
rate feedback. F_(γ_(R,D))^Lim (γ) can be obtained by integrat-
ing (25) with respect to γ as

      (25)

 

      (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, 
for analytical brevity,  
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 i.e.,  1 and light fading/shadowing 
i.e.,  4 at 5 × 10−1 dB. Moreover, after 24 dB, 
there is no performance gain and the diversity goes to 0 as PS 
and PR reaches to Pmax.

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 (a = 0) 
and very limited feedback (a = 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.

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