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1. Introduction 

Cooperative relaying is a promising technology for future wireless communications. It is 
mostly applicable to the small dimensional and limited power devices, which cannot use the 
conventional multiple input multiple output (MIMO) technology to obtain the advantages 
of MIMO. It can benefit most of the leverages of MIMO such as array gain, diversity gain, 
spatial multiplexing gain and interference reduction without using the conventional MIMO 
technology Liu et al. (2009); Laneman et al. (2004); Paulraj et al. (2004). Since the original 
signal is forwarded by relay nodes, the performance of the relaying network depends on the 
relaying process of the relay nodes and fading characteristic of their links. Classically, relay 
network has three links source-destination (S-D), source-relay (S-R) and relay-destination 
(R-D) and the relaying processes are classified as amplify-and-forward (AF), decode-and-
forward (DF) and compress-and-forward (CF) Krikidis & Thompson (2008); Nosratinia et al. 
(2004). 
The diversity of the relaying network depends on the degree of freedom of the network. For 
repetition-based relaying, the degree of freedom increases with the number of relay nodes 
when the system is an half duplex and use a time division duplex Zhao et al. (2005, 2007). 
However, it suffers spectral efficiency with increase in the number of relay nodes in the 
network. On the other hand, opportunistic relaying uses only one relay node to forward 
source data to the destination and its degree of freedom is two. It has higher spectral 
efficiency and better outage performance than that of repetition-based relaying. 
The performance of the relaying network depends on the fading characteristic of S-D, S-R 
and R-D links, i.e. diversity of the relaying networks depends on the location of the relay 
nodes and its surrounding environment. In practice, cooperative nodes are usually located 
in different geographical locations and at different distances with respect to S and D. The 
signal in one link may be in line of sight (LOS) situation and other links may be in NLOS 
situation. For example, fixed relay nodes are used for forwarding source’s data to a specific 
region (e.g. tunnel, behind of the building) and they often use directional antennas, so the R-
D link is likely to be a LOS situation. However, we cannot assume such scenario for other 
links specially when D is in a shadowing region with respect to S. In other words, one link 
may undergo Rician fading channel and others links may undergo Rayleigh fading channel. 
Such scenario is refereed to as asymmetric fading channel. This channel scenario can also be 
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seen in cooperative cognitive radio where secondary terminal works as a relay. In addition, 
all the links, i.e., S to ith relay (S-Ri) and ith relay to D (Ri-D), may be independent but non-
identically distributed (i.n.d) fading channels. Therefore, a complete outage performance 
study of cooperative relaying for such asymmetric and i.n.d fading channels is required. 
The outage probability of relaying networks over symmetric fading channel, in which all the 

links undergo the same fading distribution, is provided in several works Hwang et al. 

(2007); Xu et al. (2009); Zhao et al. (2006); Savazzi & Spagnolini (2008); Michalopoulos & 

Karagiannidis (2008); Zou et al. (2009); Vicario et al. (2009). The outage probability for 

repetition-based AF relaying over Rayleigh channel is provided in Zhao et al. (2007). The 

outage probability of AF relaying over Rician fading is provided only in few articles Zhu et 

al. (2008). The asymmetric fading channel, mix of Rayleigh and additive white Gaussian 

noise, is introduced in Katz & Shamai (2009). The performance of AF relaying over 

asymmetric fading, mix of Rician & Rayleigh, is provided in independent work in 

Suraweera et al. (2009); Suraweera, Karagiannidis & Smith (2009). However, in the 

literature, none of the papers provided any closed form outage probability of AF relaying 

over asymmetric fading channels. 

In this work, we provide a complete study of outage probability of repetition-based and 

opportunistic relaying over asymmetric fading channels. The closed form of outage 

probability is derived over i.n.d fading channel at high SNR regime. In this work, we 

adopted AF relaying networks over two different scenarios, called asymmetric channel I and 

asymmetric channel II given in Fig. 1. We provide analytical model of each of the 

asymmetric channel and verified through the Monte-Carlo simulation studies. The obtained 

results of asymmetric fading channel are compared with symmetric fading channel, i.e., 

with Rician fading channel and Rayleigh fading channel. When outage performance is 

compared between two asymmetric channels, asymmetric channel I provides better outage 

performance than asymmetric channel II and when it is compared between two diversity 

techniques, opportunistic AF relaying provides better outage performance than the 

repetition-based AF relaying. 

The rest of the article is organized as follows. Section 2 discusses a two-hop AF relaying 
network and asymmetric channel models. Section 3 derives the outage probability of the 
repetition-based AF relaying over two different asymmetric fading channel scenarios at  
high SNR regime. Section 4 derives the outage probability of opportunistic AF relaying  
over asymmetric channel I and asymmetric channel II. Finally, conclusion is drawn in 
section 6. 

2. System model 

2.1 Signal model of AF relaying 

In this framework, we consider a general 2-hop AF relaying network consisting of S, M 
relays, Ri, i=1, 2, ..., M, and D. We assume that D performs maximal ratio combining at the 
receiver. The network has M+ 1 time slots for M relay nodes Zhao et al. (2005). In the first 
time slot, S broadcasts data to D and all Ri. The received signals at D and Ri are given by 

 sd sd dy h x η= +  (1) 

 
i i isr sr ry h xα η= +  (2) 
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where x is the signal transmitted by S, ηd and ηri are the zeromean complex Gaussian random 

variables at D and ith relay, respectively. hsd and hsri are the fading coefficients of S-D and S-

Ri links, respectively. 
The received signal at D from Ri

 at the (i + 1)th time slot is 

 
i ir d r d dy h x η′= +  (3) 

where α = 1, x’ is the signal transmitted by the relay Ri

 for the case of repetition-based 
relaying and hrid is the fading coefficient of Ri-D link. For the opportunistic AF relaying, α is 

the amplifying factor and x’ = x. In the 2nd time slot, the best opportunistic relay node 
forwards the source’s signal to D. 

2.2 Channel model of asymmetric fading channel 

For simplicity, we use different notations of the random variables for different fading 

distributions. For the Rayleigh channel, in general, let  γab = Ps|hab|
2 be the instantaneous 

signal power of a-b link and for the Rician fading channel, the corresponding instantaneous 

signal power is denoted as ξab. The transmitted power from source and relay is Ps. The 

probability density function (PDF) of γab and ξab are expressed respectively as 

 /1
( ) ab

ab

x

ab

f x e γ
γ γ

−=  (4) 

 ( 1)/
0

1 4 ( 1)
( ) ab ab ab

ab

K Kab ab ab

ab ab

K K K
f e Iξ ξ
ξ

ξ
ξ

ξ ξ
− + − ⎛ ⎞+ +

= ⎜ ⎟⎜ ⎟
⎝ ⎠

 (5) 

where I0(.) is the 0th order modified Bessel function of first kind, abγ =E{γab}, abξ =E{ξab}, and 

Kab is the Rician factor. 
Although there are several possibilities of asymmetric fading channel, in this work, we 
assume two asymmetric fading channels: namely asymmetric channel I and asymmetric 
channel II, shown in Fig. 1. For the asymmetric channel I, we assume that S-R link undergos 
Rayleigh distribution and S-D and R-D links undergo Rician fading distribution. For the 
asymmetric channel II, S-R link undergos Rician distribution and S-D and R-D links 
undergo Rayleigh distribution. 

3. Repetition based AF relaying 

The repetition-based AF relaying is introduced in Laneman et al. (2004). Due to the higher 
degree of freedom of repetition-based relaying and simple implementation for AF relaying, it 
gain its own importance in cooperative communications. The equivalent instantaneous end-to-
end signal-to-noise ratio (SNR) for repetition-based AF relaying is given as Zhao et al. (2006) 
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Fig. 1. Different asymmetric fading channels of a cooperative networks 

The upper bound of instantaneous SNR for the above can be written as 

 ( )2 2 2
0 0 0

1

| | min | | , | |
i i

M

max s sd s sr s r d

i

P h P h P hγ γ γ γ
=

= + ∑  (7) 

In the following section, we provide the lower bound of outage probability of the 
opportunistic AF relaying for different asymmetric fading channels shown in Fig. 1. 

3.1 Asymmetric channel I: 

For the asymmetric channel I, S-R link experiences Rayleigh distribution and S-D and R-D 
links experience Rician fading distribution, so (7) can be written as 

 0 0max sd sumγ γ γ γ ξ= +  (8) 

where 2| |sd a sdP hγ = is the exponential distribution, , ,1
,  min( , ),  

i i i

M
sum min i min i sr r d sri

ξ ξ ξ ξ ξ ξ
=

= =∑  

and 
ir dξ are the random variables of noncentral Chi-square distribution. The corresponding 

outage probability can be defined as 

 out ubp Pr γ γ= <⎡ ⎤⎣ ⎦  (9) 

where γub = γmax/γ0, γ = (2(M+1)R
 −1)/γ0. The outage probability provided in (9) is equivalent to 

the commutative distribution function (CDF) of γub. The direct evaluation CDF of γub is 
complicated, so we use the initial value theorem (IVT) of Laplace transformation (LT). 
Therefore, this derived analytical results are valid for high SNR regime. To evaluate this, 

first CDF of ξmin,i needs to be evaluated. The CDF of the random variable ξmin,i can be written as 

 

( )( )
,

1 1

( )  1 1 [ ] 1 [ ]

2( 1) 2( 1)
             1 2 , 2 ,

min i i i

i i

i i

i i

sr r d

sr r d
sr r d

sr r d

F Pr Pr

K K
Q K Q K

ξ γ ξ γ ξ γ

γ γ

ξ ξ

= − − < − <

⎛ ⎞ ⎛ ⎞+ +
⎜ ⎟ ⎜ ⎟= −
⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

 (10) 
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where Q1(.) is the Marcum Q-function of first order. The PDF of ξmin,i is obtained by 
differentiating the above, which can be expresses as 

 
, 1 1

2( 1) 2( 1)
( ) 2 , ( ) 2 , ( )i i

min i i i

i i

srr d ii

sr r d
sr r d

sr r d

K K
f Q K f Q K fξ ξ ξ

γ γ
γ γ γ

ξ ξ

⎛ ⎞ ⎛ ⎞+ +
⎜ ⎟ ⎜ ⎟= +
⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

 (11) 

The LT of the random variable γub = γsd + ξsum is obtained by using IVT at high SNR regime. 

Since γ→0 as γ0 →∞, we can write 

 lim ( ( )) lim ( )
sd sds

s f fγ γγ
γ γ

→∞ →∞
=L  (12) 

This implies 

 
1

( ( )) (0)
sd sd

f f
s

γ γγ =L  (13) 

Similarly the LT of the PDF of random variable ξsum can be expressed as 

 
,

1

1
( ( )) (0)

sum min i

M

M
i

f f
s

ξ ξγ
=

= ∏L  (14) 

Now by using the multiplication properties of LT, the LT of the PDF of random variable γub 

for i.n.d fading channel can be written as 

 ( )
,1

1

1
( ) (0) (0)

sd sd min i

M

M
i

f f f
s

γ γ ξγ +
=

= ∏L  (15) 

The PDF of random variable γub is obtained by applying inverse LT (ILT) on the above 

 
,

1

1
( ) (0) (0)

!ub sd min i

M
M

i

f f f
M

γ γ ξγ γ
=

= ∏  (16) 

By integrating the above and substituting the value of 
,

(0) and (0),
sd min i

f fγ ξ  the outage 

probability can be expressed as 

 1

1

( 1) ( 1)1
  

( 1)!
i i

sri

i i

r di

M
sr r d M

out K K
sd i sr r d

K K
p

M e e
γ

γ ξ ξ
+

=

⎛ ⎞+ +⎜ ⎟= +⎜ ⎟+ ⎜ ⎟
⎝ ⎠

∏  (17) 

3.2 Asymmetric channel II: 

For asymmetric channel II, signal in S-D and R-D links experience Rayleigh distribution and 

signal in S-R link experiences Rician distribution. For this scenario, we use 2| | ,sd s sdP hξ =  

2 2 | |  and | | .
i i i isr s sr r d s r dP h P hξ γ= = The end-to-end instantaneous SNR can be expressed as 

 0 0ub sd sumgγ γ ξ γ= +  (18) 
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where ( ), ,1
and min , .

i i

M
sum min i min i sr r di

g g g ξ γ
=

= =∑  Similarly as the previous section, the PDF 

of gmin,i is expressed as 

 ( ), 1

2( 1)
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srmin i r d r dii i
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K
f Q K f f Fγ γξ

γ
γ γ γ γ

ξ
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⎜ ⎟= + −
⎜ ⎟
⎝ ⎠

 (19) 

where ( )
r di

Fγ γ  is the CDF of the random variable .
ir dγ . 

Similarly as previous, the PDF of γub for this asymmetric channel can be derived as 

 
,

1

1
( ) (0) (0)

!ub sd min i
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M

g
i

f f f
M

γ ξγ γ
=

= ∏  (20) 

By integrating (20), the outage probability for the asymmetric channel II can be expressed as 

 1

1

( 1)( 1)1 1

( 1)!
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4. Opportunistic AF relaying 

In this section, we analyze the outage probability of opportunistic AF relaying over the same 
asymmetric fading scenario. For the relay selection, we use maximum SNR approach 
provided in Bletsas et al. (2007). The equivalent instantaneous end-to-end SNR for 
opportunistic AF relaying is given as Zhao et al. (2006) 
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The upper bound of instantaneous SNR for the above can be written as 

 ( )2
0

{1,2 ,...,
0

}

2 2
0| | , | |max min

i imax s sd
i M

s sr s r dP h P hP h γγ γγ
=

= +  (23) 

4.1 Asymmetric channel I: 

In asymmetric channel I, the outage performance can be expressed as 

 out ubp Pr γ γ= <⎡ ⎤⎣ ⎦  (24) 

where γub = γmax/γ0, γ = (22R
 − 1)/γ0, ξmax = max(ξmin,1, ξmin,2, ..., ξmin,M) and ξmin,i = ( )min , .

i isr r dξ ξ  

The CDF of the random variable ξmax for i.n.d fading channel can be expressed as 

 
,

1

( ) ( )
max min i

M

i

F Fξ ξγ γ
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= ∏  (25) 
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and the corresponding PDF of ξmax is obtained as 

 
, ,
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max min i min j
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f f fξ ξ ξγ γ γ
==
≠
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Since 
,
(0) 0,

min i
Fξ =  the (M−1)th order derivative of (26) at high SNR, i.e., at γ =0 for γ0→∞, 

can be derived as 
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By using LT of Mth order differentiation, we can write 
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Since (1) ( 2)(0) (0) ... (0) 0,
max max max

Mf f fγ γ γ
−= = = = by using the IVT of LT, we can write 
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The LT of the PDF of random variable γub = γsd + ξmax over i.n.d can be written as 
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with respect to s, the PDF of γub is obtained by applying the ILT on the above as 

 
,

1

( ) (0) (0)
ub sd min i

M
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i

f f fγ γ ξγ γ
=

= ∏  (31) 

The corresponding outage probability or CDF of γub is obtained by integrating the above as. 
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4.2 Asymmetric channel II: 

Similarly, in asymmetric channel II, the outage performance can be expressed as 

 out ubp Pr γ γ= <⎡ ⎤⎣ ⎦  (33) 
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where γub = ξsd + gmax, gmax=max(gmin,1, gmin,2, ..., gmin,M) and , 0 0min( ), .
i imin i sr r dg γ ξ γ γ=  

As the previously, the LT of the random variable of γub over i.n.d fading channel can be 
written as 

 ( )
,1

1

!
( ) (0) (0)

ub sd min i
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M
f f f

s
γ γγ +

=

= ∏L  (34) 

The PDF of γub is obtained by applying the ILT on the above as 
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The corresponding outage probability or CDF of γub is obtained by integrating the above as 
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5. Numericale 

In this section, analytical and Monte-Carlo simulation results are presented. Since the 

channel are i.n.d, we set different means for different S-Ri/Ri-D links. In the Rician fading 

channel, the Rician factor Kab is uniformly distributed in [2,3] and the mean abγ  of NLOS 

components are uniformly distributed in [0,1]. The LOS components are derived for a given 

value of Kab and abγ . The number of relay nodes is set to 2, 4, 5 and 6. 
Fig. 2, Fig. 3 and Fig. 4 show the lower bound of outage probability of repetition-based AF 

relaying over asymmetric channel I, asymmetric channel II and a comparison among the 

different fading channels. Since the analytical outage probability are derived based on high 

SNR assumption, analytical results converge with Monte-Carlo simulation results at high 

SNR value. From Fig. 2 and Fig. 3, it is clear that the diversity of repetition-based AF 

relaying increases with the number of relay nodes. 

From Fig. 4, it is clear that the outage performance over Rician fading channel outperforms 

all other fading scenarios due to the presence of LOS signal. On the other hand, due to the 

absence of LOS signals, Rayleigh fading channel has poorer outage performance than all 

other fading scenarios. When the outage performance is compared between two different 

asymmetric channels, asymmetric channel I provides better outage performance than the 

asymmetric channel II. It is because of S-R link experience LOS signal in asymmetric channel 

I, so, there is less chance to amplify the noise by relay nodes. However, for the asymmetric 

channel II, S-R is a NLOS situation, there is more chance to amplify the noise by relay nodes 

and send it to the destination. 

Fig. 5, Fig. 6 and Fig. 7 show the lower bound of outage probability of opportunistic AF 

relaying over asymmetric channel I, asymmetric channel II and a comparison among the 

different fading channels. As similar as repetition-based relaying, analytical outage 

performance converges with Monte-Carlo simulation results at high SNR values. In 

opportunistic relaying, the performance as well as the diversity increase with the number of 
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relay nodes. When the outage performance is compared among the fading channel, 

opportunistic relaying shows the same characteristic as repetition based relaying. Without 

providing any extra simulation, it is easily concluded that opportunistic AF relaying 

provides better outage performance than the repetition-based AF relaying. 

6. Conclusions 

This work investigates the outage performance of repetition-based and opportunistic AF 

relaying over two different asymmetric fading channel. The lower bound of outage 

probability is derived for high SNR regime and validated through the Monte-Carlo 

simulation studies. It is observed that asymmetric channel I has better outage performance 

than that of asymmetric channel II for both the repetition-based and opportunistic AF 

relaying, and opportunistic AF relaying provides better outage performance than the 

repetition-based AF relaying. 
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Fig. 2. The outage probability of repetition-based AF relaying over asymmetric channel I. 
The number of relay node is selected M = 2, M = 4 and M = 6. 
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Fig. 3. The outage probability of repetition-based AF relaying over asymmetric channel II. 
The number of relay node is selected M = 2, M = 4 and M = 6. 
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Fig. 4. The comparison of outage probability of repetition-based relaying over different 
fading channel such as Rician fading, Rayleigh fading, asymmetric channel I and 
asymmetric channel II. The number of relay nodes is of M = 5. 
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Fig. 5. The outage probability of opportunistic AF relaying over asymmetric channel I. The 
number of relay node is selected M = 2, M = 4 and M = 6. 
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Fig. 6. The outage probability of opportunistic AF relaying over asymmetric channel II. The 
number of relay node is selected M = 2, M = 4 and M = 6. 
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Fig. 7. The comparison of outage probability of opportunistic relaying over different fading 
channel such as Rician fading, Rayleigh fading, asymmetric channel I and asymmetric 
channel II. The number of relay nodes is of M = 5. 
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