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Abstract- Efficient bandwidth utilization is significant in new communication systems where 
secondary users can be used besides of primary users considering interference issues and idle 
state of primary users. Using secondary users as relays to transmit their own signals in addition 
to the primary signals can be applied for more reliability of the system where opportunistic relay 
selection can significantly enhance the performance of the system. The best-condition secondary 
user is selected as the optimum relay for retransmission of primary/secondary signal. Outage 
probability is analyzed in this paper based on decode and forward techniques in secondary users 
while the closed-form statement for outage probability is provided and verified by numerical 
evaluations. 

Keywords- Outage probability, Opportunistic relay selection, Secondary user, Primary user, 
Best relay.  

1. Introduction 

Nowadays, Higher demands of different wireless technologies with high bandwidth requirement 
causes the focus on the efficient exploitation of spectrum in communication systems. Cognitive 
communication approach is a promising solution for better using and prevent underutilization of 
spectrum. Unused spectrum of primary users (PUs) can be exploited by secondary users (SUs) to 
transmit their data in the spectrum when PU is idle. On the other hand, to improve the capacity 
and data rate of the communication system, relay-based strategies can be applied as an interface 
for more reliable data delivery and throughput. In these cooperative systems, multiple relays can 
play the interface role in delivering the data from sender node to the destination one. However, 
using multiple relays can affect the spectral efficiency where using this strategy needs more time 
slots to prevent the interference between relay signals and transmitter/receiver signals. For M 
assumed relays, M+1 time slots must be used where the direct link is assumed in the system. 
Thus, selecting the best relay can increase the spectral efficiency in which one best relay based 
on signal-to-noise ratio (SNR) is selected for the relaying the signal from source node. Therefor 
two time-slot, one for direct link and another for best-relay node is required for the signal 
transmission in this system which is called opportunistic relay approach.  
Combining the cognitive strategy and cooperative approach, multiple secondary users can be 
assumed as multiple relays in which in the first time slot, they receive the signal of primary user 
and in the second time slot, they can relay the PU signal in addition to the transmission of their 
own signal. Also for more spectral efficiency, one best relay is selected to repeat the PU signal 
and its own signal. The strategy of signal relaying is considered Decode and Forward (DF). The 
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main purpose of this structure is selecting the best relay based on SNR criterion to improve the 
reliability of the communication system and the spectral efficiency. Also, the outage probability 
is the main criterion for evaluating the efficiency of the proposed system where in different 
conditions, the outage must be lower than predefined threshold for the reliability and satisfaction 
of communication systems. 

 

The outage probability analysis of cognitive transmissions by considering the two phases as the 
first phase for spectrum hole detection and the second phase for data transmission is discussed in 
[1]. Closed-form expression for outage probability is achieved with consideration of the 
probability of no spectrum hole detection and the cognitive transmissions over Rayleigh fading 
channels. Optimal spectrum sensing is also applied to minimize the outage probability [1]. In [2], 
the optimum secondary user power allocation to improve the ergodic multicast rate of point-to-
multipoint communication in a cognitive radio network is presented with the assumption of 
outage constraints for the primary users. Weibull distribution is considered for outage analysis 
when the user signal and the interferer signals experience independent non-identically distributed 
(i.n.i.d.) k-μ shadowed fading [2]. Improper Gaussian signaling effect is applied in [3] which is 
compared to conventional Gaussian signaling to enhance the achievable rate of systems that 
suffer from interference. Underlay cognitive radio is assumed in which discussing the achievable 
outage probability of both the primary user and secondary user is presented. Physical layer 
security based on existence of multiple eavesdroppers in 5G network is considered in [4] where 
outage and capacity analysis is performed in this paper. 5G network is assumed in cognitive 
radio status in IoT-based system with consideration of κ-μ shadowed fading. Non-Orthogonal 
Multiple Access (NOMA) system in cognitive radio is assumed in [5] to enhance the capacity 
and outage probability. Two cases of single-antenna and multiple-antenna are analyzed for 
throughput maximization. Security analysis considering outage probability in existence of 
eavesdroppers is discussed in [6]. Multiple eavesdroppers are assumed to interfere with 
secondary and primary users in assumption of Nakagami-m fading channel where channel 
cascading degree effect is considered in the paper. Performance analysis based on throughput 
analysis is realized in [7] for two cognitive systems as interweaved and underlay multiple-input-
single-output (MISO) systems.  The achievable ergodic capacity of cognitive system is compared 
in two strategies. The throughput analysis of two cognitive systems is presented in [8] where 
sensing criterion and probability of true sensing effect on throughput are analyzed. In [9], outage 
probability is presented in cognitive relay networks, in which the best relay is selected based on 
full and partial channel state information. Closed-form statement for outage analysis is obtained 
in this paper. Outage probability is presented in cognitive radio communication based on energy 
harvesting technique [10]. Reinforcement learning and multi-hop Q-routing is applied in this 
cognitive system with cooperative spectrum sensing. Optimization of power allocation and time 
of energy harvesting in secondary user for outage minimization is done in [10]. Device-to-device 
(D2D) transmission together with traditional communication is presented in [11] to form a new 
system model in NOMA. The perfect Successive Interference Cancellation (SIC) is assisted to 
cancel the interference. In [12], the imperfect information of channel of SU to PU is assumed 
where outage probability is considered as the main quality parameter for cognitive radio system 
evaluation. Presence of PU interference in cognitive system and interference analysis is done in 
[13] to discuss the outage probability in decode and forward (DF) strategy. Secondary multi-
relay network using decode-and-forward scheme and opportunistic best-relay selection is 



proposed in [14] subjected to the constraints of the spectrum-sharing and interference. The 
closed-form expression of the outage probability of secondary user is presented in this paper. 
Relay-based communication with opportunistic relay selection strategy in existence of direct link 
is also discussed in [15] for the analysis of outage probability. Cooperative scheme with selective 
relay strategy in dissimilar Rayleigh fading channels is assumed in [16, 17]. Moreover, relay 
selection strategy with optimal approach to maximize capacity in existence of interference and 
channel state information is discussed in [18]. Secondary rate maximization with considering the 
constraint of primary rate is presented in [19] subjected to the interference constraint and power 
constraint as the main conditions of optimization. Outage probability and effective capacity in 
overlay and underlay strategy are discussed for maximization of effective capacity and 
minimization of outage in [20]. Spectrum sharing in cognitive system considering multiple 
antennas in PU/SU transmitters is assumed in [21]. DF strategy is considered as the effective 
relaying strategy in this paper. 
Considering above, the opportunistic relay selection in cognitive cooperative system based on 
outage analysis is the main purpose of this paper. Selecting the best relay based on SNR 
improves the performance of the communication system in term of spectral efficiency and outage 
probability. Accurate analysis of outage probability in numerical evaluation and simulation result 
is presented to propose a new efficient scheme in the cognitive system where both results verify 
each other.  
In the sequel of the paper, in section 3, the model of communication system is presented where 
in section 4, quality of service (QoS) analysis is stated. Numerical results are provided in section 
5 where some conclusions are mentioned in the last section, section 6. 
 
3. System model 

 

In Figure 1, the system model is shown where secondary users paly the relay role in the system 
and transmit their own signals in addition to the primary user signal. The source and destination 
nodes of PU and SU are shown in this figure where h is used for the channel of PU to SUs and g 
is used for relay-destination channel. 
 

 
Figure 1. Proposed cognitive-based cooperative communication system 



 

The strategy of relaying is based on decode and forward where from the multiple SUs in the 
model, best-condition SU node is selected as the optimum relay to deliver the signal of PU to its 
destination. The index of su is used for SU nodes and pu is used for primary elements. The index 
b is denoted for the best secondary node selected for signal relaying. 𝑆𝑠𝑢 is the secondary sender 
node where 𝑆𝑝𝑢 is the sender of primary user. The similar notation is used for destinations of SU 

and PU (𝐷𝑠𝑢, 𝐷𝑝𝑢). ℎ𝑖 is the channel between 𝑆𝑝𝑢 𝑎𝑛𝑑 𝑆𝑆𝑢,𝑖 where 𝐻𝑝 is the direct link between 𝑆𝑃𝑢 and 𝐷𝑝𝑢. 𝐻𝑆 is also the direct link between 𝑆𝑃𝑢 and 𝐷𝑆𝑢 using which, the interference 

cancellation (PU signal) can be done in the secondary destination. 𝑔𝑖,𝑃 is the channel gain 

between 𝑆𝑆𝑢,𝑖 and 𝐷𝑃𝑢 where  𝑔𝑖,𝑠 is the channel gain between 𝑆𝑆𝑢,𝑖 and 𝐷𝑠𝑢.  

The strategy of signal transmission from sender to the destination  is that in the first phase,  𝑆𝑃𝑢 
can send its signal to the 𝐷𝑝𝑢 and 𝐷𝑆𝑢 (direct links) and to the multiple SU relays. If the channel 

in direct link is broken, the best relay of SUs can cooperate to bring the PU sender signal to its 
destination. The SU sender transmits both PU and SU signal. The channels in this model are 
independent but not identical (dissimilar).  From M relay nodes as SUs, several SUs can 
optimally receive and decode the PU signal which make the decode set as C. from this set, one 
relay with maximum SNR is selected for relaying the PU signal in the second phase.  
In the first phase, the received signal of relays from PU is as:  𝑦𝑆𝑠𝑢,𝑖 = √𝑃𝑝 𝑥𝑝ℎ𝑖 + 𝑛𝑖 (1) 

For the PU destination in direct link, it can be written as: 𝑦𝐷𝑝𝑢,1 = √𝑃p 𝑥𝑝 𝐻𝑃 + 𝑛𝑝 

 

(2) 

and in the SU destination, we have: 𝑦𝐷𝑠𝑢 = √𝑃p 𝑥𝑝 𝐻𝑆 + 𝑛𝑠 (3) 

The SNR due to (1) is calculated as: 𝛾ℎ𝑖 = 𝑃𝑝 |ℎ𝑖|2  𝑁0  
(4) 

Where 𝑁0 is the Gaussian noise in relays. The SNR of direct link from PU to its destination is: 𝛾1 = 𝑃𝑝 |𝐻𝑃|2  𝑁0  
(5) 

And also for another direct link, we have: 𝛾2 = 𝑃𝑝 |𝐻𝑠|2  𝑁0  
(6) 

It is worth mentioning that general assumption of Gaussian noise, 𝑁0 is assumed in each 
destination. In the second phase, the best secondary node is selected in which a part of power is 
allocated for PU signal transmission and another part is devoted for the secondary signal. The 
signal of relay in PU destination is presented as: 



yDpu,2 = √αPs 𝑥𝑝 gb,p + √(1 − α)Ps 𝑥𝑠gb,p + 𝑛 

 

(7) 

Also in SU destination, we have: 𝑦𝐷𝑠𝑢  =√αPs 𝑥𝑝gb,s + √(1 − α)Ps 𝑥𝑠 gb,s + n (8) 

 
For the SNR calculation in 𝐷𝑝𝑢, due to (7), we have: 

𝛾𝐷𝑝𝑢,2 = αPs  |g𝐛,𝐩|2  (1 − α)Ps |g𝐛,𝐩|2 + N0 

(9) 

The first term in denominator in (9) is denoted for the maximum tolerable interference from SU 
on PU signal in destination node which can be stated as: (1 − α)Ps|gb,p|2 = INT (10) 

Thus, (9) can be rewritten as:  

𝛾𝐷𝑝𝑢,2 = αPs  |g𝐛,𝐩|2  INT + N0  

(11) 

The interference threshold must be chosen as the outage happening is prevented and the 
acceptable data rate is achieved as: 12 log2(1 + αPs |gb,p|2 INT + N0 ) ≥ R 

(12) 

Thus, the interference can be presented as below: 

INT = αPs|g𝐛,𝐩|2 22R − 1 − N0 
(13) 

Moreover, the SNR in secondary destination due to (8) can be written as: 

𝛾Dsu,2 = (1 − α)Ps |gb,s|2  αPs|g𝐛,𝐬|2 + N0  
(14) 

Since the PU sends its signal for destination of secondary in the first phase, the interference of 
PU on SU can be suppressed and the SNR can be stated as: 𝛾Dsu,2 = (1 − α)Ps |g𝐛,𝐬|2  N0  

(15) 

 
4. QoS analysis 

 
The probability of not qualifying of SU relay to be as a relay node can be described as: 𝐴𝑖 = 𝑃𝑟(𝛾ℎ𝑖 ≤ 22𝑅  − 1) = 1 − exp (−22𝑅 − 1�̅�ℎ𝑖 ) 

(16) 



𝑅 is the threshold lower which the connection is blocked. The probability function of the channel 
from PU sender to its destination through the SU relay nodes can be described as below [15]: 𝑓𝑦𝑖(𝑥) = 𝑓𝑦𝑖|(𝑅𝑖 𝑖𝑠 𝑑𝑜𝑤𝑛)𝑝𝑟(𝑅𝑖 𝑖𝑠 𝑑𝑜𝑤𝑛) + 𝑓𝑦𝑖|(𝑅𝑖 𝑖𝑠 𝑎𝑐𝑡𝑖𝑣𝑒)𝑝𝑟(𝑅𝑖 𝑖𝑠 𝑎𝑐𝑡𝑖𝑣𝑒) (17) 

Thus, we can say: 𝑝𝑟(𝑅𝑖 𝑖𝑠 𝑎𝑐𝑡𝑖𝑣𝑒) = (1 − 𝐴𝑖) 𝑝𝑟(𝑅𝑖 𝑖𝑠 𝑑𝑜𝑤𝑛) = 𝐴𝑖 (18) 

Thus, the probability distribution function (pdf) of dropped link is presented as: 

(19) 𝑓𝑦𝑖|𝑅𝑖 𝑖𝑠 𝑑𝑜𝑤𝑛(𝑥) = 𝛿(𝑥) 
and the pdf of active link from PU to SU nodes and then to the destination can be presented as: 

(20) 𝑓𝑦𝑖|𝑅𝑖 𝑖𝑠 𝑎𝑐𝑡𝑖𝑣𝑒(𝑥) = 1�̅�𝑔𝑖 exp(−𝑥 �̅�𝑔𝑖 ⁄ ) 

Where �̅� presents the average SNR. Thus, combining these two links, we have: 

(21) 𝑓𝑦𝑖(𝑥) = 𝐴𝑖 𝛿(𝑥) + (1 − 𝐴𝑖) 1�̅�𝑔𝑖 exp (−𝑥 �̅�𝑔𝑖 ⁄ )     𝑖 = 1,2, … , 𝑀 

 

4.1 PU Outage Analysis  

Using maximum ratio combining (MRC) in PU destination, we have combined SNR of first and 
second phases as: 𝐼𝐷𝐹 = 12 log (1 + 𝛾1 + max (𝛾𝐷𝑝𝑢,2)) 

 Where 𝐼𝐷𝐹 is used for the capacity of the PU destination. For analysis of PU outage probability, 
we have: 𝑝𝑜𝑢𝑡,𝑝𝑢 = 𝑝(𝐼𝐷𝐹 < 𝑅) = 𝑝(𝛾1 + 𝑚𝑎𝑥 (𝛾𝐷𝑝𝑢,2) < 22𝑅 − 1) (22) 

 

Which leads to convolution of each PDF of direct and indirect link as [15, 21]: 𝑝𝑜𝑢𝑡,𝑝𝑢 = 𝑝(𝛾1 < 22𝑅 − 1) ∗ 𝑝(𝑚𝑎𝑥(𝛾𝐷𝑝𝑢,2) < 22𝑅 − 1) (23) 

 

Resulting in: 

𝑝𝑜𝑢𝑡,𝑝𝑢 = (∏𝐴𝑖𝑀
𝑖=1 ) (1 − 𝑒𝑥𝑝 (−𝑥�̅�1 )) +

∑(−1)𝑘+1  ∑ ∑ … ∑ ∏(1 − 𝐴𝜆𝑖 ) × 𝑘
𝑖=1

𝑀
𝜆𝑘=𝜆𝑘−1+1

𝑀−𝑘+2𝜆2=𝜆1+1
𝑀−𝑘+1

𝜆1
𝑀

𝑘=1
 

(24) 



[  
   1 + 1�̅�1 − 1 ∑ 1�̅�𝐷𝑝𝑢,2,𝜆𝑖𝑘𝑖=1⁄ ( 

 ∏ exp(−𝑥 �̅�𝐷𝑝𝑢,2,𝜆𝑖⁄ )𝑘𝑖=1 ∑ 1�̅�𝐷𝑝𝑢,2,𝜆𝑖𝑘𝑖=1 − �̅�1 exp (−𝑥�̅�1 )) 
 

]  
    

 
 

4.2 SU Outage Analysis: 

 

To prevent outage happening for SU, SU destination must receive the SU sender signal in 

addition to the PU signal in the first phase. Thus, the outage probability can be stated as: 𝑝𝑜𝑢𝑡,𝑠𝑢 = 1 − 𝑃𝑟(𝑚𝑎𝑥(𝛾Dsu,2) > 22𝑅 − 1) × 𝑃𝑟 (12𝑅2 > 𝑅) 
(25) 

 

Where 𝑅2 is the rate between primary transmitter and secondary receiver in the first phase 

described as 𝑅2 = 12 log2(1 + 𝛾2). The reason of applying the factor of 
12 is that the PU signal is 

transmitted in the first time slot to the destination of SU (the whole transmission needs two time 
slots). Then each term of (25) can be presented to calculate the total outage probability. For the 
first term, we have: 𝑝(max(𝛾Dsu,2) > 22𝑅 − 1) = 1 − 𝑝(max(𝛾Dsu,2) < 22𝑅 − 1) (26) 

Where we have: 

𝑝(max(𝛾Dsu,2) < 22𝑅 − 1) = ∫ 𝑓𝑥(𝑥) 𝑑𝑥𝑥
0  

(27) 

In other hand, we have the pdf (𝑓𝑥(𝑥)) as [15, 21]: 

𝑓𝑥(𝑥) = (∏𝐴𝑖𝑀
𝑖=1 )𝛿(𝑥)

+ ∑(−1)𝑘+1  ∑ ∑ … ∑ ∏(1 − 𝐴𝜆𝑖 )𝑘
𝑖=1

𝑀
𝜆𝑘=𝜆𝑘−1+1

𝑀−𝑘+2𝜆2=𝜆1+1
𝑀−𝑘+1

𝜆1
𝑀

𝑘=1×𝑒𝑥𝑝 (−𝑥 �̅�Dsu,2,𝜆𝑖⁄ )∑ 1�̅�Dsu,2,𝜆𝑖
𝑘

𝑖=1  

 

(28) 

Therefore, due to (27) and (28), the result can be stated as: 𝑃𝑟 (max (𝛾Dsu,2) < 22𝑅 − 1) = 

(∏𝐴𝑖𝑀
𝑖=1 ) + ∑(−1)𝑘+1  ∑ ∑ … ∑ ∏(1 − 𝐴𝜆𝑖 )𝑘

𝑖=1
𝑀

𝜆𝑘=𝜆𝑘−1+1
𝑀−𝑘+2
𝜆2=𝜆1+1

𝑀−𝑘+1
𝜆1

𝑀
𝑘=1  

(29) 



× (1 − exp(−𝑥 �̅�Dsu,2,𝜆𝑖⁄ )) 

And for the second term, we can write as: 𝑝 (12𝑅2 > 𝑅) = 𝑃𝑟 (12 log2(1 + 𝛾2) > 𝑅) = 𝑃𝑟 (𝛾2 > 22𝑅 − 1�̅�2 )= exp(−22𝑅 − 1�̅�2 ) 
 

(30) 

Therefore, the outage probability of SU can be written as: 

𝑝𝑜𝑢𝑡,𝑠𝑢 = (1 − (∏ 𝐴𝑖
𝑀

𝑖=1 ) + ∑(−1)𝑘+1  ∑ ∑ … ∑ ∏(1 − 𝐴𝜆𝑖 )𝑘
𝑖=1

𝑀
𝜆𝑘=𝜆𝑘−1+1

𝑀−𝑘+2𝜆2=𝜆1+1
𝑀−𝑘+1

𝜆1
𝑀

𝑘=1
× (1 − exp (−𝑥 �̅�Dsu,2,𝜆𝑖⁄ ))) × exp (− 22𝑅 − 1�̅�2 ) 

(31) 

 

5. Numerical Results 
 

In this section, the numerical evaluation of above discussion is provided to verify the theoretical 

analysis of previous section. In the first analysis, the outage probability in different number of 

secondary users is presented versus change of SNR. As depicted in Figure 2, the outage 

probability is reduced with increasing the number of relays which is predictable in the proposed 

cognitive system. In addition, without any secondary user, the outage probability depends only 

on primary channel which is constant versus SNR. 

In the sequel, the analysis of outage probability versus different outage thresholds for outage 

happening is described where the results are shown in Figure 3.  As depicted in this figure, 

increasing the threshold causes more outage in the proposed system while reducing the threshold 

leads to outage probability reduction. This result shows the effect of selection of the threshold of 

channel condition on the outage probability. 

In the third test case, the secondary user outage probability is discussed and its result is depicted 

in Figure 4. As described in this figure, using multiple Relays and selection of lower threshold 

causes less outage probability in the proposed system. It is obvious that increasing number of 

secondary users as relays improves the outage probability. 

 



 
Figure 2. Outage probability of PU versus the SNR in different number of relays 

 

 

 
Figure 3. Outage probability of PU versus the SNR in different outage threshold  

  

 



 
Figure 4. Outage probability of SU versus the SNR in different number of relays and outage thresholds 

 

6. Conclusion 

In this paper, the outage analysis of cognitive cooperative communication system based on 

multiple secondary users as relays and using opportunistic relay selection for retransmission is 

provided. Selection of the best relay from M assumed relays causes more spectral efficiency 

which can improve the reliability and reduce outage probability. Theoretical analysis is discussed 

and evaluated using simulation results where both outcomes verify each other. Increasing 

multiple relays and reducing threshold of selection of best relay cause outage probability to be 

reduced more and thus, the performance of the proposed cognitive system is significantly 

improved. 
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Figures

Figure 1

Proposed cognitive-based cooperative communication system



Figure 2

Outage probability of PU versus the SNR in different number of relays

Figure 3

Outage probability of PU versus the SNR in different outage threshold



Figure 4

Outage probability of SU versus the SNR in different number of relays and outage thresholds


