
 

Abstract—In cognitive radio (CR) networks, the secondary 
users (SUs) try to communicate opportunistically in the 
frequency band originally allocated to a primary network. This 
communication should be in a manner that the quality of 
service (QoS) is satisfied for both primary and secondary 
networks. In this paper, the considered system consists of a 
primary broadcasting network with one transmitter and M 
receivers, and a relay-assisted secondary network with one 
transmitter and one receiver. In this scheme, if the direct link 
between the cognitive transmitter and receiver is not 
maintained the target signal to interference plus noise ratio 
(SINR), the relaying process, begins where N relays assist the 
transmitter to transmit its data to the receiver. This relaying 
process continues until the target SINR is met at the cognitive 
receiver. This scheme employs joint power allocation and 
beamforming (BF) at the relay nodes and defines two 
optimization problems in a way that the objective in the first 
problem is minimization of the total transmission power of the 
relays. If there is not any feasible solution for the first problem, 
the second problem is proposed with the objective of 
maximizing the receive rate at the destination node. Genetic 
algorithm (GA) is applied to both defined problems to find 
optimum transmission power values and beamforming weight 
in the relay nodes. Simulation results show that applying 
beamforming scheme results in a considerable reduction in the 
total transmission power of the relay nodes, while satisfying the 
QoS in both primary and secondary networks. 
 

Index Terms—Cognitive radio network, cooperative 
communication, relaying, power allocation, beamforming. 
 

I. INTRODUCTION 
Nowadays, conventional fixed spectrum allocation policy 

results in spectrum scarcity in some of high-demanded 
frequency bands. Cognitive radio (CR) is a promising new 
technology for dynamic access to the frequency spectrum, 
proposed to overcome the above problem [1], [2]. In CR 
networks, secondary users (SUs) opportunistically access to 
the spectrum originally allocated to a primary network.  In 
this spectrum usage scenario, the interference introduced by 
SUs to the primary users (PUs) is kept below a certain 
threshold while trying to satisfy the quality of service (QoS) 
in the secondary network [3].  

Employing cooperative communication techniques is 
considered to tackle the challenges faced in practical 
implementation of CR networks. Usually, wireless relays are 
important parts of these networks, because due to multipath 
fading, shadowing, and path loss, the direct link between the 
source and destination nodes may fail to support the desired 
transmission QoS requirements. Under such conditions, 
deploying one or multiple relays between the source and 
destination nodes can overcome the problem. Relaying 

process is usually implemented in a cooperative structure. 
Distributed beamforming, as a cooperative communication 
technique, can be used in CR networks for enabling 
synchronous transmission of primary and secondary users, 
improving the network performance, and reduction of 
interference to the PUs [4]. The beamforming technique can 
be applied by utilizing a virtual antenna array created by a 
set of relays [5]. In this method, a distributed beamformer is 
formed by assembling those antennas belong to multiple 
relays and carefully selecting the beamforming weight in 
each relay to efficiently avoid harmful interference to the 
PUs. Cooperative transmission of primary traffic by 
secondary network, using other SUs as relay nodes to 
improve spatial diversity, and using one or multiple relays in 
secondary network to improve spectrum diversity are 
investigated in [6], [7] and [8], respectively. 

The interference introduced to the primary network is a 
major challenge of cooperative CR communication. 
Beamforming and power control algorithms have been 
considered to overcome this problem [9]-[11]. These 
techniques guarantee the QoS of both primary and cognitive 
networks. Combining multi-antenna technology and two-
way relaying provides a promising way to improve the 
spectrum utilization efficiency. In [9], a relay-assisted 
wireless cellular network with multiple-input single-output 
(MISO) broadcast channel has been studied. In this scenario, 
both the base station and relay are equipped with multi-
antenna and employed joint beamforming and power control 
to minimize total consumed power.  In another scenario 
considered in [10], two SUs exchange their information 
through a cognitive relay while beamforming and power 
allocation are employed to enhance the achievable sum rate. 
Cooperative communication based on relaying between SUs 
in the presence of one or more primary links is considered in 
[11]. This relaying process is executed in several steps, 
where in each step, those relays which their signal to 
interference plus noise ratio (SINR) is more than a threshold 
are selected and accordingly, the power allocation process is 
performed for these relays. The process is continued until 
SINR of the destination node meets the target value. 
    In this paper, in addition to the power allocation in multi-
hop transmission via the relays studied in [11], beamforming 
is considered in relay nodes. The proposed approach 
employs joint power allocation and beamforming in relay 
nodes. The process is performed in several relaying phases. 
It is assumed that if the direct link between the cognitive 
transmitter and receiver does not maintained the target 
SINR, the relaying process begins and continues until the 
target SINR is met at the cognitive receiver. In this scheme, 
two optimization problems are defined and solved by 
genetic algorithm (GA). This considered scenario can cause 
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significant reduction in transmission powers of relay nodes 
compared to the studied scenario in [11]. 

The paper is classified as below. In section II, system 
model is described. Formulation of the optimization 
problems is presented in section III. In section IV, it is 
mentioned that how GA is applied to solve the defined 
problems. Then, in section V, numerical results are 
presented to investigate the performance of the proposed 
scheme. Finally, the paper is concluded in section VI. 

II. SYSTEM MODEL 

Consider a CR or secondary network which consists of a 
transmitter (CRtx), a receiver (CRrx), and N cognitive relays 
operating in the same frequency band allocated to a primary 
network. The primary broadcasting network consists of a 
transmitter and M receivers. Both transmitter and receiver 
nodes of the CR network are equipped with omnidirectional 
antennas. Each relay node is equipped with a linear array of 
K uniformly spaced omnidirectional antenna elements. 
These nodes are employed to create reliable communication 
among the SUs. After receiving data from the source, the 
relays transmit it to the destination using joint power 
allocation and beamforming technique. This system model 
is shown in Fig.1. 

In the secondary network, we consider a situation in 
which there is a single link between the transmitter and 
receiver nodes, and the relay nodes cooperate in the data 
transmission process to meet SINR target value 

 at the destination node. This value is a 
criterion to check desirability of the QoS requirements at the 
cognitive network. The joint power allocation and 
beamforming scheme is performed at cognitive relays in 
several steps. In this scheme, data transmission from the 
secondary transmitter to the secondary receiver includes the 
maximum 1 + ,  orthogonal time slots 
where ,  denotes a predefined maximum 
number of relaying phases and the number of unit indicates 
the first step of transmission from secondary transmitter. 
Throughout this paper, we assume that cognitive receiver 
and relay nodes have perfect knowledge about all channel 
impulse responses (CIRs) and both transmit and receive 
processes are based on the transmission buffer states. We 
also assume quasi-static channel conditions and suppose that 
the channel responses stay the same through the entire 
secondary network transmission. Moreover, the primary 
links employ the time division duplex (TDD). 

During the first step, cognitive transmitter transmits the 
 signal to the destination and relay nodes, where 

 is its transmission power and is adjusted such that it 
would not exceed the maximum power  and satisfies 
all interference constraints of the PUs. The  is the 
message signal of the cognitive transmitter with unit energy 
which means that = 1. The {. } and |. | denote 
the statistical expectation and amplitude of a complex 
number, respectively. The primary transmitter continuously 
transmits with power .  

In this step, the received signal at the cognitive receiver 
and the relay nodes can be expressed by following 
equations, respectively: 
 

 

Fig. 1.System model. 

 

(1) 
 , = ℎ , ( − ) +ℎ , ( − ) +  

(2) 
 

 , = ℎ , ( − ) +ℎ , − +    ; = 1, … ,  
 
The ℎ ,  indicates the channel impulse response at the link 
from node  to Node  and  and  represent the 
transmission power and the message signal of the primary 
transmitter respectively, where = 1. Transmitted 
signals of the secondary and primary transmitters received at 
the destination node by  and  delays, respectively. 
Similarly,  and  indicate the time delays of the message 
signals received from the secondary and primary 
transmitters at the relay nodes, respectively.  and 

are the additive white Gaussian noise (AWGN) at the 
secondary receiver and the i th relay, respectively, both have 
variance . The noise variance is considered identical for 
all secondary nodes. In this step, investigation of the SINR 
amount at destination node determines whether the relaying 
process is required or not. If the SINR amount in the 
cognitive receiver is larger than or equal to , it 
means that the direct link between the cognitive transmitter 
and receiver has satisfied the QoS at the cognitive receiver 
and the relaying process is not required. Therefore, after the 
first step of the scheme, SINR of the secondary receiver is 
expressed by: 
 

 , = ,,  (3) 

 
If , ≥  is not met, the next step of 

the proposed scheme should be started. First those relays 
which decode the source message without any errors at the 
first step are chosen for the next step. This means that the 
SINR of all relay nodes should be compared with a defined 
threshold and those relays where their SINRs are greater 
than or equal to the threshold are selected to participate at 
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the second step of the scheme. The following equation 
demonstrates the SINR of the i th relay after the first step: 
 

 = ,
,  ; = 1, … ,  

 
(4) 

The selected relays satisfy ≥ . During 
the second step, the joint power allocation and beamforming 
scheme is performed in the selected relays in each phase. 
The relaying process is continued through several phases 
and stopped when the QoS requirements of the destination 
node is satisfied. During each relaying phase, the received 
signal at each selected relay node is multiplied in the 
beamforming vector and transmitted toward the secondary 
receiver: 
 

 
′, = ′, ′( ′)

′,     ; ′ ,   , ,  { ,…, },…,  (5) 

 

where ′, = ′,( ), … , ′,( ) and 
′, are a K-

component complex weight vector and received signal at the 
i' th relay node in the q th relaying phase, respectively, ,  
is the selected relays set in the q th relaying phase, and 

′( ′) is the antenna array response of the i' th relay in the 
direction of departure, ′, which is defined by: 
 

′( ′) =[1, / ( ′), . . . , / ( ) ( ′)] ;  
′ ,   , ,  { ,…, },…,  

(6) 

 
Where d is the separation distance between two antenna 
elements and is equal for all relays,   is the carrier 
wavelength of the message signal and (. )  and (. )  denote 
the transpose and the hermitian operations, respectively. 

The received signals at the destination node, the primary 
receivers and relay nodes in the q th relaying phase are 
respectively as follows:  
 

 , = 

 ∑ ℎ , , , , ( ) , ( −̃ ) + ℎ , ( − ̃ ) +        ; ʹ ,   , ,  { ,…, },…,  

(7) 

 
 , =∑ ℎ

ʹ, , ʹ, ʹ, ʹ( )
ʹ, −ʹ ̃ ́) + ℎ , − ̃ ́ +           ; ʹ ,   , ,  { ,…, },…,,…,  

(8) 

 
 

 
 
 

, =∑ ℎ
ʹ, , ʹ, ʹ, ʹ( )ʹ

ʹ , ( −̃ ̋) + ℎ , − ̃ ̋ +          ; ʹ ,   , ,  { ,…, },…,
ʹ

 

 
 
 

(9) 
 

 
Where 

′, is the transmission power of the i' th relay 

node in the q th relaying phase. Transmission power vector 
of the relay nodes in the q th relaying phase is defined by: 
 

, =
′

; ∀ ′ ,  (10) 

  
where the transmission power constraints for the cognitive 
relay nodes in each relaying phase is as follows: 
 , ≤ ,         ; = 1, … ,  (11) 

 
 

where , =
′

; ∀ ′ ,  is the maximum licensed 

transmission power for the selected nodes in the q th 
relaying phase. Furthermore, ′,  and  are directions of 
departure from the i' th relay to the secondary receiver, the  th primary receiver and the k th relay, respectively. 
Transmitted signal of the i' th relay node is received at 
secondary receiver,  j th primary receiver and k th relay node 
by ̃ , ̃ ́ and ̃  ̋ delays, respectively. Similarly, ̃ , ̃ ́ and ̃ ̋ indicate the time delays from primary transmitter to 
these nodes, respectively. ,  and  are AWGN 
with variance  at the destination, j th primary receiver and 
k th relay node, respectively. 

After P relaying phases, the overall SINR of the cognitive 
receiver is equal to: 
 

 = , + ∑ ,  (12) 
where, 

 , = ∑
′, , ′, ′ ′,′

, ; 
 

′ ,   , ,  { ,…, },…,  

(13) 

 
In (12), the influence of the relaying process is shown in 

the second part of the equation and the overall SINR at the 
cognitive receiver is determined by summation of the SINR 
values of two steps. 

In each phase of the second step, the QoS constraints of 
the secondary receiver should be investigated to determine if 
the relaying process needs to be continued. In order to 
satisfy this condition, the  from (12) should be 
compared with . If ≥ , the 
relying process is stopped, but if this condition is not 
satisfied, the relying process should be continued with those 
relays that have not participate in the previous relaying 
phases. 
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If the  at the secondary receiver is achieved 
after the P th relaying phase, we have: 

 
 = , + ∑ , ≥

 (14) 

 
At this point, when the required QoS is maintained at the 

secondary network, the relaying process will stop. 
Otherwise, this process is repeated until all relays have 
participated in the relaying process or a predefined 
maximum number of relaying phases is reached. In order to 
satisfy QoS requirements at the primary network, the overall 
interference power experienced by each primary receiver 
should remain below the maximum licensed interference 
power: 
 

 , = ∑ ℎ
′, , ′, ′( )

′, ≤′  

 ; ′ ,   , ,  { ,…, },…,,…,  
(15) 

 
In this equation,  indicates the ratio of the bandwidth 
occupied by the j th primary node to the bandwidth of the 
secondary network and  is the maximum tolerable 
interference of the j th primary receiver.   

The achievable rate in the cognitive receiver in the q th 
relaying phase can be expressed by: 
 

, = log 1 + ,  (16) 
 

III. PROBLEM FORMULATION 

In this section, the details of problem formulation are 
presented. The main objective of the joint power allocation 
and beamforming at relay nodes is minimizing total power 
consumption at those relays cooperating during the relaying 
phases. This should be done under (11), (14) and (15) 
constraints. This optimization problem can be formulated as 
follows: 

 
 ,   , =  ;  : 
        , ≥  − , −                          ∑ ,  ;      
        , ≤    ;    
       , ≤ ,  ; 
for , , ,  {1, … , }, = 1, … , ,  = 1, … , .  
 

(17) 

 
If there is not any feasible solution for (17) within the 

current relaying phase, another optimization problem is 
defined in this phase to maximize the achievable rate at the 
secondary receiver, in anticipation of meeting the target 
SINR in the next phase. Correspondingly, this optimization 
problem is defined as follows: 
 

,  , = log 1 + ,  
 
  : 
         , ≤  ; 
        , ≤ , ;   

(18) 

for , , ,  {1, … , }, = 1, … , ,  = 1, … , .  
 

The optimization problems defined in (17) and (18) find 
the optimum beamforming weights and transmission powers 
of the selected relays under maximum power constraints and 
all users' QoS requirements.  

IV. USING GENETIC ALGORITHM FOR JOINT POWER 

ALLOCATION AND BEAMFORMING 

Genetic algorithm is an adaptive procedure based on the 
principles of evolution and hereditary rules. This algorithm 
is one of the powerful tools for solving the highly 
constrained complex optimization problems [12]. 

To apply GA, the population size in each generation set to 
10 times of the number of chromosomes. Chromosome 
parameters include transmission power values and 
beamforming weight vectors of the relay nodes. Therefore, 
each chromosome contains × (2 + 1) parameters, 
where,  represents the number of selected relays in the q 
th relaying phase and  is the number of antenna elements 
at the relay nodes. The optimization vector can be defined 
by: = , , ( ), … , ,ℎ( ), … , ℎ  (19) 

where ,  is the transmission power vector of relays in 
the q th relaying phase and ( ) and ℎ( ) are K-
component vectors containing amplitudes and phases of 

's, respectively. In order to apply GA to optimization 
problems defined in (17) and (18), we rewrite these 
problems in the following standard form: 
 

   ( )  

 

 :                                                         ( )  ; ( ),…, ( )
                 ( )   ; ( ),…, ( )
                 ; ,…,,…,

 
(20) 

 
where,  is the objective function,  is a vector containing 

 equality constraint functions,  is a vector containing  
inequality constraint functions, and  and  are the lower 
and upper bound vectors for optimization parameters, 
respectively. In this scheme, the lower bound vector, is an 
all-zero row vector of size × (2 + 1). The i th 
component of the upper bound vector is given by: 
 

= ,  ; ∀ ∈ 1,                                                         1       ; ∀ ∈ + 1, × ( + 1)                          2     ; ∀ ∈ × ( + 1) + 1, × (2 + 1)   (21) 
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The X vector should be found such that minimize the 
objective function in (17) and maximize the objective 
function in (18). 

Various conditions have been suggested for ending 
genetic algorithm search. At the best condition and by 
specifying the optimized value of the target function, search 
is finished after finding the best answer. Otherwise, time 
limitation can control the number of repetitions for 
searching the best answer. So, we can specify a number as 
the maximum number of iterations at the beginning of the 
search. If the best answer is achieved before reaching to this 
number, the searching process is stopped, otherwise, the 
searching process is continued until to the last iteration. If 
no changes are appeared in the amount of target function 
after defined number of iterations, searching process is 
stopped. In these conditions, the resulted solution may not 
be the global optimized solution [12].  

V. SIMULATION RESULTS 

In this section, we present some simulation results to show 
the performance of the proposed scheme. In the considered 
scenario, the primary network consists of a transmitter-
receiver link. Two different cases are considered for 
secondary network where two or five relays assist the 
secondary transmitter to transmit to the destination. In this 
system, the secondary transmitter and receiver are located at (−0.5 , 0) and (0.5 , 0), respectively. Moreover, we 
assume that , = 13 , , = 16 , , =50 , , = 7  and , = 4  in first case and 
these distances considered as follows in second case: , = 27 , , = 24 , , = 15 , , = 16 , , = 13 , , = 7 , , = 4 , , = 5 , , = 4 , , = 7 , , = 50  

Furthermore, the ratio of the bandwidth occupied by the 
primary nodes to the bandwidth of the secondary network is 
assumed 0.04. Each of the relays equipped with a linear 
array of K uniformly spaced omnidirectional antenna 
elements with an antenna separation distance equal to half of 
the operating frequency wavelength. In order to investigate 
effect of different number of antenna elements, three 
different cases of K1=K2=1(without beamforming), 2 and 4 
are considered which Ki (i=1,2) is the number of antenna 
elements at the i th relay node. The channel energy 
associated with a certain link →  is modeled according 
to , = ,⁄ , where ,  is the distance between 
node  and node ,  is the reference attenuation for a 
reference distance of = 1  and  is the path loss 
exponent. In the simulations,  and  are set to −50  and 2, respectively. It should be mentioned that variance of the 
AWGN process is assumed identical for all secondary nodes 
and set to = −64 . Suppose we require an SINR 
increment of 3  during the relaying phases and the 
maximum number of relaying phases is set to 1. Also, the 
transmission power constraints of each SUs is set to 37μ  
and transmission power of the primary transmitter is set to 40 . The maximum tolerable interference to the primary 
receiver  is −100 . The population size in the GA set to 
10 times of the number of optimization parameters. 

Allocated transmission power to each of the relays in the 
first case where two relays assist cognitive transmitter and in 

the second case where five relays cooperating in this process 
are shown in Fig. 2. In both cases, it is assumed that each of 
the relays is equipped with 4 antennas.  

Total power consumption at the relays is investigated at 
three different cases of K1=K2=1(without beamforming), 2 
and 4 relay antennas to check the relationship between array 
antenna elements and performance of the scheme. Fig.3 
shows this comparison for total transmit power of relays 
when secondary network consists of two relays. It is seen in 
Fig. 3 that according to expectations, by increasing the 
number of antenna elements in the relay nodes, a significant 
reduction in the total transmission power can be seen. 

Convergence of the SINR at the cognitive receiver in the 
case of 2 relays is shown in Fig. 4 for three different cases 
of K1=K2=1(without beamforming), 2 and 4 antennas. The 
figure shows that SINR amount of the destination node is 
converged to the  in a reasonably low number of 
iterations. Fig. 5 shows the interference introduced to the 
primary receiver in this case. This result shows that the 
primary network can meet its QoS requirements and the 
proposed approach satisfied the maximum tolerable 
interference limit of the primary receiver. 

 

 

Fig. 2.Transmission power of the relays, Top:  N=2, Bottom: N=5. 

 

Fig. 3.Total transmission power of the relays, for different number of 
antennas. 
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Fig. 4.SINR of secondary receiver, for different number of antennas. 

 

Fig. 5.Amount of interference to the primary receiver, for different number 
of antennas. 

Therefore, it is observed that applying joint power control 
and beamforming in relay nodes satisfies QoS requirements 
in both primary and secondary networks while significantly 
reduces power consumption of relays in comparison to the 
case where just power control is applied in these nodes. 

VI. CONCLUSIONS 

We have employed joint power allocation and 
beamforming in the relay nodes of a CR network operates in 
the geographical area of a primary network to which the 
spectrum is licensed. It has shown that by applying the 
proposed approach we can significantly reduce the power 
consumption of relays in order to maintain target SINR of 
the secondary receiver. Simulation results show that power 
consumption of the relays is much less than the case where 
just power control is employed. Also, the proposed scheme 
satisfies the interference constraint of the primary network. 
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