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Abstract. In this paper, we investigate power allocation 
and beamforming in a relay assisted cognitive radio (CR) 
network. Our objective is to maximize performance of the 
CR network while limiting interference in the direction of 
the primary users (PUs). In order to achieve these goals, 
we first consider joint power allocation and beamforming 
for cognitive nodes in direct links. Then, we propose an 
optimal power allocation strategy for relay nodes in 
indirect transmissions. Unlike the conventional cooperative 
relaying networks, the applied relays are equipped with 
directional antennas to further reduce interference to the 
PUs and meet the CR network requirements. The proposed 
approach employs genetic algorithm (GA) to solve the 
optimization problems. Numerical simulation results il-
lustrate the quality of service (QoS) satisfaction in both 
primary and secondary networks. These results also 
show that notable improvements are achieved in the 
system performance if the conventional omni-directional 
relays are replaced with directional ones. 
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1. Introduction 
Recently, the increasing number of various wireless 

services, licensed by conventional fixed spectrum 
allocation policy, makes the spectrum access a significant 
problem [1]. Federal Communication Commission (FCC) 
reports evidence of the claim and show that the spectrum 
scarcity is not a result of the heavy usage of the spectrum, 
but it is merely due to the inefficiency of the static 
frequency allocation [2]. Cognitive radio (CR), which was 
first proposed in late 1990s [3], is a promising approach to 
overcome the problem. This technique enables much more 
spectrum efficiency by spectrum sharing between the 
primary users (PUs), to which the spectrum is initially 
licensed, and the secondary unlicensed users [4]-[6]. The 
basic concept of the CR networks is to allow secondary 
users (SUs) to use licensed spectrum bands oppor-

tunistically as long as they cause no intolerable interference 
to the PUs [6]. 

The major challenge of the CR networks is to meet 
quality of service (QoS) requirements of the PUs while 
trying to maximize throughput of the SUs. Some re-
searchers are focused on the joint optimization of the 
spectrum sensing and data transmission in CR networks to 
address this problem [7], [8]. However, they do not con-
sider optimal power allocation for throughput maxi-
mization in the CR relay networks. In [9], an optimal 
power allocation strategy is proposed to maximize the 
secondary throughput under both sensing performance and 
total power constraints.  

Cooperative communication can effectively tackle the 
challenges of wireless channels such as multipath fading, 
shadowing and path loss. Relay nodes are able to create 
multiple links between a transmitter and a receiver. 
Consequently, spatial diversity can be achieved by 
cooperative communication through relays [10], [11]. 
Furthermore, amplify-and-forward (AF) relaying can be 
used to improve the sensing performance and increase the 
throughput [12], [13]. In [14], throughput maximization 
problem is studied in the CR relay networks where non 
orthogonal amplify-and-forward (NAF) cooperation proto-
col is applied. Cooperative transmission of primary traffic 
by secondary network is also investigated in [15]-[17].  

Power control is also an efficient approach to access 
the spectrum without counteracting transmission of the 
licensed users. In [18], the authors consider a power control 
scheme in the CR networks where SUs identify and exploit 
instantaneous and local spectrum opportunities without 
causing unacceptable interference to the PUs. A power and 
channel allocation scheme is investigated in [19] for three 
kinds of cooperative relay scenarios in CR networks. 
However, this work assumes that the spectrum bands are 
ready for use and does not consider the interference power 
constraint to the PUs. In [20], a joint power and channel al-
location scheme is proposed for cooperative relay-assisted 
CR networks. This scheme is based on the energy pricing 
for parallel transmission and try to extend the lifetime of 
the network by considering variant transmit power and 
spectrum availability. In [21], the SUs can get access to an 
estimated free channel with the assigned bandwidth and 
power.  
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Cooperative communication is also considered in CR 
networks using directional relays or multiple antennas. In 
these schemes, beamforming techniques can increase / 
decrease signal energy in specific directions and improve 
system performance. In [22], the authors intend to 
maximize the service probability of the SUs subject to the 
interference constraints on the PUs. To this end, they 
devised an iterative algorithm to efficiently obtain the 
optimal beamforming solution. In [23], a relay-assisted 
wireless cellular network with multiple-input single-output 
(MISO) broadcast channel is studied. In this scenario, both 
the base station and relay are equipped with multiple 
antennas and employ joint beamforming and power control 
to minimize total consumed power. The problem of joint 
power control and beamforming is studied in [24] to 
minimize total transmission power of the CR network. This 
problem is solved such that the received interferences at the 
PUs remain below a threshold level while the signal to 
interference plus noise ratio (SINR) requirements of the 
SUs who were admitted in the system are guaranteed. 
In [25], performance of the directional relays is compared 
to omni-directional ones to exploit a new spectrum 
opportunity and achieve higher spectrum efficiency. 

Recently, we considered joint power allocation and 
beamforming scheme in relay nodes of a CR network [26]. 
These nodes were equipped with omni-directional anten-
nas. However, in this paper, we consider directional relays 
and employ joint power allocation and beamforming in the 
transmitter and relay nodes of a secondary network. The 
secondary network applies a scheme consists of two trans-
mission modes: direct mode and indirect (relay) mode. In 
direct mode, joint power allocation and beamforming 
scheme is performed in the secondary transmitter. In this 
mode, the direct links should guarantee QoS requirements 
of the primary network while trying to maximize total 
SINR in the SUs. In the later mode, which is activated if 
QoS requirements are not maintained in at least one SU, 
directional relays cooperate in transmission process and try 
to satisfy QoS requirements in both primary and secondary 
networks. The directional relays and array antenna applied 
in the network can significantly improve system perform-
ance. Both of the transmission modes employ genetic 
algorithm (GA) to determine optimization parameters. The 
convergence rate of the algorithm is investigated for 
defined problems by some numerical simulations. 

The paper is classified as below. In Section 2, the 
system model is described. The optimization problems are 
formulated in both transmission modes in Section 3. In 
Section 4, a GA procedure is applied to solve defined 
problems. Then, in Section 5, numerical simulation results 
are presented to investigate performance of the proposed 
scheme. Finally, the paper is concluded in Section 6. 

2. System Model 
A primary broadcasting network, consisting of one 

transmitter (PTx) and K receivers, is considered. We also 
consider that a cognitive wireless relay network consists of 

one transmitter (STx), L receivers and N relay nodes, 
coexists with the primary network in the same geographical 
area. The secondary transmitter is equipped with a linear 
array of M uniformly spaced omni-directional antenna 
elements. All secondary receivers are also equipped with 
omni-directional antennas. Each relay node has directional 
transmitting and omni-directional receiving abilities. This 
directional transmission increases signal energy toward the 
desired area and reduces interference in other directions. 
This property improves the probability of successful 
communications in the CR network and mitigates the 
harmful interference to the PUs. Furthermore, relay nodes 
are grouped into L clusters based on their geographical 
proximity. Each cluster is responsible to forward the 
message signal from the secondary transmitter to the 
corresponding cognitive receiver. This system model is 
depicted in Fig. 1. 

 
Fig. 1. System model. 

In cognitive network, joint power allocation and 
beamforming scheme is performed at the secondary trans-
mitter. It is assumed that the secondary transmitter has 
perfect knowledge about all channel gains of the system. 
Actually, channel estimation is an important subject in the 
considered scenario. But, as the main focus of this paper is 
on employing directional relays for multi-hop cooperative 
CR networks, we apply this simplifying assumption. Some 
good approaches recommended in [27] may be used to 
estimate the channel gains. The secondary transmitter array 
response in the direction of departure,�, is defined by [28]: 

 � � � � � � � �� �Tsin1/2sin/2 ,,,1 ������� 			
 Mdjdj cc ee �v  (1) 

where d is the separation distance between two antenna 
elements, �c is the carrier wavelength of the message signal 
and (.)T denotes the transpose operations. We also consider 
slow flat fading channels in which the channel responses 
are constant over each symbol period. Furthermore, we 
denote channel loss from the STx to the lth SU, kth PU, and 
the rth relay node by )(s

lg , )(s
kg� , and )(s

rg �� , respectively. 
Similarly, )( p

lg , )( p
kg� , and )( p

rg ��  indicate the channel loss 
from PTx to the lth SU, kth PU, and the rth relay node, 
respectively, where l � [1, L], k � [1, K], and r � [1, N]. 
The channel response from the cognitive transmitter to the 
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lth SU, kth PU, and the rth relay node are respectively 
shown by the following M-component vectors: 
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where �l, �´k, and �´́r are direction of departure from the 
secondary transmitter to the lth SU, kth PU, and rth relay 
node, respectively. 

3. Problem Formulation 
The process of signal transmission from the secondary 

transmitter to the SUs consists of two different trans-
mission modes: direct mode and indirect (relay) mode. 
Indirect mode takes place when the direct links between the 
transmitter and cognitive receivers failed due to some 
problems such as multipath fading, shadowing, and path 
loss and thus QoS requirements are not satisfied in the 
secondary network. Under such conditions, relaying 
process begins and directional relays are responsible to 
forward the message signal from the secondary transmitter 
to the SUs. This cooperative communication method helps 
to overcome the mentioned problem and tries to guarantee 
the desired QoS in both primary and secondary networks.  

3.1 Direct Mode-Joint Power Allocation and 
Beamforming Scheme 
In direct mode, transmission process starts by 

establishing direct links between the cognitive transmitter 
and receivers. A joint power allocation and beamforming 
scheme is performed at the secondary transmitter to 
establish these links and keep the induced interference to 
the PUs below an acceptable level. 

The secondary transmitter creates L data streams each 
carrying an independent message signal to one of the SUs. 
Each of these signals is multiplied by the beamforming 
vector assigned to the corresponding SU and transmitted 
toward this user. At the same time, primary transmitter, 
which employs time division duplex (TDD) method, 
transmits a continuous signal with power p0. Conse-
quently, the received signal at each of the SUs can be 
expressed by: 
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where, pi is transmission power of the secondary 
transmitter to the ith SU, subject to its maximum power 
constraints, ip , wl = [wl

(1), …, wl
(M)]T, 
l � [1, L] is a M-

component complex weight vector for the lth SU, hi is the 
channel response from the cognitive transmitter to the ith 
SU, and (.)H is the Hermitian transpose. Also, si(t) is the 
message signal transmitted by the secondary transmitter 

received at the ith SU with delay �i. In (3), s0(t) is a mes-
sage signal transmitted by the primary transmitter. This 
message signal has unit energy and arrives to the lth SU 
with delay �0

l. It is assumed that the message signals have 
unit energy. This means that E{|si(t)|2}=1. The E{.} and |.| 
denote the statistical expectation and amplitude of a com-
plex number, respectively. The additive noise nl(t) is 
circularly symmetric complex Gaussian (CSCG) random 
sequence at the input of the lth SU, with zero mean and 
variance of E{|nl(t)|2}=�2 (which is identical for all 
cognitive nodes). 

Similarly, the received signals at each of the PUs and 
relay nodes can be expressed respectively, as follows: 
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where, � ĺ and �´́l are time delays of the message signals 
received from the secondary transmitter at the kth PU and 
the rth relay, respectively. Similarly, � 0́

k
 and �´́ 0

 r indicate 
the time delays of the message signals received from the 
primary transmitter at the kth PU and the rth relay node, 
respectively. The terms of n ḱ (t) and n´́ r (t) are CSCG noise 
at the kth PU and the rth relay node, respectively. 

We define an optimization problem to find beam-
forming weights and transmission power values in order to 
maximize the total SINR in the SUs while QoS is satisfied 
for each PU. This optimization problem can be formulated 
as follows: 

 �
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where, �0 is maximum tolerable interference to the PUs. 
Also, SINRl and �k are the amount of SINR at the lth SU 
and interference power experienced by the kth PU, 
respectively, which can be defined by: 
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Also, ps = [p1, …, pL] and Ws = [w1, …, wL] are 
optimization parameters. These vectors consist of transmis-
sion power values and beamforming weights of the second-
ary transmitter. Transmission power values are limited by 
maximum power constraint, sp . In (7), �2 is the noise 
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variance which is identical for all cognitive nodes. This is 
a simplified, but acceptable hypothesis. A GA procedure is 
applied to solve the optimization problem.  Then, the 
amount of SINR should be checked in each of the SUs: 

 SINRl ≥ SINRtarget ;   l = 1, …, L. (9) 

If (9) is not satisfied in each of the SUs, it means that 
the indirect transmission through the directional relays 
must be activated for that user. 

3.2 Indirect Mode-Relays Equipped with 
Directional Antenna 
In the previous section, we have seen that if any of the 

direct links does not maintain the target SINR, the indirect 
mode is activated for its corresponding user. In this case, 
directional relays of a cluster assigned to that SU are 
responsible to forward the transmitted message signal. But 
first, it is necessary to determine those relays in the 
corresponding cluster that decode the source message 
without any error. To this end, the achieved SINR of these 
relays are compared with a predefined threshold. Those 
relays that their SINRs are greater than or equal to this 
threshold value, are selected to participate at the second 
step of the scheme: 

 � �� �LLLll
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where SINRthr is the threshold value and SINRr
(l) denotes 

the SINR value at the rth relay node of the lth cluster and is 
defined by: 
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In (11), N(l) is the number of relays in the lth cluster 
and L´ denotes the set of SUs that their required SINR 
values are not satisfied by direct transmission. 

In fact, secondary relays are considered as some 
nodes that have two capabilities. In the first stage, they act 
as secondary receivers to receive the message signal trans-
mitted by the cognitive transmitter and in the next stages, 
they are intermediate transmitters to forward the message 
signal to the main cognitive receivers (SUs). 

After determining those relays that can participate in 
the indirect transmission mode, the relaying phase starts to 
meet the QoS at those SUs which cannot decode the 
message signal in the first transmission mode. The QoS 
constraints of these SUs should be investigated after each 
relaying phase to determine if they can receive their 
message signals in proper manner. If the required QoS 
requirements do not maintained in any of the SUs, the 
relaying process is repeated until all relays participate in 
the relaying process or a predefined maximum number of 
relaying phases, Nmax, is achieved. 

Both transmit and receive processes at the cognitive 
nodes are executed based on data buffering. Consequently, 
after each phase of the relaying process, the SINR values at 
inactive relays of each cluster are increased and these 
relays may participate in the next phase of the relaying 
process. 

The data buffering and iterative relaying processes 
reduce the throughput of the CR network. This reduction is 
proportional to the number of relaying phases. This is the 
cost that is incurred by the CR network to meet the whole 
system requirements. 

In the nnth phase of the indirect transmission, the 
received signal at the lth SU can be expressed as: 
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where R(nn) denotes the set of selected relays in the nnth 
relaying phase and L´(nn) denotes the set of SUs that cannot 
correctly decode the message signal of the secondary 
transmitter up to this phase. Also, gl

(r) and gl
(p) are the 

channel losses between the rth relay and the lth SU, and 
between the PTx and the lth SU, respectively. The 
parameters, pr

(nn) and sr(t) indicate transmission power and 
message signal of the rth selected relay in the nnth relaying 
phase. A message signal has unit energy (E{|sr(t)|2}=1) and 
is received at the lth SU with delay l

r�~ . Furthermore, 
transmitted signal of the primary transmitter is received at 
the lth SU with delay �0

l. The term nl(t) is CSCG noise at 
the lth SU. Also, Fr(�l) represents the radiation pattern of 
the rth relay in the direction of the lth SU. The radiation 
pattern of the rth relay is defined by: 
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In the nnth phase of indirect mode, transmitted signals 
of the relays introduce some interference values to the PUs. 
Applying relay nodes equipped with directional antennas 
can be further reduced the interference and increase the 
QoS in the primary network. In the nnth phase of the 
relaying process,the received signal at each of the PUs is 
given by: 
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where g´k
(p) and g´k

(r) are the channel losses from PTx to the 
kth PU and from the rth relay to the kth PU, respectively. 
Also, �´0

k and �´r indicate the time delay experienced by the 
signal transmitted from PTx to the kth PU and from the rth 
relay to the kth PU, respectively. The angle �´k is direction 
of departure from the rth relay to the kth PU, and finally, 
n´k(t) is CSCG noise at the input of the kth PU. 

Similarly, the received signal in the rth relay is: 
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where, g´́ r
(r´) and g´́ r

(p) are the channel losses from the r'th 
relay to the rth relay and from PTx to the rth relay, 
respectively. Also, r ����~  and r

0� ��  indicate the time delay of 
the signal transmitted by the r'th selected relay and PTx to 
the rth relay, respectively. The angle �´́ r is direction of 
departure from the r'th relay to the rth relay and  
Ns

(nn)-1 denotes the number of selected relays up to (nn-1)th 
relaying phase. 

The relaying phases in the indirect transmission mode 
are terminated if the required QoS is maintained in the 
secondary network: 
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Otherwise, the process is continued until all relays 
have participated in the relaying process or a predefined 
maximum number of relaying phases is achieved. If it is 
necessary to continue the relaying phase, the relays that 
participate in the next phase are determined through their 
new SINR values. The SINR value of each relay is:  
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where Rl
(nn) denotes the set of relays located in the lth 

cluster which have participated in the nnth relaying phase. 
Therefore, the relay that its total SINR exceeds the 
activation threshold level can participate in the next phase 
of relaying. 

We defined a new optimization problem to find 
optimum transmission power values of the relays partici-
pate in the indirect mode. The objective is minimization of 
the total power consumption of those relays that participate 
in each phase. This is done under QoS constraints of both 
primary and secondary networks, taking into account their 
maximum transmission power constraints: 
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where SINRl
(nn) and �k

(nn) are the amounts of SINR at the 
lth SU and interference power experienced by the kth PU in 
the nnth phase of the relaying mode, respectively which are 
defined by: 
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If (18) does not have a feasible solution, i.e., the 
target SINR cannot be achieved within the current relaying 
phase, it is necessary to follow another optimization 
problem in order to maximize total SINR of the SUs under 
QoS constraints of the PUs: 
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subject to: 
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The optimization parameters in each of the above 
defined problems are found so that the QoS constraints in 
both primary and secondary networks are satisfied. 

4. Using Genetic Algorithm to Solve 
Problems 
Genetic algorithm is one of the recent optimization 

methods that mostly used in complicated and nonlinear 
problems [29]. This algorithm has attracted much attention 
because of its ability to solve global optimization problems, 
flexibility against complicated sets, and simple implemen-
tation. This algorithm maintains a population of potential 
solutions and applies an iterative selection process based on 
the fitness of individuals to find the optimum solution in 
the search space. 

Here we use GA to solve the optimization problems 
defined in the previous sections. The population size of 
each generation is set to 10 times of the number of 
optimization parameters. The optimization parameters in 
(6) and (18) are a row vector of size L(2M + 1) and Ns

(nn), 
respectively. In (6), this vector includes transmission power 
values and beamforming weights of the secondary 
transmitter assigned to each SUs: 
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In (18), X is transmission power of the relays that 
participate in the indirect mode of transmission: 
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where Am(wl
T) and Ph(wl

T) are M-component vectors 
indicating amplitudes and phases of wl's, respectively. 
Also, Pri is transmission power of the ith relay participates 
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in the indirect transmission mode and Ns
(nn) is the number 

of the selected relays in the nnth relaying phase of this 
transmission mode. 

We rewrite the defined optimization problems in the 
following form: 
 � �XFXmin  

subject to: 
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where  is the objective function, CE is a vector containing 
P equality constraints, CI is a vector containing Q in-
equality constraints, and Lb and Ub are the lower and 
upper bound vectors for the optimization parameters, 
respectively. 

The lower bound vector in both problems is an all-zero 
row vector. The upper bound vectors are defined as follows 
for direct and relay modes, respectively: 
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If (18) does not have any feasible solution, the same 
procedure is applied to solve the optimization problem 
defined in (21). 

Various conditions have been suggested to terminate 
GA searching process. At the best condition, GA is stopped 
when the best solution is found. Otherwise, a predefined 
time limitation is applied to terminate the searching 
process. Genetic algorithm can also stop if a predefined 
maximum number of iterations or error values are achieved 
[29]. 

5. Numerical Results 
In order to evaluate performance of the proposed 

approach, we consider the system shown in Fig. 2. In this 
system, a rectangular area with a size of 1500 m × 1500 m 
is considered as the coverage area of a primary network 
with one transmitter and two receivers. A CR network, 
consists of one transmitter and two receivers are located in 
this area and eight relays which are grouped in 2 clusters, 
are responsible to forward the message signal from STx to 
the cognitive receiver assigned to their clusters. 

The channel energy associated with a certain link 
X → Y is modelled according to �X,Y = L0(d0/dX,Y)�, where 
dX,Y is the distance between node X and node Y, L0 is the 
reference attenuation for a reference distance of d0 = 1 m 
and � is the path loss exponent. In the simulations, L0 and 
� are set to -30 dB and 2, respectively. Transmission power 
 

 
Fig. 2. Configuration of the considered system. 

 
Fig. 3. Total interference to the PUs in the direct mode. 

of the primary transmitter is set to 100 mW and maximum 
transmission power of the secondary transmitter and relay 
nodes are assumed to be 17 mW and 37 mW, respectively. 
The maximum tolerable interference to the PUs and the 
target SINR of the SUs are set to -40 dBm and 5 dB, 
respectively. For all secondary nodes, �n

2 is set to -60 dBm. 
In each of the problems, the population size of the GA is 
set to 10 times of the number of optimization parameters. 

In the following subsections, performance of the 
system is evaluated in both modes of transmission. 

5.1 Direct Mode  
In the direct mode, joint power allocation and 

beamforming scheme is employed in the secondary 
transmitter. For this purpose, the secondary transmitter is 
equipped with a linear array of uniformly spaced omni-
directional antennas with an antenna separation distance 
equal to half of the operating frequency wavelength. 

The interference power experienced by each primary 
receiver is shown in Fig. 3. These results show that the first 
mode of the proposed scheme satisfied the QoS 
requirements of the PUs. Figure 4 shows convergence of 
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Fig. 4. Convergence of SINR at the SUs in the direct mode. 

the SINR at the SUs when secondary transmitter is 
equipped with a linear array of 4 elements. These results 
are compared to the case where the cognitive transmitter 
equipped with single antenna. According to expectations, 
array antennas can increase the SINR values at the SUs. 
However, the achieved SINR values do not maintain the 
desired QoS in the users. This leads to employing 
directional relays in the indirect transmission mode. 

5.2 Indirect Mode  
In the indirect mode, signal transmission to the 

cognitive receivers is performed by cooperation of the 
relays equipped with directional antennas. The beamwidth 
of each relay is set to 0.7854 radian. 

Total transmission power of the relays is shown in 
Fig. 5 and compared to the case where relays are equipped 
with omni-directional antenna. This figure shows that 
applying directional antennas can significantly reduce 
power consumption in the CR network. Also, performance 
of the proposed scheme is investigated by checking the 
QoS in the primary and secondary networks. The achieved 
SINR at the SUs is shown in Fig. 6. It is seen that 
cooperative transmission improves the QoS at the SUs. The 
SINR values are converged to the target value in 
a reasonably low number of iterations. Total interference 
experienced by each of the PUs is shown in Fig. 7. 
According to this figure, directional transmissions protect 
PUs from harmful interference and guarantee QoS of these 
users. 

Above results show that the proposed scheme by 
applying directional relays, can tackle challenges faced in 
the practical implementation of the CR networks. 

6.  Conclusions 
Generally, coexistence of the primary and secondary 

networks is faced with some challenges. Some advanced 
techniques, such as cooperative relaying and directional 
transmissions are used to overcome these challenges. In 
 

 
Fig. 5. Total transmission power of the relays. 

 
Fig. 6. Convergence of SINR at the SUs in the indirect mode 

of transmission. 

 
Fig. 7. Total interference to the PUs in the indirect mode of 

transmission. 

this paper, the joint power allocation and beamforming 
scheme was applied in the secondary transmitter with 
employing directional relays. Two different transmission 
modes were formed: direct mode from secondary 
transmitter to SUs and indirect mode via directional relays. 
These transmission modes were implemented by employ-
ing GA as an optimization technique for solving the 
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nonlinear problems. Their performances were investigated 
to meet the QoS of both primary and secondary networks. 
The simulation results showed that cooperative 
communication through directional relays can significantly 
improve the system quality against conventional techniques 
employ omni-directional ones. 
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