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A B S T R A C T  
 

 

Energy consumption and throughput optimization in cognitive radio networks (CRNs) are two critical 

issues that have attracted more attention in recent years. In this paper, we consider maximization of the 
energy efficiency and improvement of the throughput as optimization metrics for jointly optimizing 

sensing times and energy detection thresholds in each sub-channel and selecting the spectrum sensing 

(SS) and data transmitting multi-antenna secondary users (SUs) in multi-channel multi-antenna CRN 
under constraints on the probabilities of false alarm and detection. The considered problem is solved 

based on the convex optimization method and the algorithm having less computational complexity 

compared to baseline approaches is proposed to achieve the optimal parameters and goals of the problem. 
The performance of the proposed scheme is evaluated by simulations and compared with the other 

methods. The results indicate that the proposed approach can achieve less energy consumption while the 

minimum required throughput is guaranteed. 

doi: 10.5829/ije.2023.36.09c.15 
 

 
1. INTRODUCTION1 
 
Cognitive Radio (CR) has emerged as a practical 

approach to enhance spectrum efficiency (SE) by 

allocating the sensed bands as idle of the licensed users 

(primary users, PUs) to the unlicensed users (secondary 

users, SUs) [1]. Therefore, SS becomes a fundamental 

task in CR to quickly and reliably detect the presence of 

the Pus [2]. Energy detection is the most common 

technique for SS due to its simple implementation. In 

addition, it does not need prior knowledge of the PU’s 

signal. However, reliable SS is not always guaranteed 

because of multipath fading and shadowing. Cooperative 

SS (CSS) approaches have been proposed to overcome 

these problems. CSS combines the local sensing 

decisions of multiple SUs or antennas in a fusion center 

(FC) for making a more reliable final decision on the 

absence/presence of the PU by achieving the advantage 

of the spatial diversity in wireless channels [3]. A lot of 
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work has been done on sensing-throughput tradeoff and 

finding the optimum SS parameters such as detection 

threshold value for energy detection, SS time and power 

for data transmitting to guarantee the best performance 

on the probability of false alarm, 𝑃𝑓 
 , the probability of 

detection, 𝑃𝑑 

 , and as well as the throughput of CRN [4-

13]. A sum-rate maximization strategy was proposed by 

Salari and Francois [14] to jointly obtain the optimal 

Energy Harvesting (EH) time allocation factor and 

distributed beamforming coefficients that achieve the 

best system performance for the secondary network 

under the individual EH power constraints at relays and 

an interference power constraint at the primary receiver. 

The sum throughput of SUs was maximized by Hameed 

et al. [15], while managing the interference constraint. 

For this goal, the uplink and downlink phase shift 

matrices of the IRS elements with optimal time slots for 

wireless energy transfer (WET) on downlink and 

wireless information transfer on uplink were optimized. 
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Most early research on SS has been primarily 

performed on sensing a single-band. However, multi-

channel (multi-band) spectrum access has recently 

developed where multiple bands used by more than one 

PU are sensed and accessed to enhance the throughput 

and reduce data transmission interruptions due to the 

activities of the PUs. Many approaches have been 

presented to achieve the maximum throughput of the 

multi-channel CRN by optimizing the different sensing 

and transmission parameters [16-23]. 

The above-mentioned works only consider single-

antenna CRNs. However, multi-antenna systems can 

provide many benefits for CRN such as multiplexing gain 

and diversity [24, 25]. In multi-antenna CSS, diversity 

leads to behave SUs virtually the same as systems having 

multiple sensing SUs. These benefits can be exploited to 

enhance the sensing and transmission capabilities of 

CRN that overcomes the fading problem and hence, 

increases the SUs’ throughput. The optimal values of the 

SS times, sensing thresholds and transmit power were 

obtained for increasing the throughput in multi-antenna 

CRNs subject to constraints on transmit power, 𝑃𝑑 

 and  

𝑃𝑓  
   [26]. In a cooperative multiple-input single-output 

(MISO) CR system was proposed by Liu et al. [27], some 

of the antennas are used to transmit the SU’s data and the 

rest antennas for transmitting the PU’s data. Kumar et al. 

[28] enhanced the SE by using multi antennas CSS and 

minimizing the spectrum sensing error. The problem of a 

joint robust transmission, reflection and reception 

strategy design at an active reconfigurable intelligent 

surface (RIS)-assisted underlay MIMO CRNs is solved 

in which a secondary transmitter serves multiple 

secondary receivers, simultaneously [29]. The energy 

and matched filter detectors were employed by Rauniyar 

and Shin [30] as cascades in each antenna of the multi-

antenna CRN. Then the local sensing results of all 

antennas were combined to enhance the detection 

performance. A SS algorithm based on sample variance 

was proposed that significantly reduces the number of 

sampling points in MIMO schemes to achieve the 

optimum detection performance [31]. An energy 

harvesting-based multi-antenna CR scheme presented 

by Liu et al. [32] for powering SUs by harvesting energy 

from radio frequency (RF) signal of the PU and the 

noise. The performance of SS and throughput can be 

enhanced by using more cooperative SUs in the network. 

Nonetheless, this enhancement is at the cost of increasing 

the consumed energy and communication overhead of 

CRN [33]. Therefore, the selection of Sensing and data 

Transmitting SUs (SSUs & TSUs) has a significant 

impact on the throughput and energy consumption of 

CRN. Moreover, the frame structure of the opportunistic 

spectrum access CR networks consists of a spectrum 

sensing time slot (duration 𝜏) and a data transmission 

time slot (duration T- 𝜏), as shown in Figure 1. The 

longer sensing time increases the probability of detection 

and PU protection but decreases the transmission 

opportunity of the CR. Hence, the achievable throughput 

of the SUs is reduced. Therefore, a fundamental tradeoff 

exists between the duration of spectrum sensing and data 

transmission. Also, the more or less sensing times lead to 

more energy consumption because it takes more time for 

sensing and data transmitting, respectively. 

The interplay between the above-mentioned 

components calls for jointly optimizing the sensing and 

data transmission parameters of CRN, which is the major  

issue of this paper. The aim is to share the advantages of 

multi-antenna and multi-channel CRN. 

We solve the joint optimization problem of the 

detection thresholds, SS times, and the selection of multi-

antenna SSUs and TSUs for each sub-channel to 

minimize the energy consumption and improvement of 

the throughput of CRN. 

The main contributions of this paper are outlined as 

follows: 

- Most of work done so far on CRNs just optimizes 

either the achieved throughput or consumed energy 

of CRN, but in this paper, we consider minimization 

of the energy consumption and enhancement of the 

throughput, simultaneously. 

- We have considered the optimization problem of 

the sensing times, detection thresholds, and the 

selection of the multi-antenna SSUs and TSUs for 

each sub-channel of the multi-channel multi-

antenna CRN jointly to improve the throughput and 

minimization of the consumed energy over all the 

sub-channels under constraints on the global 𝑃𝑑 

 and 

𝑃𝑓 

  whereas most of the past done studies formulated 

an optimization problem without taking the joint 

optimization of the above-mentioned parameters for 

multi-channel multi-antenna CRN into 

consideration.  

- The presence of the PU signal is detected by the 

multi-antenna CSS, in which each antenna employs 

energy detection to sense the PU signal. As a result, 

the sensing results of all the sensing antennas are 

combined to make the global decision with the goal 

of incrementing the CR throughput and improving 

the detection capability by obtaining the sensing 

diversity gain that overcomes the multi-path fading 

problem. 
- We provide mathematical proofs for the proposed 

model. Then, convex optimization methods and 

Karush–Kuhn–Tucker (KKT) conditions are used 

 
 

 
Figure 1. The time frame structure of the model 
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to solve our mix-variable optimization problem. 

Moreover, by using a convex-based iterative 

algorithm having less computational complexity 

compared to baseline approaches, the optimum 

sensing times and detection thresholds are achieved 

in each sub-channel. We also specify the sensing 

and data transmitting multi-antenna SUs on each 

sub-channel. Using the proposed algorithm, the 

sensing and data transmitting multi-antenna SUs for 

each suitable sub-channel are selected based on 

parameters such as detection probability, residual 

energy, and SNR such that the consumed energy is 

minimized and the constraints on the detection 

performance and the minimum required throughput 

are satisfied. 

- Through simulations, we demonstrate that proposed 

scheme can significantly enhance the throughput 

and energy consumption of CRN when compared to 

structures using same sensing times or thresholds in 

all sub-channels or schemes, in which all single-

antenna SUs are participated in SS and data 

transmitting.   

The remainder of this paper is organized as follows. 

Section 2 describes the proposed system model. The 

problem formulation and analytical solution are also 

developed in this section. Section 3 provides the 

simulation results. The future prospect of the proposed 

approach are presented in section 4. Finally, conclusions 

are drawn in section 5. 

 

 

2. SYSTEM MODEL AND PROBLEM FORMULATION 

 

We consider a cooperative CRN comprised of FC, 𝐾 PUs 

indexed by the set 𝓚={1,2,…, 𝐾}and 𝑀 SUs indexed by 

the set 𝓜={1,2,…,𝑀} distributed uniformly and 

equipped with 𝐿 antennas as shown in Figure 2. The 

frequency band is assumed to be divided into 𝐾 non-

overlapping channels. Every PU can use only one of the 

bands. Each SU receives the PUs’ signal with an instant 

signal-to-noise ratio (SNR) within a particular time 

interval. Some channels might not be used by the PUs 

and are available for opportunistic spectrum access. We 

use energy detection as the SS method in proposed CR 

system. Let 𝑓𝑠
  be the sampling frequency, 𝜏𝑖 and 𝜀𝑖  the 

sensing time and detection threshold for the ith sub-

channel, respectively.  It is assumed the sensing time for 

all sensing SUs in one sub-channel is the same.   
We assume two hypotheses 𝐻0,𝑖

  and 𝐻1,𝑖
  for receiving 

the signals in each antenna, which refer to the inactive 

and active state of the PU on ith sub-channel, 

respectively.  Let 𝑌𝑖𝑗𝑙
 (𝑘) denote the kth sample in the ith 

sub-channel (the ith  PU signal) received by lth antenna 

of 𝑗th SU, 𝑠𝑖
 (𝑘) is the kth sample of the transmitted  

signal from the ith PU, 𝑤𝑗𝑙
 (𝑘) is the independent 

identically distributed (i.i.d.) Gaussian random process 

with zero mean and the variance 𝜎𝑛,𝑗
2  received by lth 

antenna of jth SU. We assume a Rayleigh fading  channel  

with gain ℎ𝑖𝑗𝑙
  between the ith PU and lth antenna of jth 

SU defined as: 

ℎ𝑖𝑗𝑙
 = 10−

𝐿𝑖𝑗𝑙

20 .𝑔𝑖𝑗𝑙  (1) 

where 𝑔𝑖𝑗𝑙  is a random process with complex Gaussian 

distribution having zero mean and unit variance [34]. 

𝐿𝑖𝑗𝑙  has two components which are described as Equation 

(2): the first component is the path loss according to the 

free-space path loss model, and the second component 

expresses a real Gaussian random variable with zero 

mean and standard deviation of 3 based on large scale 

log-normal shadowing. 

𝐿𝑖𝑗𝑙 = 20 log (
𝑑𝑃𝑆𝑖𝑗𝑙

4𝜋𝑓𝑐

 𝑣
) + 𝑛𝑗𝑙   (2) 

where 𝑑𝑃𝑆𝑖𝑗𝑙
 expresses the distance of lth antenna of jth 

SU and ith PU. 𝑓𝑐 denotes the working frequency, and 𝑣 

is the speed of light. Therefore, mathematically, the kth 

sample of the received signal of lth antenna of jth SU at 

the ith sub-channel, 𝑦𝑖𝑗𝑙
 (𝑘), can be written as two 

following hypotheses. 

𝑦𝑖𝑗𝑙
 (𝑘) = {

 𝑤𝑗𝑙(𝑘)                               𝐻0,𝑖
 : PU is absent

ℎ 𝑖𝑗𝑙𝑠𝑖
 (𝑘) + 𝑤𝑗𝑙(𝑘)         𝐻1,𝑖

 : PU is present
       

 𝑘 =1,2,...,𝜏𝑖𝑓𝑠 

(3) 

Therefore, the test statistic for lth antenna of jth SU on  

ith sub-channel is expressed as follows: 

𝑉𝑖𝑗𝑙  =
1

𝜏𝑖𝑓𝑠

∑ |𝑦𝑖𝑗𝑙
 (𝑘)|

2𝜏𝑖𝑓𝑠
𝑘=1   (4) 

where 𝜏𝑖𝑓𝑠  is the number of samples. By using the MRC 

technique as the diversity approach for combining the 

antenna's signal in jth SU, the test statistic of all antennas 

is accumulated to achieve the total received energy as 

follows [35]: 

𝑉𝑖𝑗 =
1

𝐿𝜏𝑖𝑓𝑠

∑ |(∑ 𝑦𝑖𝑗𝑙(𝑘). ℎ𝑖𝑗𝑙
∗ )𝐿

𝑙=1 |
2𝜏𝑖𝑓𝑠

𝑘=1   (5) 

As a result, the following binary test is used to decide by 

the jth SU about the presence or absence of the PU in the 

ith sub-channel. 

Decide = {
𝐻0,𝑖

      if 𝑉𝑖𝑗 < 𝜀𝑖

𝐻1,𝑖
       if  𝑉𝑖𝑗 > 𝜀𝑖

  (6) 

The global 𝑃𝑑 

  and 𝑃𝑓 
  in jth SU for ith sub-channel can 

be expressed as follows: 

𝑃𝑑𝑖𝑗 
 = 𝑃 (𝑉𝑖𝑗 ≥ 𝜀𝑖|𝐻1,𝑖

 ) = 𝑄𝐿𝜏𝑖𝑓𝑠
(√2 𝛾𝑖𝑗,𝑀𝑅𝐶  ,

√𝜀𝑖

𝜎𝑀𝑅𝐶
 )  (7) 

𝑃𝑓𝑖𝑗 
 = 𝑃(𝑉𝑖𝑗 ≥ 𝜀𝑖|𝐻0,𝑖

 ) =
г(𝐿𝜏𝑖𝑓𝑠,

𝜀𝑖

2𝜎𝑀𝑅𝐶
2 )

г(𝐿𝜏𝑖𝑓𝑠)
  (8) 
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Figure 2. The multi-channel multi antenna CRN model 

 

 

where 𝑄𝑚(a, b) denotes the generalized Marcum Q-

function. г(a) and г(a, b) express the gamma and 

incomplete gamma functions, respectively.  𝛾𝑖𝑗,𝑀𝑅𝐶  is the 

average SNR of L antennas in jth SU and are defined as 

𝛾𝑖𝑗,𝑀𝑅𝐶 =
(∑ |ℎ𝑖𝑗𝑙

 |
2

)𝐿
𝑙=1

2

∙𝑃𝑡

𝜎𝑀𝑅𝐶
2  where 𝑃𝑡 denotes the transmit 

power of the PUs and 𝜎𝑀𝑅𝐶
2  is the variance of effective 

noise defined as 𝜎𝑀𝑅𝐶
2 = ∑ |ℎ𝑖𝑗𝑙

 |
2

𝜎𝑛
2 𝐿

𝑙=1 . 

It was shown that simultaneous participation of all 

SUs for sensing causes more energy consumption and 

higher 𝑃𝑓 

  while the 𝑃𝑑 

   will not increases significantly 

[22]. Therefore, we can select some SUs with the better 

𝑃𝑑 

  for SS in ith sub-channel while some others are 

selected to send their data to the FC through ith sub-

channel, and the rest are considered idle to enhance the 

consumed energy and throughput. OR fusion rule is 

employed in FC to fuse the local decisions of the SUs. 

Therefore, the global 𝑃𝑑  
 and 𝑃𝑓 

 for ith sub-channel are 

expressed as follows: 

𝑃𝑑𝑖 
 = 1 − ∏ (1 − 𝜌𝑖𝑗

 𝑃𝑑𝑖𝑗

 )𝑀
𝑗=1   (9) 

𝑃𝑓𝑖

 = 1 − ∏ (1 − 𝜌𝑖𝑗
 𝑃𝑓𝑖𝑗

 )𝑀
𝑗=1   (10) 

where 𝜌𝑖𝑗
  ∈{0,1} is “1” if  ith sub-channel is sensed by 

jth SU otherwise, it is considered as “0”. Therefore, it 

should specify which SUs sense the ith sub-channel and 

which SUs transmit their data through ith sub-channel. If 

the SUs select transmitting the data on the ith sub-

channel, the average throughput of the proposed CRN on 

all 𝐾 channels is given below: 

𝐶 = ∑
𝑇𝑓− 𝜏𝑖

𝑇𝑓
 (∑ ( 𝑀

𝑗=1 𝑃(𝐻0,𝑖
 )(1 − 𝑃𝑓𝑖

 )𝜑𝑖𝑗
 log (1 +𝐾

𝑖=1

(𝑆𝑁𝑅)𝑖𝑗) + 𝑃(𝐻1,𝑖
 )(1 − 𝑃𝑑𝑖

 )𝜑𝑖𝑗
 log(1 +

(𝑆𝐼𝑁𝑅)𝑖𝑗))  

(11) 

where (𝑆𝑁𝑅)𝑖𝑗 = ∑
|ℎ𝐹𝑆𝑗𝑙

 |
2

∙𝑃𝑡𝑖𝑗

𝜎𝑛
2

𝐿
𝑙=1  and (𝑆𝐼𝑁𝑅)𝑖𝑗 =

∑
|ℎ𝐹𝑆𝑗𝑙

 |
2

∙𝑃𝑡𝑖𝑗

𝑝𝑝,𝑖
 |ℎ𝐹𝑃𝑖

 |
2

+𝜎𝑛
2

𝐿
𝑙=1 . ℎ𝐹𝑆𝑗𝑙

 represents the channel gain 

between FC and lth antenna of jth SU and ℎ𝐹𝑃𝑖

  is the 

channel gain between FC and ith PU. 𝑃𝑡𝑖𝑗  and 𝑝𝑝,𝑖
  

represent the transmitting power of the jth SU and ith PU 

on the ith sub-channel, respectively. The assignment 

index  𝜑𝑖𝑗
 ∈ {0,1}  is “1” if the jth SU is selected for 

transmitting the data on the ith sub-channel otherwise it 

is considered as “0”. We assume that  𝑃(𝐻0,𝑖
 ) and 𝑃(𝐻1,𝑖

 ) 

denote the probabilities that the ith sub-channel is idle 

and busy, respectively. 𝑇𝑓 is the frame duration. The 

energy consumption of the proposed CRN is calculated 

by extending the considered model by Maleki et al. [36]. 

Therefore, the energy consumption of jth SU in each sub -

channel at the sensing process can be written as follows: 

𝐸𝑡𝑗
= ∑ 𝐸𝑠𝑗,𝑙

+ 𝐸𝑡,𝑑𝑗
𝐿
𝑙=1   (12) 

where 𝐸𝑠𝑗,𝑙
 denotes the energy consumption by lth 

antenna of jth SU for sensing ith sub-channel. 𝐸𝑡,𝑑𝑗 

represents the consumed energy for transmitting one 

decision bit from jth SU to the FC and is calculated as 

follows: 

𝐸𝑡,𝑑𝑗 = 𝐸𝑡−𝑒𝑙𝑒𝑐 + 𝑒𝑎𝑚𝑝𝑑𝐹𝑆𝑗

2   (13) 

where 𝐸𝑡−𝑒𝑙𝑒𝑐 is the  required energy for transmitter 

electronics and 𝑒𝑎𝑚𝑝 denotes the required amplification 

such that a specified receiver sensitivity level is satisfied. 

𝑑𝐹𝑆𝑗
 represents the distance between FC and jth SU. With 

respect to the selection of the SUs for sensing, data 

transmitting, or being idle, the total consumed energy can 

be expressed as follows: 

𝐸𝑇 = ∑ ∑ [𝜌𝑖𝑗 [∑ 𝐸𝑠𝑗,𝑙
+ 𝐸𝑡,𝑑𝑗

𝐿
𝑙=1 ] + 𝜑𝑖𝑗

 𝐸𝑡𝑑𝑖𝑗
]

 
 𝑀

𝑗=1
𝐾
𝑖=1   (14) 

where 𝐸𝑡𝑑𝑖𝑗
 denotes the consumed energy by jth SU to 

send one data bit to the FC through ith sub-channel. 

Assuming that 𝐸𝑠𝑗,𝑙
 is the same for all antennas and the 

SUs denoted as 𝐸𝑠, we have: 

𝐸𝑇 = ∑ ∑ [𝜌𝑖𝑗[ 𝐿𝐸𝑠 
+ 𝐸𝑡,𝑑𝑗] + 𝜑𝑖𝑗

 𝐸𝑡𝑑𝑖𝑗
]𝑀

𝑗=1
𝐾
𝑖=1   (15) 

Now, we assume that 𝛼 and 𝛽 denote the upper and lower  
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bounds of 𝑃𝑑
   and 𝑃𝑓

   in each sub-channel, respectively, to 

have more opportunity for using the idle channels and 

satisfy the PU’s signal protection requirements from the 

interference. 

By increasing the number of SUs for data transmitting 

in the CR network, the energy consumption and the total 

throughput are increased. However, the main goal is to 

achieve the minimum energy consumption of CRN while 

keeping throughput above a certain value, 𝐶𝑡ℎ, and 

interference to the PUs below a certain threshold. In other 

words, our goal is to find the number of SUs and specify 

the SUs for each sub-channel that minimizes the energy 

consumption, and also satisfies the minimum required 

total throughput of the CR. Therefore, all SUs do not 

need to cooperate for data transmision. Thus, the 

selection of the data transmitting SUs is considered for 

minimization of the energy consumption of the network 

and satisfaction of the required throughput of SUs. 

Therefore, we can achieve the minimum energy 

consumption by solving the following optimization 

problem. 

𝑚𝑖𝑛
𝜌𝑖𝑗,𝜑𝑖𝑗

 ,𝜏𝑖,𝜀𝑖

    𝐸𝑇  (16) 

s.t.    𝑃𝑑𝑖

 ≥ 𝛽      ∀ 𝑖𝜖𝒦 (16.a) 

𝑃𝑓𝑖

 ≤ 𝛼       ∀ 𝑖𝜖𝒦    (16.b) 

𝐶 ≥ 𝐶𝑡ℎ  (16.c) 

∑ 𝜌𝑖𝑗
 ≤ 1      ∀ 𝑗𝜖ℳ 𝐾

𝑖=1   (16.d) 

∑ 𝜑𝑖𝑗
 ≤ 1     ∀ 𝑖𝜖𝒦 𝑀

𝑗=1   (16.e) 

 𝜌𝑖𝑗
 𝜑𝑖𝑗

 = 0     ∀ 𝑖𝜖𝒦, 𝑗𝜖ℳ  (16.f) 

 𝜌𝑖𝑗
 𝜖{0,1}         ∀ 𝑖𝜖𝐾, 𝑗𝜖ℳ   (16.g) 

𝜑𝑖𝑗
 𝜖{0,1}        ∀ 𝑖𝜖𝐾, 𝑗𝜖ℳ (16.h) 

The constraint (16.d) indicates that each SU can only 

sense one channel in the sensing time slot. The constraint 

(16.e) indicates that each channel should be allocated to 

maximum of one SU for data transmitting in the 

transmitting duration. The constraint (16.f) expresses that 

sensing and transmitting cannot be accomplished by jth 

SU on ith sub-channel, simultaneously. Using constraint 

(16.b) and Equation (10), 𝑛𝑖 ≤
ln(1−𝛼)

ln(1−

г(𝐿𝜏𝑖fs,
 𝜀𝑖

2𝜎𝑀𝑅𝐶
2 )

г(𝐿𝜏𝑖fs)
)

= 𝑀𝑖 

where 𝑛𝑖 = ∑ 𝜌𝑖𝑗
𝑀
𝑗=1  and 𝑀𝑖 represents the number of 

sensing SUs and maximum number of sensing SUs in the 

ith channel, respectively. Due to the discrete nature of 𝜌𝑖𝑗
  

and 𝜑𝑖𝑗
  the problem is a non-deterministic polynomial 

time  (NP) problem, and the general solution will be the 

exhaustive search algorithm. Thus, all 𝑛𝑖 sensing 

candidates  and 𝑀-𝑛𝑖 transmitting candidates in the ith 

sub-channel should be examined such that it achieves the 

minimum energy consumption and the constraints on the 

required detection performance for each sub-channel is 

satisfied. This algorithm has a high exponential 

complexity in the order of 𝑂((𝑀!)𝐾) for large 𝑀. 

Therefore, to reduce the complexity of the solution, 𝜌𝑖𝑗
  

and 𝜑𝑖𝑗
  are assumed as continuous parameters so that 

𝜌𝑖𝑗
 𝜖[0,1] and 𝜑𝑖𝑗

 𝜖[0,1]. After solving our problem, 𝜌𝑖𝑗
  

and 𝜑𝑖𝑗
 

 
are matched to discrete space again. As a result, 

the optimization problem can be reformulated as follows: 

𝑚𝑖𝑛
𝜌𝑖𝑗,𝜑𝑖𝑗

 ,𝜏𝑖,𝜀𝑖

𝐸𝑇 = ∑ ∑ 𝜌𝑖𝑗[ 𝐿𝜏𝑖𝑃𝑠 + 𝐸𝑡,𝑑𝑗]𝑀
𝑗=1 +𝐾

𝑖=1

𝜑𝑖𝑗
 (𝑇𝑓 − 𝜏𝑖)𝑃𝑡𝑖𝑗  

(17) 

s.t.        𝑃𝑑𝑖

 ≥ 𝛽         ∀ 𝑖𝜖𝒦 (17.a) 

∑ 𝜌𝑖𝑗
𝑀
𝑗=1 ≤ 𝑀𝑖            ∀ 𝑖𝜖𝒦 (17.b) 

𝐶 ≥ 𝐶𝑡ℎ  (17.c) 

∑ 𝜌𝑖𝑗
 ≤ 1 𝐾

𝑖=1           ∀ 𝑗𝜖ℳ  (17.d) 

∑ 𝜑𝑖𝑗
 ≤ 1𝑀

𝑗=1           ∀ 𝑖𝜖𝒦  (17.e) 

 𝜌𝑖𝑗
 𝜑𝑖𝑗

 = 0               ∀ 𝑖𝜖𝒦, 𝑗𝜖ℳ (17.f) 

𝜌𝑖𝑗
 𝜖[0,1]                ∀ 𝑖𝜖𝒦, 𝑗𝜖ℳ (17.g) 

𝜑𝑖𝑗
 𝜖[0,1]                ∀ 𝑖𝜖𝒦, 𝑗𝜖ℳ (17.h) 

where 𝑃𝑠 is the sensing power of the SUs assumed to be 

the same for all SUs. 𝑃𝑡𝑖𝑗  represents the power for 

transmitting the data of jth SU on ith sub-channel. The 

above problem is not a standard convex optimization 

problem. However, the convex optimization approach 

can be employed to achieve a local solution instead of a 

global. For this purpose, the convex method based on the 

Lagrangian multiplier is used to solve the problem. We 

use Karush–Kuhn–Tucker (KKT) conditions to 

prioritize  the SUs for SS and data transmitting in each 

sub-channel. Thus, the Lagrangian function is given by: 

𝐿 ( 𝜑𝑖𝑗
 , 𝜌𝑖𝑗

 , 𝜁, ϒ, 𝜙𝑖 , 𝜓𝑖 , 𝜒𝑖 , 𝜔𝑗) =

∑ ∑ 𝜌𝑖𝑗[ 𝐿𝜏𝑖𝑃𝑠 + 𝐸𝑡,𝑑𝑗]𝑀
𝑗=1 + 𝜑𝑖𝑗

 (𝑇𝑓 − 𝜏𝑖)𝑃𝑡𝑖𝑗
𝐾
𝑖=1 +

 𝜁(𝐶𝑡ℎ − 𝐶) + ∑ 𝜙𝑖 (
𝐾
𝑖=1 𝛽 − 𝑃𝑑𝑖 

 ) +  ϒ𝜌𝑖𝑗
 𝜑𝑖𝑗

 +

∑ 𝜓𝑖(∑ 𝜌𝑖𝑗
 𝑀

𝑗=1 − 𝑀𝑖)𝐾
𝑖=1 + ∑ 𝜒𝑖(∑ 𝜑𝑖𝑗

 −𝑀
𝑗=1

𝐾
𝑖=1

1) + ∑ 𝜔𝑗(𝑀
𝑗=1 ∑ 𝜌𝑖𝑗

 − 1𝐾
𝑖=1 )  

(18) 

where 𝜁, ϒ, 𝜙𝑖 , 𝜓𝑖 , 𝜒𝑖  and 𝜔𝑗 represent the Lagrangian 

multipliers. Therefore, we have: 

𝜕𝐿

𝜕𝜌𝑖𝑗
 = L𝜏𝑖𝑃𝑠 + 𝐸𝑡,𝑑𝑗 − 𝜙𝑖 (𝑃𝑑𝑖𝑗

 ) ∏ (1 −𝑛≠𝑗

 𝜌𝑖𝑛
 𝑃𝑑𝑖𝑛

  ) + 𝜓𝑖 + 𝜔𝑗 = 0  

∀𝑖𝜖𝒦 and ∀𝑗𝜖ℳ  

(19) 
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𝜕𝐿

𝜕𝜑𝑖𝑗
 = (𝑇𝑓 − 𝜏𝑖)𝑃𝑡𝑖𝑗 −  𝜁

𝑇𝑓− 𝜏𝑖

𝑇𝑓
[𝑃(𝐻0,𝑖

 ) (1 −

𝑃𝑓𝑖

 (𝜏𝑖 , 𝜀𝑖)) log(1 + (𝑆𝑁𝑅)𝑖𝑗) + 𝑃(𝐻1,𝑖
 ) (1 −

𝑃𝑑𝑖

 (𝜏𝑖 , 𝜀𝑖)) log(1 + (𝑆𝐼𝑁𝑅)𝑖𝑗)] + 𝜒𝑖 = 0  

(20) 

For notation simplicity, we assume that  𝐶𝑖𝑗
0 =

𝑃(𝐻0,𝑖
 ) log(1 + (𝑆𝑁𝑅)𝑖𝑗) and 𝐶𝑖𝑗

0 = 𝑃(𝐻0,𝑖
 ) log(1 +

(𝑆𝑁𝑅)𝑖𝑗). Therefore, we rewrite Equation (20) as: 

𝜕𝐿

𝜕𝜑𝑖𝑗
 = (𝑇𝑓 − 𝜏𝑖)𝑃𝑡𝑖𝑗 −  𝜁

𝑇𝑓− 𝜏𝑖

𝑇𝑓
 ((1 −

𝑃𝑓𝑖

 (𝜏𝑖 , 𝜀𝑖)) 𝐶𝑖𝑗
0 + (1 − 𝑃𝑑𝑖

 (𝜏𝑖 , 𝜀𝑖)) 𝐶𝑖𝑗
1 ) + 𝜒𝑖 = 0 

(21) 

The goal is to prioritize the selection of the SUs as 

sensing or data transmitting in each sub-channel. Thus, 

the quantity of 𝜌𝑖𝑗
 s and 𝜑𝑖𝑗

 s for the ith sub-channel is not 

essential. Instead, we compare the ratio of 𝜌𝑖𝑗
 /𝜌𝑖𝑘

  for any 

pair of SUs. As a result, the SUs are prioritized for 

sensing and data transmitting on ith sub-channel by using 

the cost functions Equations (22) and (23) in which the 

SUs with smaller cost functions are selected as sensing 

and transmitting SUs, respectively. 

cost(𝑖, 𝑗) = 𝐿𝜏𝑖𝑃𝑠 + 𝐸𝑡,𝑑𝑗 − 𝜙𝑖 (𝑃𝑑𝑖𝑗

 ) + 𝜓𝑖 + 𝜔𝑗   (22) 

We assume 𝜓𝑖  and 𝜔𝑗 are identical for all SUs in all sub-

channels. Therefore, 

cost(𝑖, 𝑗) = 𝐿𝜏𝑖𝑃𝑠 + 𝐸𝑡,𝑑𝑗 − 𝜙𝑖 (𝑃𝑑𝑖𝑗

 )  (23) 

and for data transmitting SUs, we have: 

cost(𝑖, 𝑗) = 𝐸𝑡𝑑𝑖𝑗
−  𝜁

𝑇𝑓− 𝜏𝑖

𝑇𝑓
(𝐶𝑖𝑗

0 ∏ (1 −𝑀
𝑗=1

𝜌𝑖𝑗
 𝑃𝑓𝑗

 ) + 𝐶𝑖𝑗
1 ∏ (1 − 𝜌𝑖𝑗

 𝑃𝑑𝑗

 )𝑀
𝑗=1 )  

(24) 

We use the complimentary slackness conditions to 

specify the optimum Lagrangian multipliers as follows: 

∑ 𝜙𝑖 (
𝐾
𝑖=1 𝑃𝑑𝑖 

 − 𝛽) = 0 → {
𝜙𝑖 = 0 , 𝑃𝑑𝑖 

 > 𝛽 

𝜙𝑖 ≠ 0 , 𝑃𝑑𝑖 
 = 𝛽 

 or  
(25-1) 

(25-2) 

∑ 𝜓𝑖(∑ 𝜌𝑖𝑗
 𝑀

𝑗=1 − 𝑀𝑖) = 0 → {
𝜓𝑖 = 0 , ∑ 𝜌𝑖𝑗

 𝑀
𝑗=1 < 𝑀𝑖

𝜓𝑖 ≠ 0 , ∑ 𝜌𝑖𝑗
 𝑀

𝑗=1 = 𝑀𝑖

𝐾
𝑖=1 or  

(25-3) 

(25-4) 

𝜁(𝐶 − 𝐶𝑡ℎ) = 0 → {
𝜁 = 0 , 𝐶 > 𝐶𝑡ℎ

𝜁 ≠ 0 , 𝐶 = 𝐶𝑡ℎ
or  

(25-5) 

(25-6) 

∑ 𝜒𝑖(∑ 𝜑𝑖𝑗
 − 1) 𝑀

𝑗=1
𝐾
𝑖=1 = 0 → {

𝜒𝑖 = 0, ∑ 𝜑𝑖𝑗
 ≠ 1) 𝑀

𝑗=1

𝜒𝑖 ≠ 0, ∑ 𝜑𝑖𝑗
 = 1) 𝑀

𝑗=1

or  
(25-7) 

(25-8) 

∑ 𝜔𝑗(𝑁
𝑗=1 ∑ 𝜌𝑖𝑗

 − 1𝐾
𝑖=1 ) = 0 → {

𝜔𝑗 = 0, ∑ 𝜌𝑖𝑗
 < 1𝐾

𝑖=1

𝜔𝑗 ≠ 0, ∑ 𝜌𝑖𝑗
 = 1𝐾

𝑖=1

or  
(25-9) 

(25-10) 

  ϒ𝜌𝑖𝑗
 𝜑𝑖𝑗

 = 0 → {

ϒ = 0, 𝜌𝑖𝑗
 𝜑𝑖𝑗

 ≠ 0
 

ϒ ≠ 0, 𝜌𝑖𝑗
 𝜑𝑖𝑗

 = 0
or  

(25-11) 

(25-12) 

We note that 𝑃𝑑𝑖 
 , 𝑃𝑓𝑖

  , and 𝐸𝑇 are the increasing functions 

of 𝜌𝑖𝑗
 𝑠 for the ith sub-channel. Therefore, we can 

decrease 𝜌𝑖𝑗
  so that 𝑃𝑑𝑖 

 = β is satisfied for ith sub-channel. 

As a result, we can achieve smaller 𝑃𝑓𝑖

  and 𝐸𝑇. Therefore, 

𝜙𝑖 ≠ 0  is considered a true condition. If the detection 

performance on ith sub-channel is satisfied by less 

sensing SUs, condition (25-3) will be optimal otherwise, 

(25-4) will be true. In other words, conditions (25-3) and 

(25-4) determine the maximum number of sensing SUs 

in each sub-channel. We consider 𝐶 = 𝐶𝑡ℎ as the optimal 

condition because 𝐸𝑇 is an increasing function of 𝜌𝑖𝑗
 s. 

Therefore, we can achieve less energy consumption when 

𝜌𝑖𝑗
 s decreases while satisfying the constraint on the 

minimum required throughput. Since the SUs cannot use 

more than one channel for transmitting their data and thus 

condition (25-8) is considered optimum. Conditions (25-

9) and (25-10) indicate that the SUs can sense up to one 

sub-channel in the sensing duration.  The last condition 

expresses that the data transmitting and sensing cannot be 

performed by one SU, simultaneously, so 𝜌𝑖𝑗
 𝜑𝑖𝑗

 = 0 is a 

true condition. To achieve the optimum SS time and 

detection threshold in each sub-channel and selecte the 

suitable SSUs and TSUs, an iterative algorithm as shown 

in the following flow chart, based on the bisection 

method [37] called STDTST, is proposed. First, we 

determine the priority of the sub-channels  by computing 

the average SNR of the SUs over each sub-channel and 

sorting  them in ascending order. Then, we select the sub-

channels having the highest priority, 𝑖 = 0. In the next 

step, 𝑃𝑑  
 and 𝑃𝑓 

  are computed for all SUs in 𝑖th sub-

channel. At each iteration in which 𝜙, 𝜁, 𝜏 , and 𝜀 are 

updated by the bisection algorithm, the cost function in 

Equation (23) for all SUs over selected sub-channel is 

computed and sorted in ascending order, then the SUs 

with the lowest cost are considered to be participate in SS 

until the global 𝑃𝑑𝑖 
 ≥ 𝛽 on the 𝑖th sub-channel is met, 

and the maximum number of selected SUs on ith sub-

channel becomes less than 𝑀𝑖. Then, the cost function 

(24) is calculated for the remaining SUs on ith sub-

channel and sorted in ascending order. We select the SUs 

having the lower cost for data transmitting on ith sub-

channel while guaranteeing the required throughput. The 

values 𝜏, 𝜀, 𝜙 and 𝜁 are updated by using bisection search 

approach according to the following rule. If 𝑃𝑑𝑖 
 ≥ 𝛽, 𝜏 is 

decreased; otherwise is increased. As a result, we can 

achieve the optimum 𝜏 by this algorithm. The same 

approach is employed simultaneously to obtain the 

optimum 𝜁, 𝜙. Now, for finding the optimum 𝜀, we 

employ the same algorithm  to the one used to obtain the 

optimum 𝜏. However, the difference lies in updating, 

where 𝜀 increases if 𝑃𝑑𝑖 
 ≥ 𝛽 and vice versa. The 

condition for stopping the algorithm is that its accuracy 

becomes less than a small predetermined threshold. The 

complexity of our proposed algorithm to find the 
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solutions is linear in the order of 𝑂(𝑀𝐾), since, only the 

cost functions should be computed for all SUs over the 

sub-channel in each iteration which is much less than the 

computational complexity of the exhaustive search 

algorithm.  

 

 

3. SIMULATION RESULTS 
 

For simulations, we consider a cooperative CRN 

consisting of the SUs and PUs located randomly with a 

uniform distribution in the square area with a variable 

length between 100 m to 500 m  in which FC is located in 

the center of the square. The 2.4 GHz IEEE 

802.15.4/ZigBee is used as the communication 

technology in the network. We assume that the channel 

model from the PUs to the FC and each SU to the FC, is 

as Equation (1) [38]. We employed MATLAB 2015a for 

simulations and each point in the results is obtained by 

averaging over 10000 independent random experiments. 

The simulation parameters are listed in Table 1. Let us 

first analyze the optimality of average achievable 

throughput versus the sensing time and detection 

threshold over the five sub-channels, as shown in Figure 

3. We would like to maximize the throughput over the 

five sub-channels. 

 

 
TABLE 1. The simulation parameters 

Parameter Value 

The number of SU (𝑀) 50 ~500 

The number of PU (𝐾) 5 

The number of antenna (𝐿) 2 ~ 4 

𝛼  0.1 

𝛽  0.9 

𝑓𝑐  2.4 MHz 

𝑃(𝐻0)  0.6 

𝑃(𝐻1)  0.4 

𝑇𝑓  100 ms 

𝑓𝑠  1 MHz   

𝑣  3 ×108 m/s 

𝐸𝑠  190 nJ 

𝐸𝑡−𝑒𝑙𝑒𝑐  80 nJ 

𝑒𝑎𝑚𝑝  40.4 pJ/m2 

𝑝𝑃  20 mW 

𝐶𝑡ℎ  10 bits/sec 

Data rate 250 Kb/s 

Receiver sensitivity -90 dBm 

 

 
(a) 

 
(b) 

Figure 3. The average throughput vs. (a) Detection 

threshold (b) Sensing times for different sub-channels  when 

𝐾 = 5, 𝑀 = 100 and 𝐿=2 
 

 

It can be clearly seen that there is an optimal τ and 𝜀 

for each sub-channel that maximizes the throughput. The 

throughput for each sub-channel is low in very short 

sensing time because the detection performance is low, 

and therefore, 𝑃𝑓 
  is high while, in a long sensing time, 

the throughput is low because the data transmitting time 

is very short. Therefore, there is a tradeoff between the 

sensing time and throughput over each sub-channel. In 

Figure 4, the consumed energy in different sub-channels 

versus different sensing times and detection thresholds 

has been obtained. The energy consumption is high in 

small and large τ because, in small τ the more time is used 

for data transmitting, while in large τ more time is used 

for sensing. From Figures 3(a) and 4(a), we can also see 

that there are optimal detection thresholds for each sub-

channel that maximizes the throughput and achieve the 

minimum energy consumption over each sub-channel. 
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The more significant thresholds achieve less throughput 

and more energy consumption. 

In Figure 5(b), 𝑃𝑑 
  in each sub-channel versus 

different sensing times is evaluated. We can see that 

increasing the sensing time leads to an increment  in the 

global 𝑃𝑑 
  in each sub-channel until it reaches to 1. 

Therefore, the signal quality of the  PUs can be  

sufficiently maintained. We also can see that 𝑃𝑑 
 for 

different sub-channels is almost identical and close to 

each other. That’s due to the fact that the optimal 

selection of the SUs can compensate the low SNR or non-

optimal sensing time or detection threshold for the 

different sub-channels. Although the average global 

𝑃𝑑 
 constraint for all sub-channels is maintained, however 

according to Figure 4, it increases energy consumption. 

By decreasing the detection threshold, the global 𝑃𝑑 
 and 

𝑃𝑓 
  for each sub-channel increase, and the desired 

detection performance is obtained by using fewer SUs. 

Therefore, the consumed energy over the sub-channels is 

reduced. 

Table 2 shows the average SNR, optimal sensing 

times, and detection thresholds obtained with Algorithm 

1 for each sub-channels when 𝐾 = 5, 𝑀 = 100 , and 𝐿=2. 

Since all 𝐾 sub-channels can be used by CR users for 

transmission, thus the objective is to achieve the  

minimum sum of the energy consumption, and improve 

the sum of the throughput of all sub-channels by 

optimizing the sensing times, detection thresholds and 

the selection of the SSUs and TSUs in all frequency 

bands. 

Note that in the multi-channel scenario, the global 𝑃𝑑 
  

and 𝑃𝑓 
  requirements and the minimum required 

throughput of CRN in different sub-channels may differ.  

 

 
Algorithm 1. The algorithm to find the optimum detection 

thresholds and sensing times and to select the SSUs and 

TSUs on each sub-channel for a multi-channel multi-

antenna CRN.   
Initialization: 

𝜏𝑚𝑎𝑥 = a large enough number  
𝜏𝑚𝑖𝑛 = 0 

𝜀𝑚𝑎𝑥 = a large enough number 

𝜀𝑚𝑖𝑛 = 0 

𝜁𝑚𝑖𝑛 = 0 

𝜁𝑚𝑎𝑥 = a large enough number  

𝜙𝑚𝑖𝑛 = 0 

𝜙𝑚𝑎𝑥 = a large enough number 

𝜖1 , 𝜖2, 𝜖3, 𝜖4 are the small numbers  
Compute average SNR of all SUs on all sub-channel 
𝑖=0  % index of sub-channel 

  Sort all 𝑆𝑁𝑅𝑖 in an ascending order so 𝑆𝑁𝑅0 has maximum value 

WHILE (𝑖 <𝐾 % number of sub-channel)  do 

     WHILE (|𝜏𝑚𝑎𝑥 − 𝜏𝑚𝑖𝑛| > 𝜖1)  do  

                   𝜏𝑖 = (𝜏𝑚𝑎𝑥 + 𝜏𝑚𝑖𝑛)/2 

           WHILE  (|𝜀𝑚𝑎𝑥 − 𝜀𝑚𝑖𝑛 | > 𝜖2) do 

                           𝜀𝑖 = (𝜀𝑚𝑎𝑥 + 𝜀𝑚𝑖𝑛)/2 

                  Compute 𝑃𝑑𝑖𝑗
  and  𝑃𝑓𝑖𝑗

 for all SU              

                        WHILE (|𝜙𝑚𝑎𝑥 − 𝜙𝑚𝑖𝑛 | > 𝜖3) do 

                                      𝜙𝑖 = (𝜙𝑚𝑎𝑥 + 𝜙𝑚𝑖𝑛)/2 

                                 WHILE  (|𝜁𝑚𝑎𝑥 − 𝜁𝑚𝑖𝑛 | > 𝜖4) do 

                                                𝜁 = (𝜁𝑚𝑎𝑥 + 𝜁𝑚𝑖𝑛)/2 

Compute  cost(𝑖, 𝑗) = 𝐿𝜏𝒊𝑃𝑠 + 𝐸𝑡,𝑑𝑗 − 𝜙𝑖 (𝑃𝑑𝑖𝑗

 )  for all SUs 

Sort cost functions (23) in an ascending order 

𝑚=0   % The number of  SSUs with higher priority 

Compute 𝑀𝑖 (maximum number of SU for sensing) 

                                               WHILE  (𝑚 < 𝑀𝑖  ) do 

                                               Compute  𝑃𝑑𝑖 
 = 1 − ∏ (1 −  𝑃𝑑𝑖𝑗

)𝑚
𝑗=1   

                                               IF  𝑃𝑑𝑖 
 > 𝛽  THEN    BREAK 

                                               ELSE      𝑚 =  𝑚 + 1  

                                               END IF 

                                               END WHILE 

                                               Compute 𝐸𝑇 according to (15 ) 

𝑁𝑡 = 𝑀 − 𝑚    % The remaining SUs which 

can be selected as TSU 

Compute cost function (24) for all SUs 

Sort cost functions (24) in an ascending 

order 

𝑡 = 0    % The number of selected TSUs 

                     WHILE  ( 𝑡 < 𝑁𝑡) 

                     Compute 𝐶  % total throughput 

                                               IF      𝐶 ≥ 𝐶𝑡ℎ THEN   BREAK 

                                               ELSE     𝑡 = 𝑡 + 1 

                                               END IF 

                                               END WHILE 

                                               IF  𝑃𝑑𝑖 
 > 𝛽 THEN  𝜁𝑚𝑎𝑥 = 𝜁   

                                               ELSE            𝜁𝑚𝑖𝑛 = 𝜁 

                                               END IF 

                                    END WHILE 

                                   IF  𝑃𝑑𝑖 
 > 𝛽 THEN      𝜙𝑚𝑎𝑥 = 𝜙𝑖    

                                   ELSE             𝜙𝑚𝑖𝑛 = 𝜙𝑖    

                                   END IF 

                          END WHILE 

                         IF  𝑃𝑑𝑖 
 > 𝛽  THEN  𝜀𝑚𝑖𝑛 = 𝜀  

                         ELSE  𝜀𝑚𝑎𝑥 = 𝜀  

                         END IF 

              END WHILE 

              IF  𝑃𝑑𝑖 
 > 𝛽   THEN       𝜏𝑚𝑎𝑥 = 𝜏  

            ELSE              𝜏𝑚𝑖𝑛 = 𝜏  

            END IF 

      END WHILE        

     𝑖 = 𝑖 + 1 

END WHILE 

Output:  The optimal 𝜏 , 𝜀 , TSUs, SSUs for each sub-channel and 

optimum energy efficiency and throughput    

 

 

 
(a) 
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(b) 

Figure 4. The consumed energy vs. (a) Detection threshold 

(b) Sensing times for different sub-channels 

 

 

However, we consider the sum of the throughput over all 

sub-channels. Now, we compare the proposed algorithm 

with the following schemes in the simulations. 

1. Joint optimization scheme of the Sensing Time and 

Detection Threshold and selection of SSUs and 

TSUs called STDTTS: This scheme is similar to 

STDTST, the difference is that the TSUs over each 

sub-channel are selected based on Equation (24) so 

that the energy consumption and the throughput 

constraints are satisfied then, according to Equation 

(23) the SSUs over each sub-channel are 

determined while satisfying the constraints on the 

maximum number of SSUs and 𝑃𝑑𝑖 
 . 

2. Random Selection of the SUs scheme (RSMA): In 

this algorithm, TSUs and SSUs are randomly 

selected over each sub-channel until the constraints 

on the 𝑃𝑑𝑖 
 is satisfied. In this approach, none of the 

sensing times and detection thresholds for sub-

channels are optimized. 

 

 

 
(a) 

 
(b) 

Figure 5. The probability of detection vs. (a) Detection 

thresholds and (b) Sensing times in each sub-channel 

 

 
TABLE 2. Average SNR, optimal sensing times and detection 

thresholds for a multi antenna multi-channel CR network with 

5 sub-channels, 100 SUs with 2 antennas 

Sub-

Channel 

Average  

SNR 

Optimum 

sensing time (s) 

Optimum 

threshold 

Sub-channel1 6.4134 0.7116e-5 0.1524e-7 

Sub-channel2 6.5876 0.6153e-5 0.1587e-7 

Sub-channel3 6.6943 0.5059e-5 0.1623e-7 

Sub-channel4 7.5441 0.4960e-5 0.1788e-7 

Sub-channel5 7.7238 0.4235e-5 0.1865e-7 

 

 

3. Joint optimization scheme of the Detection 

Threshold, the selection of SSUs and TSUs 

(DTST): The SSUs  and TSUs are selected similar 

to the STDTST algorithm while the sensing times 

are considered the same and predetermined for all 

sub-channels. 

4. Joint optimization scheme of the Sensing Time and 

the selection of SSUs and TSUs (STST): In this 

method, after determining the priority of sub-

channels based on their average SNR for each sub-

channel, the cost function in Equation (23) is 

computed and sorted in ascending order. Then, the 

SUs with the lowest cost is considered to participate 

in SS until the global 𝑃𝑑𝑖 
 ≥ 𝛽 on the 𝑖th sub-

channel is met, and the constraint on the maximum 

number of selected SSUs is satisfied. After that, 

from the remaining SUs, the SUs with the lowest 

cost in Equation (24) are selected for data 

transmitting so that the minimum required total 

throughput is satisfied. The values of the sensing 

times are updated for each sub-channel by using the 

following rule: If the 𝑃𝑑𝑖 
 ≥ 𝛽, the sensing time will 

decrease otherwise, it will increase. This algorithm 
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allocates equal detection thresholds to all sub-

channels.  

5. STDTST without priority of bands: This scheme is 

similar to STDTST the difference is that the 

prioritization of sub-channels is not performed. 

6. The limited reporting scheme [22]. 

7. The cooperative communication scheme between 

CRN and the primary network [24]. 

8. The presented multi-band MIMO CR scheme 

reported by Moghimi et al. [26]. 

We consider a CRN with 5 PUs and 100 SUs 

equipped with 2 or 4 antennas. The detection threshold 

levels and the sensing times are set according to Table 2 

for each sub-channel. The total throughput threshold is 

fixed at 10. The sampling time ratio and the reporting 

time ratio for the limited reporting scheme are set to 

0.15e-4 and 0.4e-4, respectively. We consider a multi-band 

4 x 4 MIMO CR system for the presented scheme by 

Moghimi et al. [26]. In Figure 6, the average throughput 

and consumed energy of all the schemes are compared in 

different dimensions of the network. It can be seen that 

all algorithms satisfy the constraint on the minimum 

required throughput in different dimensions. It is clear 

that in large dimensions, the difference between the 

throughput of STDTTS with 4 antennas and other 

algorithms becomes greater, which is due to the 

enhancement of the diversity gain. It can be seen that the 

prioritization of sub-channels leads to the increment of 

throughput and reduction of the energy consumption of 

CRN, especially in large dimensions. Moreover, because 

of the random selection of the SSUs and TSUs over each 

sub-channel, RSMA scheme has more energy 

consumption and less throughput in comparison to other 

schemes. 

Figure 7 indicates  𝑃𝑑 
 of different algorithms for the 

first sub-channel with the lowest SNR in different 

dimensions when the number of the SU is 𝑀=100 and the 

detection threshold for STST and RSMA algorithms is 

fixed to 0.18e-7. The sensing time for DTST and RSMA 

algorithms is set to 0.7e-5. The detection threshold and the 

sensing times for STDTST and STDTTS schemes are set 

according to Table 1. It can be seen that increasing the 

dimension of the network decreases the 𝑃𝑑 
 for all 

schemes because the network obtains higher chances to 

distribute more SUs far from the PUs. However, the 

minimum required 𝑃𝑑 
 constraint for all algorithms, 𝑃𝑑1

≥

𝛽 , is satisfied. We can also see that selecting the non-

optimal detection threshold for the first sub-channel 

would have a very negative effect on detection 

performance.   

In Figure 8, we investigate the impact of the number 

of SUs on the total throughput and energy consumption 

of CRN when the dimensions of the network are set to 

100 m x 100 m.  We can see STDTTS with 4 antennas 

has more throughput and less energy consumption than 

other schemes. We also see that, compared with STDTTS  

 
(a) 

 
(b) 

Figure 6. The impact of the dimension of the network on the 

(a) Consumed energy (b) Total throughput of CRN 

 

 

 
Figure 7.  𝑃𝑑  

 versus dimension of the network for first sub-

channel 
 

 

with 2 antennas, the 4 x 4 multi-band MIMO CR 

approach achieve more throughput. Figure 9 depicts 

𝑃𝑑  
 versus the number of SUs for different algorithms in  
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(a) 

 
(b) 

Figure 8. (a) The total throughput (b) Energy consumption 

of CRN vs the number of the SU 

 

 

 
Figure 9. The impact of the number of the SU on 𝑃𝑑  

 in first 

sub-channel 
 

 

the first sub-channel. It can be observed that the 𝑃𝑑  
 of all 

schemes increases by increasing the number of SUs until 

reaches to the maximum value.Thus, when the number of 

the SUs is large enough, it has little effect on the 

detection performance. Considering Figure 8 and the 

results illustrated in Figure 9, it can be concluded that the 

increment of the number of antennas increases 

𝑃𝑑  
 especially when the dimensions are small. For 

example, when the dimensions of the network are 100 m 

x 100 m and the desired 𝑃𝑑  
   for the first sub-channel using 

the  STDTTS  scheme is considered as 0.99, at least 250 

SUs with 2 antennas must be distributed in the network 

while the above detection performance can be satisfied 

by 80 SUs with 4 antennas. We can also see that the 

STDTTS scheme can achieve approximately 13.4 

bits/s/Hz total throughput by 125 SUs with 4 antennas or 

205 SUs with 2 antennas in 100 m x 100 m network 

dimensions. Therefore, when the minimum total 

throughput can be achieved by SUs having the fewer 

numbers of antenna, it is more appropriate to exclude 

employing more antennas since it will be useless and has 

more cost. However, it is possible to consume more 

energy because the more SUs must be applied to achieve 

the minimum required total throughput.  

A a result, the final decision about the number of 

antennas should be obtained based on the tradeoff 

between implementation cost and consumed energy. 

In Figure 10, the impact of the number of SUs having 

different numbers of antenna on the total throughput and 

consumed energy is evaluated when the STDTST 

algorithm is used. The SUs with 1, 2, 3 ,and 4 antennas 

are considered ,while the dimensions of the network are 

100 m x 100 m. From Figure 10(b), we can see that the 

STDTST with more antennas consumes less energy than 

other cases. Therefore, the number of antenna used for 

the STDTST scheme depends on the difference in the 

implementation cost and complexity between adding 

antennas and adding SUs with less antennas for energy 

saving. 

Finally, the convergence of the STDTST algorithm is 

analyzed in Figure 11, when 𝑀=100, 𝐾=5, 𝐿=2 and the 

dimensions of the network are 100 m x 100 m. The energy 

consumption decreases in each iteration and converges to 

a fixed and minimum point in the 69th iteration. 
 

 

 
(a) 
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(b) 

Fugure 10. (a) The joint influence of the number of the SU 

and number of antennas on the (a) throughput (b) energy 

consumption 

 

 

 
Figure 11. The convergence performance of STDTST 

algorithm for different iterations 
 

 

3. 1. Results Analysis         In Figures 3(a), 4(a) and 5(a) 

we investigated the impact of detection threshold on the 

average throughput, energy consumption and probability 

of detection for different sub-channels in the multi-

antenna multi-channel CR network, resectively. It can be 

seen that when the threshold is less than a unique optimal 

value the average throughput can attain almost the 

maximum and constant value for each sub-channel while 

more threshold leads to less throughput. Figure 4(a) 

shows that as the threshold increases, the energy 

consumption increases.That’s due to the fact that as the 

threshold increases, the probability of detection for each 

SU in each sub-channel decreases and the selection of 

more SUs is required to satisfy detection performances. 

Figures 3(b), 4(b) and 5(b) show the influence of the 

sensing time on the throughput, energy consumption and 

probability of detection for different sub-channels, 

respectively. We can see, the probability of detection  

increases with the increasing of the sensing time until it 

reaches to 1. In Figure 3(b), the achievable throughput for 

each sub-channel is less at a small or large sensing time, 

that’s due to the fact that the small sensing time decreases 

the detection performance, whereas large sensing time 

reduces the data transmitting time and therefore, we see 

the tradeoff between the sensing time and achievable 

throughput of the CR network.  

Form Figure 4(b), we can clearly see that there exist 

an optimal sensing time for minimizing the energy 

consumption over the five sub-channels. It can be seen 

that at the unique optimal sensing times for each 

subchannel, the energy consumption can attain almost the 

minimum value, while the more or less sensing times 

leads to more energy consumption because it gets more 

times for sensing and data transmitting, respectively.  

Therefore, according to Figures 3 to 5, the minimum 

threshold and sensing time should be achieved, such that 

the throughput of the secondary network is maximized 

and the total energy consumption is minimized, while 

detection constraints can be satisfied. Thus, We see that 

𝑃𝑑𝑗
 increase by increasing the time sensing and by 

decreasing the threshold.   As a result, the  fewer number 

of SUs participating in the spectrum sensing is required 

to satisfy the detection constrains and reduce the total 

energy consumption. Figure 6 shows the influence of 

dimensions of the network on the throughput and energy 

consumption of all the schemes. As can be observed, all 

schemes maintain the throughput threshold constraint for 

all dimensions. It can be seen when the dimension 

increases the more energy is consumed because the 

detection performance will be decreased by increasing 

the length of network as shown in Figure 7. Therefore, it 

should be selected more SUs for satisfying the detection 

performance and transmitting their data to the FC to 

satisfy the constraint (17.c). When the dimension of the 

network is small, the SUs will have a high density in the 

area. Therefore, the constraint on the detection 

performance can be satisfied by selecting less SUs. In 

addition, by increasing the dimension of the network the 

average distance from the PUs to the SUs and from the 

SUs to the FC increases. Thus, it consumes more energy 

to guarantee the minimum sensitivity of the receivers. 

The influence of the number of SUs on the total 

throughput, energy consumption, and probability of 

detection of all the schemes is shown in Figures 8 and 9. 

We see that the average throughput increases 

monotonically by increasing the number of SUs, however 

it grows slowly when the quantity of SU is large until it 

reaches to the maximum value and then is fixed. It can be 

clearly seen from Figure 8(b) that the total consumed 

energy of CRN decreases with the increasing number of 

SUs. This can be expressed by the fact that as the number 

of SUs increases, there will be a greater chance for more 

SSUs or TSUs be near the PUs or FC. Therefore, the total 
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throughput and 𝑃𝑑  
 increase while the located SUs near to 

FC leads to less energy consumption. It is also shown that 

the throughput enhances by increasing the number of 

antenna because of the enhancement of the diversity gain.  

The impact of changing the number of antenna on the 

total throughput and consumed energy of STDTST 

scheme is shown in Figure 10. It can be observed that the 

multi-antennas strategy outperforms the one using single 

antenna. We  analyzed the convergence of proposed 

algorithm in Figure 11. We can see that the algorithm 

correctly converges to the minimum value after several 

iterations. 

 

 

4. FUTURE PROSPECT OF THE PROPOSED 
APPROACH 
 
We anticipate that CR technology will soon emerge from 

early-stage laboratory trials and vertical applications to 

become a general-purpose programmable radio that will 

serve as a universal platform for wireless system 

development, much like microprocessors fulfill that role 

for computation. The evolution of CR toward CR 

networks is underway; the concept of CR networks is to 

intelligently organize a network of CRs. Applications of 

spectrum-sensing CR include emergency-network and 

WLAN higher throughput and transmission-distance 

extensions. The CR technology will be used 

commercially in the 5G and 6G cellular networks. 6G 

networks will be able to use higher end of the radio 

spectrum than 5G networks and provide substantially 

higher capacity and much lower latency. While reliable 

spectrum sensing techniques are pivotal, the CRN’s 

throughput, energy efficiency ,and channel maintenance 

are important considerations for the SUs.  This has 

primarily motivated the employment of multi-channel 

multi-antenna CR paradigm. Multi-antenna SUs to sense 

and access multiple channels, simultaneously promised 

significant enhancements to the network’s throughput 

and energy efficiency. In addition, it provids seamless 

handoff from band to band, which improves the link 

maintenance and Quality of Service (QoS) and reduces 

data transmission interruptions.   

Moreover, cooperative networks were analyzed, and 

a possible extension to integrate such a powerful 

paradigm into multi-channel CRN was suggested.  

Particularly, cooperative multi-channel CR provided a 

desirable compromise between spatial diversity and 

sampling complexity. In addition, some of the most 

common performance measures that help evaluate the 

network’s performance in terms of spectrum reliability 

and network’s throughput have been presented.  

However, there are fundamental limits and tradeoffs 

among several critical design parameters in multi-

channel multi-antenna CRNs that must be carefully 

investigated. The most common considerations are the 

sensing time, detection threshold, network throughput, 

data combination methods, detection reliability, number 

of cooperating SUs, power control, and channel 

assignment. Some of these cases, such as sensing time, 

and detection threshold were discussed in this paper. The 

rest will be explained in the following. 

1. One of the key issues in cooperative 

communications is how to combine the collected 

information from the participating SUs. There are 

three main techniques, namely: hard combining, soft 

combining, and hybrid combining. 1) Hard 

Combining: In this technique, the SU merely sends 

its final one-bit decision to the other SUs. In this 

technique, the SU shares its original sensing 

information (or original statistics) with the other SUs 

without locally processing them. Hard combining 

requires less overhead compared to soft combining. 

However, since the statistics at each SU are reduced 

to one bit, there is an information loss that 

propagates to the other SUs. Therefore, the final 

decision is less reliable compared to soft combing.  

The soft combination techniques such as MRC, 

EGC, OC, SC, SLS, SLC, and hard combination 

methods consist of AND, OR and MAJORITY for 

CRs with and without multiple antenna. Therefore, 

the selection of the optimal combination technique is 

essential, which was not discussed in this paper, and 

it can be considered as an effective research case in 

future works when it is added to the proposed model 

of this paper. 

2. Optimum power allocation is vital for improving the 

network’s throughput and protecting PUs. It 

becomes even more important when the underlay 

scheme is used, since power adaptation becomes 

necessary. Therefore, our future works include 

adding transmit power and interference bounds as 

constraint functions. 

3. While increasing the number of cooperating SUs 

improves the reliability of detection and reduces 

sensing time, it incurs a long delay due to the time 

required to collect the information from all the SUs. 

To tackle this issue, the SUs can simultaneously send 

their decisions on orthogonal frequency bands, yet 

this requires larger bandwidth. Thus, an effective 

scheme should be proposed to obtain the minimum 

number of SUs to maintain the desired performance, 

which was not considered in this paper, and can be 

investigated in future works. 

4. One can presume that accessing all available bands 

would theoretically increase the throughput. 

However, when a SU accesses all these bands, there 

is a higher probability that a PU returns to at least 

one of them. Thus handoff becomes necessary, 

which consequently increases the network’s 

overhead. Therefore, optimizing the number of sub-

channels for spectrum access becomes essential. To 
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guarantee that each SU picks the best channels, 

frequent channel reselections become inevitable, and 

hence high overhead is incurred. To reduce the 

overhead, a proper approach is required where the 

SU selects a channel as long as it can support the 

least possible transmission rate. Otherwise, an 

alternative channel is randomly selected. This 

algorithm has a lower throughput, yet it reduces the 

frequency of channels’ reselections. The future work 

advises using of adaptive bandwidth selection for the 

proposed multi-channel multi-antenna CRN to 

further maximize the network’s throughput.  

5. Recently, energy harvesting (EH) from ambient 

radio frequency (RF) signal sources has been 

proposed as a promising solution to address the 

energy shortage problem. In an Energy Harvesting 

Cognitive Radio (EHCR) network, a CR transmitter 

collects energy from RF signals by EH when a PU is 

present in the channel and employs it for data 

transmission when the spectrum is idle. Therefore, 

the SU should search for not only a vacant channel 

of PUs for its data transmission, but also an occupied 

channel for EH. In future works, we can use an 

energy harvesting-based multi-channel multi-

antenna CR network to execute cooperative SS, data 

transmission, and RF energy harvesting by a 

secondary transmitter from PU’s signal and the 

ambient noise, simultaneously. 
 

 

5. CONCLUSION 
 

In this paper, we studied the problem of designing the 

optimal sensing times and detection thresholds in each 

sub-channel and selecting the multi-antenna SSUs and 

TSUs in the multi-channel multi-antenna CRNs for 

improvement of both throughput and energy efficiency 

so that the constraints on the global 𝑃𝑑  
 and 𝑃𝑓  

  in each 

sub-channel are satisfied. Our problem formulated, and 

the priority of SUs for sensing and data transmitting in 

each sub-channel determined. We proposed the 

algorithm having less computational complexity than 

baseline approaches to achieve the optimal parameters 

and goals of the problem. Furthermore, simulation results 

have shown that the proposed structures and algorithms 

can consistently achieve an improvement on the 

throughput and energy consumption in comparison to the 

structures using the same sensing times or thresholds in 

all sub-channels or schemes in which all single-antenna 

SUs have participated in spectrum sensing and data 

transmitting on all sub-channels.  
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Persian Abstract 

 چکیده 
مقاله،   ینرا به خود جلب کرده است. در ا  زیادیتوجه    یراخ  یهااست که در سال  یدو موضوع مهم  (CRN)یوشناختگرراد  یهادر شبکه  گذردهی و     ی مصرف انرژ  یسازبهینه

 بازده   سازیبا هدف بیشینهداده    کنندهرسالا سنج ویفط  هچندآنتنکاربران ثانویه  و انتخاب    زیرکانالدر هر    یانرژ  آشکارساز  یهاو آستانه  سنجی طیف  یهازمان  توام  سازیینهبه

  مبتنی بر مدل پیشنهادی،   تعریف شده  . مسئلهشودگرفته میدر نظر    آشکارسازیو    غلطاحتمالات هشدار    یتمحدوده و تحت  چندکانال  آنتنهچند  CRNدرگذردهی  و بهبود    یانرژ

ها  یسازیهبا شب یشنهادیشده است. عملکرد طرح پ یشنهادپ مبنا یکردهایبا رو یسهکمتر در مقا ی محاسبات یچیدگیبا پ یتمیمحدب حل شده و الگور یسازهینبر اساس روش به

  ین تضم  یاز مورد ن  گذردهیکه حداقل    یدر حال   یابددست    یکمتر  یمصرف انرژتواند به  می  هادییشنپ  روشکه    دهدی نشان م  یجشود. نتایم  یسهها مقاطرح  یر و با سا  یابیارز

 . شده است

 

 


