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Abstract—This paper proposes a technique to enhance both 

throughput and sensing time in secondary network under Full-

Duplex Cognitive Radio (FD-CR). Subsequently, it overcomes 

power-throughput trade-off which is caused by SI-interference 

occurs during transmission. To do so, the CR node controls its 

transmission power over two fractions of frame duration unlike 

Simultaneous Sensing and Transmission (SST) approach which 

consists of controlling the entire frame duration. The 

performance was validated through simulation result using 

MATLAB simulation environment, then compare these results 

with that of existing approach (i.e.; SST). It was shown that, the 

proposed technique significantly outperforms SST in terms of 

throughput and sensing efficiency. 

Index Terms—Cognitive radio networks, full-duplex, optimal 

sensing, power control, SI suppression 


I. INTRODUCTION

Since last decade, wireless and mobile 

communications have globally dominated all 

communication systems. This growth was accelerated by 

the new services with emergent applications such as the 

introduction of industrial Internet of Things (iIoT), 

automotive industry (such as big data analysis, artificial 

intelligence, and three-dimensional media), coverage for 

crowded stadiums, and high-speed rails. Herein, the 

demand for communication has become higher. Therefore, 

the corresponding internet speed and bandwidth are 

needed to spur this new technology wave in order to 

connect a huge number of devices for efficient 

communication during data exchange. Many researchers 

have been making effort to tackle this problem by 

introducing and developing next generation technology of 

wireless communication known as 5G. This technology is 

expected to support a large number and a more diverse 

set of devices by effectively managing the current 

resources. Now, the current technical and environmental 

challenges are: 
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1. How to design mobile radio networks to be more

energy efficiency and to accommodate the extra traffic 

while maintaining the quality of service.  

2. How to increase the capacity of radio spectrum with

the limited radio resources. 

To overcome these challenges, the spectrum sharing 

schemes have been proposed to offer efficient 

communication services to address the current 

requirements.  

Over the last two decades, cognitive radio (CR) 

technology was revealed as the most auspicious 

technology to be used in spectrum sharing to tackle the 

above-mentioned problem of underutilization of the 

spectrum. It (CR) was initially conceived and defined by 

Mitola [1] as an intelligent, adaptive, radio and network 

technology employed in wireless communication system 

to automatically sense the usage of surrounding spectrum; 

and opportunistically uses the spectral holes without 

affecting licensed users’ normal communication [2]. This 

consists of how a secondary (cognitive) network can 

efficiently exploit the primary network by accessing 

incumbent licensed frequency bands based on an 

opportunistic approach in CR technology. 

For efficient communication, the level of spectrum 

utilization should be significant enough to satisfy the 

communication needs among users in their 

communication environment. However, the required time 

for secondary users (SUs) to detect the unused spectrum 

is a critical issue, especially when a large number of users 

is trying to access the available channels. In essence, 

cognitive users have to sense primary users (PUs)’ 

spectrum as quick as possible to decrease the error rate in 

detection.  In another words, sensing time is of utmost 

importance during spectrum sharing. The SUs must sense 

the status of the primary network to ensure the protection 

of its Quality of Service (QoS). 

The concept of traditional detection [3] proved that 

increasing sensing times allows decreasing the 

probability of false alarms, which leads to the protection 

of PUs from harmful interference. However, this 

increment in sensing time increases data transmission 

time, hence reduction of the achievable throughput of 

SUs. This mechanism is referred to as the sensing-

throughput trade-off in CR networks; and the main 
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objective of this work is to overcome
1
 it. The approaches 

are needed to enhance the sensing efficiency, which is 

associated with the optimization of SUs’ throughput. 

In previous works, Cooperative Spectrum Sensing 

(CSS) was proposed for achieving reliability and quick 

detection of the PUs. Nevertheless, it has some 

limitations related to the statistical QoS requirements of 

CR networks. In [4], the authors investigated the impact 

of spectrum sensing versus system throughput in CRs, in 

which the SUs have the limitation of the sensing 

capability which consequently decreases the fidelity of 

the sensing outcomes. 

In [5], Andrea et al. proposed a technique called 

periodic sensing and transmission (PST) to increase the 

sensing duration in order to realize sensing performance 

improvements. However, this proposition results in lower 

SU throughput because of the sensing-throughput trade-

off. The main shortcoming of this technique is the fact 

that it is based on half-duplex cognitive radio (HD-CR); 

and the period duration of entire frame in this case is 

partitioned into two time slots (to sense the spectrum and 

transmit data) which finally causes the interference due to 

the lack of ability for the SU in this mode to 

simultaneously sense the spectrum and transmit data. In 

[6] the authors proposed a technique named the 

simultaneous sensing and transmission (SST) approach 

with full-duplex cognitive radio (FD-CRN). Unlike in 

HD-CRN where spectrum sensing and data transmission 

are carried out separately, in FD-CRN, the detection PUs 

status and data transmission are concurrently executed on 

the same channel. 

To overcome all the above-mentioned drawbacks, we 

propose an approach for interference suppression based 

on power control on the transmitter side. In this 

framework, one portion of the frame time period is used 

by the CR node to simultaneously execute spectrum 

sensing and data transmission under controlled power; 

eventual the other remaining portion of frame time period 

is used in case the CR radio is only transmitting data with 

full power. Briefly, the key strength of this technique is 

that, — it allows SUs to sense spectrum and transmit data 

simultaneously in FD
2
 mode. The efficiency of FD mode 

is underlined by its advantages over HD, such as high 

throughput and low end-to-end feedback delays. In the 

simulation result, we validate the optimization of the 

sensing time which finally leverages of the secondary 

throughput while protecting the licensed network. This 

approves its potential for 5G wireless communications 

which is the main objective of this work. 

II. SYSTEM MODEL 

                                                           
1 Optimizing both the throughput of cognitive networks and 

spectrum sensing time 

2 The radio node is enabled so that it transmits and receives data on 

the same frequency band at the same time. This can make the spectrum 
to be potentially twice as that of HD systems.  

The main objective to design this paper consists of 

optimizing the two parameters, namely sensing efficiency 

(sensing time) and transmission power, which would 

result in the enhancement of the throughput of secondary 

systems. In the aforementioned spectrum sharing method, 

the SU has the responsibility of monitoring the PU status 

to use white space, then leads to a solution of the 

spectrum shortage problem in communications between 

nodes in industrial IoT applications. The purpose of 

monitoring the  

PU is to prevent the occurrence of interference 

between the PU and the SU.   

A. The System Structure Simultaneous Sensing and 

Transmission (SST) 

The Fig. 1 depicts the frame structures of CR node 

with T as the time period duration whereby both sensing 

time and data transmission have the same duration (i.e., 

the entire duration of the frame). By comparison with the 

structure presented in [7] for periodic sensing and 

transmission (PST), which results in a sensing throughput 

trade-off, the proposed technique overcomes this trade-

off by optimizing both sensing and data transmission time, 

hence increasing throughput in secondary networks. 

However, despite its various advantages over PST, such 

as the use of the whole duration of the frame for both the 

sensing and transmission phases (which results in 

overcoming the sensing-throughput trade-off), this 

method still has a drawback due to the effects of the SI 

imposed by the transmission equipment which results a 

higher probability of false alarm; eventual causes the loss 

of several spectrum opportunities. 

 
Fig. 1. Frame structure with equal time slots for sensing and 
transmission. 

B. Self-interference Suppression Methods 

Among the available techniques for SI cancellation, 

there is a special antenna design for separating the 

transmission and reception sides of the antennas’ node. In 

this technique, the distance separating the transmit and 

receive antennas is much shorter than the path separating 

nodes. Due to this particular design of transceiver, the 

transmitted signal generates SI at the receive antenna 

which is very stronger compared to the received signal 

[8]. To address this problem, the separation between the 

transmit and receive antennas need to be large enough to 

allow low transmit power. Other techniques for SI 

mitigation are analog and digital cancellation. The analog 

cancellation consists of sending an additional canceling 

signal for the purpose of suppress the SI from the 

transmission antenna in each node.  

Although the above techniques can reduce SI, they still 

have drawbacks. For instance, increasing antenna 
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transmission 

(with controlled power)

Sensing PU Occupancy /

Secondary user  data 

transmission 

(with controlled power)

Frame i Frame i+1 Frame i+2
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separation would imply changing the size of the nodes. 

This would not be practical due to hardware limitations in 

the nodes, hence it will not be fair for the original design 

of manufacturer. The analog cancellation technique is 

also challenged by the cost of its hardware requirements 

based on realizing an accurate self-interference inverse 

and the non-flat frequency response [9]. This kind of 

challenges (hardware challenges) associated with the 

numerous drawbacks of analog cancellation techniques 

for SI is known as the costs-SI cancellation trade-off. 

To overcome these challenges, a feasible method is to 

adopt digital cancellation techniques by using 

information of the interfering signal from the transmit 

antenna and then removing it from the baseband by the 

receiver. This is considered as a neat and excellent 

solution of the weakness of analog cancellation 

techniques [10], [11]. The quality of digital cancellation 

comes from the abilities of its two main components: 

estimation of the self-interference channel and the 

subtraction of SI from the received signal by applying the 

channel estimation and generating digital samples on the 

known channel [12]. 

Regardless of the aforementioned performance of 

digital cancellation techniques over analog cancellation 

techniques and their ability to dynamically adapt and 

combat the time invariant effects of radio environments, 

they present major issues and challenges since they 

cannot operate alone to subtract the linear and non-linear 

SI components alone [13]. In this regard, it needs be 

combined with analog cancellation techniques, leading to 

hybrid analog-digital methods. 

C. Proposed Self-interference Cancellation Approach 

To avoid all the above issues and challenges when 

conceiving and optimizing self-Interference cancellation 

techniques by avoiding relying on hardware design, we 

propose a technique to control transmit power. As shown 

in Fig. 2, the entire duration of the frame is occupied for 

power control during SI mitigation since CR node 

concurrently senses spectrum and transmits data, i.e.; the 

frame is split into two parts from the header at a certain 

point to the trailer. The proposed technique is thoroughly 

explained; and will be the topic throughout the rest of this 

paper. 

As indicated by the frame structure (see Fig. 2), one 

portion of the frame duration is employed to 

simultaneously sense and transmit data under controlled 

power. On the other hand, during the remaining part of 

the frame duration, the CR only carries out data 

transmission with full power. This technique invariably 

suppresses SI while overcoming the power-throughput 

trade-off. 

D. Mathematical Model 

Recall that, the probability of false alarm ( 𝑃𝑓𝑎) and the 

probability of detection (𝑃𝑑)  are regarded as the main 

metrics for assessing the performance of proposed 

approach. By denoting N as the number of samples 

collected with respect to a certain time 𝜂 , 𝑁 = 𝜂𝑓𝑠; with 

𝑓𝑠  being sampling frequency. Under energy detection 

technique for sensing the spectrum, the energy of the 

samples at the receiver can be expressed as: 

Ω =
1

𝑁
∑ |𝑟(𝑛)|2𝑁

𝑛=1                            (1) 

PU sensing + data 

transmission 

(with controlled 

power

Secondary data

transmission

(with full power)

Frame i

PU sensing + data 

transmission 

(with controlled 

power)

Secondary data

transmission

(with full power)

Frame i+1 Frame i+2

Frame period(T) Frame period(T)

 
Fig. 2. Frame structure with power control  

with 𝑟[𝑛] denotes the fast Fourier transform of the 

samples. By considering N to be the high value, the 

probability density function of Ω  can be estimated by a 

Gaussian distribution in which 𝜇 = 𝛿𝜔2  is the mean and 

𝛿0
2 =

1

𝑁
Εω(n)4 − 𝛿𝜔

2 , as variance, with Ε[. ] represents an 

operator of expectation. The expressions for 𝑃𝑓𝑎  and 𝑃𝑑 

can be computed as follows: 

𝑃𝑓𝑎 = 𝑃𝑟(Ω > ψ|H0) , 𝑃𝑑 = 𝑃𝑟(Ω > ψ|H1)  respectively, 

where 𝜓 is the sensing threshold.  

To protect the primary network from harmful 

interference, a high probability of detection is required. 

For a given target probability [7], the expression for 

probability of the false alarm 𝑃𝑓𝑎 in SST can be written as:  

𝑃𝑓𝑎 = 𝑄 (
𝜓

𝛿𝜔
2 − 1) √𝜂𝑓𝑠,                       (2) 

with 𝑄(. )  denoted as the complementary distribution 

function of the standard normal distribution. On the other 

hand, the probability of detection under 𝐻1 hypothesis is 

expressed as 

𝑃𝑑(𝜓, 𝜂) = 𝑄 (
𝜓

𝛿𝜔
2 − 𝛽𝑝 − 1√

𝜂𝑓𝑠

2𝛽𝑝+1
)            (3) 

with 𝛽𝑝  is the measurement of SNR for PU at the 

secondary transmitter. Letting �̃�𝑑 as the target detection 

probability respected by detector based on the current 

radio regulations; and once combine (2) and (3), the 

expression of  𝑃𝑓𝑎 can be computed with respect to �̃�𝑑 as 

follows: 

𝑃𝑓𝑎 = 𝑄 (√(2𝜓𝑝 + 1)𝑄−1�̃�𝑑 + √𝜂𝑓𝑠𝛽𝑝)    (4) 

The next step is to evaluate the performance of the 

receiver secondary user. By denoting  𝐶1  and 𝐶0  as 

throughputs of the secondary network at the presence and 

absence of the active PU respectively, according to [14],  

𝐶1 = log2 (1 +
𝛽𝑝

1+𝛽𝑝
)           (5) 

𝐶0 = log2(1 + 𝛽𝑝)             (6) 

and the averaged throughput of the SU can be expressed 

by the following equation: 
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𝑅𝑆𝑆𝑇(𝜓, 𝑇) = 𝑅0(𝜓, 𝑇) + 𝑅1(𝜓, 𝑇),           (7) 

with 𝑅0(𝜓, 𝜂)  and 𝑅1(𝜓, 𝜂)  are throughputs 

corresponding to the probability of PU being inactive 

𝑃(𝐻0) ; and probability of being active 𝑃(𝐻1) 

respectively. Thus, 𝑅0(𝜓, 𝑇)  and 𝑅1(𝜓, 𝑇) , can be 

calculated as 

𝑅0 = (1 − 𝑃𝑓𝑎(𝜓, 𝑇)𝑃(𝐻0)𝐶0,               (8) 

 
Fig. 3. Detection Probability vs Signal to Noise Ratio. 

𝑅1 = (1 − 𝑃𝑑 (𝜓, 𝑇)𝑃(𝐻1)𝐶1               (9) 

In the proposed method, the entire frame duration is 

split into two fractions (portions). The throughput in this 

case is considered as the combination for both the 

scenarios i, e.; controlled power and that of full power 

transmission as shown by the following expression: 

𝑅2 =
𝜂

𝑇
(1 − 𝑃𝑓𝑎(𝜓, 𝜂)𝑃(𝐻0)𝐶0 + 

𝜂

𝑇
(1 − 𝑃𝑑(𝜓, 𝜂))𝑃(𝐻1)𝐶1.            (10) 

Moreover, we can devise the optimal throughput based 

on the percentage of SI mitigation by computing 

controlled power as 

𝑃 = 𝑃𝑓𝑢𝑙𝑙(1 − 𝜔)                       (11) 

with 𝜔 is the percentage of SI mitigation values from 0 to 

1. The optimal throughput in this case can be computed 

by writing the optimum problem whose objective 

function is 𝑅(𝜓, 𝜂)   and the constraint    𝑃𝑑(𝜓, 𝜂) ≽
�̃�𝑑   as shown below: 

maximum
𝜂

𝑅(𝜓, 𝜂) = 𝑅0(𝜓, 𝜂) + 𝑅1(𝜓, 𝜂) + 𝑅2(𝜓, 𝜂)

𝑠𝑢𝑏𝑗𝑒𝑐𝑡  𝑡𝑜                                                𝑃𝑑(𝜓, 𝜂) ≽ �̃�𝑑    
 

(12) 

All variables have been previously defined. 

III. NUMERICAL RESULT AND PERFORMANCE 

EVALUATION 

In this section, the performance the proposed approach 

was evaluated under simulation, then the results were 

analyzed and interpreted for comparison purpose with 

previous works. We investigated the influence of the SI 

mitigation effects under the transmit power control 

scheme. Recall that, the key parameters are sensing time 

and secondary system throughput.  

 
Fig. 4. Secondary throughput vs Self-interference. 

TABLE I: SIMULATION PARAMETERS 

Simulation parameter setting 

Symbol (Parameter) Settings 

𝑃𝑑 

𝑃(𝐻1) 
Carrier bandwidth and fs 

Channel attenuation 

0.95 
0.2 

6MHz 

10dB 

 

The evaluation is performed based on the level of SI 

mitigation resulting from transmit power control. For 

simplicity, we set some simulation parameters as shown 

in Table I. The simulation was executed with MATLAB 

R2018a simulation environment, running on an Intel Core 

i3-7100 3.90 GHz CPU. 

The performance of the two approaches is depicted in 

Fig. 3 as the probability of the detection with respect to 

SNR for the secondary system. It shows that, for a given 

value of SNR in both approaches, the probability of the 

detection is increased. Although, there are some 

similarities between both curves in terms of their 

direction, it is also observed that the proposed approach 

significantly provides better detection performance 

compared to the SST.  

The monotonic increase of both curves can be 

explained by their effects on the responsibility of the 

secondary system to protect the licensed user against the 

harmful interference. In other words, the more probability 

of detection is increased, the more efficient spectrum 

sharing (utilization) and protection of the primary system 

from the harmful interference are required. The main 

reason for the observed effects of this monotonic increase 

will be detailed after throughput evaluation. However, the 

gap between the detection performance of the two 

techniques is due to the lack of SI consideration in the 

SST method, which causes the aforementioned trade-off 

between sensing and data transmission in the secondary 

system.  

This trade-off problem is overcome by controlling the 

transmit power in an entire frame in order to weaken the 
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SI as illustrated by Fig. 4, i.e.; the throughput with 

respect to SI. Herein, when SI increases, the throughput 

values slightly decrease. Although the throughput is 

decreasing as SI increases in both approaches, it however 

shown that the proposed approach still endures the SI 

since the throughput of for proposed approach is higher 

compared to the exiting approach, i.e.; SST. The 

proposed approach performs better compared with the 

SST method. This is due to the ability of the proposed 

approach to mitigate SI interference unlike the SST 

method, where a power-throughput trade-off occurs. Fig. 

5 depicts a comparison of the performance of the two 

techniques by considering throughput against sensing 

time.  

 
Fig. 5. Secondary throughput vs Sensing time. 

The values for the throughput of the two curves 

increase as SNR increases. However, the curve of the 

proposed approach shows a performance that is better 

than that of the SST method. This limitation of 

throughput in the SST method arises from the fact that 

the power control strategy employed in this method leads 

to the reduction the effect of SI on the sensing efficiency 

which causes the power-throughput trade-off. On the 

other hand, the improvement in throughput when using 

the proposed approach is due to the effect of its ability to 

reduce SI to overcome the power-throughput trade-off 

caused by the SST method. 

IV. CONCLUSION AND FUTURE WORK 

In this paper, a technique to concurrently sense the 

licensed spectrum; and transmit data in Cognitive Radio 

Networks (CRNs) was proposed for the aim of 

optimizing sensing time and eventually maximizes the 

secondary. The Cognitive Radio (CR) was used to control 

transmit power in order to mitigate SI which causes a 

power-throughput trade-off. Herein, the duration period 

of each frame was divided into two fractions: one used by 

the CR node to concurrently sense the spectrum and 

transmit data with controlled power, whereas the other 

fraction was reserved by the CR to only transmit with full 

power. In terms of performance, it was shown that 

through simulation results, the proposed approach 

outperforms the SST method, thus implying throughput 

and sensing time enhancements. 

In the future work, periodic sensing and transmission 

(PST); simultaneous sensing and transmission (SST) will 

be both evaluated for the comparison purposed. Moreover, 

the artificial intelligent (AI) technique with non-

orthogonal multiple access (NOMA) will be employed 

for interference cancellation in industrial wireless 

network. 
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