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Abstract 

 
The use of the frequency spectrum has become an urgent necessity, especially in the advanced 

generations of communications and various types of transmitted data. The radio spectrum is 

not being exploited effectively, primarily due to the current strict frequency allocation scheme. 

Only few bands of the spectrum are heavily utilized, such as those used for wireless base 

stations. Many bands are either not used at all or are only used infrequently. This problem has 

been solved through cognitive radio (CR) technology. CR technology faces many challenges 

in finding the unused frequency spectrum, especially the presence of noise in the spectrum 

analysis. This paper proposes a filter model with two-stages to enhance the cognitive radio 

performance and perform a comparison between proposed filter with the traditional cognitive 

radio techniques, by the means of QPSK modulation. The comparison result based on 

parameters such as the probability of detection as well as the probability of failure and the 

cumulative error rates. High probability of detection is required to achieve better network 

performance. A proposed filter model in the CR method has successfully passed all tests and 

provided better performance than other filters. 
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Introduction 

 

Wireless communications have grown to occupy a large space of progress and improvement 

in cognitive radio fields which led to an increase of utilizing the radio spectrum resources. 

As stated by Cisco, the data traffics produced by the ones using the mobile, were anticipated 

to multiply up to ten-fold from 2016 to 2022 (Kumar & Kumar, 2020). However, spectrum 

resources are finite because of the policy that is pursued and imposed by Federal 

communications commission (FCC); hence, allotted spectrum to the licensed users when 

services that are broadcast via wireless, are specified by FCC (Zhao & Swami, 2010). A 

massive amount of the allocated spectrum was underutilized based on numerous studies 

that have been disclosed and noticed by researchers. The ineffective use of the finite 

spectrum has encouraged the growth of progressive methods of accessing and sharing of 

this spectrum. In the aforementioned progressive methods, the permission of the 

unauthorized users denominated as secondary users (SUs) to flexibly and temporarily 

access the spectrum which was not utilized by the authorized users denominated as primary 

users (PUs), is termed as cognitive radio (CR) (Borde & Joshi, 2019). 

 

CR is a technology that provides a dynamic allotment of spectrum resulting in the 

competent utilization of the spectrum. CR proficiency of adjustment of the transmitter 

parameters rendered the CR-enabled devices to produce cognitive capability and 

reconfigurability to the users as opposed to other conventional radio devices. The users 

were able to benefit from reconfigurability and to sense and receive information (Cognitive 

Capability) as well as power and frequency (Arjoune & Kaabouch, 2019). Briefly, in an 

attempt to diminish the inefficiency in the spectrum, the resources are appointed to 

secondary users and the availability of the channel is exposed by RC (Perumal et al., 2021). 

The CR processes are influenced by improper resolutions and actions that are made during 

the course of cognitive radio cycle resulting in deterioration of the cognitive radio 

efficiency. This has made an obligation to address these uncertainty obstacles in the 

cognitive radio cycle, which can be achieved by the correct sensing of the spectrum, making 

the proper decisions, and taking the correct measurements. A competent and comprehensive 

spectrum sensing approaches are compulsory for the acceleration of the wideband spectrum 

scanning, resolving uncertainty issues, and executing accurate and solid sensing occupancy 

assessments (Salahdine et al., 2016). Spectrum sensing was intended mainly for the decision 

about the attainability of a frequency band connection bypassing any interference with the 

licensed user which was the chief challenge for the cognitive radio. The vacancy of a 

frequency band arises when the signal being detected was regarded as a noise signal, hence, 

the cognitive radio would have an access to it to make a connection. However, there are 

two situations where errors could arise (Ben Jemaa et al., 2012). First; if the primary user 
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was engaged in a communication occupying the channel, misdetection may happen. This 

affirms that the sensing area is a clear white territory. The solution to this problem would 

be increasing the probability of detection (PD) as possible. Second error; if the primary user 

was not engaged in a communication so the channel was not occupied, a false alarm could 

be detected confirming the existence of a primary user. According to the Neyman-Pearson 

criterion, the probability of false alarm (PFA) should be as low as possible while the 

probability of detection should be as high as possible in order to efficiently use the spectrum 

resource and for an attainable dynamic entry scheme (Ben Jemaa et al., 2012). In this work 

we would attempt to increase the detection efficiency of cognitive radio by employing the 

proposed filter technique and comparing it with other detection techniques. 

 

The structure of this paper is constructed as the following; Section 2 describes the work 

done by authors in the fields of spectrum sensing with cognitive radio technique. In section 

3, general model of cognitive radio spectrum sensing, the performance metrics which were 

used and our general system model with filters were briefly reviewed. Section 4 showed the 

simulation steps and the results with discussion. Finally, the conclusion was presented in 

section 5. 

 

Related Work 

 

The wideband spectrum sensing with compressive sensing have been reviewed by many 

researchers. In (Sun et al., 2013), the wideband sensing techniques have been categorized 

in to two subcategories; Nyquist and sub- Nyquist wideband sensing. Their assets and 

liabilities have been compared by authors. In (Yucek & Arslan, 2009), narrowband 

spectrum sensing approaches, wideband spectrum sensing and deliberations of a high level 

about sub-Nyquist wideband sensing approaches have been reviewed but the comparison 

made in wideband sensing approaches were not covered by them. The challenges facing 

narrowband sensing technique have been discussed by authors. The complexity and 

accuracy being the basis of the comparison between these techniques. 

 

Cooperative sensing was briefly reviewed in (De Vito, 2012). three principal classes of 

wideband spectrum sensing approaches were made by authors after revision: detection by 

applying an established sub-bandwidth, assessing the perimeters and energy density status 

simultaneously, and assessing the sub-perimeters. In (Gupta & Kumar, 2019), authors had 

split their reviews in to three stages; firstly, the technology of the basic CR, entire cognitive 

cycle and the future work have been surveyed and showed by authors. Secondly, they have 

designed diverse aspects of discrete spectrum sensing patterns. Thirdly, they have 

delineated the applications, unsettled matters and investigations guidance for cognitive 
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radio network, leading the future inquiries and researches by providing an overview of 

active inquiry initiatives. 

 

In addition, in (Lv & Gao, 2015; Salahdine et al., 2015; Zhang et al., 2014) one of the most 

significant techniques used in spectrum sensing have been studied, which is matched filter 

based detection. In this technique, the acquired signal was measured and compared with 

pre-allocated and pilot samples taken from the same transmitter. The test statistic was 

estimated utilizing these pilot samples, then matched to a threshold. If the test statistic was 

higher than the threshold, the signal would be noted as present. In addition, authors studies 

showed highest sensing with a very good detection at signal to noise ratio (SNR) zone when 

it was low. However, the detriments of this technique include: prior information about the 

primary user was mandatory which was not attainable at all times rendering the technique 

impractical. On the other hand, mathematical modeling of spectrum sensing had diverse 

concerns to be discussed making it a challenging matter. The substitution between time 

consumed in transmission and sensing was studied in a late survey by (Kulkarni & Banerjee, 

2017). When more power was consumed in sensing operation, less power would be 

attainable for transmission. 

 

Likewise, many works have been done trying to enhance the problematic issues of CR and 

increase the performance of the system. Researcher have used cooperative technique and 

proposed best-cooperative- mechanism (BCM) in an attempt to decline the time imposed 

for the spectrum sharing (Gao et al., 2016). In 5G networks, BCM distributes the spectrum 

and harvests the wireless power. As a result, the system capacity has been improved. The 

capability of system computing and network competence have been promoted by the 

authors in (Yu et al., 2016). Utilizing reinforced cloud radio-access-network (RC-RAN) to 

merge the services of the cloud locally, thus raising the performance of the system. In 

(Birhanu et al., 2019), researchers had suggested the application of a threshold based 

adaptive energy detection (ED) design that utilizes collegial ED for signal to noise ratio 

(SNR) values that are low, and non-collegial ED for SNR values that are high. Different 

parameters were used to analyze this technique. Mainly, attainable primary user (PU) bands 

could be explored and occupied by cognitive radio users (CRUs) without impedance when 

the suggested adaptive threshold based ED was applied, leading to advanced use of radio 

frequencies for Long-Term-Evolution (LTE) systems. In (Martinez et al., 2020), a general 

survey of various approaches has been suggested for spectrum sharing, TV and mobile 

networks. There has been a notable advancement in this research area, still the solutions 

and simulations suggested were not applied to resolve the shortage of the spectrum. The 

authors have assessed the cognitive network system by examining various values of SNR 

and false alarm (Saad et al., 2019). They noticed that when the probability of detection (PD) 
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was high, a great incidence of false detection would take place. They also showed that when 

the demand on sharing spectrum was raised, the sharing process ensued for an extended 

time, with decrement of the error rate for modest values of SNR. 

 

Spectrum Sensing and Cognitive Radio Filters  

 

As mentioned the spectrum sensing is constructed to detect the primary signal presence in 

the chosen cognitive radio band. Two hypotheses were distinguished by the spectrum 

Sensing, as shown in equation (1). Table 1 shows the parameter of the hypotheses: 

 

𝑦(𝑡) = {
ŋ(𝑡)  ∶  𝐻0 𝑃𝑈 𝑎𝑏𝑠𝑒𝑛𝑡

ℎ ∗ 𝑆(𝑡) +  ŋ(𝑡) ∶  𝐻1 𝑃𝑈 𝑝𝑟𝑒𝑠𝑒𝑛𝑐𝑒
   (1) 

 

Table 1 Description of the Hypotheses 

Symbol Description 

H0 Null hypotheses, licensed user PU signal is absent 

H1 Alternate hypotheses, PU signal is present. 

t Number of samples 

y(t) Received signal of the SU 

S(t) PU transmitted signal 

ŋ(t) Additive white Gaussian noise channel, with zero mean and variance 2𝛿w 

h amplitude gain of the sensing-channel 

 

The detector output resulted from the PU signal detection to choose between two 

hypotheses (H0, H1), which was then analyzed against the threshold (λ), so that the sensing 

decision about the PU signal existence is performed (Subekti et al., 2014). The formula of 

the sensing decision is: 

 

{
𝑖𝑓 𝑇 ≥  ƛ 𝐻0
𝑖𝑓 𝑇 <  ƛ 𝐻1

       (2) 

 

Where test statistics are represented by T, sensing threshold is represented by λ, the PU 

channel is taken by SU if the signal of the PU is not present. Figure 1 Below shows the 

block diagram of the general spectrum sensing model. 

 

 
Figure 1 General Model of the Spectrum Sensing 
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The threshold λ is measured by the noise to guarantee the definite probability of false alarm 

(PFA). The frequency in which the data is more likely to be under one model instead of the 

other is denoted by the likelihood ratio test (Nautiyal & Kumar, 2013). 

 

Frequency band is sensed by energy detection method. As mentioned earlier, the received 

energy of the signal can be distinguished by the energy detection technique of the spectrum 

sensing to determine if it is a primary signal or not, then decide which hypotheses should 

be taken between H0 and H1, the outcome is denominated as detector output or test statistic. 

The comparison has been done between test statistic and the threshold which would be 

changed dynamically depending on the fluctuates of the transmitted signal and noise 

(statistical properties of output). the formula of PFA depends on the threshold of the signal 

T as illustrated in equation (3) (Nautiyal & Kumar, 2013). 

 

Pfa =
1

2
(1 − efr (

T

√nm
))   (3) 

 

Where T refers to the signal threshold, nm represents noise power and matched filter 

serially, this relation is denominated as signal to noise ratio SN R as shown in equation (4): 

 

√SNR  =
T

√nm 
    (4) 

 

Hence, Threshold T equation can be performed as in equation (5): 

  

𝑇 =  √𝑛𝑚 ∗ √𝑆𝑁𝑅   (5) 

 

The performance metrics employed in this work were three: The probability of the energy 

detection (PD) being the first one. Next one was the probability of false alarm (PFA). Last 

one was the probability of missed detection (PM). PD and PFA are described as the 

following: 

 

𝑃 𝐷 =  {𝑦 >  𝜆 \ 𝐻 1}     (6) 

𝑃 𝐹 𝐴 =  {𝑦 >  𝜆 \ 𝐻 0}            (7) 

 

H1 is true, when the maximum disclosure of primary signal can be reached while PD 

becomes high. Likewise, H0 is true, when the maximum undetected spectrum hole can be 

reached while PFA raises. Hence, maximum PFA leads to poor spectrum utilization with 

SUs. These performance metrics can be described as follows. 
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Probability of Detection 

 

The existence of a primary signal H1 in the channel is determined by the probability of 

detection i.e. P D = {y > λ  H1}, which would prevent any conflict between primary and 

secondary user. So PD value should be high. 

 

Probability of False Alarm 

 

False alarm probability takes place when improper decision is made by the detector (the 

primary signal H1 is detected rather than the alternate signal H0), so it should be kept as 

small as possible. In such a case, the secondary user would not be able to use the free 

channel. Therefore, spectrum sensing efficiency is denoted by the probability of false alarm. 

 

Probability of Missed Detection 

 

A spectrum gap where the primary signal does not exist is identified by the probability of 

missed detection (PM) i.e. P M = {y < λ H1}, this gives the opportunity for the second user 

to commence transmission which increases conflict between the primary and secondary 

user so it should be kept small as possible. 

 

Cognitive radio filters that are used will be illustrated as follows:  

 

Average Filter 

 

The simplest and most common filter is the mean filter or so called average filter. The 

average value belonging to the corrupted data signal is calculated by the arithmetic mean 

filtering procedure. Hence, the equation (8) below has been utilized. 

 

𝑦1[z] = ∑ ∑ M(i) ∗ x(k + i)7
𝑖=0

𝑠
𝑘=1    (8) 

 

Where x is the received signal, M is the Average Filter Mask which is implemented utilizing 

a convolution mask where M values used were (0.5,1, 1, 1, 1, 1, 1, 0.5), y1 is the convolution 

of output signal. As a consequence of blurring, noise is diminished. Regional variations in 

data signal are smoothed by the mean filter. 

 

Infinite Impulse Response (IIR) 

 

The generalized discrete-differential equation below expresses the digital filter. 

 

∑ 𝑎𝑘
𝐾
𝑘=0 ∗ 𝑦[𝑧 − 𝑘] = ∑ b𝑠 ∗ 𝑥[𝑧 − 𝑠]

𝑍

𝑠=0
   (9) 
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Where a and b is the filter coefficients, x[z] expresses the input signal, y[z] denotes output 

signal and last K, Z are the filter order. The inputs x[z] is denominated as feed forward and 

the previous outputs y[z] is denominated as feedback. IIR filters calculates the feedback 

repeatedly relaying on both current and previous input data besides the previous output data 

as shown in equation (10) below. 

 

𝑦2[𝑧] = ∑ b𝑘 ∗ 𝑥[𝑧 − 𝑘]𝑍
𝑘=0 −  ∑ 𝑎𝑘

𝐾
𝑘=1 ∗ 𝑦[𝑧 − 𝑘] (10) 

 

Sliding Window Filter 

 

The inconsistency and variation in the noise level of the real signal poses a defective impact 

on the spectrum sensing, to decrease this impact, the sliding window was exploited to aid 

the suggested detector. The sliding window algorithm establishes a buffer between the 

power samples in order to add all the sample values of window size and calculate their 

average.  

 

The size of the sliding window is pre-designated and retained in the memory. After 

obtaining the average of the total values of it, the sample window size switches to the 

upcoming sample and repeats the averaging process until the last sample has been averaged. 

The smoother curve is obtained by passing the power samples through the sliding window. 

 

𝑦3[z] =
1

𝑍
∗ ∑ b𝑠 ∗ 𝑃(𝑧. 𝑠)

𝑍

𝑠=0
    (11) 

 

Where Z is the windows size, and Z value used was the value 3. 

 

Median Filter 

 

Superb noise – reduction capacities are supplied by the median filters for specific kinds of 

random noise with significantly reduced blurring compared to linear filters of comparable 

size, hence the median filters are favored. Median filters are notably efficient in the 

existence of both bipolar as well as unipolar impulse noise, which is substantial in image 

and signal processing field due to its edges preservation properties during the noise 

elimination process. The previous task of the median filter was to scout each input data 

intervening the overall entries with the median function named as “window” method. The 

complexity of the window tends to increase over the higher dimensional signals. the number 

of windows controls the number of medians which are set accordingly, subdivided into odd 

and even categories. 

y4[z]  =  median(i,j) ∈ Sz
 {x(i, j)}    (12) 

Where x (i, j) is the received signal. 
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Simulation of the Proposed System Models and Results 

 

MATLAB has used to simulate our system model. Figure 2 illustrates our general system 

model. The main purpose of the paper is to compare the proposed method with the average, 

Infinite Impulse Response (IIR) and median filters, relying on the results of the performance 

metrics. 

 

 
Figure 2 Proposed System Model 

 

The performance of the filters was evaluated in terms of radio spectrum utilization; the 

proposed method has been compared with traditional methods in an attempt to find the best 

among them. MATLAB 2020 has been utilized to analyze results using evaluation units 

that include the probability of detection, probability of failure and sum of error rate. The 

parameters analysis used for simulation are illustrated in Table 2 and the block diagram of 

our simulation steps is showed in Figure 3. The process starts from the generating of the 

signal, then it is modulated and sent through the channel, after which the signal is received 

with noise and then subjected to filtering by the methods mentioned in the paper and 

consequently analyzed to find whether the frequency spectrum is busy or not by using the 

probability units. 

 

Table 2 Parameter Analysis for simulation 

Parameters Description 

SNR step at x-axis 5 

Modulation QPSK 

Transmitting energy (SNR) 0 to 40 dB 

Channel AWGN 

 Number of data symbols 10 

Carrier signal Fc = 10Hz, Time = 0 to 0.99 
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Figure 3 Simulation Steps of cognitive radio  

 

Figure 4 shows the simulation steps to find the radio spectrum from the beginning of the 

data signal generation with noise until it is filtered by one of the aforementioned filtering 

methods. The figure illustrates the similarities between each signal after being filtered by 

one of the aforementioned filtering methods with the signal received with noise before 

being subjected to filtering. The results showed a great extent of correlation between the 

initial signal before filtering and the signal filtered by the proposed filter method in 

opposition to traditional filtering methods. 
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Figure 4 Amplitude Results of cognitive radio models 

 

Figure 5 illustrates the probability of detection (refers to the numbers of correct detections 

(PU is present) over the total number of sensing trials), it shows that the proposed filter 

technique was better than other filters because the PD was about 0.47 which was higher 

than the average, median and IIR filters which were about 0.4, 0.43, 0.44, respectively. 

 

 
Figure 5 Results of PD with Different Filters 
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Figure 6 shows the Probability of false PU signal. The proposed filter has provided PFA of 

about 0.43 at 25 dB, which was lower than that of average, median, and IIR filters. The total 

error rate (TER) was lower in proposed filter by about 1.08 as compared to other filters, as 

shown in Figure 7. A summary of the result was presented in Table 3. 

 

 
Figure 6 Results of PFA with Different Filters 

 

 
Figure 7 Results of TER with Different Filters 
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Table 3 Summary of Evaluation Results 

Type of Probability Filter Type Max Min 

PD Average Filter 0.4 0.049 

IIR Filter 0.44 0.05 

Proposed Filter 0.47 0.059 

Median Filter 0.434 0.052 

PM Average Filter 0.951 0.6 

IIR Filter 0.95 0.56 

Proposed Filter 0.941 0.53 

Median Filter 0.948 0.566 

TER Average Filter 1.899 1.159 

IIR Filter 1.898 1.119 

Proposed Filter 1.889 1.089 

Median Filter 1.896 1.125 

PFA Average Filter 0.5 0.051 

IIR Filter 0.46 0.05 

Proposed Filter 0.43 0.041 

Median Filter 0.466 0.048 

 

From the above figures, it was found that the proposed method was the most efficient way 

for detecting and exploiting the frequency spectrum, where the PD of frequency spectrum 

was higher than that of the conventional methods and PFA as well as the error rate was the 

lowest among all the compared methods. 

 

Conclusion 

 

With the ongoing expansion of the data traffic produced by mobile users, serious 

complications could be faced in future. Future wireless networking would face the 

challenge of delivering effective spectrum allocation in order to satisfy the increasing 

demands of different services. In reality, radio frequency use is very limited, and the 

majority of the spectrum is underutilized. These issues were well addressed. The work done 

in this paper improved the cognitive radio by utilizing the two stage of filter model and its 

evaluation with other types of techniques in order to find the best among them. The 

evaluation parameters used in this paper include PD, PFA, PM and TER. The effectiveness 

of the proposed filter was shown through simulations. The overall results showed that the 

proposed filter has provided the highest PD among other filters, while the PFA result has 

provided the best performance in the proposed model which was about 0.43 lower than that 

of average, IIR and median filters that were about of 0.5, 0.46 and 0.466 respectively. 
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