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 The spectrum frequency in the wireless communication industry is getting 

great attention due to the internet of things (IoT) technology's growth. 

However, the radio spectrum's frequency band use is limited because the 

primary user for specific services can cause spectrum interference as multiple 

users use the same spectrum frequency. Meanwhile, at each spectrum 

frequency, the number of users and utilization time are distinct. These will 

create vacancies for spectrum frequency assigned to the primary user. A new 

alternative in using the cognitive radio (CR) spectrum is accessible to these 

vacancies. This paper analyzed the frequency spectrum in the industrial, 

scientific and medical (ISM) band and identified spectrum holes for 

transmission by the secondary users. This work employed a realistic approach 

by measuring the spectrum using Universal Software Radio Peripheral (USRP) 

devices. Thus, the spectrum holes in the frequency spectrum had distinguished 

by using an energy detection technique. In the energy detection technique, the 

threshold energy level is set and then compared with the energy detector output 

to identify the primary user's existence (PU). The result indicates that 0.61% 

of spectrum holes have been detected in the 2.43-2.44 GHz range. This range 

is sufficient for home appliances, radio frequency peripherals (RF), and 

bluetooth devices. 
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1. INTRODUCTION 

Due to the Coronavirus disease 2019 (COVID-19) pandemic, most government-imposed lockdowns 

forced hundreds of millions of people to stay home. Quarantine policies have increased the internet traffic 

demands of home users for working remotely, entertainment, commerce, and education, resulting in a change 

in traffic at the core of the internet. According to [1], almost two-thirds of the world's population now have 

access to the internet by 2023. By 2023, there will be 5.3 billion cumulative internet users, represented as 66% 

of the global population were up from 3.9 billion in 2018. There is even an evolving internet-of-things (IoT) 

technology that allows devices to communicate via wired and wireless technologies. Therefore, due to big data 

issues, the frequency spectrum demand is highly growing as there are several IoT devices in the network. In 

https://creativecommons.org/licenses/by-sa/4.0/
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reality, IoT users having a problem connecting to the wireless network when they are portable and at a high 

cost to the licensed spectrum. With many wireless networks and much more to come, the available frequencies 

are becoming limited. 

On the other hand, most licensed bands, such as television broadcasting, amateur radio, and paging, 

are widely underused [2], [3]. Moreover, in terms of the number of users and the usage period, the demand for 

spectrum frequency varies. This state would leave unused those spectrum frequencies and release the frequency 

spectrum to be occupied by cognitive radio (CR) users. Therefore, to solve these problems, an accurate model 

of spectrum occupancy patterns should be developed that represents the entire system. 

In 1999-2000 [4], [5], Mitola developed the name CR to signify intelligent radios that could make 

tremendous decisions using model-based reasoning using the accumulated knowledge of the environment of 

radio frequency (RF) and can learn based on previous experience. In general, CR is a radio that can adjust its 

transmitter's parameter based on its communication with the operating environment, such as transmission-power, 

carrier frequency, and real-time modulation technique to achieve effective communication and optimal radio 

spectrum use [6]-[9]. On top of that, CR is designed on software-defined radio (SDR) that transforms the two 

advanced digital radio and computer software technology to help it reconfigurable [10]-[12]. CR's core 

components include a radio, sensor, information database, learning engine, and reasoning engine. Besides, CR 

has cognitive and reconfigurability capabilities to get the best available spectrum [6], [13]-[15]. Cognitive 

capability is the CR’s ability to sense the radio spectrum using advanced tools and evaluate suitable parameters 

for adjusting to the complex environment [13]. At the same time, CR’s reconfigurability feature allows it to 

change the operating parameters according to the sensor data, perhaps to attain maximum efficiency without 

any adjustment in the hardware devices [8], [16].  

Therefore, CR structures include primary users (PU) and secondary users (SU) spectrum where PU is 

characterized as license holders or incumbent users who have legacy privileges using a specific part of the 

spectrum. In other respects, SU is considered unlicensed users and prefers to use CR’s spectrum 

opportunistically when primary users are idle or referred to as spectrum holes and white space [17], [18]. The 

SU with CR functionality acquires knowledge about its operational environment and adjusts its network 

parameters to maximize the underused spectrum accordingly. For instance, if a licensed user uses this band 

further, the cognitive radio switches to another spectrum hole or remains in the same band, thus altering its 

transmission power level or modulation scheme as shown in Figure 1. Eventually, CR tries to resolve the 

collision issues and unnecessary contention in the wireless access network, leading to the deployment of 

multiple devices linked to the infrastructure via radio connection [14]. 

One of the primary objectives of cognitive radio is to allow the spectrum's holes to be used 

opportunistically. Without disrupting the PU, the SU can sense the PU's arrival and move it to another unused 

space. In cognitive radio, spectrum sensing, however, plays a crucial role. Ergo, spectrum sensing is a CR that 

tracks the state of the spectrum and regularly senses licensed users' activity [15], [19], [20]. In other words,  

it collects information from them and determines the unused spectrum to analyze the available radio  

spectrum [8], [9], [21]. Perhaps it helps change additional parameters such as power rates, codes, and 

frequencies to restrict unwanted interference [22]. The critical elements involved in sensing the spectrum are 

accuracy, complexity, and sensing time [9]. As a final observation, all spectrum sensing systems' main goal is 

to optimize the likelihood of detection with a low probability of false alarm [23]. 

This research aims to detect and analyze spectrum holes in the industrial, scientific and medical (ISM) 

band using the Universal Software Radio Peripheral (USRP) testbed to be used by SU. The rest of the paper is 

organized as follows. In section 2, the research method is discussed, and the formula is stated. Furthermore, in 

section 3, the spectrum utilization and holes in the specified frequency were analyzed. Finally, section 4 is the 

conclusion of this paper. 
 

 

 
 

Figure 1. White-space illustration [9], [13], [14] 
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2. RESEARCH METHODOLOGY 

Energy detection is one of the spectrum sensing methods in the cognitive radio network that allows 

the identification of spectrum frequency vacancies. Besides, energy detection is one of the simplest spectrum 

sensing techniques, and its low demands on signal processing are positive aspects. The basic model of the 

transmitter detection technique is described as (1) [2], [24]-[29]. 
 

𝑥(𝑛) = {
𝑤(𝑛)                    𝐻0

𝑦(𝑛) + 𝑤(𝑛)     𝐻1
       (1) 

 

Hence 𝑥(𝑛) is the received signal, 𝑦 (𝑛) refers to the transmitted signal and 𝑤(𝑛) is defined as noise. 

Furthermore, energy detection can be formulated as an option between two hypotheses (2). 
 

𝐻0 = 𝑃𝑟𝑖𝑚𝑎𝑟𝑦 𝑢𝑠𝑒𝑟 𝑖𝑠 𝑎𝑏𝑠𝑒𝑛𝑡       (2) 
 

𝐻1 = 𝑃𝑟𝑖𝑚𝑎𝑟𝑦 𝑢𝑠𝑒𝑟 𝑖𝑠 𝑝𝑟𝑒𝑠𝑒𝑛𝑡 
 

Afterward, the input metric for spectrum sensing is given by [28]: 

 Probability of correct detection (𝑃𝑑)-Probability of SU detecting that incumbent is present. 

 Probability of false alarm (𝑃𝑓) -Probability of SU declaring that an incumbent is present, but the fact 

spectrum is free.  

 Probability of miss detection (𝑃𝑚)-Probability of SU declaring that the spectrum is free but there is 

incumbent presence. 

Based on Figure 2 and Figure 3, a band-pass filter (BPF) is needed for the reference signal to measure 

the signal power in the frequency band in the frequency domain, and the signal power is calculated. The process 

starts by filtering the input signal 𝑥(𝑛) with a band-pass filter to minimize noise and select the interest 

bandwidth. Then, the BPF output is squared and integrated over a T-interval to determine the obtained signal’s 

power. To differentiate between the two mutually exclusive 𝐻0 and 𝐻1, let 𝑇 be the determination test statistics 

defined by energy detection. 𝑇 can be defined as (3) [2], [30], [31]. 
 

𝑇 =
1

𝑁
∑ (𝑦[𝑛])2𝑁−1

𝑛=0         (3) 

 

Where 𝑇 is the decision variable, 𝑦[𝑛] is referred to as the signal obtained and 𝑁 is the number of samples. 

Afterwards, the power representing integrator 𝑌 compared to the threshold value (𝜆) for analyzing the two 

hypotheses 𝐻0 and 𝐻1.  
 

𝑇ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 𝑃𝑜𝑤𝑒𝑟 (𝜆) = 𝑛𝑣.2 .∗ (𝑠𝑞𝑟𝑡 (
2

𝑛
) .∗ 𝑞𝑓𝑢𝑛𝑖𝑛𝑣(𝑝𝑓) + 1   (4) 

 

Where 𝑛𝑣 is noise variance, 𝑛 is the number of samples collected and 𝑝𝑓 is the probability of false alarm. If 

𝑌 >  𝜆 it agrees to 𝐻1 , otherwise 𝐻0. The likelihood of correct detection 𝑃𝑑  and the likelihood of false alarm 

𝑃𝑓, is crucial to evaluate the detection performance and can define as (5). 
 

𝑃𝑑 = 𝑃(𝑑𝑒𝑐𝑖𝑠𝑖𝑜𝑛 = 𝐻1|𝐻1) = 𝑃(𝑌 > 𝜆|𝐻1) 
 

𝑃𝑓 = 𝑃(𝑑𝑒𝑐𝑖𝑠𝑖𝑜𝑛 =  𝐻1|𝐻0) = 𝑃(𝑌 > 𝜆|𝐻0)     (5) 
 

Where 𝑌 is the decision statistic and 𝜆 is the decision threshold. The two main quantities for the cognitive radio 

network are 𝑃𝑓 and 𝑃𝑑 . To optimize the use of the spectrum and minimize interference between 𝑃𝑓 and 𝑃𝑑, it is 

important to select low and high respectively. With the help of targeting false alarm probabilities, we can 

practically determine the decision threshold. The relation between 𝑃𝑑  and 𝜆 is expressed in energy detection 

technique by (6) [26]. 
 

𝑃𝒅(⌀, 𝝉) = 𝑄 ((
𝜑

𝜎2𝑤
−  𝛾 − 1) √

𝜏𝑓𝑠

2𝛾+1
)      (6) 

 

Where 𝛾 is SNR, 𝜙 is the detection threshold and 𝜙𝑥
2, 𝜙𝑤

2  are referred to as the variances of the primary signal 

𝑥𝑖(𝑛) and noise 𝑤𝑖(𝑛) respectively. Apart from that to calculate spectrum holes of spectrum frequency can be 

expressed by (7). 

 

𝑆𝑝𝑒𝑐𝑡𝑟𝑢𝑚 𝐻𝑜𝑙𝑒𝑠:
𝑙𝑒𝑛𝑔𝑡ℎ 𝑃𝑈 𝑎𝑏𝑠𝑒𝑛𝑡

𝑙𝑒𝑛𝑔𝑡ℎ 𝑌
 × 100      (7) 
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Figure 2. Block diagram of energy detection 
 
 

 
 

Figure 3. Flow chart of energy detection 
 
 

2.1.  Block diagram on spectrum sense in LabVIEW 

This project uses the USRP N210 device with antenna model VERT2450. Furthermore, Figure 4 

shows the block diagram in LabVIEW software used to perform spectrum measurement and collect data. The 

parameters used in the LabVIEW software are indicated in Table 1 [32]. The data will be collected in a loop 

of frequency between 2.4-2.48 GHz and the data will be plotted in the fast Fourier transform (FFT) power 

spectrum. 
 

 

 
 

Figure 4. Block diagram on wideband spectrum sense in LabVIEW 
 
 

Table 1. Parameters in LabVIEW software 
Parameter Value Parameter Value 

USRP IP Address 192.168.10.2 Start Carrier (Hz) 2.4 Giga (G) 
Rate (s) 1 Mega (M) Stop Carrier (Hz) 2.48 Giga (G) 

Acq Duration (s) 1 mili (m) Gain (dB) 3 
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3. RESULTS AND ANALYSIS  

In this project, the cognitive radio work is carried out as a free band in the ISM band or the industrial 

and medical radio band. This ISM band is found in several devices such as RF peripherals, Wi-Fi, bluetooth, 

microwave oven and home appliances which work in-between range 2.4-2.48 GHz. These bands have been 

settled upon worldwide and unlike most other bands, they do not require a transmitting license to use.  

Figure 5 shows the front panel of the wideband spectrum in LabVIEW software, where the spectrum of the 

received waveform is displayed as FFT. The result shows an overview of spectrum occupancy in 2.4-2.48 GHz. At 

the frequency 2.43-2.445 GHz, it can sense Wi-Fi in the environment. The wideband spectrum data from LabView 

software is import into MATLAB. As a result, Figure 6 presents the plotting of frequency in GHz versus power in 

watts. The total number of samples obtained in this experiment is 80250. 

Using (4), where 𝑛𝑣 is 10−7, 𝑛 is 80250, and 𝑝𝑓 is 0.01:0.01:0.1 [33], the red line in Figure 7 shows 

the threshold value after several experiments. Besides, Figure 7 shows output power between 2.43 GHz and 

2.44 GHz, which is below the threshold value. As a result, output power below the threshold values indicates 

that PU is absent else PU is present.  

Based on Figure 8 shows the plotting of the frequency spectrum after the energy detection process. 

As we can see, there are spectrum holes detected in the range frequency between 2.43-2.44 GHz. From this 

experiment, the utilization spectrum frequency is 99.39%, and spectrum holes is 0.61%. Eventually, this 

demonstrates that PU does not completely use the ISM band. 

 

 

 
 

Figure 5. Front panel of wideband spectrum in LabVIEW software 

 

 

 
 

Figure 6. Wideband spectrum data in MATLAB software 
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Figure 7. An overview of the signal input data with the threshold value 

 

 

 
 

Figure 8. The plotting of the frequency spectrum after the energy detection process 

 

 

4. CONCLUSION  

Using the USRP testbed and energy detection process, this paper identifies and analyzes the ISM 

band's spectrum holes. The threshold value is determined by the work that previous researchers have done. 

Experimental findings indicate that in the 2.43-2.44 GHz range, 0.61% of spectrum holes have been detected. 

This frequency range is adequate for home appliances, RF peripherals, and bluetooth devices to take advantage 

of the available spectrum in this study. As a result, during the Covid-19 pandemic, SU can be enabled to use a 

licensed spectrum that does not interfere with any PU, which opens up a new opportunity in cognitive radio. It 

can also minimize spectrum scarcity by transmitting on the spectrum holes, preventing conflict with the primary 

license, and perhaps improving the quality of service (QoS). 
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