

Detection of Spectrum Hole in a Spectrum Sharing System using Enhanced Square Law Combining Technique
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ABSTRACT: Spectrum Hole (SH) detection is a crucial operation in a cognitive radio network to prevent licensed User (LU) from signal interference. However, effect of multipath in wireless communication affects the accurate detection SH resulting in poor detection rate. Square Law Combining (SLC) technique previously used to solve this problem suffers from noise uncertainty due to Energy Detector (ED) used resulting in unreliable detection. Hence, in this paper, detection of SH in CR network using enhanced SLC that makes use of Cyclostationary Feature Detector (CFD) is proposed. Enhancement of SLC technique is carried out by replacing the ED in the existing SLC with CFD. The received signals, over a log-normal fading channel, are combined using Equal Gain Combiner (EGC). Autocorrelation of the combined signal is obtained and used as test statistics to determine the presence of SH. The enhanced SLC technique was used to improved the performance of the existing SLC technique with increased detection rate. Therefore, the enhanced technique can be deployed to improve detection of SH in a CR network.
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1. INTRODUCTION 
Wireless Communication (WC) is experiencing rapid growth in the field of technology due to increase in the demand of its services. The increase in the demand for WC services by users is also due to the fact that the medium of transmission is through space, thereby making the distance of transmission unlimited. The exponential increase in the number of users accessing WC services has led to increase in the demand of high data rate service to be rising exponentially leading to massive spread of wireless services [1, 2]. The massive spread of wireless services give rise to a great need for more bandwidth with the aim of offering various services such as radio broadcasting, television broadcasting and internet service with high data rates. As a result of more bandwidth requirement to support the rapid increase in the usage of WC services, the accessible radio spectrum is becoming critically scarce, as mentioned by the Federal Communications Commission (FCC). Research conducted on frequency spectrum revealed that, spectrum scarcity is not only due to insufficient spectrum but, many portions of allocated spectrum are underutilized. The problem of underutilization of assigned spectrum is overcome by notion of Cognitive Radio Networks (CRNs). This has emerged as a novel, promising technology, aiming to tackle the problem of spectrum scarcity and enhancing spectral efficiency via optimizing the use of the currently underutilized frequency spectrum [3, 4].
Cognitive Radio (CR) is an intelligent wireless communication system that is aware of its surrounding environment and determines which communication spectrum in use and the one not in use, this then instantly moves into idle spectrum while avoiding occupied ones (Kelvin, C. 2012). It is a technique that enables users to analyze the spectrum to opportunistically transmit in available frequency bands. CR is made up of two users namely: Primary User (PU) and Secondary User (SU). PU is the licensed user that owns the privileges to its assigned spectrum, while, SU is an unlicensed user which makes use of frequency spectrum only when PU is not active [5]. CR consists of four major operations namely: Spectrum Sensing (SS), Spectrum Analysis (SA), Spectrum Decision (SD) and Data Transmission. SS is a process whereby SU scans through frequency spectrum to detect the presence of PU and identify empty spectrum known as white space. While, SA is a process by which SU analyses the detected white space to determine its suitability for the desired SU operation. SD decides on which white space to continue transmission and affects all the nodes within the SU network. Decision which is the instruction from the spectrum sensing, may instruct the nodes to remain on the current white space if PU is not active and instantly moves to the next backup idle spectrum if PU is present. In data transmission, SU transmits the communication data and it must adapt its transmission parameters such as radio hardware and software algorithms to suit the propagation characteristics of different PU spectrum [6, 7].
 The performance of CR depends on the ability of the SU to restrict interference to PU and maintains a reliable Quality of Service (QoS) for its own operations. Thus, accurate detection of white space has been considered as the most important factor to determine the integrity of CR networks [8]. Single Antenna and Multiple Antenna (MA) are the two antenna configurations used for white space detection. In single antenna, only one antenna is used at both PU and SU, while MA involves single antenna at PU and multiple antenna at SU. MA performs relatively better than SA due to increase in PU signal strength but requires a diversity combiner to combine the multiple copies of PU signal [6, 9]. The sensing accuracy of a CR depends on multipath propagation in which the transmitted signal propagates in multiple copies as a result of obstruction in terrestrial environment. The effects of multipath propagation such as signal fading and delay spread causes fluctuation in the received signal that affects the sensing accuracy of CR leading to interference [1, 10]. Several techniques which have been proposed to solve the problem of interference in multiple antenna in CRN which include Maximal Ratio Combiner (MRC), Equal Gain Combiner (EGC) and Square Law Combiner (SLC). MRC and EGC require a channel state information to detect the presence of white space and this makes it difficult to set global threshold due to dependency on the channel [11]. 
SLC does not require channel state information and this makes the method to be independent of channel, therefore, setting threshold does not depend on the channel. Energy Detector (ED) and Cyclostationary Feature Detector (CFD) are the two common detectors used for spectrum hole detection in CR due to their non-coherent in signal detection. That is, it does not require knowledge of PU signal, hence no synchronization is required between the primary and secondary users [12, 13]. Multipath effects in wireless communication affect the accurate detection of spectrum Hole resulting in interference between the SU and PU [7]. Square Law Combining (SLC) technique which is one of the techniques previously used to solve this problem suffers from noise uncertainty due to ED used resulting in poor detection under low Signal to Noise Ratio (SNR). Also, the selection of threshold in ED depends on the noise variance which cannot be accurately estimated thereby resulting in unreliable detection. Therefore, this paper proposed an enhanced SLC that makes use of Cyclostationary Feature Detector (CFD) to overcome the problem of noise uncertainty and dependence of threshold on noise variance thereby improving detection rate.
Several works have been carried out on the SH detection to improve the detection rate. Author in [5] worked on modification of MRC technique for detection of spectrum hole in a CR network to reduce the hardware complexity of existing MRC. The results of the work revealed that, the technique showed low sensing time due to reduction in hardware complexity when compared with existing MRC spectrum sensing technique. However, the modified technique suffers from poor detection rate due to noise uncertainty and selection of threshold that depends on the noise variance which cannot be accurately estimated. Also, in [14], enhancement of EGC for detection of spectrum hole in a CR system using SLC was carried out. The technique showed reduction in sensing time due to reduction in hardware complexity of existing EGC. However, the enhanced technique suffers from poor PU protection due to noise uncertainty and selection of threshold that depends on the noise variance which cannot be accurately estimated. Therefore, the existing works suffer from noise uncertainty due to ED used resulting in poor detection rate under low SNR. Also, the selection of threshold in ED depends on the noise variance which cannot be accurately estimated thereby resulting in unreliable detection. The contribution of this paper are has follows
The following contributions have been made:
i) established a technique with higher detection rate than conventional Square Law Combining technique due to Cyclostationary Detector (CD) used in the enhanced technique that overcome the problem of noise uncertainty.
ii) developed a technique that overcomes dependence of threshold on noise variance thereby making the detection reliable.



2 LITERATURE REVIEW
 
2.1	Square law combining technique
        Square Law Combining (SLC) is a non-coherent combining technique which does not require channel knowledge. In this scheme, ED is assigned to each antenna and output of each of the Energy detectors are combined by a combiner as shown in Fig. 1. Output of the combiner is then used by CR to make a final decision whether PU signal is present or not. The operation of this scheme is based on evaluating the energy of the received signal by each branch [15]. Output signal of SLC with each of the detectors (  given in [16] as
	 =                                                                                                    	     	  (1)
	where: N is the symbol length to be sensed and
		 is the transmitted signal by PU


	Fig. 1: Square Law Combining technique using ED
	Source: [15]
2.2	Log-normal distribution
Vegetation and foliage are significant factors that cause scattering and absorption of radio waves by trees with irregular pattern of branches and leaves with differenities. As a result, the received signal power varies about the mean power predicted by path loss.
Log-Normal distribution is applicable in modeling and evaluation of the cellular mobile network coverage. The fading over large distances causes random fluctuations in the mean signal power and this fluctuation are Log-Normally distributed. This distribution often gives the best fit to outdoor and indoor mobile multipath propagation. The PDF of the received signals envelope  of this kind of fading is given in [17] as;
					         	       (2)
where:	  is the amplitude of the received signal 
µ and  are the mean and the standard deviation of  respectively	
𝜉

2.3	Equal Gain Combiner 
Equal Gain Combiner (EGC) is a diversity combining technique in which the signals in all the branches are combined by multiplying with equal weights irrespective of the signal amplitude. However, co-phasing of all signals is needed to avoid signal cancellation. EGC is often an attractive solution since it does not require estimation of the fading amplitudes results in a reduced complexity when compared to other diversity combiner such as Maximal Ratio Combiner (MRC). In many applications, the phase of the received signal cannot be tracked accurately and it is therefore not possible to perform coherent detection [18]. Therefore, the implementation of EGC required simple phase lock summing circuit. It is similar to MRC with an exception to the weighting circuits. In order to reduce the hardware complexity of EGC, in [10], modification of EGC in which single RF chain and MF are used instead of multiple RF chain and MF used in the conventional EGC. The SNR of mEGC output ‘’ is given in [19] as
[bookmark: _Hlk36735652]						         	       (3)
		where:  is the signal power on each branch
			L is the number of branches
			w is the noise present on each branch
Equal Gain Combiner (EGC) with single RF chain and MF was used in this paper due to its reduced hardware complexity that will in turn reduced sensing time 

3.	Enhancement of SLC using Cyclostationary Detector	
Existing Cyclostationary Detector (CD) suffers from computational complexity due to windowing and Hilbert transform(20) technique used in extracting the cyclostationay feature of PU signal. The resulting effects of this computational complexity are long sensing time and high-power consumption. Therefore, in this work, the cyclostationary feature of PU signal was extracted using the similarities between the signal and its shifted version known as autocorrelation. Authors in [20] established that all modulated signals are periodic, therefore, PU signal is always a periodic signal while noise is aperiodic signal. Based on this fact, the autocorrelation of the received signal was determined and compared with the set threshold of zero. The multiple copies of the transmitted signal from PU over log-normal fading channel were received by SU antennas and combined at RF stage using EGC with single RF chain and MF known as modified EGC (mEGC). Signal output of mEGC was shifted by time  and similarities between the signal and its shifted version were determined using autocorrelation function as shown in Fig. 2. The output of autocorrelation was compared with the set threshold of zero to decide whether PU signal exists or not. If the output of autocorrelation is not equal to the set threshold, the decision is PU signal is present due to its ongoing transmission, otherwise PU signal is not present, and that is idle. The autocorrelation function “” of the received signal is given by Mort and Takeshi (2018) as in equation (4)
					           	      (4)
		where: v is the period of oscillation
 is the received signal which is the output of mEGC
 is the shifted version of the received signal
In this paper, the multiple copies of the received signal were combined using modified EGC. From Equation (3), the signal output of modified EGC ‘’ is given as;
						           	    (5)



	Fig. 2: Block diagram of Enhancement of SLC Combining Technique using CD

Also, from Equation (5), the autocorrelation function “” of the received signal is given as   	
						(6)	
Substituting Equation (6) into (5) gives
				           	(7)
			            (8)
			            (9)
Equation (9) is the autocorrelation function of the received signal for the enhanced technique. The presence or absence of spectrum hole was determined by comparing the value obtained in Equation (9) with the set threshold of zero. If the value obtained is equal to zero, spectrum hole is present, otherwise spectrum hole is absent.

3.1 Probability of detection
Probability of detection for the enhanced technique ‘’ is expressed as;
								           	(10)
	where:  is the autocorrelation of the received signal
Substituting Equation (9) into (10) gives
			            (11)		

4.	Results and Discussion 
Figs. 3 to 6 present the Probability of Detection (PD) versus SNR for the enhanced and conventional SLC at different number of paths (L) and constellation sizes. Figure 3 depicts PD versus SNR for the enhanced and conventional SLC at L of 2 over log-normal fading channel. The PD values obtained at SNR of 2 dB with 4-QAM modulation scheme were 0.5054 and 0.3240 for the enhanced and conventional SLC, respectively, while at 32-QAM modulation scheme, the corresponding PD values obtained were 0.2847 and 0.1821 for the enhanced and conventional SLC, respectively. PD versus SNR for the enhanced and conventional SLC technique at L of 3 over log-normal fading channel is presented in Fig. 4. At SNR of 2 dB, PD values of 0.6041 and 0.3801 were obtained for the enhanced and conventional SLC, respectively using 4-QAM modulation scheme, while 0.3214 and 0.2203 were the corresponding PD values obtained using 32-QAM modulation scheme. The results obtained revealed that the enhanced technique showed better performance with higher detection rate than the conventional technique. This is due to independency of set threshold on the noise variance thereby improving detection rate. 
Also, the results obtained revealed that, for the two techniques, PD reduces as constellation size of the modulation increases due to the fact that signal with low constellation size is robust in the channel when compared with signal that has higher constellation size though at the expense of low transmission rate. The PD versus SNR for the enhanced and conventional SLC at L = 4 with different constellation size over log-normal fading channel is presented in Fig. 5. At SNR of 2 dB, the PD values obtained using 4-QAM modulation scheme were 0.6601 and 0.4402 for the enhanced and conventional SLC, respectively, while 0.3631 and 0.2407 were the corresponding PD values obtained at 32-QAM modulation scheme. Fig. 6 shows the effect of constellation size on the detection rate. The results obtained revealed that at all the SNR considered, detection rate reduces as constellation size of the modulation increases and this is due to robustness of signal at lower constellation size though, at the expense of low transmission rate. Furthermore, results obtained showed that for both enhanced SLC and the conventional SLC, PD increases with increase in SNR due to increase in signal that increases detection rate.

[image: ]
Fig. 3: Probability of Detection (PD) versus SNR for the enhanced and existing SLC at L of 2 with different constellation sizes over log-normal fading channel
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Fig. 4: Probability of Detection (PD) versus SNR for the enhanced and existing SLC at L of 3 with different constellation sizes over log-normal fading channel
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Fig. 5: Probability of Detection (PD) versus SNR for the enhanced and existing SLC at L of 4 with different constellation sizes over log-normal fading channel
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Fig. 6: Probability of Detection (PD) versus SNR for the enhanced SLC at L of 4 with different constellation sizes over log-normal fading channel

[bookmark: _Hlk74576013]5. Conclusion
This paper has enhanced the performance of conventional Square Law Combiner (SLC) for detection of spectrum hole in a CR network over log-normal fading channel by replacing ED in the existing SLC with CD in the enhanced SLC. Multiple Secondary User (SUs) antenna were used to receive multiple copies of PU signals. The received signals over log-normal fading channel were combined at RF stage using Equal Gain Combiner (EGC) with single RF chain and MF. The autocorrelation of the combined signal was obtained and used as test statistics to determine the presence of spectrum hole. The multiple copies of licensed user signals were received at different propagation paths ‘L’ (2, 3, 4) to investigate the effect of increase in the number of paths on the enhanced technique. Probability of Detection (PD)  values for the enhanced and existing SLC were obtained at different SNRs with different number of paths. Performance of the enhanced and conventional SLC have been evaluated at different number of paths ‘L’ with different SNRs using PD  as performance metrics. The results obtained revealed that the enhanced SLC showed better performance with higher detection rate and lower error rate. The better performance of the enhanced technique is due to autocorrelation of the received signal used in setting decision threshold and avoid dependency on the noise variance which is always uncertain. 
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