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Abstract 

Spectrum Sensing (SS) is a critical operation in a Cognitive Radio (CR) network to identify spectrum hole 

thereby preventing licensed users from harmful interference for improving spectrum utilization. However, 

multipath effects in wireless channel such as multipath fading, shadowing and receiver uncertainty affect the 

sensing accuracy of CR resulting to high Probability of Missing (PM) that causes interference to Primary User 

(PU). Maximal Ratio Combining (MRC) technique which was one of the techniques used to solve this problem 

suffers hardware complexity resulting in high Sensing Time (ST). Therefore, in this paper, modification of 

MRC technique is carried out to reduce hardware complexity of conventional MRC thereby reducing ST. The 

modified technique consists of ‘L’ Secondary User (SU) antennas that received the multiple copies of Primary 

User (PU) signals over Nakagami-m fading channel. The received PU signals are made to passed through 

separate channel estimator and co-phased to avoid signal cancellation before been summed up. The resultant 

signa is then made to passed through single RF chain and MF. Output of MF is then used as input to Energy 

Detector (ED) to obtain the energy of the received signal. The obtained energy is compared with the set 

threshold to determine the status of spectrum. The modified MRC technique is incorporated with simulation 

model which consists of PU transmitter that processes the randomly generated data through some signal 

processing techniques for transmission. Mathematical expression of Probability of False Alarm (PFA) for the 

modified MRC technique is derived and used to set the thresholds at PFA of 0.01 and 0.05. The modified 

model is evaluated using PM, Probability of Detection (PD) and PT to determine the performance. The results 

obtained revealed that modified MRC gives higher PD, lower PM and PT values when compared with 

conventional MRC. 

 

Index Terms: Maximal Ratio Combiner, Energy Detector, Probability of False Alarm, PD, PM, PT, Cognitive 

Radio.  
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1. Introduction 

The transfer of information between two or more points that are not physically connected known as wireless 

communication, is experiencing a tremendous growth due to rapid increase in the number of users accessing its 

services. The rapid growth of wireless communication resulting in scarcity of radio spectrum. Past researches 

on spectrum revealed that, the scarcity of radio spectrum is majorly due to underutilization of allocated 

spectrum. While certain spectral ranges such as mobile communication bands are constantly clustered, there are 

large band of spectrum where average usage is below 10% [1]. The problem of spectrum scarcity is overcome 

by exploiting unused spectrum spaces through dynamic spectrum access using Cognitive Radio (CR). CR is a 

form of wireless communication in which a transceiver intelligently detects the radio spectrum in use and the 

one not in use. After which it is then instantly moved into idle spectrum while avoiding occupied ones [2, 3, 4]. 

The radio comprises of two users namely: Primary User (PU) and Secondary User (SU). PU is the licensed user 

that has privileges to the assigned spectrum and SU is the unlicensed user which makes use of radio spectrum 

only when PU is idle [5].  

The radio consists of four core operations namely: Spectrum Sensing (SS), Spectrum Analysis (SA), 

Spectrum Decision (SD) and Data Transmission (DT). SS is a phenomenon in which SU senses the radio 

spectrum to detect the presence of PU and thereby identifies empty spectrum spaces known as spectrum hole [6, 

7]. Detection of spectrum hole (empty spectrum) is of paramount important in CR network for SU to transmit 

through licensed spectrum without interfering with any licensed user. PU detection happened to be the most 

efficient way to detect empty spectrum [8]. The integrity of CR relies on the ability of the SU to restrict 

interference to PU and maintain a reliable quality of service for its own transmission [6, 9, 10]. Spectrum 

analysis is the process by which SU analyses the detected spectrum hole and determines whether the hole is 

useful for the desired SU transmission. Spectrum decision decides on which empty spectrum to continue with 

transmission and considers all the PU nodes within the SU network. Decision which is the instruction from SS, 

may instruct the nodes to remain on the current spectrum, if PU is not active and immediately moves to the 

next backup spectrum if PU is present. Data transmission is a process by which SU transmits the data through 

the empty spectrum and adapts the transmission parameters such as frequency and modulation scheme to suit 

the propagation characteristics of different PU spectrum [6].  

Accuracy of SS which is the ability of SU to sense PU without interference, depends on multipath 

propagation. Multipath propagation is a phenomenon that occurs when a transmitted signal propagates in 

multiple copies as a result of obstructions along propagating path. Multipath propagation resulting in 

fluctuation of the PU signals which could be so severed as to produce a low signal below the sensitivity of the 

SU and this causes poor reception of PU signal thereby making PU difficult to sense [22]. One of the 

challenges encountered in CR network is hidden PU problem which resulted from difficulty in sensing PU 

signals. Hidden PU problem caused interference in CR due to difficulty in detecting presence of license user. 

Therefore, hidden PU in CR network needs to be mitigated. Several techniques such as Selection Combiner 

(SC), Maximal Ratio Combiner (MRC) and Equal Gain Combiner (EGC) has been used to combat the effect of 

hidden PU in CR system. MRC showed better performance when compared with SC and EGC but at the 

expense of hardware complexity [11, 20]. According to [22, 21], the complexity of MRC is due to multiple 

Radio Frequency (RF) chain and Match Filter (MF) used in the technique. Therefore, in this paper a modified 

MRC using single RF chain and MF to reduce the hardware complexity of the existing MRC thereby reducing 

sensing time is developed.  

2. Related Work 

[18] presented a paper on multiple detectors based analytical performance of spectrum sensing to solve 

problem of interference in CR system using Maximal Ratio Combining technique. In their work, Secondary 
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User (SU) received data from each antenna and multiplies them with the conjugate of each channel gain. The 

multiplied data was then summed and applied to only one Energy Detector (ED). Output of ED was then 

compared with the decision threshold to make decision on whether spectrum is busy or idle. The result of this 

work showed that, the technique has a better performance by having a high Probability of Detection (PD) but 

suffer from hardware complexity due to knowledge of the instantaneous PU signal at each branch. Also, [20] 

worked on distance based an efficient transmit power control scheme in CR system with multiple antennas. PU 

interference in CR was addressed using Selection Combining (SC) technique. In this paper, PU select the 

branch with the highest channel gain and received data from that antenna. The received data serves as input to 

ED to make a final decision on whether PU signal is present or not. One of the most promising advantages of 

this method was the fact that, the threshold does not change as the noise level remains constant. The result of 

this paper showed that, the technique has a very low hardware complexity but at the expense of poor detection 

rate when compared to MRC. The existing works suffer from poor detection rate resulting in high interference 

when SC is used and MRC developed to solve the problem of SC suffers from hardware complexity resulting 

in high sensing time. Due to these shortcomings, this paper therefore, develops a modified MRC using single 

RF chain and MF to reduce sensing time and thereby improving performance of the system. 

3. Materials and Method 

The material used in this work include Energy Detector (ED), Maximal Ratio Combiner (MRC) and Binary 

Phase Shifting Keying (BPSK) modulation scheme. The existing MRC technique by [18] is modified by 

replacing multiple RF chain and MF with single RF chain and MF. Closed form expression of Probability of 

False Alarm (PFA) for the modified model is derived and used to set decision threshold. Simulations using 

Matrix Laboratory simulation software is used to investigate the performance of the modified technique. 

Performance of the modified technique is evaluated using Probability of missing (PM), Probability of Detection 

(PD) and Processing Time (ST) by comparing with the conventional MRC. 

3.1 Energy Detector (ED) 

Energy Detector (ED) is a detection technique used to detect the presence or absence of signal in the band 

using energy of the received signal. ED is a commonly used in spectrum sensing due to its low computational 

complexities and it can be implemented in both time and frequency domain. Signal detection using ED is 

carried out by comparing the output of ED with decision threshold which depends on the noise floor of the 

fading channel. The detector is based on two assumptions namely; the noise must be statistically stationary and 

variance known to the detector [1]. ED simply needs a Band-Pass Filter (BPF) which allows frequencies within 

a certain range and attenuates frequency outside that range, an analog to digital converter, square law device 

and an integrator [11, 13]. The block diagram of ED is shown in Fig. 1. The input signal 𝑞(𝑡) is filtered with a 

BPF to select the specific band of frequency to which SU wants to sense. This signal is squared by a squaring 

device to obtain the energy of the received signal and output of squaring device is passed through integrator to 

determine the observation interval. The output of the integrator is compared with the predetermined threshold. 

If the values are above the threshold, then, PU is present otherwise PU is absent [14]. ED has advantage of 

implementing without any prior knowledge of PU signal compared to other detector such as match filter and 

cyclostationary. This advantage makes it easy to set decision threshold when using ED [14]. Output of energy 

detection, "𝐸𝑡𝑖𝑚𝑒" is given by [15] as 

𝐸𝑡𝑖𝑚𝑒 =  ∫ (𝑞(𝑛))2𝑁

𝑛
                                                                                                                                           (1) 

where:  

N is the symbol length to be sensed and  
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𝑞(𝑛) is the transmitted signal by Primary User.  

 

BPF
Squaring

Device
Integrator

q (t) E(t)

 

Fig.1. Block diagram of Energy detector 

3.2 Maximal Ratio Combiner (MRC) 

Maximal Ratio Combiner (MRC) is a diversity combining technique used in CR network to improve 

detection rate. MRC is a technique in which all the branches of the signals are made to passed through channel 

estimator to determine the weight of each branch and multiplied with the signal on individual branch. Signal 

output of channel estimator is then co-phased to avoid signal cancellation before summing, to provide the 

optimal SNR at the output. In MRC, the weights are chosen as proportional to the respective signals level for 

maximizing the combined Carrier-to-Noise Ratio (CNR). MRC is the optimal combining scheme (regardless of 

fading statistics) but at the expense of hardware complexity due to multiple RF chain and MF involved 

(Ramanathan, 2003). The received signal passes through RF chain, MF and then, sums all the signals before 

applying Energy Detector (ED) as shown in Fig. 2 [17, 9]. The output signal of MRC with ED ‘𝐸𝑀𝑅𝐶’ is given 

by [9] as 

𝐸𝑀𝑅𝐶 =  ∑ |(∑ 𝑎𝑗𝑞𝑗(𝑘)𝑁𝑟
𝑗=1 )|2𝑁

𝐾=1                                                                                                                       (2) 

where:  

N is the symbol length 

𝑁𝑟  is the number of antenna, 

𝑞𝑗(𝑘) is the transmitted signal by PU 

𝑎𝑗(𝑘) is the channel gain on individual branch 

 

RF Chain MF
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RF Chain MF
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Channel Estimator

Channel Estimator

Energy 
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SU Antenna 1

SU Antenna 2

SU Antenna L

�  

 

Fig. 2. Conventional MRC with Energy Detector Source: [18] 

3.3 Binary Phase Shift Keying (BPSK) 

Binary Phase Shift Keying (BPSK) is a digital modulation technique in which the phase of carrier signal 

varies in accordance with the phase of baseband signal. It is one of the simplest forms of phase modulation that 

conveys data by changing the phase of a reference signal. The phase of a constant amplitude carrier signal 

moves between 0 and 1800as shown in Fig. 3. There are two possible locations in the state diagram in which 

https://en.wikipedia.org/wiki/Data#Uses_of_data_in_computing
https://en.wikipedia.org/wiki/Phase_%28waves%29
https://en.wikipedia.org/wiki/Signal_%28information_theory%29
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binary one or zero is transmitted. The symbol rate of this type of modulation is one bit per symbol [19]. The 

general expression for BPSK signaling scheme ‘𝑆𝑛(𝑡)’ is given by [19] as 

𝑆𝑛(𝑡) =  (
2𝐴𝑏

𝑇
)

1

2
𝑐𝑜𝑠(2𝜋𝑓𝑐𝑡 + 𝜋(1 − 𝑛))                                                                                                          (3) 

where: 

𝐴𝑏 is amplitude of base signal 

𝑇 is bit duration 

𝑓𝑐 is the carrier frequency 

𝑛 = 0,1 
 

 

Fig. 3. Constellation diagram for BPSK 

3.4 Modification of Maximal Ratio Combiner  

Conventional Maximal Ratio Combiner (MRC) technique is modified by replacing several RF chain and MF 

with only one RF chain and MF as shown in Fig 4. In this modified technique, the PU signal transmitted over 

Nakagami-m fading channel is received by ‘L’ SU antennas. The received SU signals is made to passed 

through channel separate channel estimator to determine the channel gain of individual branch. The estimated 

channel gain is then multiplied with the received signal. The output signals from individual channel estimator 

are co-phase to avoid signal cancellation and summed up before passed through single RF chain and MF. ℎ1, 

ℎ2 and ℎ𝐿 represent Nakagami-m fading channels. Signal output of MF is then used as input to only one ED to 

obtain the energy of the received signal and compared with the set threshold at PFA of 0.01 and 0.05 to make 

decision on the presence or absence of PU signal. If the obtained energy is greater than the set threshold, then 

spectrum is busy, otherwise spectrum is idle. 

 

h1

h 2

h l

 

Channel Estimator

Channel Estimator

Channel Estimator
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 RF Chain MF�  Energy 
Detector

Decision

   

Fig. 4. Modified MRC with Energy Detector 

https://en.wikipedia.org/wiki/File:BPSK_Gray_Coded.svg
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Output of ED for the modified MRC is obtained as 

𝐸𝑚𝑀𝑅𝐶 =  ∑ |
1

𝑤𝐿
(∑ 𝐻 × 𝑆(𝑖)𝐿

𝑖=1 )2|2𝑁
𝑛=1                                                                                                                        (4) 

where:  

N is the symbol length 

𝐿 is the number of antenna, 

𝑆(𝑖) is the PU signal 

H is the channel gain on individual branch 

w is the noise present    

 

SU then uses threshold to make decision on the presence or absence of PU signal to determine the status of 

licensed spectrum and this threshold is given as 

𝐸𝑚𝑀𝑅𝐶 > 𝜆                                                                                                                                                        (5) 

where:  

𝜆 is the decision threshold which depend on PFA  

3.5 Probability of False Alarm 

Probability of False Alarm (PFA) is the probability that, SU decide that spectrum is occupied and spectrum 

is actually idle. PFA for the modified model is derived as follow. From Equation (4) under 𝐻0 hypothesis, 

output of ED for the modified technique ‘𝐸𝑚𝑀𝑅𝐶/𝐻0
’ is given as 

𝐸𝑚𝑀𝑅𝐶/𝐻0
= ∑ |

1

𝑤𝐿
(∑ 𝐻 × 𝑤(𝑖)𝐿

𝑖=1 )2|2𝑁
𝑛=1                                                                                                        (6) 

Using chi-square distribution, Equation (6) becomes 

ƒ𝑚𝑀𝑅𝐶/𝐻0
(𝜉) =

1

(∑
1

𝑤𝐿
∑ 𝐻×𝑤(𝑖)𝐿

𝑖=1
𝑁
𝑛=1 )

𝑁
2 2

𝑁
2⁄ Ґ(𝑁

2⁄ )

 𝜉(𝑁
2⁄ )−1 𝑒𝑥𝑝 (−

𝜉

2 ∑ ∑ 𝐻×𝑤(𝑖)𝐿
𝑖=1

𝑁
𝑛=1

)                                          (7) 

To obtain PFA, Equation (7) is integrated with respect to the degree of freedom ‘𝜉’  

𝑃𝐹𝐴𝑚𝑀𝑅𝐶 = ∫ ƒ𝑀𝑅𝐶/𝐻0
(𝜉)

∞
𝜆

2 ∑
1

𝑤𝐿
∑ 𝐻×𝑤(𝑖)𝐿

𝑖=1
𝑁
𝑛=1

𝑑𝜉                                                                                                 (8) 

By integrating Equation (8) with respect to 𝜉 using change of variable, gives  

𝑃𝐹𝐴𝑚𝑀𝑅𝐶 =
1

Ґ(𝑁
2⁄ )

∫ 𝑡(𝑁
2⁄ )−1exp (−𝑡)

∞
𝜆

2 ∑
1

𝑤𝐿
∑ 𝐻×𝑤(𝑖)𝐿

𝑖=1
𝑁
𝑛=1

  
𝑑𝑡                                                                              (9) 

Using incomplete gamma function, Equation (9) becomes 



 Modification of Maximal Ratio Combining Technique for Detection of Spectrum  15 

Hole in a Cognitive Radio Network 

 
  

 𝑃𝐹𝐴𝑀𝑅𝐶 =  

Ґ(
𝜆

2 ∑
1

𝑤𝐿
∑ 𝐻×𝑤(𝑖)𝐿

𝑖=1
𝑁
𝑛=1

,   𝑁 2⁄    )

Ґ(𝑁
2⁄ )

                                                                                                           (10) 

where: 

Ґ is the gamma function 

 

The threshold is then set at PFA of 0.01 and 0.05 

4. Simulation Model 

The system simulation model for the modified technique consists of PU transmitter, the Nakagami-m fading 

channel ‘h’ and the SU receiver. Data acquisition is generated from the random integer generator, which is 

available within the MATLAB R2018a. PU transmitter processes the data generated randomly for transmission, 

by converting the data into bits, reshaping and modulating with BPSK modulation scheme at different trials. 

The Square-Root Raised Cosine (SRRC) filter is used at the PU transmitter to reduce the bandwidth of 

transmitted signal for suitable transmission over Nakagami-m fading channel without losing any information 

and improving the spectral efficiency. The multiple copies of PU signal are received using multiple SU 

antennas and the received signal are combined at RF chain using modified MRC. Signal output of the combiner 

is then demodulated using BPSK demodulator after being gray decoded and used as input to ED to obtained the 

energy of the received signal. The obtained energy is then compared with the set threshold to determine the 

channel status.ℎ1, ℎ2  and ℎ𝐿 in Fig. 5 represent Nakagami-m fading channel over different paths and 𝑤1, 𝑤2 

and 𝑤𝐿  represent the AWGN present in the environment. The decision threshold is set using PFA of 0.01 and 

0.05 which is derived using chi-square distribution. The complete simulation model for the modified technique 

is shown in Fig 5. 

 

Gray Encoder
Modulator

SRRC Filter

+ + +

X X X

Demodulator
Gray Decoder SRRC Filter

R/G
BPSK

h 1 h2 hL

w1 w2 wL

BPSK

Modified MRC

Decision

Energy Detector

 

Fig. 5. Simulation model for the modified technique. 
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5. Results and Discussion 

The values of PD, PM and PT obtained for both conventional and modified MRC are plotted against SNR as 

presented in Figs 6 to 8 at PFA of 0.01. PD values obtained at different SNR are presented in Fig. 6 for both 

modified MRC and conventional MRC at PFA of 0.01. The PD values obtained for the modified MRC are 

0.8387, 0.8585, 0.8776 at SNR of 4, 6, 8 dB, respectively as against the conventional MRC with PD values of 

0.7624, 0.7805, 0.7978 at SNR of 4, 6, 8 dB, respectively. Results obtained revealed that, modified MRC 

showed better performance with high detection rate when compared with conventional MRC due to losses 

incurred as the signal is passing through multiple RF chain and MF in conventional MRC. This loss is reduced 

in modified MRC due to single RF chain and MF used. The Probability of Missing (PM) at PFA of 0.01 for 

both modified and conventional MRC is showed in Fig 7. PM values obtained for modified MRC are 0.1613,  

 

 

Fig.6. Probability of Detection versus SNR for conventional and modified MRC at PFA of 0.01. 

 

Fig.7. Probability of missing versus SNR for conventional and modified MRC at PFA of 0.01. 
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0.1415, 0.1224 at SNR of 4, 6, 8 as against 0.2376, 0.2195, 0.2022 at SNR of 4, 6, 8 dB, respectively. The 

values of Processing Time (PT) obtained at different SNR for both modified and conventional MRC is 

presented in Fig. 8. At SNR of 4, 6, 8 dB, PT values of 0.1697, 0.2357, 0.2961 are obtained, respectively as 

against 0.2546, 0.3536, 0.4441 respectively, obtained for conventional MRC. The lower PT values obtained for 

modified MRC showed reduction in hardware complexity of modified MRC. The lower PT of the modified 

technique resulted from hardware reduction demonstrate that, the modified technique will make decision on the 

presence and absence of PU signal which is required in a CR network. A good sensing technique must be able 

to scan through the spectrum and make decision at a faster rate.  

 

 

Fig.8. Processing time versus SNR for conventional and modified MRC at PFA of 0.01. 

 

Fig.9. Probability of Detection versus SNR for conventional and modified MRC at PFA of 0.05. 
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Similarly, the PD, PM and PT values obtained at different SNR for PFA of 0.05 are presented in Figs 9 to 11. 

Fig 9 depicts the PD obtained at different SNR for both modified and conventional MRC. At SNR of 4, 6, 8 dB, 

PD values of 0.8863, 0.9089, 0.9303 are obtained, respectively, for modified MRC as against 0.7386, 0.7574, 

0.7752 obtained for conventional MRC. It can be deduced that, PD values increases as SNR increases and this 

depict the fact that, ED perform better at high SNR. Also, in Fig 10 PM values of 0.1137, 0.0911, 0.0697 are 

obtained for modified MRC at SNR of 4, 6, 8 dB, respectively, while 0.2614, 0.2426, 0.2248 are respectively 

obtained for conventional MRC at the same value of SNR. The results obtained revealed that, modified MRC 

gave better performance with low PM when compared with conventional MRC and this is due to reduction in 

signal loss due to single RF chain and MF used in the modified technique. PT values obtained at different SNR  

 

 

Fig.10. Probability of missing versus SNR for conventional and modified MRC at PFA of 0.05. 

 

Fig.11. Processing time versus SNR for conventional and modified MRC at PFA of 0.05. 
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for both modified and conventional MRC at PFA of 0.05. are present in Fig 11. At SNR of 4, 6, 8 dB, the PT 

obtained for modified MRC are 0.1306, 0.1813, 0.2278 s, respectively, as against 0.1959, 0.2720, 0.3416 

s,respectively, for conventional MRC. The results obtained are justifiable in that single RF chain and MF used 

in the modified technique reduces the hardware complexity of modified MRC, thereby reducing the processing 

time. The results obtained also show that, PD increases as SNR increases and this is due to ED that has poor 

performance at low SNR. The PD values obtained for both modified and conventional MRC are high at PFA of 

0.05 when compared with the PFA of 0.01. However, higher PFA resulting in inefficient spectrum management. 

6. Conclusions 

Modification of Maximal Ratio Combining (MRC) technique for detection of spectrum hole in a CR network 

has been developed and simulate in MATLAB environment using appropriate parameters. Closed form 

expression for Probability of False Alarm (PFA) for the modified technique has been derived using chi-square 

distribution and used set the threshold at PFA of 0.01 and 0.05. Performance of the modified technique has 

been evaluated using PM, PT and PD. The results obtained revealed that, the modified MRC performs better 

than the conventional MRC with higher PD, lower PT and PM values due to reduction in signal losses resulting 

from combining nature of the modified MRC technique. Modified MRC gives lower PT values due to single 

RF chain and MF as against multiple RF chains and MFs used for the conventional MRC. Therefore, the 

modified MRC has been shown to have a better performance by having a higher PD, lower PM and PT when 

compared with the conventional MRC. The higher PD and lower PM values of the modified technique shows 

that it has good detection rate even at a very low SNR and lower PFA value. The lower PT justify the fact that, 

modified technique can sense the presence of PU signal and make decision as fast as possible which happen to 

be one of major criterial to be consider in a CR system. The study shows the hardware complexity reduction 

and increase in detection rate which is suitable for signal detection in a CR network. This work can be 

improving upon by using the modify technique in a cooperative manner to increase detection rate. 
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