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Abstract: Spectrum sensing is a critical technology for primary user detection in cognitive radio 

networks, in which energy detector is widely used for spectrum sensing due to its generality and low 
complexity.  However, noise uncertainty degrades the sensing performance of energy detection 

severely because of its dependence on the noise power. In this paper, we take the average power as 

the decision statistic and derive the closed-formed expressions for the average detection and false 
alarm probabilities under noise uncertainty. We then demonstrate the performance of the three kinds 

of well known hard fusion rules (OR, AND and Majority) over AWGN and Rayleigh channels, and 

we identify the best rule in different conditions. Extensive simulations indicate that in AWGN 
channels, Majority rule is optimal at the higher SNR, while AND rule performs best for most 

situations at low SNR. Moreover, OR rule always exhibits the best performance in Rayleigh channels 

at low SNR. However, when SNR is higher, the optimal rule is changed with the variation of number 
of cognitive users. Our research is very helpful and meaningful for selecting the proper hard fusion 

rule in practical cognitive radio networks. 
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1  Introduction 

Cognitive radio (CR) is seen as one of the 
crucial technologies for future spectrum utilization 

[1] [2]. In order to avoid interfering with the 

primary communication, it is required for the 
cognitive users to periodically detect if the primary 

signal is present in that region. So spectrum sensing 

is one of the key technologies in cognitive radio 
(CR) networks to use radio frequency resources 

more efficiently. 

There have been many local spectrum sensing 
algorithms (spectrum sensing is carried out based 

on an individual user) including matched filtering 

[3], cyclostationary feature detection [4] and energy 
detection (power detection) [3]. Unlike other 

methods, energy detection is a major and basic 

approach due to its generality and simplicity. 
However, noise level variation with time (noise 

uncertainty) makes the energy detection difficult, 

even causes energy detection to encounter a SNR 

wall [5]. The noise uncertainty and interference are 
unavoidable in the real-world, hence robustness to 

them is a fundamental performance metric. A 

number of local spectrum sensing algorithms have 
been proposed to overcome the bad influence of 

noise uncertainty: multiantenna spectrum sensing 

[6], eigenvalue based detections [7], OFDM-based 
detection [8], et al. most of these detection methods 

have the huge computational burden, need a long 

collection time, and rely on the correlation of the 
primary signal. Recently, researchers discover that 

the cooperative spectrum sensing can be exploited 

as a feasible solution to tackle this problem [9] [10] 
[11]. Hard fusion is a simply and widely used 

scheme in cooperative sensing. However, up to our 

best knowledge, no performance comparison under 
noise uncertainty among various fusion rules has 

been reported. In this paper, we try to fill up this 
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gap and study the spectrum sensing performance of 
hard schemes under noise uncertainty. 

In this paper, we take the average power as the 

decision statistic and derive the closed-form 
expressions for detection and false alarm 

probabilities under noise uncertainty. Then we 

compare the sensing performance of the three kinds 
of hard fusion rules (OR, AND and Majority) over 

AWGN and Rayleigh channels. More importantly, 

we show that different hard fusion rules will apply 
to different networks and different sensing 

channels. 

The rest of this paper is organized as follows: in 
section 2, the system model and power detection 

are briefly reviewed. In section 3, we discuss the 

local detection and the hard fusion rules of 
cooperative spectrum sensing under noise 

uncertainty and obtain the closed-form expressions 

for the detection and false alarm probabilities. 
Numerical simulation results are provided to 

evaluate the performance of the different fusion 

rules in section 4. Finally, the conclusions are 
drawn in section 5. 

 

2  System Model  
Spectrum sensing involves deciding whether the 

primary signal is present or not from the observed 
signal. The hypothesis testing problem of interest 

can be expressed as  
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where ( )r n is the received signal, and ( )s n is the 

primary user’s signal to be detected. Likewise, 

( )w n is the additive white Gaussian noise at the CR 

receiver, which is assumed to be complex Gaussian 

random variable with mean zero and the variance 
22 , i.e., ( )w n ～ 2(0 )N ，2 , and h  is the 

amplitude gain of the wireless channel. Both 

( )s n and ( )w n  are modeled as mutually 

independent complex signals. Additionally, 

0H and 1H  denote hypothesis corresponding to the 

absence and presence of the primary signal, 

respectively. 
We use the power detector to sense the primary 

signal，and the test statistic, T , can be written as 
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where M  denotes the number of samples for the 

received signal, under both hypotheses 0H and 1H , 

the test statistic T follows chi-square distribution. 

Hence, its Probability Distribution Function 

(PDF), ( )f y , can be written as 
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where (.) is the gamma function and (.)vI  is the 

vth-order modified Bessel function of the first kind. 

2.1 AWGN Channels 
Based on the equation(0.1), the detection and 

false alarm probabilities over AWGN channels, 
dP  

and fP , can be generally computed as 
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where   is the decision threshold, P  is the signal 

power,  ,    is the incomplete gamma function, 

and  ,uQ a b is the generalized Marcum Q -function 

[12]. 

2.2 Rayleigh Channels 
If the signal amplitude follows a Rayleigh 

distribution, then the signal power is exponential 

distributed [13] 
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where  is the average SNR and 
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conditional dP in AWGN case as given by the 

equation(0.2) over the SNR fading distribution 

(2.6), the detection probability in Rayleigh 

channels, _d RayP can be given by 
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3  Spectrum Sensing under Noise 

Uncertainty   
The above discussion is based on the 

assumption that the noise is independent and 
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identically-distributed complex Gaussian white 

noise, and the noise power is accurately known or 
can be estimated unbiasedly at the receiver. 

However, it is impossible to have an exact 

knowledge of the noise power in practical systems 
because the noise is an aggregation of various 

sources. We can denote the noise power uncertainty 

as [14] 
'2 2 2[(2 ) ,2 ]n n                   (3.1) 

where 2

n is the nominal noise power of the real 

part or imaginary part,  is a parameter that 

indicates the quantity of noise uncertainty in dB, 

and the PDF of noise power is '2( )f  ,which 

follows the uniform distribution. Upon the above 

assumptions, we discuss the average effect of noise 
uncertainty in this session. 

3.1 Local Spectrum Sensing 
 Under the above model of noise uncertainty, using 

the equations(0.3) and (2.5), we obtain, 
2

2

2
1_ _ 2 2 2 2

( , )
( 1)

n

n
d AWGN un M

n

P
P Q M M d






 


   


 

(3.2) 

and 
2

2

2
1_ 2 2 2

1
( , )

( 1) ( ) 2

n

n
f un

n

M
P M d

M






 


  
 

  (3.3) 

where _ _d AWGN unP  denotes the average detection 

probability in AWGN Channels under noise 

uncertainty, and _f unP is the false alarm probability 

under noise uncertainty over AWGN channels and 
Rayleigh channels. 

Similar to the AWGN channels, based on the 

equations (2.7) and (3.1), the average detection 

probability in Rayleigh channels, _ _d Ray unP , has the 

following form 
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3.2 Cooperative Spectrum Sensing 
Here, we discuss the hard-information based 

cooperative sensing scheme since the hard fusion 

rules have minimum communication overhead 

(control channels) and are easy to be implemented. 
Moreover, we mainly focus on the performance 

comparison for signal detection under noise 

uncertainty for the three kinds of hard-fusion rules. 
After finished the local spectrum sensing, each 

sensor makes a binary decision 
ib , where  

0ib  and 1ib  , response to the  primary signal is 

absent  and present, respectively.  Then all of the 

sensors send their local 1-bit decisions to the fusion 

center [15] 
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where 1 H and 
0H  denote the primary signal is 

transmitted and not transmitted, respectively. In 

addition,
1

N

i

i

D b


 ,  denotes the final decision in 

the fusion center, and k is the decision threshold in 

the fusion center.  Hard fusion scheme is also called 

as the k rule decision, the OR rule corresponds to 

the case 1k  , the AND rule corresponds to the 

case k N , and / 2k N    is the Majority rule. 

In the hard fusion scheme, the signal detection 

probability _ _d or unQ and the false alarm probability 

_ _f or unQ  for the OR rule are given by [16] 
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In the AND rule, _ _d and unQ  and _ _f and unQ can be 

expressed as [16] 
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where _ _d majority unQ and _ _f majority unQ denote the 

detection probability and the false alarm probability 

for the Majority rule, respectively. Also, it can be 

seen that the probability of missed 

detection = 1 - m dQ Q . 

 

4  Performance Analysis of Cooperative Sp- 

ectrum Sensing under Noise Uncertainty  

In this section, we mainly compare the sensing 
performance of the above-mentioned three kinds of 

hard fusion rules over AWGN and Rayleigh 
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channels in different cases. Without loss of 
generality, we assume the signals from the primary 

user to all users are independent and identically 

distributed. 
To select a proper fusion rule in different 

situations, extensive experiments are done and 

typical results are shown in this section. Moreover, 
both theoretical simulations and Monte Carlo 

simulations are carried out. 

4.1. AWGN Channels 
Firstly, we discuss the performance of different 

hard fusion rules over the AWGN channels. 

 
Figure 1: 

mQ vs. fQ  (ROC) for various fusion rules over the 

AWGN channels with  =1dB, M=6, SNR=0 dB and N=5. 

 
Figure 2: mQ vs. fQ  (ROC) for various fusion rules over the 

AWGN channels with  =1dB, M=6, SNR=0 dB and N=50. 

Fig 1 shows the complementary ROC curves of 
the three kinds of fusion rules in a cognitive radio 

network with a few users ( 15N  ) 

when 0SNR  dB, 1  dB and 6M  . For a given 

false alarm probability fQ , for example, =10fQ 2
, 

Majority rule has the lowest mQ , and the local 

detection ( 1N  in Fig 1) has the highest mQ  in Fig 

1. It can be readily seen that, comparing to the local 

detection under noise uncertainty, collaboration of 

sensors can significantly improve the performance 
of spectrum sensing. The Majority rule 

demonstrates the best detection probability among 
the three kinds of well known fusion rules. For a 

cognitive network with many users ( 50N  ),Fig 2 

illustrates the performance comparison among the 

three hard fusion rules in AWGN channels when 

experimental parameters are the same with that in 
the Fig 1 except that the number of cognitive users 

is different. It also shows a superior performance 

for the Majority rule in a large network. 

 
Figure 3: 

dQ vs. SNR for various fusion rules over the AWGN 

channels with  =1dB, M=2000, fQ =0.01 and N=10. 

 
Figure 4: 

dQ vs. SNR for various fusion rules over the AWGN 

channels with  =1dB, M=2000, fQ =0.01 and N=50. 

Here, we pay our attention to the low SNR 

scenarios, for example, 15SNR   dB. When the 

number of second users are 10N  and 50N  , the 

detection probability versus SNR curves for 

different hard fusion schemes are shown in Fig 3 

and Fig 4, respectively. It is obvious that theoretical 
calculations accord with simulation results. When 

there are a few users in a cognitive network as 

shown in Fig 3, OR rule exhibits the best 
performance. However, with the number of 

cognitive users increasing, the sensing performance 

of AND rule is getting better.  Moreover, AND rule 
performs best with further increasing the number of 

cognitive users, for example, when 50N  , the 
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sensing performance of AND rule is much better 

than that of the other two fusion rules. 
From all mentioned above, we note that, when 

SNR is low, AND rule is optimal in most cases 

except the number of users in a cognitive radio 
network is few. However, Majority rule is the 

optimal choice when the SNR is larger 

( 0SNR  dB). 

4.2. Rayleigh Channels 
In the real-world, the primary signal often 

experiences shadowing and mulitpath fading. In 

this subsection, we mainly discuss the performance 
of the cooperative spectrum sensing (hard fusion) 

over the Rayleigh channels. 

Firstly we compare the sensing performance 
among the three kinds of fusion rules when the 

SNR is higher. The complementary ROC curves for 

various hard fusion schemes with  =1dB, 

10M  , 0SNR  dB are shown in Fig 5 and Fig 6 

when the number of second users are 5N  and 

50N  , respectively. From these figures, it can be 

seen that hard fusion based on the OR rule can give 

the best performance in the cognitive radio 
networks with a few users. However, Majority rule 

is optimal if the number of cognitive users is large. 

We also discuss the case of low SNR, and the 
theoretical and simulation results for the average 

detection probability dQ versus SNR curves under 

noise uncertainty are shown in Fig 7 and Fig 8 with 

 =1dB, 1000M  , and fQ =0.01. Besides, we set 

the number of second users as 10N  and 70 in Fig 

7 and Fig 8, respectively. It can be noted that, at 
low SNR, OR rule provides the best performance 

not only in the network with a few sensors but also 

in the network with many users. 

 
Figure 5: mQ vs. fQ  (ROC) for various fusion rules over the 

Rayleigh channels with  =1dB, M=10, SNR= 0 dB and N=5. 

 
Figure 6:

mQ vs. fQ  (ROC) for various fusion rules over the 

Rayleigh channels with  =1dB, M=10, SNR= 0 dB and 

N=50. 

 
Figure 7: 

dQ vs. SNR for various fusion rules over the 

Rayleigh channels with  =1dB, M=1000, fQ =0.01 and 

N=10. 

 
Figure 8: dQ vs. SNR for various fusion rules over the 

Rayleigh channels with  =1dB, M=1000, fQ =0.01 and 

N=70. 
Finally, after discuss the extensive experiments 

in the Rayleigh channels, we can see that the 

simulations and theoretical results are meshed with 
each other well. Comparing the performance of the 

three hard fusion rules over Rayleigh channel, we 

can draw the conclusion that, OR rule is the optimal 
rule in most cases no matter the SNR is low or high 
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except the case that there are many cognitive users 
at low SNR. 

 

5  Conclusions  
In this paper, we study the detection problem 

under noise uncertainty and mainly discuss 

collaborative spectrum sensing schemes based on 
the hard fusion rules. We adopt the power detector 

and obtain the closed-form expressions for the 

average detection probability over AWGN and 
Rayleigh channels, respectively. Then, in different 

channels, we analyze the performance of various 

hard fusion rules. Theoretical and simulation results 
illustrate that collaboration of sensors can 

significantly improve the spectrum sensing 

performance, though variational noise power level 
produce severe degradation in the detector's 

performance. 

In the AWGN channels, Majority rule is optimal 
at higher SNR, while AND rule performs best for 

most situations at low SNR except for the case 

where the fewer users take part in decision fusion. 
In the Rayleigh channels, when SNR is high,  

OR rule is a good choice in the cognitive radio 

networks with a few sensors, whereas Majority rule 
is the optimal fusion rule in the cognitive radio 

network with many users. However, at low SNR, 
OR rule always performs best no matter the users 

are a few or many. 

 

Acknowledgements 
This work is supported in part by Provincial 

Scientific Foundation of Shandong (No. 
ZR2010FM026) and Key Project of National 

scientific Foundation of China(No. 60832008). 

 

References 
[1] Federal Communications Commission, Spectrum Policy 

Task Force Report ET Docket No. 02-135, Nov. (2002). 

[2] I. F. Akyildiz,W. -Y. Lee, K. R. Chowdhury, Cognitive 

radio Ad hoc networks: research challenges,  Ad Hoc 

Network  7 (2009) 810-836. 

[3] D. Cabric, A. Tkachenko, and R. W. Brodersen, 

Spectrum sensing Measurements of pilot, energy, and 

collaborative detection. In Proc. of the 2006 IEEE 

Military Communications Conference, Washington, DC, 

(2006), 1-7. 

[4] W. A. Gardner, Exploitation of spectral redundancy in 

cyclostationary signals, IEEE Signal Processing 

Magazine Vol. 8, No.2, (1991), 14-36. 

[5] R. Tandra and A. Sahai, SNR walls for signal detection, 

IEEE Journal of Selected Topics in Signal Processing, 

vol. 2, No.1, (2008), 4-17. 

[6] Roberto López-Valcarce, Gonzalo Vazquez-Vilarand 

Josep Sala, Multiantenna spectrum sensing for Cognitive 

Radio: overcoming noise uncertainty. In Proc. of the 

2010 2nd International Workshop on Cognitive 

Information Processing, Elba, (2010), 310-315. 

[7] Y. H. Zeng and Y. C. Liang, Eigenvalue based spectrum 

sensing algorithms for cognitive radio, IEEE 

Transactions on Communications, Vol. 57, No. 6, 

(2009), 1784-1793. 

[8] W. Zeng and G. Bi, Robust Detection of OFDM Signals 

for Cognitive UWB in Low SNR with Noise 

Uncertainty. In Proc. of the 2008 IEEE International 

Symposium on Personal, Indoor, and Mobile Radio 

Communications, Cannes, France, (2008),1-5.  

[9] A. Ghasemi and E. S. Sousa, Collaborative spectrum 

sensing for opportunistic access in fading environment. 

In Proc. of the 2005 IEEE International Symposium on 

New Frontiers in Dynamic Spectrum Access Networks, 

Baltimore, MD, USA, (2005), 131-136.  

[10] K. Hamdi, X. N. Zeng, A. Ghrayeb, and K. B. Letaief, 

Impact of Noise Power Uncertainty on Cooperative 

Spectrum Sensing in Cognitive Radio Systems. In Proc. 

of the 2010 IEEE Globecom. 

[11] Y. H. Zeng, Y. C. Liang, A. T. Hoang and E. C. Y. Peh, 

Reliability of Spectrum Sensing Under Noise and 

Interference Uncertainty. In Proc. of 2009 IEEE 

International Conference on Communications 

Workshops, Dresden, (2009), 1-5.  

[12] A. H. Nuttall, Some integrals involving the Q-function, 

Technical Report, Naval Underwater System Center 

(NUSC), May, 1974. 

[13] F. F. Digham, M. -S. Alouini, and M. K. Simon, on the 

energy detection of unknown signals over fading 

channels. In Proc. of the 2003 IEEE International 

Conference on Communications, Anchorage, AK, 

volume 5, (2003), 3575-3579.  

[14] S. Shell hammer and R. Tandra, Performance of the 

Power Detector with Noise Uncertainty, IEEE Std. 

802.22-06/0134r0, July 2006. 

[15] H. J. Wang, Y. Xu, X. Su and J. Wang, Cooperative 

Spectrum Sensing in Cognitive Radio under Noise 

Uncertainty. In Proc. of the 2010 IEEE 71st Vehicular 

Technology Conference (VTC 2010-Spring), Taipei, 

(2010), 1- 5. 

[16] W. Zhang, R. Mallik, and K. B. Letaief, Cooperative 

spectrum sensing optimization in cognitive radio 

networks. In Proc. of 2008 IEEE International 

Conference on Communications, Beijing, (2008), 3411–

3415. 

Yunxue Liu was born in 1965 in 

Weihai, Shandong, China. After he 

earned the Ms degree from Nanjing 

Research Institute of the fourteen，
He obtained his PhD degree from 

School of Information Science & 

Engineer, Shandong University, 

Jinan, China. His research interests 



 

Yunxue Liu et al: Performance Analysis of Cooperative Spectrum …  

 

855 

are spectrum sensing technologies for cognitive radio 

networks; statistic signal processing; data fusion; SDR, 

realtime implementation for communication systems and 

signal processing systems. To date, Yunxue Liu has 
authored more than 20 papers in many journals and 

international conference. He is also serving as the TPC 

Member of many international conferences in 

Communication Network. He is currently a university 

teacher with Institute of Science and Technology for 

Opto-electronic Information, Yantai University, China. 

 

Fen Li was in 1987 in Heze, 
Shandong, China. She received her 

bachelor degree from Institute of 

Science and Technology for Opto-

electronic Information, Yantai 

University, China. Currently she is a 

Master Candidate in Signal and 

Information Processing, Yantai University, China. Her 

research interest is spectrum sensing technologies for 

cognitive radio networks and data 

fusion. Email: lifenlili@126.com. 

Guoying Hu received the MS 

degree in signal and information 
processing from Shandong 

University. Her research interests are 

in the areas of image processing and 

source coding. Email: wuying159@163.com. 

 

 

Ying Wu received the bachelor 

degree from Yantai University; she 
is currently a Master Candidate in 

Signal and Information Processing, 

Yantai University. Her research 

interest is cognitive radio. Email: 

wuying159@163.com. 

 

 

 
 

 

mailto:wuying159@163.com
app:ds:bachelor
mailto:wuying159@163.com

