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Abstract--For Cognitive Radio, energy detection is the most popular spectrum sensing method since other spectrum sensing 
methods like matched filter detection, cyclostationary feature detection etc. need to know the prior information i.e. frequency, phase, 
modulation scheme etc. about the primary signal whereas energy detection does not and it is also simpler to implement. In this 
paper, we compare the ROC (Receiver Operating Characteristics) curves and probability of detection ( dP ) versus SNR (Signal-to-
Noise Ratio) curves for AWGN channel using squaring, cubing and double-squaring operations. The cubic operation shows an 
improvement of up to 1.3 times and double-squaring operation shows an improvement of up to 2 times as compared to the squaring 
operation for AWGN channel.  
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1 INTRODUCTION 
n today’s world, due to increasing interest of people in 
wireless communication and its progressive growth, the 

demand of electromagnetic spectrum is increasing day-by-
day which has led to under-utilization of the spectrum. A 
fixed portion of the total available EM spectrum is assigned 
to a user which leads to wastage of a large portion of it 
because the users other than the licensed user cannot use it. 
To mitigate this problem of spectrum scarcity, Federal 
Communications Commission (FCC) has proposed the 
solution by allowing the unlicensed users to use the 
licensed bands opportunistically and named it as Cognitive 
Radio (CR) [1]. Cognitive Radio is an intelligent wireless 
technology due to its ability to rapidly and autonomously 
adapt operating parameters to changing environment [2]. 
The two main characteristics of Cognitive Radio are: 
Cognitive Capability (i.e. gathering the information about 
the environment) and reconfigurability (i.e. adapting its 
transmission parameters according to the gathered 
information) [3]. One of the most important tasks that 
cognitive radio performs is spectrum sensing. In cognitive 
radio, spectrum sensing aims at monitoring the usage and 
the characteristics of the covered spectral band(s) and is 
thus required by the secondary users both before and 
during the use of licensed spectral bands [1]. Spectrum 
sensing is not an easy task because of shadowing, fading 
and time-varying natures of wireless channels.  There are 
many spectrum sensing techniques available like energy 
detection, matched filter coherent detection, 
cyclostationary feature detection etc. [4].  

     Among all the above specified spectrum sensing 
techniques, energy detection is the most popular technique 
as it is of non-coherent type and has low implementation 
complexity. This energy detection technique, also called 
radiometry or periodogram does not require any prior 
knowledge of primary user’s signal [5]. In this method, we 
measure the energy of the received signal and compare it 
with a predefined threshold to determine the presence or 
absence of primary user’s signal. Moreover, energy 
detector is mainly used in ultra wideband communication 
to borrow an idle channel from licensed user. In this paper, 
probability of detection ( dP ), probability of false alarm )( fP

and probability of missed detection ( dm PP −=1 ) are the key 
measurement metrics that analyze the performance of an 
energy detector. The performance of an energy detector is 
illustrated by probability of detection ( dP ) versus SNR 
curves and the receiving operating characteristics (ROC) 
curves which is a plot of dP  versus fP or mP  versus fP  [6].   
     This paper is organized as follows: Section 2 describes 
the system model and a list of important notations. In 
section 3, probability of detection and false alarm of non-
fading AWGN channel is described. Simulation result for 
squaring, cubing and double-squaring operations and their 
comparison are illustrated in section 4 followed by 
conclusions in section 5. 
 
2 SYSTEM MODEL AND NOTATIONS 
First of all, before describing the system model, here we list 
the main notations which are used in this paper for 
additional clarity and to avoid any kind of confusion.  
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 )(ts  : primary user’s transmitted signal 
 )(ty : received signal 
 )(tn  : additive white Gaussian noise 
  h   : amplitude gain of the channel 
 01N : one-sided noise power spectral density 

 sE  : signal energy=∫
T

dtts

0

2 )(  

 
01N

Es=γ : signal-to-noise ratio (SNR)  

 λ  : energy threshold used by the energy          
detector 

 T  : observation time interval in second 
 W : one-sided bandwidth (Hz) i.e. positive     

bandwidth of the low-pass signal 
 TWu = : time-bandwidth product 
 cf  : carrier frequency 
 dP  : probability of detection 
 fP  : probability of false alarm 

 dm PP −=1 : probability of missed-detection 

 0H  : hypothesis 0 corresponding to no signal 
transmitted 

 1H  : hypothesis 1 corresponding to signal 
transmitted 

 ),( 2σµN : a Gaussian variate with mean µ  and 

variance 2σ  
 2

αχ   : a central chi-square variate with α  degree 
of freedom 

 )(2 βχα  : a non-central chi-square variate with α  
degree of freedom and non-centrality parameter 
β   

 
To detect the energy of the received signal, an energy 
detector is used by each CR user [7]. Energy detector 
consists of four main blocks [8]: 

1. Noise pre-filter 
2. A/D converter (Analog-to-Digital Converter) 
3. Squaring Device 
4. Integrator 

 

 

Fig. 1: Block diagram of Energy detector 
 
The output of the integrator at any time is the energy of the 
filter received signal over the time interval T. The noise 
pre-filter limits the noise bandwidth; the noise at the input 
to the squaring device has a band-limited, flat spectral 
density. The output of the integrator is considered as the 
test statistic to test the two hypotheses 0H   and 1H [7]. 
 
The received signal )(ty  takes the form 
 

  )()()( tntshty +=           (1) 
 

where 0=h  or 1 under hypotheses 0H or 1H , 
respectively. As described in [7], the received signal first 
pre-filtered by an ideal band-pass filter with transfer 
function [9][10] 
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to limit the average noise power and normalize the noise 
variance. The output of this filter is then squared and 
integrated over a time interval T to finally produce a 
measure of the energy of the received waveform. The 
output of the integrator denoted by Y as in fig. 1 will act as 
the test statistic to test the two hypotheses 0H  and 1H . 
According to the sampling theorem, the noise process [11] 
can be expressed as 
 

)2(sin)( iWtcntn

i

i −=∑
∞

−∞=

       (3) 

 

where  
x

xxc
π
π )sin()(sin =   and 






=

W
inni 2

.  

One can easily check that ),,0(~ 01 WNNni  for all i .  

Over the time interval (0, T ), the noise energy can be 
approximated as [7]. 
 

  
∑∫
=

=

u

i

i

T

n
W

dttn
2

1

2

0

2
2
1)(              (4) 

 
where TWu = . We assume that T  and W  are chosen to 
restrict u  to integer values. If we define 
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01WN
n

n i
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then, the test or decision statistic Y can be written as [7] 
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Y can be viewed as the sum of the squares of u2  standard 
Gaussian variates with zero mean and unit variance. 
Therefore, Y  follows [15] a central chi-square )( 2χ

distribution with u2  degrees of freedom. The same 
approach is applied when the signal )(ts  is present with 

the replacement of each in  by ii sn +  where 





=

W
issi 2

. 

The decision statistic Y  in this case will have a non-central 
2χ  distribution with u2  degrees of freedom and a non-

centrality parameter γ2 [7]. Following the shorthand 
notations mentioned in the beginning of this section, we 
can describe the decision statistic as 
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The probability density function (PDF) [9] of Y  can be 
written as 
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where (.)Γ  is the gamma function [12, section 8.31] and 

(.)vI  is the vth-order modified Bessel function of the first 
kind [12, section 8.43]. 
 
3 PROBABILITY OF DETECTION AND FALSE 
ALARM OF NON-FADING AWGN CHANNEL 
An approximate expression for probability of detection for 
non-fading AWGN channel was presented in [7]. In this 
section, we present exact closed-form expression for both 
probability of detection dP  and probability of false alarm

fP .  The dP  and fP  can be generally evaluated by 
 

         ,)|Pr( 1HYPd λ>=                        (9) 
  

,)|Pr( 0HYPf λ>=           (10) 

 
where λ  is decision threshold.  Also, fP  can be written in 

terms of Probability density function (PDF) as: [13, Eq. (4-
16) and Eq. (4-22)] 
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using equation(11), 
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Dividing and multiplying the R.H.S.  of above equation by 

12 −u , we get 
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substituting dtdyty
==

2
,

2
 and changing the limit of 

integration to 





 ∞,

2
λ , we get 
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or, 
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Now probability of detection can be written by making use 
of the cumulative distribution function [13, Eq. (4-22)]. 
 

  )(1 yFP Yd −=           (16) 
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The cumulative distribution function (CDF) of Y  can be 
obtained (for an even number of degree of freedom which 
is u2  in our case) as [14, Eq. (2.1-124)]: 
 

 ),(1)( yQyF uY λ−=      (17) 
 
where ),( baQu  is the generalized Marcum Q-function 
[15]. Hence, 
 

  ),2( λγud QP =       (18) 
 
4 SIMULATION RESULT 
The performance of energy detector is analyzed using 
probability of detection dP  versus SNR curves and ROC 
(Receiving Operating Characteristic) curves for an AWGN 
channel. Monte-Carlo method is used for simulation. Fig. 2 
and Fig. 3 depict the dP  versus SNR curves for different 
values of probability of false alarm )( fP  and ROC curves 
for different values of SNR for the squaring operation of an 
AWGN channel, respectively. It can be seen in these 
figures that with increase in SNR (Signal to Noise Ratio), 
the performance of energy detector improve.  Fig. 4 depict 
the comparison of dP   versus SNR curves for squaring, 
cubing and double-squaring operations and the 
comparison of ROC curves for all the three operations is 
shown in Fig. 5 

 
Fig. 2: dP  versus SNR curve for AWGN channel using squaring 

operation 

 

 
Fig. 3:  Complementary ROC curve for AWGN channel using squaring 

operation       
 
    Fig. 4 and Fig. 5 depict improvement in the performance 
of the energy detector using cubic and double-squaring 
operations over AWGN channel. The results obtained are 
quantified as shown in TABLE 1 and TABLE 2. These 
results illustrate improvement in the probability of 
detection using cubic and double-squaring operations. This 
improvement has gone up to 1.3 times for cubic operation 
and 2 times for double-squaring operation as compared to 
squaring operation for AWGN channel. We assume time-
bandwidth product=5 and average SNR=5 db. 
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Fig. 4: Comparison of dP  versus SNR curves for AWGN channel 

 
Fig. 5: Comparison of complementary ROC curves for AWGN channel 
 

5 CONCLUSIONS 
We have discussed the energy detection spectrum sensing 
technique in cognitive radio networks. Energy detection 
has the advantage of low implementation and 
computational complexities. In the present work, the 
performance of energy detector is analyzed. Closed form 
expression for probability of detection and false alarm over 
AWGN channel are described. It is shown by using ROC 
curves that probability of detection improves if we use 
cubing or double-squaring operation instead of squaring 
operation. 

 
 
 
 
 
 
 
 

Probability of false 
alarm 

Probability of detection 
for AWGN Channel 
(Squaring Device) 

Probability of detection 
for AWGN Channel 
(Cubing Device) 

Improvement 
(times) 

0.0001 0.2844 0.6568 1.3094 
0.0196 0.5570 0.8358 0.5005 
0.1600 0.7680 0.9252 0.2046 
0.4096 0.9150 0.9766 0.0673 
0.9025 0.9988 0.9998 0.0010 
  

TABLE 1: Improvement using cubing operation for AWGN channel. 
 

 
Probability of false 
alarm 

Probability of detection 
for AWGN Channel 
(Squaring Device) 

Probability of detection 
for AWGN Channel 
(Double-squaring Device) 

Improvement 
(times) 

0.0001 0.2844 0.8506 1.9908 
0.0196 0.5570 0.9368 0.6818 
0.1600 0.7680 0.9734 0.2674 
0.4096 0.9150 0.9896 0.0815 
0.9025 0.9988 1.0000 0.0012 
 

TABLE 2: Improvement using double-squaring operation for AWGN channel. 
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