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Abstract 

Cognitive radio (CR) technology is a new way to compensate the spectrum 
shortage problem of wireless environment. Spectrum sensing is an elemental 
task in cognitive radio. It is used to detect the presence of licensed user in the 
channel. Energy detection is a one of the prominent techniques for spectrum 
sensing. Under noise uncertainty and low signal to noise ratio detection 
performance of energy detector is depreciated . In this paper, investigations 
are made to study the performance of generalized energy detector, obtained by 
replacing squaring operation of amplitude of the received signal in 
conventional energy detector with an arbitrary positive power constant p under 
noise uncertainty and shown that SNR wall is not dependent on the value of p. 
Further observations are made on the detection performance of generalized 
energy detector (GED) for different values of p and shown that conventional 
energy detector (CED) is the best energy detector (ED) under noise 
uncertainty. Further it is observed that  as the noise uncertainty increases and 
becomes significant that is greater than 0.5 dB the detection performance of 
generalized energy detector do not dependent on  p. 

 

I. INTRODUCTION  

Cognitive Radio (CR) [1], [2] has emerged as a promising solution that can 
effectively address the existing conflicts between spectrum demand growth and 
spectrum underutilization. CR aims at improving spectrum usage efficiency by 
allowing some unlicensed (secondary) users to access in an opportunistic and non-
interfering manner to some licensed bands, temporarily unoccupied by the licensed 
(primary) users. 
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One of the most essential challenges for a CR network is not to cause injurious 
interference to primary users. Significant developments in spectrum exploitation have 
been achieved by allowing an unlicensed or secondary user (SU) to access a licensed 
frequency band when the licensed or primary user (PU) is absent. In cognitive radio, 
SU senses an idle frequency band of a PU, and if a band is found to be idle for certain 
period, SU may transmit over that band. But as soon as PU returns, SU must vacate 
the band immediately. This complete process requires an accurate spectrum sensing to 
avoid harmful interference to PU. There are number of different signal detection 
methods that have been proposed such as likelihood ratio test [3], matched filtering 
based detection [3], cyclostationary detection [4], covariance based detection [5], 
eigenvalue based detection [6] and energy detection (ED) [7], [8], [9], [10]. The 
novelty of ED is that it does not require a prior knowledge about primary signals, this 
method is simple and easy to implement in comparison to the other spectrum sensing 
methods. The original energy detector was proposed by Urkowitz [7] in 1967 for an 
unknown deterministic signal assuming a flat band-limited Gaussian channel. Energy 
detection is analyzed theoretically by Digham et.al [11] in 2003 for AWGN, Rayleigh 
and Nakagami channel models and expressions for the detection probability are 
obtained. 

The main problem associated with the conventional energy detector is that it’s  
performance is not satisfactory at low SNR, because to calculate threshold accurately 
there is a need of an exact knowledge of noise power/variance. If noise power is 
known precisely, theoretically it is possible for ED to detect the presence of PU even 
at very low SNR and the sensing time is made very large. But practically it is 
observed that, noise power may change with time and location. Therefore it may not 
be possible to measure exact noise power at a particular time and location. In this 
paper, a generalized expression is derived for energy detector used for spectrum 
sensing under noise uncertainty. The derivation is based on a simple modification to 
the conventional energy detector by replacing the squaring operation of the signal 
amplitude with an arbitrary positive power constant. This compares the performance 
of the proposed approach with conventional approach by evaluating probability of 
false alarm, the probability of detection, the average signal-to-noise ratio (ASNR) and 
the sample size. This paper, is primarily based on the findings of Digham et.al [12] 
,Chen [13] and Tandra et.al [14] and studies are made on  the performance of GED 
under noise uncertainty. Analytically it is shown that for the worst case of noise 
uncertainty described in [13], SNR wall is independent of power constant p. The 
performance of GED is also shown for uniform distribution of noise uncertainty [14]. 
It is also shown that CED (p = 2) is the best ED under noise uncertainty. But when the 
noise uncertainty is absent, the best ED may be different than CED. Further it is 
shown numerically that if the noise uncertainty is significant (greater than 0.5 dB), 
then there is a very little effect of p on the detection performance of GED. 
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II. PERFORMANCE OF GENERALIZED ENERGY DETECTOR  

 The two binary hypothesis of classical detection theory [3] are considered which are 
given as follows: 

𝐻0 𝑑𝑒𝑛𝑜𝑡𝑒𝑠 ∶ 𝑦(𝑛) = 𝑤(𝑛) → (𝑃𝑈 𝑢𝑛𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒)              (1) 

𝐻1 𝑑𝑒𝑛𝑜𝑡𝑒𝑠 ∶ 𝑦(𝑛) = 𝑥(𝑛) + 𝑤(𝑛) → (𝑃𝑈 𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒)     (2) 

Here, 𝑦(𝑛) is the signal received, by secondary user, 𝑛= 1, 2, 3…N indicates the 
samples of received signal by secondary user. 𝑤(𝑛) represents the sample of AWGN 
(Additive White Gaussian Noise) having variance 𝜎2. x(n) is the primary user signal 
assumed to be real Gaussian with variance. The average power of primary signal 
is 𝜎𝑠

2.  It is assumed that primary signal is free of noise and fading and is independent. 

Hypotheses  𝐻0 says about the absence of primary user while Hypotheses 𝐻1 depicts 
about the presence of primary user. At the time when the spectrum sensing fails then 
the resulting probability is known as probability of false alarm or probability of 
missed detection. In the case of probability of missed detection, when primary user is 
available in spectrum band then the technique of spectrum sensing selects 
hypotheses 𝐻0. In case probability of false alarm, when the frequency band is sitting 
idle then the technique now selects hypotheses 𝐻1. The probability of missed 
detection, results in a consequence of interference to the primary user. While for 
probability of false alarm, results in missing the opportunities and due to that the 
utilization of spectrum in an effective and efficient manner decreases. Depending on 
these two definitions of probability, it can be concluded that there are two types of 
probabilities namely, probability of detection and probability of false alarm. For the 
optimal performance of cognitive radio it is expected that probability of detection 
should be maximized and probability of false alarm should be minimized.  

The Probability of detection, Therefore is defined as 𝑃𝑑 = 𝑃𝑟(𝐻1 𝐻1⁄ ) and 

Probability of false alarm is expressed as,  𝑃𝑓𝑎   = 𝑃𝑟(𝐻1 𝐻0)⁄  

Thus, the test statistic 𝑇𝐶𝐸𝐷for the conventional energy detector is given by: 

𝑇𝐶𝐸𝐷 =
1

𝑁
∑|𝑦(𝑛)|2                                                                                               (3)

𝑁

𝑛=1

 

where 𝑇𝐶𝐸𝐷 is the test statistic and N is the number of samples used for computation.  

Improved energy detector for random signals in Gaussian noise is proposed by Chen 
[13], by replacing the squaring operation of the signal amplitude in the conventional 
energy detector with an arbitrary positive operation p. The test statistic of the 
generalized energy detector 𝑇𝐺𝐸𝐷 with pth power summer is given by 
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𝑇𝐺𝐸𝐷 =
1

𝑁
∑|𝑦(𝑛)|𝑃

𝑁

𝑛=1

                                                                                             (4) 

where 𝑇𝐺𝐸𝐷 is the test statistic and N is the number of samples used for computation 
and p > 0 is an arbitrary constant. Therefore CED is a special case of GED where p = 
2. For large values of N and considering the central limit theorem (CLT) proposed by 
Zeng et.al [15], the   probability of detection PD and probability of false alarm PFA for 
GED can be defined as follows: 

P𝐹𝐴 = Prob(𝑇𝐺𝐸𝐷 > 𝛾 H0⁄ ) = 𝑄 (
𝛾−𝜇0

𝜎0 √𝑁⁄
)                                                   (5) 

P𝐷 = Prob(𝑇𝐺𝐸𝐷 > 𝛾 H1⁄ ) = 𝑄 (
𝛾−𝜇1

𝜎1 √𝑁⁄
)                                                     (6)     

where                                  𝑄(𝑡) =
1

√2𝜋
∫ 𝑒−(𝑥2

2⁄ )𝑑𝑥
∞

𝑡
                                       (7) 

and γ is the predetermined threshold obtained by fixing probability of false alarm, 𝜇1 
and 𝜇0 are means of TGED under H1 and H0 respectively, 𝜎0

2 and 𝜎1
2 are variances of 

TGED under H0 and H1 respectively, which are defined by Chen [13] as follows: 

𝜇0 =
2𝑝 2⁄

√𝜋
Γ(

𝑝+1

2
) 𝜎𝑝                                          : 𝐻0                                          (8) 

𝜇1 =
2𝑝 2⁄ (1+𝛼)𝑝 2⁄

√𝜋
Γ(

𝑝+1

2
) 𝜎𝑝                              : 𝐻1                                          (9) 

𝜎0
2 =

2𝑝

√𝜋
[𝛤 (

2𝑝+1

2
) −

1

√𝜋
𝛤2 (

𝑝+1

2
)] 𝜎2𝑝             ∶  𝐻0                                             (10) 

𝜎1
2 =

2𝑝(1+𝛼)𝑝

√𝜋
[𝛤 (

2𝑝+1

2
) −

1

√𝜋
𝛤2 (

𝑝+1

2
)] 𝜎2𝑝    : 𝐻1                                           (11) 

Where 𝛼 is the average received signal to noise ratio (ASNR) 

 

III. RESULTS AND DISCUSSION 

In this section, simulation results are presented to analyze the performance of GED 
and effect of noise uncertainty on GED. In Fig. 1 graph is plotted between average 
probability of detection �̅�𝐷 against average probability of false alarm  �̅�𝐹𝐴,   for 
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different values of p varying from 1 to 5, with noise uncertainty L = 0.1 dB, N = 
10000 and average signal to noise ratio = -15 dB under above conditions  receiver 
operating characteristics (ROC) curve is obtained. The best results are obtained when 
p=2, this is the condition of CED and the maximum area under ROC curve is 
obtained. The detection performance deteriorates at any values of p other than 2. In 
Fig. 2 curve is plotted between average probability of detection 𝑃D and Average 
received SNR (ASNR), here average probability of false alarm (𝑃FA) is fixed. In this 
case best results are obtained when p=2 that is the case of CED. Hence CED is the 
best energy detector but the detection performance depreciated as p deviates from 2. 

In Fig. 3 comparison between energy detectors is made for two value of p that is, p = 
2 and p = 5, and following cases are considered (i) there is no noise uncertainty 
(L=0dB) (ii) for the cases L =0.2 dB and (iii) L ≥0.5 dB. For the first case the 
detection performance gap between GED / p = 2 and GED/ p = 5 is large and 
performance at p=2 is better than that at p=5 .It is observed that as the noise certainty 
increases, the performance gap is decreased. For the case (iii) that is (L ≥ 0.5 dB), this 
gap becomes negligible and the performance of all energy detectors are almost same. 
Hence the conclusion may be made that the detection performance becomes 
independent of p for large values of noise uncertainty. 

 In fig. 4, graph is plotted between variation of average probability of detection (�̅�𝐷)  
and power constant p under three conditions that is (i) L=0.15dB, (ii) L=0.25dB and 
(iii) (L=0dB) that is no noise uncertainty ,further it is assumed that average 
probability of false alarm (𝑃FA) is 0.1, N=10000 and average received SNR (ASNR)= 
-15dB ,Two cases are considered .First when noise uncertainty is present, from fig 4 it 
is evident that under these  conditions that is L = 0.15 dB and L = 0.25 dB. For L = 
0.15dB, GED with p = 2 is the best energy detector. For the case of L=0.15dB, �̅�𝐷is 
observed to be 0.53 for p=2, but for the value of p=4, �̅�𝐷 deteriorates to 0.48. Hence 
the detection performance deteriorates if the value of p is deviate from 2. Now for the 
case of L= 0.25dB, when p is changes from the 2 to 4 the deterioration is not 
significant that is p varies only from 0.35 to 0.34. Hence it may be concluded that 
more the noise uncertainty less the effect of p on the detection performance and the 
detection performance become independent of p, this is also shown in fig 3.Now 
second case is considered that is under the condition of no noise uncertainty. The 
maximum of value of �̅�𝐷 is obtained at 2.2, hence CED (P=2) is not the best energy 
detector in the case of no noise uncertainty. Therefore it may be concluded that CED 
is the best energy detector when noise uncertainty is present. 
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Fig.1. Receiver operating characteristics (ROC) curve for different values of p for L = 
0.1 dB, N = 10000, Average signal to noise ratio (ASNR) = -15 dB. 

 

Fig.2. Average Probability of detection (�̅�𝐷) vs. Average signal to noise ratio (dB) for 
different values of p for L = 0.1 dB, N =10000, Average probability of false alarm 

(𝑃FA) = 0.1. 
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Fig.3. Comparison of Receiver operating characteristics (ROC) curves for p = 2 and 5 
with no noise uncertainty, L = 0.2 dB and L = 0.5 dB, N = 10000, Average signal to 

noise ratio (ASNR) = -15 dB. 

 

Fig.4. Average probability of detection (𝑃D) vs. p for L = 0.15 dB, 0.25 dB for 
Average probability of false alarm (𝑃FA) = 0.1, N = 10000, Average signal to noise 

ratio (ASNR) = -15 dB. 
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IV. CONCLUSION 

 This paper presents an analysis regarding the detection performance of generalized 
energy detector for different values of p under noise uncertainty in cognitive radio. It 
is observed that under above conditions SNR wall remain unchanged for all values of 
p. It is concluded that in the case of generalized energy detector at all the value of p = 
2, that is conventional energy detector is the best energy detector under the condition 
of uniformly distributed noise uncertainty. But for the case of no noise uncertainty it 
may not be the best energy detector. Further it is observed that  as the noise 
uncertainty increases and becomes significant greater than 0.5 dB the detection 
performance of generalized energy detector do not dependent on  p. 
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