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Abstract –Spectrum sensing is a key function of 

cognitive radio to prevent the harmful interference 

with licensed users and identify the available spectrum 

for improving the spectrum’s utilization. However, 

detection performance in practice is often 

compromised with multipath fading, shadowing and 

receiver uncertainty issues. To mitigate the impact of 

these issues, cooperative spectrum sensing has been 

shown to be an effective method to improve the 

detection performance by exploiting spatial diversity. 

While cooperative gain such as improved detection 

performance and relaxed sensitivity requirement can 

be obtained, cooperative sensing can incur cooperation 

overhead. The overhead refers to any extra sensing 

time, delay, energy, and operations devoted to 

cooperative sensing and any performance degradation 

caused by cooperative sensing. In this paper, the state 

of-the-art survey of cooperative sensing is provided to 

address the issues of cooperation method, cooperative 

gain, and cooperation overhead. Specifically, the 

cooperation method is analysed by the fundamental 

components called the elements of cooperative sensing, 

including cooperation models, sensing techniques, 

hypothesis testing, data fusion, control channel and 

reporting, user selection, and knowledge base. 

Moreover, the impacting factors of achievable 

cooperative gain and incurred cooperation overhead 

are presented. The factors under consideration include 

sensing time and delay, channel impairments, energy 

efficiency, cooperation efficiency, mobility, security, 

and wideband sensing issues. The open research 

challenges related to each issue in cooperative sensing 

are also discussed.   

 

Keywords –Cognitive Radio, Cooperative Sensing 

Spectrum Sensing. 

 

I. INTRODUCTION 

 

A One of the major challenges in design of wireless 

networks is the use of the frequency spectrum. 

Recent measurements by Federal Communications 

Commission (FCC) show that 70% of the allocated 

spectrum is in fact not utilized [1]. Spectrum 

utilization can be improved significantly by 

allowing a secondary user (SU) to utilize a licensed 

band when the primary user (PU) is absent. 

Cognitive radio (CR) has been proposed as a 

promising technique for future wireless 

communication systems [2]–[4]. CR is able to fill in 

spectrum holes and serve its users (Secondary users) 

without causing harmful interference to the licensed 

user (PU). To do so, the CR must continuously sense 

the spectrum it is using in order to detect the 

reappearance of the PU. Once the PU is found to be 

active, the SU is required to vacate the channel. 

Therefore, spectrum sensing is of significant 

importance in CR networks. Moreover, periodic 

sensing is essential where the SU has to be aware of 

the channel status at all times. This is achieved by 

using a frame structure as in [5]–[6]. In this 

structure, each frame consists of a sensing period 

and a transmission period. At the end of each sensing 

period, the SU transmission starts when the licensed 

channel is idle. Otherwise, the SU will wait until the 

next frame to sense the licensed channel again.  

There are two important parameters 

associated with spectrum sensing: probability of 

detection and probability of false alarm. From the 

primary user’s perspective, the higher the detection 

probability, the better protection it will have from 

the SU. However, from the secondary user’s 

perspective, the lower the false alarm probability, 

the more secondary transmission opportunities it 

will have. Therefore, a better sensing quality can be 

obtained by using a longer sensing period or, large 

number of samples. Cooperative communications 

refer to the class of techniques, where the benefits of 

multiple-input multiple- output (MIMO) techniques 

are gained via sharing information between multiple 

cooperating terminals in a wireless networks. 

Wireless relay networks that employ cooperative 

diversity have sometimes been referred to as virtual 

MIMO systems [7]–[8]. Multiple secondary users 

can cooperate to increase the reliability of spectrum 

sensing. The key challenge of spectrum sensing is 

the detection of weak signals in noise channels with 

a large probability of detection. Cognitive radio 

sensing performance can be improved using 

secondary users cooperation where users share their 
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spectrum sensing measurements. Having multiple 

cooperating users increases diversity by providing 

multiple measurements of the signal and thus 

guarantees a better performance at low signal-to-

noise ratio (SNR). It also provides a possible 

solution to the hidden-terminal problem that arises 

due to shadowing or severe multipath fading 

environments [9]–[10]. 

From the above discussion it is clear that, increasing 

the number of cooperative secondary users will 

increase the number of collected samples during the 

sensing time and this will improve the reliability of 

spectrum sensing in terms of detection probability. 

On the other hand, the more the collected samples 

during the sensing time, the more the power would 

be consumed. Thus, there exists a trade-off between 

power consumption (power efficiency) and 

detection probability; we can get higher detection 

probability but we need to consume more power 

instead.  

The authors in [11]–[12], considered the 

trade-off between the sensing quality and the 

achievable throughput. The spectrum sensing 

duration and the achievable throughput trade-off in 

a cooperative cognitive radio network over 

Nakagami fading conditions was introduced in [13]. 

However, none of these papers have 

examined the trade-off between detection 

probability and power efficiency in cooperative 

cognitive radio networks. Therefore, it is of great 

interest to consider this trade-off in this paper. In this 

paper, we first study the trade-off between sensing 

quality in terms of detection probability and power 

efficiency. Then we propose a new approach to 

optimize the trade-off between detection probability 

and power efficiency in cooperative cognitive radios 

over fading wireless channels. The basic idea of the 

proposed approach can be explained as follows; 

assume K cooperative secondary users each collect 

N samples during the sensing time. The proposed 

approach is based on dividing the spectrum sensing 

into two phases. In the first phase, we use only n of 

N samples, (n ≤ N) to check the channels state, then 

k of K secondary users, (k ≤ K) which are in deeply 

faded channels are discarded. We call this n, a check 

point of the sensing time. The spectrum sensing with 

relatively less-faded channels are continued during 

the second phase. Therefore, there is a check point 

at which the sensing time can be optimized in order 

to maximize the probability of detection and the 

power efficiency.  

The remainder of this paper is organized as 

follows; Section 2 presents the classification and 

framework of cooperative sensing. The relation 

between probability of detection and probability of 

false alarm is also established in this section. In 

Section 3, presents the cooperation model. 

Classification of cooperative sensing is explained in 

Section 4. Finally, conclusions are drawn in Section 

5. 

 

II. CLASSIFICATION AND FRAMEWORK OF 

COOPERATIVE SENSING 

In this section, we present the problem of the 

primary signal detection in cooperative sensing and 

introduce the classification and the framework of 

cooperative sensing. 

 

Primary Signal Detection 

The process of cooperative sensing starts with 

spectrum sensing performed individually at each CR 

user called local sensing. Typically, local sensing for 

primary signal detection can be formulated as a 

binary hypothesis problem as follows [2]: 

 

𝑥(𝑡) = {
𝑛(𝑡),                            𝐻0

ℎ(𝑡). 𝑠(𝑡) + 𝑛(𝑡),     𝐻1
   (1) 

 

Where 𝑥(𝑡) denotes the received signal at the CR 

user, 𝑠(𝑡) is the transmitted PU signal, ℎ(𝑡) is the 

channel gain of the sensing channel, 𝑛(𝑡) is the zero-

mean additive white Gaussian noise (AWGN), 𝐻0  
and 𝐻1 denote the hypothesis of the absence and the 

presence, respectively, of the PU signal in the 

frequency band of interest. For the evaluation of the 

detection performance, the probabilities of detection 

𝑃𝑑  and false alarm 𝑃𝑓  are defined as [9]. 

Elements of cooperative spectrum sensing 

as described in Section 3, conventional cooperative 

sensing is generally considered as a three-step 

process: local sensing, reporting, and data fusion. In 

addition to these steps, there are other fundamental 

components that are crucial to cooperative sensing. 

We call these fundamental and yet essential 

components as the elements of cooperative sensing. 

In this section, we analyse and present the process of 

cooperative sensing by seven key elements: 

1. Cooperation models 

2. Sensing techniques 

3. Control channel and reporting 

4. Data fusion 

5. Hypothesis testing 

6. User selection 

7. Knowledge base 

These elements are briefly introduced as follows: 

 Cooperation models consider the modelling 

of how CR users cooperate to perform 

sensing. We consider the most popular 

parallel fusion network models and recently 

developed game theoretical models. 
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 Sensing techniques are used to sense the RF 

environment, taking observation samples, 

and employing signal processing techniques 

for detecting the PU signal or the available 

spectrum. The choice of the sensing 

technique has the effect on how CR users 

cooperate with each other. 

 Hypothesis testing is a statistical test to 

determine the presence or absence of a PU. 

This test can be performed individually by 

each cooperating user for local decisions or 

performed by the fusion center for 

cooperative decision. 

 Control channel and reporting concerns 

about how the sensing results obtained by 

cooperating CR users can be efficiently and 

reliably reported to the fusion center or 

shared with other CR users via the 

bandwidth-limited and fading-susceptible 

control channel. 

 Data fusion is the process of combining the 

reported or shared sensing results for making 

the cooperative decision. Based on their data 

type, the sensing results can be combined by 

signal combining techniques or decision 

fusion rules. 

 User selection deals with how to optimally 

select the cooperating CR users and 

determine the proper cooperation 

footprint/range to maximize the cooperative 

gain and minimize the cooperation overhead. 

 Knowledge base stores the information and 

facilitates the cooperative sensing process to 

improve the detection performance. The 

information in the knowledge base is either a 

priori knowledge or the knowledge 

accumulated through the experience. The 

knowledge may include PU and CR user 

locations, PU activity models, and received 

signal strength (RSS) profiles. 

Next, we discuss each element of cooperative 

sensing in detail. 

 

III. COOPERATION MODELS 

The cooperation of CR users for spectrum sensing 

can be modelled by different approaches. The 

modelling in cooperative sensing is primarily 

concerned with how CR users cooperate to perform 

spectrum sensing and achieve the optimal detection 

performance. The most popular and dominating 

approach originated from the parallel fusion (PF) 

model in distributed detection and data fusion [27]. 

Nevertheless, recent studies [28, 29] model the 

behaviours of cooperating CR users in cooperative 

sensing by using game theory [30]. The PF models 

aim to achieve the detection performance by using 

the distributed signal processing techniques to 

determine how the observations are combined and 

tested and how the decisions are made. 

Unlike the PF models, game theoretical 

models focus on improving the sensing-parametric 

utility function by analysing the interactions and the 

cooperative or non-cooperative behaviours of CR 

users. It can be informally stated that the parallel 

cooperation model emphasizes the ‘‘sensing’’ part 

while the game model focuses on the ‘‘cooperative’’ 

part in cooperative sensing. In this paper, we discuss 

these two approaches to the modelling of CR user 

cooperation. 

 

𝑃𝑑 = 𝑃{𝑑𝑒𝑐𝑖𝑠𝑖𝑜𝑛 = 𝐻1|𝐻1|} = 𝑃{𝑌 > 𝜆|𝐻1}   (2) 

𝑃𝑓 = 𝑃{𝑑𝑒𝑐𝑖𝑠𝑖𝑜𝑛 = 𝐻1|𝐻0|} = 𝑃{𝑌 > 𝜆|𝐻0}   (3) 

 

Where 𝑌 is the decision statistic and 𝜆 is the decision 

threshold. The value of 𝜆 is set depending on the 

requirements of detection performance. Based on 

these definitions, the probability of a miss or miss 

detection is defined as 𝑃𝑚 = 1 − 𝑃𝑑 =
𝑃{𝑑𝑒𝑐𝑖𝑠𝑖𝑜𝑛 = 𝐻0|𝐻1}. The plot that demonstrates 

𝑃𝑑 versus 𝑃𝑓 is called the receiver operating 

characteristic (ROC) curve, which is the metric for 

the performance evaluation of sensing techniques. In 

cooperative sensing, the probabilities of detection 

and false alarms for evaluating the performance of 

cooperative decisions are denoted by 𝑄𝑑  and 𝑄𝑓, 

respectively. 

IV. CLASSIFICATION OF COOPERATIVE SENSING 

To facilitate the analysis of cooperative sensing, we 

classify cooperative spectrum sensing into three 

categories based on how cooperating CR users share 

the sensing data in the network: centralized 

[10,6,11], distributed [12], and relay-assisted [13–

15]. In centralized cooperative sensing, a central 

identity called fusion center (FC)2 controls the three-

step process of cooperative sensing. First, the FC 

selects a channel or a frequency band of interest for 

sensing and instructs all cooperating CR users to 

individually perform local sensing. Second, all 

cooperating CR users report their sensing results via 

the control channel. Then the FC combines the 

received local sensing information, determines the 

presence of PUs, and diffuses the decision back to 
cooperating CR users. 
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Figure 1: Classification of sensing techniques 

 

A. Matched filtering 

Matched filtering is used as an optimal method for 

detection of primary users when the transmitted 

signal is known [19]. Matched filtering method 

correlates the known primary signal with the 

received signal to detect the presence of the PU 

signal. It maximizes the signal-to-noise ratio (SNR). 

The matched filtering detector requires short sensing 

time to achieve good detection performance due to 

coherent detection. The matched filtering technique 

is not applicable when transmit signals by the PUS 

are unknown to the SUs [20]. In this method CR 

would need a dedicated receiver for every type of 

primary user. 

 

B. Energy Detection 

Energy detection is a non-coherent detection 

technique. The energy detector does not require a 

priori information of the PUs. The energy detector is 

optimal to detect the unknown signal if the noise 

power is known. In the energy detection, CR users 

sense the presence/absence of the PUs based on the 

energy of the received signals. 

The energy detector is easy to implement. 

The energy detection suffers requires longer 

detection time compared to the matched filter 

detection. The energy detection depends only on the 

SNR of the received signal; hence its performance is 

susceptible to uncertainty in noise power [9] [21] 

[22]. 

The energy detector cannot distinguish the 

PU signal from the noise and other interference 

signals, which may lead to a high false-alarm 

probability. This method does not perform well 

under low signal-to-noise ratio conditions [23]. 

Energy detectors do not work efficiently for 

detecting spread spectrum signals. 

 

C. Cyclostationary Detection 
Cyclostationary detector is one of the feature 

detectors that utilize the cyclostationary feature of 

the signals for spectrum sensing. A signal is said to 

be cyclostationary if its mean and autocorrelation 

are a periodic functions [26]. Feature detection 

refers to extracting the features from the received 

signal and performing the detection based on the 

extracted features [27] [28]. It can be realized by 

analyzing the cyclic autocorrelation function (CAF) 

of the received signal 𝑥(𝑡), expressed as [24] where 

E[•] is the expectation operation, * denotes complex 

conjugation, and β is the cyclic frequency. 

Cyclostationary detector can distinguish 

noise from the PU signals. It can be used for 

detecting weak signals at a very low SNR region. 

The main disadvantage of this method is the 

complexity of calculation and long sensing time. 
 

V. CONCLUSION 

Spectrum is a very valuable resource in wireless 

communication systems and it has been a major 

research topic from last several decades. Sensing 

provides awareness regarding the radio environment 

so that the spectrum opportunities can be efficiently 

reused while limiting the interference to the primary 

user. In this paper, a review of the CRs technology 

is presented. Different aspects of the spectrum 

sensing and various spectrum sensing techniques are 

reviewed. Cooperative sensing is an effective 

technique to improve detection performance. 

Cooperative sensing over Wideband has recently 

gained much attention. Cooperative sensing 

Spectrum sensing algorithms over Wideband need to 

be developed. CR technology will be applied to 

many real systems in the near future. Research can 

be possible for deriving a method for finding out 

how to minimize the energy consumption by the 

semiconductor chip while configuring the hardware 

into the CR. 
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