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Abstract. Spectrum sensing is a distinct feature of cognitive ad-hoc nodes that 
have the ability to opportunistically use vacant spectrum bands for its own 
communication purposes. Possible cooperation among the nodes may prove 
vital for increasing network performance. It yields the cognitive ad-hoc nodes 
to exchange relevant environmental and context information in order to enhance 
its own networking experience. This paper overviews the approaches, 
techniques and strategies for cooperative spectrum sensing and gives a practical 
example of a realized testbed implementation in an ad-hoc environment.   
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1   Introduction 

Ad-hoc networks represent temporary network structures formed whenever two or 
more wireless nodes exhibit a need for exchanging information [1]. They differ from 
traditional structured networks in terms that every ad-hoc network participant must be 
able to act as a potential router of information for other nodes. This opens the 
possibility for implementing various cooperation methods among the wireless nodes 
in ad-hoc environments that ultimately leads to increased network performance (e.g. 
increased throughput, increased reliability, lower delay etc.). 

The introduction of cognitive radios [2] sheds new light on the ad-hoc networking 
paradigm. Cognitive radios are autonomous wireless devices able to optimize, learn 
and reason upon different network information (available both locally and globally in 
the network). Their quintessential feature is the ability to perform spectrum sensing, 
i.e. scan the available spectrum bands and find a suitable spectrum hole for their own 
communication purposes. Moreover, cognitive radios must also be able to anticipate 
the arrival of other users in the band they are currently communicating in and perform 
spectrum mobility (change the channel) in order to minimize the possible interference 
in the network. As a result, there is often a distinction between primary and secondary 
users of the available spectrum. The former ones are either licensed users or users 
with a higher priority on the spectrum whereas the latter ones may use the spectrum 
on an opportunistic basis stemming from their cognitive capabilities. 
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The cooperation among cognitive radios in ad-hoc environments is a crucial step 
towards providing efficient network operation. It allows the cognitive ad-hoc devices 
to exchange data about the sensed spectrum which leads to a faster and more efficient 
convergence of the communication channel selection process [3-8] leading to 
improved spectrum management in cognitive environments. 

This paper presents an overview of relevant spectrum sensing techniques and 
cooperation strategies in cognitive ad-hoc networks. Additionally, the paper gives a 
practical implementation example of a realized cognitive ad-hoc network whose 
participants are able to cooperatively scan the available spectrum band in order to find 
the most suitable communication channel. The cooperation among the nodes in the 
example yields a design of novel rendezvous protocol for cooperative data exchange. 

The paper is organized as follows. Section 2 elaborates on the spectrum sensing 
techniques that are used by cognitive radios to detect spectrum activity in certain 
bands. Section 3 discusses the possible cooperation strategies among cognitive radios 
in ad-hoc environments. Section 4 gives details on a realized testbed platform for 
cooperation among cognitive radios in laboratory premises. Finally, section 5 
concludes the paper. 

2   Spectrum Sensing Techniques 

Every cognitive radio in an ad-hoc network is able to perform spectrum sensing 
relying only on the locally available information. There are several ways to achieve 
this task, which are broadly classified as:  
 

• Transmitter detection vs. Receiver detection approaches [9] (based on 
whether the primary user is transmitting or receiving information when the 
secondary one senses the spectrum); 

• Blind sensing (non-coherent detection) vs. Signal specific (coherent) 
approaches [10] (based on the usage of specific signal features when sensing 
the spectrum) and  

• Interference based approach (using a specially defined spatially dependent 
parameter for interference tolerance by the primary users). 

2.1   Transmitter Detection vs. Receiver Detection Sensing Approaches 

The transmitter detection approaches assume that a primary user is transmitting 
information to a primary receiver when a secondary user is sensing the primary 
channel band. The presence of the primary transmission can be extracted by a 
secondary user by several techniques such as: 
 

• energy detection [11];  
• matched filter detection [12] and  
• cyclostationary feature detection [13].  

 

The energy detector estimates the signal power in the channel band where the 
primary transmission is occurring and compares that estimate with a predefined 
threshold. As in most general cases of spectrum sensing no a priori information for 
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the primary transmission is known to the secondary user, the energy detection is the 
only possible solution for spectrum sensing. However, this technique has several 
drawbacks such as: the decision threshold is subject to variations with the SNR, the 
energy detector cannot distinguish between a user signal and interference, the energy 
detector is not effective for spread (i.e. wideband) signals etc. The matched filtering is 
an optimal way to detect signals in communication systems. The main advantage of 
this technique is that it can provide high processing gain in short time, however the 
drawback is the need for prior knowledge of some information for the primary 
transmission (e.g. modulation order, pulse type etc.). Finally, the cyclostationary 
feature detection uses the cyclostationary feature inherently present in many wireless 
communications signals. This feature means that the statistical properties of the 
transmitted signal (e.g. the mean value or the autocorrelation function) change 
periodically as functions of time. The cyclostationarity is either produced by 
modulation or coding or is intentionally incurred in order to aid the spectrum sensing. 
The cyclostationary feature detection is a promising technique able to extract signal 
features in the background of noise (since the noise is usually wide sense stationary) 
and, thus, be more effective than energy detection. 

The receiver detection approaches assume that a primary user is receiving 
information from a primary transmitter when a secondary user is sensing the primary 
channel band. They rely on the fact that the primary user in a receiving mode is not 
passive, i.e. it produces leakage of electromagnetic waves. The secondary users can 
detect the Local Oscillator (LO) leakage power when the primary user is receiving 
information and, as a result, detect the primary user [14]. It is obvious that the 
receiver detection relies on the energy detection technique previously described. The 
advantages of the receiver detection approaches over the transmitter detection 
approaches lie in the ability to locate the primary user, locate the exact primary 
channel band in use and the high probability to find free spectrum even in high 
density of primary receivers. However, the disadvantages lie in the need for a highly 
sensitive energy detector, the price of the architecture, the near-far problem etc.  

2.2   Blind Sensing vs. Signal Specific Sensing Approaches 

Another classification of the spectrum sensing techniques may rely on whether the 
sensing uses some signal specific features or not. In this manner, there are: 
 

• blind sensing approaches, which do not rely on any signal specific feature 
(i.e. non-coherent detection), and  

• signal specific sensing approaches, which rely on various signal specific 
features (i.e. coherent detection) [10]. 

 

The blind sensing approaches comprise energy detection (previously elaborated), 
eigenvalue based sensing [15, 16] and multi-resolution sensing [17, 18]. The eigenvalue 
based sensing builds upon the robustness of the energy detection and requires 
knowledge of the eigenvalues of the covariance matrix of the received signal. Based on 
different ratios of varios eigenvalues (maximum, average and minimum), various 
algorithms can be defined [15, 16]. The multi-resolution sensing produces a multi-
resolution Power Spectral Density (PSD) estimate using a tunable wavelet filter that can 
change its center frequency and its bandwidth. First, the total bandwidth is sensed using 
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a coarse resolution and then a fine resolution sensing is performed on the portion of the 
interesting bands for the secondary user [17, 18]. Therefore, this method reduces 
sensing time and saves power from unnecessary computations. However, it increases 
chip area, power consumption and imposes challenges on the mixer design for multiple 
frequencies operation. 

The signal specific sensing approaches consist of the previously elaborated 
matched filtering and cyclostationary feature detection and some ATSC signal related 
sensing techniques [10]. Extensive overview on both blind sensing and signal specific 
sensing approaches can be found in [19]. 

In addition to the previously elaborated spectrum sensing techniques, there is also 
an interference based detection method that has its own specifics and is separately 
elaborated in the following subsection. 

2.3   Interference Based Detection 

Interference is a general limiting factor of useable range and effectiveness of 
communication systems. As a result of the increase of wireless devices and services 
lately, current approaches to interference management may no longer be adequate. 
Therefore, the Interference Protection Working Group of FCC Spectrum Policy Task 
Force recommended the use of interference temperature metric as a mean to quantify 
and manage interference [20]. The interference temperature metric is a measure of the 
RF power available at a receiving antenna to be delivered to a receiver, i.e. the 
temperature equivalent of the RF power available at a receiving antenna per unit of 
bandwidth measured in units of Kelvin [K]. It is generated by other emitters and noise 
sources in the vicinity of the receiver.  

The interference-based detection strategies for spectrum sensing rely on the prior 
knowledge of secondary users of a parameter called interference temperature limit. 
This parameter is defined for different geographic regions and represents the maximum 
amount of tolerable interference for a given frequency band in a particular location. 
Thus, the secondary users are allowed to transmit in the given frequency band only if 
they guarantee that their transmissions added to the existing interference must not 
exceed the interference temperature limit at a licensed receiver in the same frequency 
band and in the same location. The use of the interference temperature metric allows 
the secondary users to adapt the transmit power and the bandwidth of their 
communication schemes (inevitably causing throughput variations) leading to a 
maximization of their QoS while minimizing the interference to the primary users [21]. 

After elaborating the spectrum sensing techniques employed by individual 
cognitive radios in ad-hoc networks, the following section will report on possible 
cooperation strategies that increase the reliability of the spectrum detection in the ad-
hoc network. 

3   Cooperative Spectrum Sensing Strategies 

The cooperative detection strategies for spectrum sensing rely on information 
exchanges among secondary users. The exchanged information can facilitate the 
detection of spectrum holes and increase the efficiency of the spectrum sensing. It 
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must be stressed that the secondary users may sometimes also exchange minimal 
information with the primary ones [22, 23]. Also, the information exchange must be 
accompanied by defining a control channel used for rendezvous of secondary users 
and their information exchanges. Based on the amount of the shared information, the 
cooperative detection strategies can be further classified as [24, 25]: 
 

• Partial cooperation approaches and 
• Total cooperation approaches. 

 

Partial cooperative detection approaches are also referred as centralized 
(controlled) spectrum sensing approaches, whereas the total cooperation approaches 
are viewed as decentralized (uncontrolled) ones. 

3.1   Partial Cooperation  

The partial cooperation approaches refer to a scenario where the secondary users 
detect the primary channel by using some of the techniques elaborated in the 
subsection 2.1 (usually energy detection) either independently or with the aid of some 
local cooperation with nearby secondary users. The detection information is then sent 
to a common controller which is also a secondary user (sometimes named as spectrum 
broker or a fusion center). The common controller is responsible to decide upon the 
spectrum availability for secondary users’ transmissions.  

There are numerous examples found in the literature that deal with the partial 
cooperation approaches to spectrum sensing and various enhancements in terms of 
finding the optimal local secondary node information to be collected and optimal 
decision making at the common controller side. They usually differ according to the 
implemented mechanism for data processing in the common controller which may be 
based on: 

 

• voting or 
• various statistical combinations of the gathered data. 

 

Voting schemes, e.g. [26, 27], perform decision making upon the collected spectrum 
occupancy decision from every secondary user. Ref. [26] elaborates the cluster-collect-
forward scheme based on secondary users’ own confidence, i.e. the common controller 
collects information about the sensed spectrum only when the secondary users are 
confident about their sensing results. This scheme provides 65% to 95% transmission 
energy saving compared to traditional broadcasting schemes. Ref. [27] proves that the 
optimal fusion role at the fusion center is the half-voting rule if energy detection is 
used by the secondary users locally. If all secondary users have identical energy 
detectors and the received signals are modeled as correlated log-normal random 
variables, then a Linear-Quadratic (LQ) fusion strategy based on a deflection criterion 
that takes into account the correlation among the nodes proves to significantly 
outperform other fusion strategies under the mentioned assumptions [28].  

Instead of voting, another approach to optimal partial cooperation strategy is to 
make various statistical combinations of the gathered data from the secondary users. 
Ref. [29] shows a linear combination of local test statistics from individual secondary 
users at a fusion center (i.e. the common controller) method. The result is to either 
optimize the probability distribution function of the global test statistics or maximize 



 Cooperative Spectrum Sensing in Ad-Hoc Networks 151 

the global detection sensitivity under constraints on false alarm probability [29]. 
Furthermore, [30] shows an approach where a Maximal Ratio Combining (MRC) and 
Equal Gain Combination (EGC) is being used at the fusion center as they are able to 
provide close to optimal solutions in low SNR regions (which is a common scenario 
in the context of cognitive radio) over the hard combination technique. Therefore, 
[30] introduces a new softened hard combination scheme with two-bit overhead for 
each user that achieves a good tradeoff between detection performance and 
complexity.  

The collected information by the common controller under partial cooperation 
must be robust against Byzantine failures which require specific data fusion 
techniques. Most of the existing data fusion techniques rely on using a fixed number 
of samples, but there are also techniques that use a variable number of samples [31]. 

The spectrum sensing capabilities of a cognitive radio network employing partial 
cooperation detection can be enhanced by exploiting spatial diversity [32] in 
multiuser networks and providing either fixed or variable relay sensing schemes. The 
spatial diversity is especially important allowing higher confidence of the decision 
making process since the local node decisions can better extract the spectrum 
occupancy information due to their physical separation and the fading feature of the 
wireless ad-hoc environment. This also minimizes the probability of misconceptions 
in spectrum sensing as the physical separation of the nodes exhibits different 
viewpoints on the wireless medium conditions. Additionally, the average detection 
time can be reduced. 

3.2   Total Cooperation  

The total cooperation approaches to spectrum sensing refer to a scenario where all 
secondary users operate in an ad-hoc manner using optimal transmission parameters. 
This means that the secondary users cooperatively sense the spectrum in order to 
reduce the detection time of spectrum holes and increase the agility of the secondary 
users. The coordination among the secondary users in this case aids the control of the 
uncertainty, that limits the ability of a cognitive radio network to reclaim a band or 
not, which is actually caused by the presence/absence of secondary users. It can be 
shown that the degree of coordination among the secondary nodes in total cooperation 
approaches can vary based on the coherence times and bandwidths involved, as well 
as the complexity of the detectors themselves [33].  

There are several total cooperation approaches to spectrum sensing found in the 
literature. Due to their versatile nature, it is not easy to provide a unified 
classification. However, all of them usually employ: 

 

• relaying schemes [34] or 
• various mathematical transformations [35] of the received data. 

 

For example, ref. [34] uses relaying based on the Amplify-and-Forward (AF) 
cooperation protocol in order to reduce the detection time. In [35], multiple secondary 
users are used to infer on the structure of the received signals using Random Matrix 
Theory (RMT). The secondary users share information among them making the  
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scheme not dependable on the knowledge of the noise statistics or its variance, but 
relying on the behavior of the largest and the smallest eigenvalue of random matrices. 

Further on, the benefits of total cooperation approach for a simple two user 
cooperative cognitive network is elaborated in [36]. The improvement in agility is 
shown by exploiting the inherent asymmetry in the network. The same authors 
extended their work on total cooperation approaches to spectrum sensing in [37] to 
account for a multiuser single carrier network. They have found the sufficient 
conditions under which asymptotic agility gain is achievable and developed a pairing 
protocol that ensures asymptotic agility gain with probability equal to 1. The authors 
in [38] show that the total cooperation approach can increase the throughput of the 
secondary users while limiting the interference to the primary users.  

4   Practical Implementation Example 

After elaborating on the possible spectrum sensing techniques and cooperation 
strategies, this section reflects on a practical testbed implementation of a cooperative 
behavior among cognitive radios in an ad-hoc network [39]. As all cooperation 
strategies require a common control channel for information exchange among the 
cognitive radios, the example will rely on the usage of a novel rendezvous protocol, 
named RAC2E, that allows complete asynchronous behavior of the cognitive radios in 
the ad-hoc environment.  

4.1   Scenario Setup and Protocol Description 

The targeted scenario comprises a secondary network of CSMA/CA based cognitive 
radio nodes with spectrum sensing capabilities (energy detection based) that operates 
in the 2.4 GHz ISM band and coexists with a primary IEEE 802.11 based network. 
All cognitive radios are able to create a local spectrum map (a top-down power 
ranking of the available channels). If two cognitive radios want to establish direct link 
communication by opportunistically using the temporary unused channels from the 
primary network terminals, they should exchange their spectrum maps in order to 
select the mutually best channel (i.e. the channel having the lowest level of 
interference for both nodes). Afterwards, the initiator node should request connection 
and the destination node should confirm the requested connection allowing the data 
channel to be established. All these control messages should be exchanged through on 
demand dynamically established control channel and should prove that the 
cooperation among the cognitive radios will yield more efficient network operation. 
The control channel is mutual for all simultaneous active secondary nodes and serves 
for cooperative spectrum sensing info exchanges as well as for communication 
parameters negotiation. When a new secondary node becomes active it first searches 
for control channel where it can obtain the spectrum maps from other nodes and find 
some node for communication. 

The cooperative rendezvous protocol in use (RAC2E) has two phases, i.e. 
initialization and exchanging control information phases. The former phase is used to 
select the control channel if such pre-exists in the secondary network from prior CR 
communication. In this case, the initialization phase requires that the node listens long 
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enough on each channel frequency in order to detect any control message. However, 
if a control channel is not detected, then the node selects the best channel from its 
spectrum map and declares it to be the control channel. The second phase is used for 
cooperative exchange of control information (sensing reports exchange) on the 
selected control channel. It should be stressed that RAC2E operates upon an 
application request, i.e. when two cognitive radios want to establish a data session 
between. The second phase of the protocol, after detection of the control channel, 
operates in a time division mode, i.e. the node spends Ts seconds for spectrum sensing 
and creating a spectrum map and Tc seconds for sending and listening on the control 
channel. The total period of (Ts + Tc) seconds is continuously repeated until the 
communication link on an appropriate data channel between the two cognitive radios 
that want to communicate is established. The duration of the spectrum sensing 
intervals Ts should be fixed to a long enough value to get accurate sensing information 
for all channels. The time duration of the control channel attendance Tc is fixed for 
each node and is randomly chosen from an interval [T1, T2], where the values for T1 
and T2 can be fine tuned depending on the number of nodes. The value of Tc remains 
constant for each node until data communication is established (Fig. 1) and is changed 
for each subsequent control channel establishment procedure.  

The total asynchronies among users, stemming from the randomly chosen Tc 
periods, provides lower or higher overlapping of the different nodes control channel 
periods, depending on Tc and Ts values. It is obvious that the ends of the Tc periods 
will be overlapped most frequently (Fig. 1). Consequently, this imposes sending the 
control channel messages at the start and at the end of the control channel period in 
order to maximize the probability of packet reception from other nodes. In the period 
between the two control messages in one Tc interval, the nodes switch to a listening 
mode in order to detect other nodes’ potential control messages.  

If an already established control channel is being interrupted (e.g. primary user 
appearance), the control channel band must be changed. Since every node has other 
nodes’ spectrum maps, all nodes know which channel is mutually the best suitable to 
be the new control channel. This will result in faster control channel reestablishment.  

RAC2E envisions several control messages such as sensing report message, 
connection request message and connection reply message. These messages are sent 
twice from each node in a Tc period. The sensing report message carries sensing 
results obtained during the Ts period and is the most frequently sent cooperative 
control message. Upon reception of such message, a node stores it locally. Therefore, 
each node can keep information of other active nodes in the network and their 
spectrum maps. Moreover, before initiation of any communication, a node must first 
detect the sensing report message. When a node wants to communicate with another 
node, it checks its own spectrum map and the destination node’s spectrum map and 
selects mutually acceptable channel. Then, it sends a connection request message to 
the other node with all proposed connection parameters and waits for connection 
reply message. When affirmative connection reply is received, the pair of nodes is 
switched to a selected data channel and starts communication. In case of a negative 
reply, the node that initiated the communication continues to sense the spectrum, 
searches for spectrum maps and sends new connection requests.  
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When an already established connection is finished, the nodes return to the 
previous mode when Ts seconds sense the spectrum and create spectrum maps and Tc 
seconds send their sensing maps and listen for other nodes sensing maps. If, for some 
reason, the control channel is switched to other band during the data communication, 
then the nodes start to search the control channel as in the initialization phase, but 
now first looking into the mutually best channel from its previous spectrum maps.  

 

 
 

Fig. 1. RAC2E time operation 

 
After elaborating the RAC2E operational details, the following section will give 

more insight into the performance behavior of the protocol and the cooperation 
process among the cognitive radios in the ad-hoc environment in general. 

4.2   Performance Evaluation 

This section provides performance evaluation of cooperative spectrum sensing in ad-
hoc environment demonstrating a testbed implementation of RAC2E on a platform 
with four USRP2 nodes [40]. Fig. 2 depicts the testing scenario. The application 
profile of the scenario is that node 1 wants to establish data connection (video 
streaming) with node 2, while simultaneously node 3 wants to communicate with 
node 4. The parameters used in the proposed USRP2 demo scenario are as follows. Ts 
is chosen to be 2.6s, the bit rate on the control channel is 200kbps (using gmsk 
modulation), Tc  period length is chosen randomly in the interval [Ts, 2Ts] and the 
video streaming application being used is “VLC media player”.  

Once the control channel is established, the nodes start sending and collecting the 
spectrum maps on the mutually common control channel. The process of creating 
local spectrum map and exchanging spectrum maps among nodes is illustrated on  
Fig. 3 for node 1. After the exchange of the spectrum maps, node 1 tries to initiate the 
video streaming communication to node 2 by sending a connection request message  
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through the control channel by proposing to the node 2 channel 6 as mutually the best 
channel. Fig. 4 shows the connection reply message from node 2 and the actual choice 
of the WiFi channel to be used for data communication. Similar conclusions and 
figures are valid for the other nodes (i.e. 3 and 4) that want to start other video 
streaming in the demo. Finally, Fig. 5 provides a snapshot from a spectral analyzer 
that was used to prove the actual cooperative sensing info exchange and to 
demonstrate the functionality of the proposed rendezvous approach. The detected 
channels in use from both pair of nodes are channel 6 and channel 8. Other spectrum 
emissions, besides the ones stemming from the demo’s video streaming applications, 
are caused by surrounding IEEE 802.11 access points at the laboratory premises 
where the demo was set up. 

 

 

Fig. 2. RAC2E testbed platform 

 

 
Fig. 3. Spectrum information at node 1 
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Fig. 4. Data channel agreement, from node 1 viewpoint 

 

Fig. 5. Spectrum analyzer snapshot of the established connections 

 
This section gave a practical demonstration of a cooperative spectrum sensing in an 

ad-hoc environment. It showed how cognitive radios can dynamically establish a 
control channel and cooperatively exchange information in order to perform efficient 
spectrum sensing and spectrum management in general. 
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5   Conclusions 

Ad-hoc networks are increasingly gaining momentum owing to their ability to provide 
access domain in the integral future 4G networking paradigm. On the other side, the 
development of different wireless technologies leads to the concept of cognitive 
radios that alter the viewpoint on the ad-hoc networking. Cognitive radios can 
autonomously optimize and adapt their transmission parameters according to the 
environmental scenario they operate in. For this purpose, cognitive radios are able to 
perform spectrum sensing allowing them a broader view on spectrum bands and 
vacant spectrum positions that may be opportunistically used. The introduction of 
cognitive radios in ad-hoc environments imposes novel research challenges. The 
spectrum sensed information must be cooperatively used in order to extract the global 
network context and enhance the overall network performance.  

There are different cooperation strategies that may be engaged by cognitive radios 
in ad-hoc environments. This paper gives an overview of the spectrum sensing 
techniques and the cooperation strategies among cognitive radios in ad-hoc 
networking context. It showed details and novel classifications of the plethora of 
solutions found in the literature today. Moreover, the paper reported on an ongoing 
research work on practical implementation of a testbed with USRP2 cognitive radios 
that cooperatively exchange spectrum maps and optimize the spectrum management 
process in the ISM band. 

Future work will be concentrated on implementation of different spectrum sensing 
techniques in the testbed (not only energy detection), testing in larger scenarios, 
dynamic control channel establishment protocol enhancements etc. 
 
Acknowledgments. Parts of this work were funded by the EC through the FP7 
projects ARAGORN (216856) [41] and QUASAR (248303) [42]. The authors would 
like to thank everyone involved, especially Valentina Pavlovska and Daniel 
Denkovski for their valuable contributions. 

References 

1. Gavrilovska, L., Prasad, R.: Ad hoc networking Towards Seamless Communication. 
Springer, Heidelberg (2006) 

2. Mitola III, J.: Cognitive Radio – An Integrated Agent Architecture for Software Defined 
Radio. PhD Thesis, KTH Royal Institute of Technology, Stockholm, Sweden (2000) 

3. Simeone, O., Gambini, J., Spagnolini, U., Bar-Ness, Y.: Cooperation and cognitive radio. 
In: Proc. IEEE CogNet Workshop, 2007, Glasgow, Scotland, pp. 6511–6515 (June 2007) 

4. Zayen, B., Hayar, A.: Cooperative Spectrum Sensing Technique Based on Sub Space 
Analysis for Cognitive Radio Networks. In: IEEE GLOBECOM 2007, Washington, USA 
(November 2007) 

5. Unnikrishnan, J., Veeravalli, V.V.: Cooperative Spectrum Sensing and Detection for 
Cognitive Radio. In: IEEE GLOBECOM 2007, Washington, USA (November 2007) 

6. Quan, Z., Cui, S., Sayed, A.H.: An Optimal Strategy for Cooperative Spectrum Sensing in 
Cognitive Radio Networks. In: IEEE GLOBECOM 2007, Washington, USA (November 
2007) 



158 L. Gavrilovska and V. Atanasovski 

7. Biswasyz, A.R., et al.: Cooperative Shared Spectrum Sensing for Dynamic Cognitive 
Radio Networks. In: IEEE ICC 2009, Dresden, Germany (August 2009) 

8. Atapattu, S., Tellambura, C., Jiang, H.: Relay Based Cooperative Spectrum Sensing in 
Cognitive Radio Networks. In: IEEE GLOBECOM 2009, Hawai, USA, November 30-
December 4 (2009) 

9. Thanayankizil, L., Kailas, A.: Spectrum Sensing Techniques (II): Receiver Detection and 
Interference Management Report,  

  http://aravind.kailas.googlepages.com/ece_8863_report.pdf 
10. Shellhammer, S.J.: Spectrum Sensing in IEEE 802.22. In: 2008 IAPR Workshop on 

Cognitive Information Processing, Santorini, Greece (June 2008) 
11. Urkowitz, H.: Energy detection of unknown deterministic signals. Proc. of IEEE, 523–531 

(April 1967) 
12. Sahai, A., Cabric, D.: Spectrum sensing: fundamental limits and practical challenges. In: 

IEEE DySPAN 2005, Baltimore, MD, USA ( November 2005) 
13. Dandawate, A.V., Giannakis, G.B.: Statistical tests for presence of cyclostationarity. IEEE 

Transactions on Signal Processing 42(9), 2355–2369 (1994) 
14. Wild, B., Ramchandran, K.: Detecting Primary Receivers for Cognitive Radio 

Applications. In: IEEE DySPAN 2005, Baltimore, MD, USA (November 2005) 
15. Zeng, Y., Liang, Y.-C.: Eigenvalue based Spectrum Sensing Algorithms for Cognitive 

Radio. IEEE Transactions on Communications (accepted in February 2008) 
16. IEEE P802.22 Wireless RANs, Eigenvalue based sensing algorithms (July 2006) 
17. Neihart, N.M., Roy, S., Allstot, D.J.: A Parallel, Multi-Resolution Sensing Technique for 

Multiple Antenna Cognitive Radios. In: International Symposium on Circuits and Systems 
(ISCAS), New Orleans, LA, USA (May 2007) 

18. Zhang, Q., Kokkeler, A.B.J., Smit, G.J.M.: An Efficient Multi-resolution Spectrum 
Sensing Method for Cognitive Radio. In: 3rd International Conference on Communications 
and Networking in China, Hangzhou, China (August 2008) 

19. IEEE 802.22 Working Group. Information,  
http://grouper.ieee.org/groups/802/22 

20. Clancy, T., Arbaugh, W.: Measuring interference temperature. Virginia Tech Symposium 
on Wireless Personal Communications (2006) 

21. Choi, J.-p., Lee, W.-c.: Optimizing Coexistence System with Interference Temperature for 
Multi-user Environments. In: 23rd International Technical Conference on Circuits/Systems, 
Computers and Communications (ITC-CSCC 2008), Shimonoseki City, Japan (July 2008) 

22. Hoang, A.T., Liang, Y.-C., Islam, Md.H.: Maximizing Throughput of Cognitive Radio 
Networks with Limited Primary Users’ Cooperation. In: IEEE ICC 2007, Glasgow, 
Scotland (June 2007) 

23. Bakr, O., Wild, B., Johnson, M., Ramchandran, K.: A Multi-Antenna Framework for 
Spectrum Reuse Based on Primary-Secondary Cooperation. In: IEEE DySPAN 2008, 
Chicago, IL, USA (October 2008) 

24. Akyildiz, I.F., Lee, W.-Y., Vuran, M.C., Mohanty, S.: NeXt generation/dynamic spectrum 
access/cognitive radio wireless networks: A survey. Computer Networks 50, 2127–2159 
(2006) 

25. Ganesan, G., Li, Y.: Agility Improvement through Cooperative Diversity in Cognitive 
Radio. In: IEEE GLOBECOM 2005, St. Louis, MO, USA, November 28-December 2 
(2005) 

26. Lee, C.-h., Wolf, W.: Energy Efficient Techniques for Cooperative Spectrum Sensing in 
Cognitive Radios. In: IEEE CCNC 2008, Las Vegas, Nevada, USA (January 2008) 



 Cooperative Spectrum Sensing in Ad-Hoc Networks 159 

27. Zhang, W., Mallik, R.K., Letaief, K.B.: Cooperative Spectrum Sensing Optimization in 
Cognitive Radio Networks. In: IEEE ICC 2008, Beijing, China (May 2008) 

28. Unnikrishnan, J., Veeravalli, V.V.: Cooperative Spectrum Sensing and Detection for 
Cognitive Radio. In: IEEE GLOBECOM 2007, Washington, DC, USA (November 2007) 

29. Quan, Z., Cui, S., Sayed, A.H.: An Optimal Strategy for Cooperative Spectrum Sensing in 
Cognitive Radio Networks. In: IEEE GLOBECOM 2007, Washington, DC, USA 
(November 2007) 

30. Ma, J., Li, Y.: Soft Combination and Detection for Cooperative Spectrum Sensing in 
Cognitive Radio Networks. In: IEEE GLOBECOM 2007, Washington, DC, USA 
(November 2007) 

31. Chen, R., Park, J.-M., Bian, K.: Robust Distributed Spectrum Sensing in Cognitive Radio 
Networks. In: IEEE INFOCOM 2008, Phoenix, AZ, USA (April 2008) 

32. Ganesan, G., Li, Y., Bing, B., Li, S.: Spatiotemporal Sensing in Cognitive Radio 
Networks. IEEE Journal on Selected Areas in Communications 26(1), 5–12 (2008) 

33. Sahai, A., Tandra, R., Mishra, S.M., Hoven, N.: Fundamental Design Tradeoffs in 
Cognitive Radio Systems. In: TAPAS 2006, Boston, MA, USA (August 2006) 

34. Laneman, J.N., Tse, D.N.C.: Cooperative diversity in wireless networks: efficient 
protocols and outage behavior. IEEE Transactions on Information Theory 50, 3062–3080 
(2004) 

35. Cardoso, L.S., Debbah, M., Bianchi, P., Najim, J.: Cooperative Spectrum Sensing Using 
Random Matrix Theory. In: IEEE ISWPC 2008, Santorini, Greece (May 2008) 

36. Ganesan, G., Li, Y.: Cooperative Spectrum Sensing in Cognitive Radio, Part I: Two User 
Networks. IEEE Transactions on Wireless Communications 6(6), 2204–2213 (2007) 

37. Ganesan, G., Li, Y.: Cooperative Spectrum Sensing in Cognitive Radio, Part II: Multiuser 
Networks. IEEE Transactions on Wireless Communications 6(6), 2214–2222 (2007) 

38. Lee, K., Yener, A.: Throughput Enhancing Cooperative Spectrum Sensing Strategies for 
Cognitive Radios. In: 41st Annual Asilomar Conference on Signals, Systems, and 
Computers, Asilomar 2007, Pacific Grove, CA (November 2007) 

39. Pavlovska, V., Denkovski, D., Atanasovski, V., Gavrilovska, L.: RAC2E: Novel 
Rendezvous Protocol for Asynchronous Cognitive Radios in Cooperative Environments. 
In: IEEE PIMRC 2010, Istanbul, Turkey (September 2010) (accepted) 

40. Universal Software Radio Peripheral 2 (USRP2). Information,  
http://www.ettus.com 

41. EC FP7 project ARAGORN. Information, http://www.ict-aragorn.eu  
42. EC FP7 project QUASAR, Information, http://www.quasarspectrum.eu 


	Cooperative Spectrum Sensing in Ad-Hoc Networks (Invited Paper)
	Introduction
	Spectrum Sensing Techniques
	Transmitter Detection vs. Receiver Detection Sensing Approaches
	Blind Sensing vs. Signal Specific Sensing Approaches
	Interference Based Detection

	Cooperative Spectrum Sensing Strategies
	Total Cooperation

	Practical Implementation Example
	Scenario Setup and Protocol Description
	Performance Evaluation

	Conclusions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




