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Abstract: In recent years, cognitive radios have been introduced as a new paradigm for enabling much higher spectrum 
utilization, providing more personal and reliable radio services, reducing harmful interference, and facilitating the 
interworking or convergence of different wireless networks. In this chapter we study the intelligent open spectrum 
sharing using cognitive radios. This includes the discussion of the existing spectrum regulations and its challenges for 
spectrum scarcity. The advanced spectrum sharing and sensing is also discussed. In this context the cooperative 
spectrum sensing has been proposed to overcome the problem associated with the local sensing e.g. the hidden node 
problem due to noise uncertainty, fading, and shadowing.  In this chapter we also present a hard decision auto-
correction reporting scheme that directly correct the error in the reported bit, and further minimizes the average number 
of the reporting bits by allowing only the user with a detection information -binary decision 1- to report its result.  The 
sensing performance is investigated and the numerical result shows great decrease in reporting bit without affecting the 
sensing performance. 
Key words: cognitive radio, spectrum, sensing, sharing.  

 

INTRODUCTION 
Scarcity and Waste of Spectrum 

It is commonly believed that there is a crisis of 
spectrum availability at frequencies that can be 
economically used for wireless communications. This 
misconception has arisen from the intense competition 
for use of spectra at frequencies below 3 GHz. At 
higher frequencies, as seen by the snapshot of 
spectrum usage in an urban area, there is actually very 
little usage at the time, place and direction that this 
measurement was taken. Analysis of the snapshot  
reveals that the actual utilization in the 3-4 GHz 
frequency band is 0.5% and drops to 0.3% in the 4-5 
GHz band. This seems totally in contradiction to the 
concern of spectrum shortage, since in fact we have 
spectrum abundance, and the spectrum shortage is in 
part an artificial result of the regulatory and licensing 
process. 

 

What is remarkable is that this low level of usage 
seems inconsistent with the FCC frequency chart from 
3-6 GHz, which indicates that there are multiple 
allocations over all of the frequency bands. It is this 
discrepancy between FCC allocations and actual 
usage, which indicates that a new approach to 
spectrum licensing is needed. Part of the solution can 
be found, that there is considerable usage in the upper 
5 GHz band in this location. This corresponds to the 
unlicensed UNII spectra, which has only minimal 
constraints from the regulatory standpoint. What is 
clearly needed is an extension of the unlicensed usage 
to other spectral bands, while accommodating the 
present users who have legacy rights and also to insure 
that future requirements can be met. 

An approach, which can meet these goals, is to 
develop a radio that is able to sense the spectral 
environment over a wide available band and use the 
spectrum only if communication does not interfere 
with licensed user. These un-licenses low priority 
Secondary Users (SU) would thus be using Cognitive 
Radio (CR) techniques, to ensure non-interfering 
coexistence with higher priority users and thus reduce 
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concerns of a general allocation to unlicensed use 
[JMT 99]. The sensing should involve more than just 
determining the power in a frequency band, since a 
wireless channel actually is built on multiple signal 
dimensions that include time, frequency, physical 
space, and user networks. The optimal CR operation 
will allow sensing of the environment and 
transmission optimized across all of the dimensions 
and thus allows a truly revolutionary increase in the 
ability to support new wireless applications. In a sense 
our cognitive radio discovers unused capacity and 
creates out of this unused capacity a “virtual 
unlicensed spectrum” to be used in a way not 
constraining the licensed owners. 

1. Spectrum Sharing and Flexible 
Spectrum Access 

For the rest of this tutorial it is differed between 
primary (incumbent) and secondary users of spectrum, 
where as secondary users defer to primary users in 
utilizing spectrum. Regardless of the regulatory 
model, flexibility and efficiency need to be reflected 
in spectrum access. Spectrum sharing plays thereby an 
important role to increase spectrum utilization, 
especially in the context of open spectrum. Techniques 
that sense and adjust to the radio environment are 
essentially required as for instance in unlicensed bands 
and to enable secondary access to spectrum. 

Underlay and Overlay Spectrum Sharing 

The open access to most of the radio spectrum, 
even if the spectrum is licensed for a dedicated 
technology, is permitted by radio regulation authorities 
only for radio systems with minimal transmission 
powers in a so-called underlay sharing approach. 
Thereby techniques to spread the emitted signal over a 
large band of spectrum are used so that the undesired 
signal power seen by the incumbent licensed radio 
devices is below a designated threshold. Spread 
spectrum, Multi-Band Orthogonal Frequency Division 
Multiplex (OFDM) or Ultra-Wide Band (UWB) as 
introduced below are examples for such techniques. 
The transmission power is strictly limited in underlay 
spectrum sharing to reduce the possibility for a 
potential interference. The Spectrum Policy Task 
Group of the FCC suggested in [FCC 03] the 
Interference Temperature Concept for underlay 
spectrum sharing to allow low power transmissions in 
licensed (used) bands. The FCC proposes there to 
allow secondary usage of shared spectrum if the 
interference caused by a device is below a sufficient 
threshold. The FCC identifies for this a well defined 
space between the original noise floor and the licensed 
signal of the incumbent radios. This space is branded 
as “new opportunities for spectrum use” [FET 06]. 
The space refers to the power level of the signals at 
the receiver in a specific band at a certain 
geographical location. 

Only a small fraction of the radio spectrum is 
available as open frequency band for unlicensed 
operation. Nevertheless, these bands have stimulated 

an immense economic success of wireless 
technologies like the popular WLAN IEEE 802.11. On 
the other hand, the actual availability of new spectrum 
is a seemingly intractable problem. Cognitive radios 
use flexible spectrum access techniques for identifying 
under-utilized spectrum and to avoid harmful 
interference to other radios using the same spectrum. 
Such an opportunistic spectrum access to under-
utilized spectrum, whether or not the frequency is 
assigned to licensed primary services, is referred as 
overlay spectrum sharing. 

Overlay sharing requires new protocols and 
algorithms for spectrum sharing. Additionally, 
spectrum regulation is impacted, especially in case of 
vertical spectrum sharing as introduced below: The 
operation of licensed radios systems may not interfere 
when identifying spectrum opportunities and during 
secondary operation in licensed spectrum. DFS is a 
simple example for how unlicensed spectrum users 
(IEEE 802.11a) share spectrum with incumbent 
licensed users (radar stations) using overlay sharing. 

� Opportunistic Spectrum Usage 

Under-utilized spectrum is in the following 
referred to as spectrum opportunity. The terms “white 
spectrum” and “spectrum hole” can be used 
equivalently. To use spectrum opportunities with 
overlay sharing, cognitive radios adapt their 
transmission schemes such that they fit into the 
identified spectrum usage patterns. Thus spectrum 
opportunities have to be identified in a reliable way. 
Additionally, their usage requires coordination 
especially in distributed environments. A spectrum 
opportunity is defined by location, time, and 
frequency and transmission power. It is a radio 
resource that is either not used by licensed radio 
devices, and/or it is used with predictable patterns 
such that idle intervals can be detected and reliably 
predicted. The accurate identification of spectrum 
opportunities is a challenge, as it depends on the 
predictability and the dynamic nature of spectrum 
usage. The frequency and predictability of spectrum 
usage by primary radio devices is decisive for the 
success of opportunity identification and the 
efficiency of its usage by cognitive radios. Therefore, 
a less frequent and predictable spectrum usage can be 
regarded as contribution to cooperation. In summary, 
deterministic patterns in spectrum usage and 
characteristic signal features of the radio signals 
transmitted by primary radio systems facilitate an 
improvement of spectrum opportunity identification. 
Time is progressing from bottom to top, frequency 
increases from right to left. Patterns of random 
spectrum usage of IEEE 802.11a/e are depicted (in 
three channels of the unlicensed 5 GHz band and the 
frequencies above), in parallel to a predictable, 
deterministic spectrum usage of licensed spectrum. 

� IEEE 802.11k 

A new type of measurements improving spectrum 
opportunity identification is being developed in the 
standardization group of IEEE 802.11k [VIL 06] 
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which provides means for measurement, reporting, 
estimation and identification of characteristics of 
spectrum usage. Spectrum awareness for distributed 
resource sharing in IEEE 802.11e/k is described in 
[IEEE 05] while radio resource measurements for 
opportunistic spectrum usage on the basis of 802.11k 
are analyzed in [IEEE 07]. The improvement of 
confidence in radio resource measurements as 
approach to judging reliability in spectrum 
opportunity identification is discussed in [JAC 05]. 

Vertical and Horizontal Spectrum Sharing 

The overlay spectrum sharing with licensed radio 
systems requires not only fundamental changes in 
spectrum regulation. Additionally, new algorithms for 
sharing spectrum are necessary, which reflect the 
different priorities for spectrum usage of the licensed, 
i.e., incumbent, and unlicensed radio systems. To 
reflect this priority, the terms primary and secondary 
radio systems are often used for the licensed and 
unlicensed radio systems, respectively. Cognitive 
Radios will have to share spectrum (i) either with 
unlicensed radio systems with limited coexistence 
capabilities enabling them to operate in spite of some 
interference from dissimilar radio systems or (ii) with 
licensed radio systems designed for exclusively using 
spectrum. The sharing of licensed spectrum with 
primary radio systems is referred to as vertical sharing 
and the sharing between equals as for instance in 
unlicensed bands is referred to as horizontal sharing. 
These terms of horizontal and vertical spectrum 
sharing are first mentioned in [TIN 05]. Another 
example for horizontal spectrum sharing is the usage 
of the same spectrum by dissimilar cognitive radios 
that are not designed to communicate with each other 
directly. These dissimilar cognitive radio systems have 
the same regulatory status, i.e., similar rights to access 
the spectrum, comparable to the coexistence of 
devices operating in unlicensed spectrum. Vertical 
spectrum sharing promises to have the advantage that 
neither a lengthy and expensive licensing process nor 
a reallocation of spectrum is required. Vertical and 
horizontal sharing requires the capability to identify 
spectrum opportunities as introduced above. Cognitive 
radios are able to operate without harmful interference 
in sporadically used licensed spectrum requiring no 
modifications in the primary radio system. 
Nevertheless, in order to protect their transmissions, 
licensed radio systems may assist cognitive radios to 
identify spectrum opportunities in vertical sharing 
scenarios. This help is referred to as “operator 
assistance” in the following. In horizontal sharing, the 
cognitive radios autonomously identify opportunities 
and coordinate their usage with other cognitive radios 
in a distributed way. To avoid chaotic and 
unpredictable spectrum usage as in today’s unlicensed 
bands, advanced approaches such as “spectrum 
etiquette” are helpful. 

Coexistence, Coordination and Cooperation 

In literature about spectrum sharing, the terms 
coexistence, coordination and cooperation are often 
used in different ways. A definition of these terms is 

given therefore in the following, as these terms are 
especially important in the context of QoS support. 
Means for coexistence target at interference avoidance 
in a distributed communication environment. 
Consequently, no communication among coexisting 
devices is required and possible. In case of a less 
utilized shared spectrum, coexistence capabilities 
suffice to enable a reliable communication. In the 
recent years, coexistence has been very successful but 
is now victim of its own success: Two many often 
dissimilar radio systems are coexisting in the 
unlicensed frequency bands like Wi-Fi and Bluetooth. 
Under such a severe competition for accessing the 
shared spectrum, no QoS support is possible due to 
missing coordination. Today’s implemented 
approaches to coexistence have limited interference 
prevention and their spectrum utilization is very 
ineffective as coexistence implies only little incentive 
to conserve spectrum. Mutual coordination, either 
centralized or decentralized, is required in spectrum 
sharing to enable the support of QoS. QoS support 
refers in this context to the exclusive usage of 
spectrum at a predictable point of time for certain 
duration. Under cooperation, altruistic devices 
delimitate their spectrum usage and carry each other’s 
traffic in the hope for benefiting from a potential 
cooperation when all radios participate. Cooperation 
comes along with the danger of being exploited by 
selfish, myopic radios resulting into a disadvantage for 
the cooperating radios. Cooperation is required in 
building up one self-configuring network of mutually 
coordinated radios in a distributed communication 
environment. The usage of deterministic patterns 
when allocating spectrum can also be regarded as 
cooperation. These deterministic patterns help to 
increase accuracy for other radios for identification of 
spectrum opportunities and enable a distributed 
coordination on the basis of observation. In distributed 
environments, cooperation can be created and 
enforced through protocols, either as part of a standard 
or realized as spectrum sharing etiquette. The 
enforcement of cooperation is difficult for regulation 
authorities but may be easier for a license holder. 

1.1. Coexistence-based Spectrum Sharing 

The amount of flexibility in the design of access 
protocols which is imposed by regulating authorities is 
decisive for the ability of radios to coexist, share 
spectrum or even interoperate for mutual coordination. 
[PAW 06] defines therefore “Rules of Coexistence” 
considering the grade of flexibility from the least to 
the most restrictive one: 

� Spectrum usage is not constrained. This 
approach has the advantage of stimulating 
innovations but the big disadvantage of being only 
applicable in scenarios where less spectrum 
utilization can be expected. No QoS guarantee can 
be given and efficient spectrum usage is not 
encouraged. 

� Spectrum usage is constrained by the 
transmission power. A maximum power level for 
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radio emissions is defined. Finding the adequate 
level may be difficult and depends on the 
application scenarios of the envisaged radios 
operating in the considered frequency band. 
Limiting transmission power increases the potential 
re-use of spectrum but more radios are required for 
covering a certain area. 

� Constrains on access protocols are imposed, 
that require no communication among coexisting 
devices. DFS in the U-NII band, as introduced 
below, is an example for this. Suitably defined 
etiquettes for spectrum usage can facilitate the 
support of QoS, increase spectrum efficiency and 
add fairness to spectrum sharing. These etiquettes 
enable distributed coordination and require 
cooperation as introduced above. The design of such 
etiquettes is a complex challenge especially in the 
context of spectrum sharing. 

� A minimal standard is required for operation. 
A common signaling channel used by all radios 
operating in a shared frequency band is an example 
for this. 

� The common signaling channel enables 
mutual coordination and thus increases the level of 
supportable QoS. 

� The interoperation of dissimilar radio 
networks is part of their standard. The Base Station 
Hybrid Coordinator (BSHC) concept for integrating 
IEEE 802.11(e) in the frame structure of IEEE 
802.16 (WiMAX). 

� In the following section several approaches to 
coexistence are introduced that do neither require 
nor support communication among spectrum 
sharing devices. 

1.2. Coordination-based Horizontal Spectrum 
Sharing  

1.2.1. Common Spectrum Coordination 
Channel 

A widely accepted approach to spectrum sharing is 
the usage of a Common Spectrum Coordination 
Channel (CSCC). The basic idea of CSCC is to 
standardize a simple common protocol for periodically 
signaling radio and service parameters [IEEE 07] 
regarded as spectrum etiquette mechanism. The CSCC 
enables coordination through mutual observability 
between different neighboring radio devices via a 
simple common protocol. As shown in [PAW 06] at 
the example of contending 802.11b and Bluetooth 
devices, the CSCC approach impacts the complete 
protocol stack (e.g., physical layer, MAC layer, packet 
formats). In general, a common control channel as part 
of the shared spectrum is highly vulnerable to 
interference so that the complete network might be 
disrupted though deliberated jamming or through 
coexisting radios operating in the same spectrum. A 
permanently available signaling channel shared by 
several networks is also suggested in [DAR 03]. A 
Network Access and Connectivity Channel (NACCH) 

is introduced to enable communication between 
different networks. In this way they form a larger 
network where users have universal access and 
roaming support. This approach extends the exchange 
of control information between networks for 
coordinating spectrum usage with the aspect of 
transferring user data among networks over a common 
radio channel. 

1.2.2. Dynamic Spectrum Allocation 
In Dynamic Spectrum Allocation (DSA), spectrum 

allocations are changed over time depending on 
network loads in assigning continuous spectrum 
quantities to different Radio Access Networks (RANs) 
[FAT 02]. DSA aims at the exploitation of spatial and 
temporal variations of traffic loads in RANs. In the 
frequency domain for instance, a flexible guard band 
that separates two adjacent frequency bands used by 
different RANs can be adapted to shift bandwidth 
between these RANs. In DSA, an exclusive usage of 
spectrum by one operator using one RAN is assumed. 

1.2.3. IEEE 802.11y 
IEEE 802.11y is the youngest Study Group of 

802.11. It is working towards a standard for 
contention-based protocols operating in a 50 MHz 
frequency band at 3.650-3.700 GHz. The frequency 
band was opened to unlicensed services in [61]. A 
contention- based listen before talk protocol is there 
demanded to operate in this frequency band. 
Therefore, the FCC defines in [FCC 03] a contention-
based protocol as: “A protocol that allows multiple 
users to share the same spectrum by defining the 
events that must occur when two or more transmitters 
attempt to simultaneously access the same channel and 
establishing rules by which a transmitter provides 
reasonable opportunities for other transmitters to 
operate. Such a protocol may consist of procedures for 
initiating new transmissions, procedures for 
determining the state of the channel (available or 
unavailable), and procedures for managing 
retransmissions in the event of a busy channel.” Some 
of these characteristics are satisfied by currently 
available IEEE 802.11a systems operating in the U-
NII band at 5 GHz: They are frequency agile, have the 
ability to sense signals from neighboring transmitters, 
offer adaptive modulation and use TPC. 802.11y aims 
at the definition of an extension to 802.11 OFDM, 
such that fixed and wireless devices can operate in the 
3650-3700 MHz band. 

1.3. Coordination-based Vertical Spectrum Sharing 

All approaches to horizontal spectrum sharing can 
be used for vertical spectrum sharing when being 
combined with an accurate identification of spectrum 
opportunities. When multiple radios regard 
simultaneously the same spectrum as unused by the 
incumbent radio system, the access of the secondary 
radios needs to be coordinated (centralized or 
distributed) to enable a support of QoS on the one 
hand and to increase efficiency of spectrum usage on 
the other hand. 
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1.3.1. Common Control Channel 
In the context of vertical spectrum sharing, [DOA 

04] introduce opportunistic spectrum usage in creating 
a “virtual unlicensed band”, there also referred to 
spectrum pool, with the help of a common control 
channel. A hierarchical control channel structuring is 
suggested in differing between a universal control 
channel, used by all groups for coordination and 
separated group control channels are used by members 
of a group. Preceding, the need for sophisticated 
techniques for spectrum sensing and the establishment 
of spectrum sensing as cross-layer functionality is 
motivated in [MIT 00]. For shadowing and multipath 
environments, cooperative decision making is 
suggested in order to reduce the probability of 
interference to primary users. A dedicated control 
channel located in licensed spectrum is suggested by 
the DARPA XG Program [DAR 03] to enable 
coordination in shared spectrum. This simple approach 
has several disadvantages, as a fixed licensed channel 
is required. The licensing of such a channel is a long-
winded and expensive process. The licensed channel 
has a fixed bandwidth and is therefore limited in 
scalability. Nevertheless, this approach promises a 
high visibility and reliability. 

1.3.2. IEEE 802.22 
The IEEE 802.22 working group is targeting the 

standardization of a cognitive radio interface for fixed, 
point-to-multipoint, Wireless Regional Area Networks 
(WRANs) of 40 km or more operating on unused 
channels in the VHF/UHF TV bands between 54 and 
862 MHz [FCC 03]. A wireless broadband 
replacement of DSL and cable modem services in less 
populated areas with unused VHF/UHF TV bands is 
envisaged. In not causing harmful interference to the 
incumbent TV broadcasting system, 802.22 realizes 
vertical spectrum sharing as introduced above. 
Especially areas where wired networks are too 
expensive to deploy due to sparse population are in the 
focus of IEEE 802.22. Recent publications indicate 
that the 802.22 working group is concentrating on the 
slight modification of existing wireless 
communication protocols without taking up the 
fundamental ideas of cognitive radios. The 802.22 
architecture, its requirements and applications are for 
instance discussed in [ADA 03], where IEEE 802.16 is 
assumed as basis for an 802.22 MAC. The 
performance of ultra sensitive feature TV detectors for 
measurements of analog and digital TV signals is 
investigated in [POO 03]. The ability to detect TV 
signals below the thermal noise level, as one critical 
requirement for secondary usage of the television 
band, is evaluated. The collaborative spectrum sensing 
for detecting TV transmissions by a group of 
unlicensed devices is considered in [IEEE 07]. It is 
shown that collaboration among spectrum sharing 
devices leads to efficient spectrum utilization and the 
individual computational complexity of the detection 
algorithms of each node can be decreased. 

1.3.3. Spectrum Pooling 
In [FET 96] an OFDM-based approach to 

secondary usage in overlay spectrum sharing is 
developed referred to as Spectrum Pooling. In an 
802.11 like scenario the spectrum measurements of 
mobile terminals are gathered centrally by an access 
point. Unused spectrum of different owners is merged 
into a common pool optimized for a given application. 
A so-called “licensed system public rental” hosts this 
common spectrum pool and users can temporarily rent 
spectrum during idle periods of the licensed users. 
Although [FET 06] introduce a speed-up protocol to 
bypass the MAC layer and just use the physical layer 
for signaling, an essential weakness of spectrum 
pooling is only mitigated: The central gathering of 
measurement information takes considerable time and 
management effort. 

1.3.4. Value-Orientation 
Spectrum sharing among different radio systems 

can be understood as a scenario in which a society of 
independent decision-makers is formed [PAW 06]. 
Therefore, basic concepts to classify social action that 
are taken from social science can be applied to define 
system strategy rules. The rules represent algorithms 
for decision-making entities (referred to as actors) that 
reside in the radio systems. For a simple scenario of 
spectrum sharing, the need for regulation as opposed 
to voluntary rules is investigated. A spectrum sharing 
scenario of a contention-based medium access is 
analyzed under the assumption that the radio systems 
do not communicate with each other, but operate using 
the same radio resources. Voluntary standards and 
social concepts to mitigate the two main problems of 
open spectrum access are addressed: Incumbent 
protection and fair coexistence. 

2. Cognitive Radio Networks 
Once a cognitive radio supports the capability to 

select the best available channel, the next challenge is 
to make the network protocols adaptive to the 
available spectrum. Hence, new functionalities are 
required in a CR network to support this adaptively. In 
summary, the main functions for cognitive radios CR 
networks can be summarized as follows: 

• Spectrum sensing: Detecting unused spectrum 
and sharing the spectrum without harmful 
interference with other users. 

• Spectrum management: Capturing the best 
available spectrum to meet user communication 
requirements. 

• Spectrum mobility: Maintaining seamless 
communication requirements during the transition 
to better spectrum. 

• Spectrum sharing: Providing the fair spectrum 
scheduling method among coexisting CR users. 

These functionalities of CR networks enable 
spectrum-aware communication protocols. However, 
the dynamic use of the spectrum causes adverse 
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effects on the performance of conventional 
communication protocols, which were developed 
considering a fixed frequency band for 
communication. It is evident from the significant 
number of interactions that the CR network 
functionalities necessitate a cross-layer design 
approach. More specifically, spectrum sensing and 
spectrum sharing cooperate with each other to enhance 
spectrum efficiency. In spectrum management and 
spectrum mobility functions, application, transport, 
routing, medium access and physical layer 
functionalities are carried out in a cooperative way, 
considering the dynamic nature of the underlying 
spectrum. 

2.1. Cognitive Radio Networks Operation and 
Functions 

CR users can either communicate with each other 
in a multihop manner (infrastructure based CR 
network) or access the base-station (infrastructure 
based CR network). Thus, in CR networks, there are 
three different access types as explained next: 

- CR network access: CR users can access their own 
CR base-station both on licensed and unlicensed 
spectrum bands. 

- CR ad hoc access: CR users can communicate with 
other CR users through ad hoc connection on both 
licensed and unlicensed spectrum bands. 

- Primary network access: The CR users can also 
access the primary base-station through the licensed 
band. 

The CR network operations are classified as CR 
network on licensed band and CR network on 
unlicensed band. The CR network functions are 
explained in the following sections according to this 
classification. 

2.2. Spectrum mobility 

CR networks target to use the spectrum in a 
dynamic manner by allowing the radio terminals, 
known as the cognitive radio, to operate in the best 
available frequency band. This enables ‘‘Get the Best 
Available Channel’’ concept for communication 
purposes. To realize the ‘‘Get the Best Available 
Channel’’ concept, an CR radio has to capture the best 
available spectrum. Spectrum mobility is defined as 
the process when an CR user changes its frequency of 
operation. In the following sections, we describe the 
spectrum handoff concept in CR networks and discuss 
open research issues in this new area. 

2.3. Spectrum Sharing Life Cycle Spectrum 
Sensing 

An important requirement of the CR network is to 
sense the spectrum holes. As explained earlier, a 
cognitive radio is designed to be aware of and 
sensitive to the changes in its surrounding. The 
spectrum sensing function enables the cognitive radio 
to adapt to its environment by detecting spectrum 
holes. The most efficient way to detect spectrum holes 

is to detect the primary users that are receiving data 
within the communication range of a CR user. In 
reality, however, it is difficult for a cognitive radio to 
have a direct measurement of a channel between a 
primary receiver and a transmitter. Thus, the most 
recent work focuses on primary transmitter detection 
based on local observations of CR users. Generally, 
the spectrum sensing techniques can be classified as 
transmitter detection, cooperative detection, and 
interference-based detection In the following sections, 
the spectrum sensing methods for CR networks and 
the open research topics in this area are discussed. 

Transmitter detection (non-cooperative 
detection) 

The cognitive radio should distinguish between 
used and unused spectrum bands. Thus, the cognitive 
radio should have capability to determine if a signal 
from primary transmitter is locally present in a certain 
spectrum. Transmitter detection approach is based on 
the detection of the weak signal from a primary 
transmitter through the local observations of CR users. 
Basic hypothesis model for transmitter detection can 
be defined as follows [WEI 04]: 

    (1) 

where x(t) is the signal received by the CR user, 
s(t) is the transmitted signal of the primary user, n(t) is 
the AWGN and h is the amplitude gain of the channel. 
H0 is a null hypothesis, which states that there is no 
licensed user signal in a certain spectrum band. On the 
other hand, H1 is an alternative hypothesis, which 
indicates that there exist some licensed user signals. 
Three schemes are generally used for the transmitter 
detection according to the hypothesis model [WEI 04]. 
In the following subsections, we investigate matched 
filter detection, energy detection and cyclostationary 
feature detection techniques proposed for transmitter 
detection in CR networks. 

Matched filter detection: When the information 
of the primary user signal is known to the CR user, the 
optimal detector in stationary Gaussian noise is the 
matched filter since it maximizes the received signal-
to-noise ratio (SNR) [DOA 04]. While the main 
advantage of the matched filter is that it requires less 
time to achieve high processing gain due to coherency, 
it requires a priori knowledge of the primary user 
signal such as the modulation type and order, the pulse 
shape, and the packet format. Hence, if this 
information is not accurate, then the matched filter 
performs poorly. However, since most wireless 
network systems have pilot, preambles, 
synchronization word or spreading codes, these can be 
used for the coherent detection. 

Energy detection: If the receiver cannot gather 
sufficient information about the primary user signal, 
for example, if the power of the random Gaussian 
noise is only known to the receiver, the optimal 
detector is an energy detector [BRO 97]. In order to 
measure the energy of the received signal, the output 
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signal of band-pass filter with bandwidth W is squared 
and integrated over the observation interval T. Finally, 
the output of the integrator, Y, is compared with a 
threshold, k, to decide whether a licensed user is 
present or not. If the energy detection can be applied 
in a non-fading environment where h is the amplitude 
gain of the channel as shown in (1), the probability of 
detection Pd and false alarm Pf are given as follows: 

         (2) 

                      (3) 

where  is the SNR,  = TW is the time 

bandwidth product,  and are 

complete and incomplete gamma functions and 

 is the generalized Marcum Q-function. From 

the above functions, while a low  would result in 

missing the presence of the primary user with high 
probability which in turn increases the interference to 

the primary user, a high  would result in low 

spectrum utilization since false alarms increase the 
number of missed opportunities. Since it is easy to 
implement, the recent work on detection of the 
primary user has generally adopted the energy 
detector. In [PAW 06], the shadowing and the multi-
path fading factors are considered for the energy 

detector. In this case, while Pf is independent of , 

when the amplitude gain of the channel, h, varies due 

to the shadowing/fading,  gives the probability of 

the detection conditioned on instantaneous SNR as 
follows: 

               (4) 

where  is the probability distribution 

function of SNR under fading. However, the 
performance of energy detector is susceptible to 
uncertainty in noise power. In order to solve this 
problem, a pilot tone from the primary transmitter is 
used to help improve the accuracy of the energy 
detector in [FET 06]. Another shortcoming is that the 
energy detector cannot differentiate signal types but 
can only determine the presence of the signal. Thus, 
the energy detector is prone to the false detection 
triggered by the unintended signals. 

Cyclostationary feature detection: An alternative 
detection method is the cyclostationary feature 
detection. Modulated signals are in general coupled 
with sine wave carriers, pulse trains, repeating 
spreading, hopping sequences, or cyclic prefixes, 
which result in built-in periodicity. These modulated 
signals are characterized as cyclostationarity since 
their mean and autocorrelation exhibit periodicity. 
These features are detected by analyzing a spectral 
correlation function.  

Cooperative detection 

The assumption of the primary transmitter 
detection is that the locations of the primary receivers 
are unknown due to the absence of signaling between 
primary users and the CR users. Therefore, the 
cognitive radio should rely on only weak primary 
transmitter signals based on the local observation of 
the CR user. However, in most cases, a CR network is 
physically separated from the primary network so 
there is no interaction between them. Thus, with the 
transmitter detection, the CR user cannot avoid the 
interference due to the lack of the primary receiver’s 
information as depicted in Figure 1(a). Moreover, the 
transmitter detection model cannot prevent the hidden 
terminal problem. A CR transmitter can have a good 
line-of-sight to a receiver, but may not be able to 
detect the transmitter due to the shadowing as shown 
in Figure 1(b). Consequently, the sensing information 
from other users is required for more accurate 
detection.  

 

Spectrum sensing is a base aspect of cognitive 
radio to insure no interference for the primary 
(licensed user), however the spectrum sensing can be 
done locally in the node, where it will be susceptible 
to shadowing and fading that could cause a hidden 
node problem and will degrade the sensing 
performance. The cooperative sensing is proposed to 
overcome the problems associated with the local 
sensing, different cooperative method is discussed that 
exploit the multiuser diversity in sensing process. 
Different protocols can be employed in order to report 
the local sensing result to other secondary user or a 
common server in centralized or decentralized 
architecture respectively, the Amplify and forward 
(AF) in which the relay transmits the signal obtained 
from the transmitter without any processing achieved 
full diversity. In [TIN 05] the AF is been used in two 
cognitive user scenario, where  each user considered 
as a relay for other user signal in the next time slot, the 
scheme show a reduction in detection time and 
increase agility.  
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Figure 1: Transmitter detection problem: (a) 
Receiver uncertainty and (b) shadowing uncertainty. 

In cooperative sensing architectures, the control 
channel can be implemented using different 
methodologies. These include a dedicated band, 
unlicensed band such as ISM, and underlay ultra wide 
band (UWB) system. In order to minimize 
communication overhead, different quantization of the 
local obtained signal is introduced. It was shown that 
two or three bits quantization was most appropriate 
without noticeable loss in the performance. In [JAC 
05] a hard decision (binary quantization) is proposed 
for arbitrary large node population. However, the total 
number of sensing bits transmitted to the central is still 
very huge.  Further to minimize reporting bandwidth a 
two level quantization method was recently proposed 
in [VIL 06], the method  identify the users with a 
reliable information only to report a binary decision 
(0,1) to the common server, however the method 
reduce the number of reporting bits but with a 
degradation in sensing performance Their result show 
that misdetection probability mP  is degraded by the 

imperfect channel and the false alarm probability fP  

is bounded by the reporting error probability. This 
means that spectrum sensing cannot be successfully 
conducted when the desired fP  smaller than the 

bound fP . If the channels between cognitive users and 

the central server are perfect the local decision will 
send to central server without error, in practice, the 
reporting channels may experience fading which will 
deteriorate the performance of the cooperative 
spectrum sensing. A cluster based method was 
proposed in [7] where the most favorable user in each 
cluster is selected to report to central server, the 
method improved the sensing performance comparing 
to conventional sensing. 

 

Figure 2: (a) Auto_correction reporting method with 
one threshold for the ith user, (b) Censoring detection 
method with bi-thresholds for the ith user. 

Based on Figure 2, every cognitive user conduct a 
local sensing and if a primary user detected, a hard 
decision ‘1’ is sent to central server, otherwise no 
action is taken, If the server receives a local decision 
‘0’ due to imperfect reporting channel, according to a 
pre-knowledge, it is able to auto correct the reported 
error, to make it ‘1’.  For simplicity energy detection 
based sensing is assumed for the local sensing method 
where the output of the integrator, Q , is compared 

with a threshold, λ , to decide the presence of  a 

primary user. If Q  exceed the threshold, a reporting 

decision,R , is taken and binary decision ‘1’ is sent to 
central server otherwise “no report” decision, R′′′′ , is 
taken. This is given by: 

R

R

Q

Q
R

′′′′





>>>>
<<<<

====
λ
λ

1

0
                                 (5) 

 

Following the work of [PAW 06], where the white 
noise and the signal term are modeled as zero mean 
Gaussian random variable, the decision metric R  of 
the energy detector follows the following distribution:  

(((( )))) RH

RH

X

X
R

m

m

,

,

2
~

1

0

2
2

2
2

′′′′





γ
                       (6) 

where m  is the time bandwidth product. 2
2mX  

and (((( ))))γ22
2mX  represents the central and non-central 

chi-square distribution with m2  degree of freedom 

respectively and γ2  non centrality parameter for the 

later. The SNR γ  is exponentially distributed with 

mean value γ  for Rayleigh fading channel. Assume 

that the receiver receives K  
(where NK ,......,1,0==== ) out of N  local decision 1 

reported for the cognitive users. The final decision H  
at the server is done based on K. if the server receives 
any local decision 1 or 0 a final decision 1====H is 
taken. If no local decision is reported to the server, 

iQ  

iQ  

0 

0 

Decision 0H  

 

Decision 1H  

 
No Decision 

1λ  2λ  

λ  

R′  R  

(a) 

(b) 
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then a final decision 0====H is taken. H  is given by 

0

1

0

1

====
≥≥≥≥



====

K

K
H                                        (7) 

Let K ′  denote the normalize average number of 
reporting bits 

 

N

K
K

avg====′′′′                                                     (8) 

where N  is the maximum number of reporting 

bits (for maximum N  users in the system). 

If KR represents that K cognitive users has 

reported, then the number of users without report is 

KN −−−− can be represented as KNR −−−− . This can be 

modeled as:  

{{{{ }}}} {{{{ }}}}λ<<<<−−−−==== QPRP K 1                                        (9) 

{{{{ }}}} {{{{ }}}}λ<<<<====−−−− QPRP KN                            (10) 

Further, let {{{{ }}}}00 HPP ==== , {{{{ }}}}11 HPP ==== . Then 

the average number of reporting bits is: 

{{{{ }}}}0
0

0 HRP
K

N
KPK KN

N

K
avg −−−−

====







==== ∑∑∑∑

{{{{ }}}}1
0

1 HRP
K

N
KP K

N

K







++++ ∑∑∑∑
====

                              (11) 

11001 RPRPK ′′′′−−−−′′′′−−−−====′′′′                          (12) 

Where 10 , RR ′′′′′′′′  represent the probability of ‘no 

report’ under hypothesis 10 , HH  respectively.  

 

{{{{ }}}} {{{{ }}}}1100 , HQPRHQPR λλ <<<<====′′′′<<<<====′′′′    

(13) 

 

From equation (12) it can be shown that, the 
normalized average number of reporting bits k  is 
always smaller than 1. If the channel between the 
cognitive users and the central server are perfect, and 
a full reporting is employed, the detection 

probability, dP , the false alarm probability, fP  , and 

the misdetection probability, mP , are given by:  

(((( )))),11
1
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k
kdd PP                                  (14) 
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(15) 

and 
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====
N

k
kmm PP

1
,                                               

(16) 

where kmkfkd PPP ,,, ,,  are the detection 

probability, the false alarm probability, and the 
misdetection probability for the k th cognitive user, 
respectively. Under Rayleigh fading,γ , would have 

an exponential distribution. In this case, the 
Cumulative Distribution Function (CDF) of collected 

energy,Q , under hypothesis 10 , HH  is 
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Where (((( )))) (((( )))).,.,. ΓΓ are incomplete and complete 

gamma functions respectively. In case 0====K , no 
report is sent to the server, that is, no primary user is 

active in the frequency band. Let 10 , ββ  denote the 

probability of ‘no report’ under hypothesis 10 , HH , 

respectively. 

{{{{ }}}} (((( ))))NRHKP 000 0 ′′′′============β                   (19) 

{{{{ }}}} (((( ))))NRHKP 111 0 ′′′′============β                 (20) 

 

Here the detection probabilitydP , the false alarm 

probability fP  and the misdetection probability 

mP are given as follows: 

                             
{ }11,1 HKHPPd ≥==

       

11 β−−−−====                                (21) 
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01 β−−−−====                                            (22) 

and 
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dm PP −−−−==== 1                                       (23) 

Figure 3 shows the tradeoff between the spectrum 
sensing performance and the average number of 

reporting bits, i.e., MP vs. K , for given false alarm 

probability, FP = 0.0001, 0.001, 0.005, respectively. It 

can be observed that, for a fixed false alarm 

probability, the missing probability mP  changes a 

little when K ′′′′  varies from 0.5 to 1, which means that 
we can achieve a large reduction of number of sensing 
bits at a very little expense of performance loss. In the 
case of non-cooperative detection the CR users detect 
the primary transmitter signal independently through 
their local observations. Cooperative detection refers 
to spectrum sensing methods where information from 
multiple CR users is incorporated for primary user 
detection. Cooperative detection can be implemented 
either in a centralized or in a distributed manner. In the 
centralized method, the CR base-station plays a role to 
gather all sensing information from the CR users and 
detect the spectrum holes. 
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Figure 3. mP  vs. K ′′′′  for fP =0.0001, .001,0.005, 

10====N SNR=10dB. 

On the other hand, distributed solutions require 
exchange of observations among CR users. 
Cooperative detection among unlicensed users is 
theoretically more accurate since the uncertainty in a 
single user’s detection can be minimized. Moreover, 
the multi-path fading and shadowing effect are the 
main factors that degrade the performance of primary 
user detection methods. However, cooperative 
detection schemes allow mitigating the multi-path 
fading and shadowing effects, which improves the 
detection probability in a heavily shadowed 
environment. In [FAT 02], the limitation of non-
cooperative spectrum sensing approaches is 
investigated. Generally, the data transmission and 
sensing function are collocated in a single CR user 
device. However, this architecture can result in 
suboptimal spectrum decision due to possible conflicts 
between data transmission and sensing. In order to 
solve this problem, in [TIN 05], two distinct networks 
are deployed separately, i.e., the sensor network for 

cooperative spectrum sensing and the operational 
network for data transmission. The sensor network is 
deployed in the desired target area and senses the 
spectrum. A central controller processes the spectrum 
information collected from sensors and makes the 
spectrum occupancy map for the operational network. 
The operational network uses this information to 
determine the available spectrum. 

While cooperative approaches provide more 
accurate sensing performance, they cause adverse 
effects on resource-constrained networks due to the 
additional operations and overhead traffic. 
Furthermore, the primary receiver uncertainty problem 
caused by the lack of the primary receiver location 
knowledge is still unsolved in the cooperative sensing. 
In the following section, we explain interference-
based detection methods, which aim to address these 
problems.  

2.4. Spectrum Management 

In Cognitive radio networks, the unused spectrum 
bands will be spread over wide frequency range 
including both unlicensed and licensed bands. These 
unused spectrum bands detected through spectrum 
sensing show different characteristics according to not 
only the time varying radio environment but also the 
spectrum band information such as the operating 
frequency and the bandwidth. Since CR networks 
should decide on the best spectrum band to meet the 
QoS requirements over all available spectrum bands, 
new spectrum management functions are required for 
CR networks, considering the dynamic spectrum 
characteristics. We classify these functions as 
spectrum sensing, spectrum analysis, and spectrum 
decision. While spectrum sensing is primarily a PHY 
layer issue, spectrum analysis and spectrum decision 
are closely related to the upper layers.  

This multi-spectrum transmission shows less 
quality degradation during the spectrum handoff 
compared to the conventional transmission on single 
spectrum band. For example, if a primary user appears 
in a particular spectrum band, the CR user has to 
vacate this band. However, since the rest of spectrum 
bands will maintain the communication, abrupt service 
quality degradation can be mitigated. In addition, 
transmission in multiple spectrum bands allows lower 
power to be used in each spectrum band. As a result, 
less interference with primary users is achieved, 
compared to the transmission on single spectrum 
band. For these reasons, a spectrum management 
framework should support multiple spectrum decision 
capabilities. For example, how to determine the 
number of spectrum bands and how to select the set of 
appropriate bands are still open research issues in CR 
networks. 

Cooperation with reconfiguration: The cognitive 
radio technology enables the transmission parameters 
of a radio to be reconfigured for optimal operation in a 
certain spectrum band. For example, if SNR is fixed, 
the bit error rate (BER) can be adjusted to maintain 
the channel capacity by exploiting adaptive 
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modulation techniques, e.g., cdma2000 1x EVDO. 
Hence, a cooperative framework that considers both 
spectrum decision and reconfiguration is required. 

Spectrum decision over heterogeneous spectrum 
bands: Currently, certain spectrum bands are already 
assigned to different purposes while some bands 
remain unlicensed. Thus, the spectrum used by CR 
networks will most likely be a combination of 
exclusively accessed spectrum and unlicensed 
spectrum. In case of licensed bands, the CR users need 
to consider the activities of primary users in spectrum 
analysis and decision in order not to influence the 
primary user transmission. Conversely, in unlicensed 
bands, since all the CR users have the same spectrum 
access rights, sophisticated spectrum sharing 
techniques are necessary. In order to decide the best 
spectrum band over this heterogeneous environment, 
CR network should support spectrum decision 
operations on both the licensed and the unlicensed 
bands considering these different characteristics. 

2.5. Spectrum analysis 

In CR networks, the available spectrum holes 
show different characteristics which vary over time. 
Since the CR users are equipped with the cognitive 
radio based physical layer, it is important to 
understand the characteristics of different spectrum 
bands. Spectrum analysis enables the characterization 
of different spectrum bands, which can be exploited to 
get the spectrum band appropriate to the user 
requirements.  

In order to describe the dynamic nature of CR 
networks, each spectrum hole should be characterized 
considering not only the time-varying radio 
environment and but also the primary user activity and 
the spectrum band information such as operating 
frequency and bandwidth. Hence, it is essential to 
define parameters such as interference level, channel 
error rate, path-loss, link layer delay, and holding time 
that can represent the quality of a particular spectrum 
band as follows: 

Interference: Some spectrum bands are more 
crowded compared to others. Hence, the spectrum 
band in use determines the interference characteristics 
of the channel. From the amount of the interference at 
the primary receiver, the permissible power of a CR 
user can be derived, which is used for the estimation 
of the channel capacity. 

Path loss: The path loss increases as the operating 
frequency increases. Therefore, if the transmission 
power of a CR user remains the same, then its 
transmission range decreases at higher frequencies. 
Similarly, if transmission power is increased to 
compensate for the increased path loss, then this 
results in higher interference for other users. 

Since frequent spectrum handoff can decrease the 
holding time, previous statistical patterns of handoff 
should be considered while designing CR networks 
with large expected holding time. Channel capacity, 
which can be derived from the parameters explained 

above, is the most important factor for spectrum 
characterization. Usually SNR at the receiver has been 
used for the capacity estimation. However, since SNR 
considers only local observations of CR users, it is not 
enough to avoid interference at the primary users. 
Thus, spectrum characterization is focused on the 
capacity estimation based on the interference at the 
licensed receivers.  The interference temperature limit 
indicates an upper bound or cap on the potential RF 
energy that could be introduced into the band. 
Consequently, using the amount of permissible 
interference, the maximum permissible transmission 
power of a CR user can be determined. In [TIN 05], a 
spectrum capacity estimation method has been 
proposed that considers the bandwidth and the 
permissible transmission power. Estimating spectrum 
capacity has also been investigated in the context of 
OFDM-based cognitive radio systems in [PAW 06]. 
Accordingly, the spectrum capacity of the OFDM-
based CR networks is defined as follows: 

          (24) 

where  is the collection of unused spectrum 

segments,  is the channel power gain at 

frequency ,  and  are the signal and noise 

power per unit frequency, respectively. The recent 
work on spectrum analysis, as discussed above, only 
focuses on spectrum capacity estimation. However, 
besides the capacity, other factors such as delay, link 
error rate, and holding time also have significant 
influence on the quality of services. Moreover, the 
capacity is closely related to both interference level 
and path loss. However, a complete analysis and 
modeling of spectrum in CR networks is yet to be 
developed. In order to decide on the appropriate 
spectrum for different types of applications, it is 
desirable and an open research issue to identify the 
spectrum bands combining all characterization 
parameters described above. 

2.6. Spectrum Decision 

Once all available spectrum bands are 
characterized, appropriate operating spectrum band 
should be selected for the current transmission 
considering the QoS requirements and the spectrum 
characteristics. Thus, the spectrum management 
function must be aware of user QoS requirements. 
Based on the user requirements, the data rate, 
acceptable error rate, delay bound, the transmission 
mode, and the bandwidth of the transmission can be 
determined. Then, according to the decision rule, the 
set of appropriate spectrum bands can be chosen. In 
[FET 96], five spectrum decision rules are presented, 
which are focused on fairness and communication 
cost. However, this method assumes that all channels 
have similar throughput capacity. In [MIT 99], an 
opportunistic frequency channel skipping protocol is 
proposed for the search of better quality channel, 
where this channel decision is based on SNR. In order 
to consider the primary user activity, the number of 
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spectrum handoff, which happens in a certain 
spectrum band, is used for spectrum decision.  
Spectrum decision constitutes rather important but yet 
unexplored issues in CR networks, which are 
presented in the following subsection.  

3. Conclusions 
The unsatisfied demand for freely available radio 

spectrum indicates that the necessary radio spectrum 
will not be available in the near future. The present 
regulation framework constrains the fast changing of 
the spectrum’s status. The limited nature of radio 
resources in the current unlicensed frequency bands is 
the main reason for this scarcity. Many radio systems 
that support consumer electronics and personal high 
data-rate networks operate in these unlicensed 
frequency bands. Even worse, the demand for 
additional spectrum is growing faster than the 
technology is able to increase spectral efficiency, 
although latest research has had tremendous success to 
increase spectral efficiency and capacity in radio 
communication.  
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