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Abstract: In this paper Specifies, how effectively utilization of radio spectrum is important for accommodating the rapid 
growth of wireless communications. In this paper extensive investigates the feasibility of Cognitive Radio (CR) or Adaptive 
Radio or Intelligent Radio to exploit unoccupied frequencies for an enhanced spectral utilisation. CR refers to a wireless 
architecture that enables dynamic spectrum access, where unlicensed devices are allowed to operate in temporally/spatially 
unused licensed channels. The main challenge for CR is a robust protection mechanism to guarantee an adequate Licensed 
Users (LU) system performance at all times. This requires a reliable spectrum sensing technique to accurately identify 
frequency opportunities; and an autonomous transmit power control algorithm that remains effective in severe fading 
environments. Cooperation among CR devices to assist the LU identification process is shown to be an imperative CR 
attribute for maximising the CR performance and the overall spectral utilisation. Cooperation is particularly important for a 
CR coexisting with a small-coverage LU system, in which an accurate LU detection mechanism is the predominant limiting 
factor of CR system performance. The consequences of insufficient CR collaborations are an expensive individual CR 
detector and a large CR-LU separation requirement, yielding a suboptimal gain in spectral utilisation. The effectiveness of 
cooperative detection largely depends on system application, channel characteristics, and CR detector sensitivity. The 
feasibility of CR is evaluated via a simulated CR model using the achievable CR system performance and the corresponding 
operational requirements as performance metrics.  
 
Keywords: Cognitive radio, relaying, transmit power allocation, performance analysis, Shadowing/fading, 
Coherent/radiometric. 
 
 
I. INTRODUCTION 
 
Modern wireless systems aim at offering a wide 
variety of high data rate applications to numerous 
users at the same time. In order to realize this 
objective, they have to overcome the practical 
constraints imposed by the resources they need such 
as power and spectrum, which are limited in nature. 
Since the number of wireless systems is increasing 
very rapidly, the scarcity of these resources, 
especially of the frequency spectrum, becomes a 
more vital problem day by day.  

Cognitive radio is a concept that targets at a 
future solution for the spectrum scarcity problem by 
proposing an opportunistic spectrum usage approach, 
in which frequency bands that are not being used by 
their licensed users are utilized by cognitive radios. 
Since cognitive radios do not need to have a license 
and since they do not affect the operation of licensed 
systems, this approach leads to a highly economic 
and efficient usage of the frequency spectrum. 

Recent developments in the wireless 
industries have led to a dramatic increase in spectrum 
demand, and this will expand further in future 
ubiquitous environments. According to an 
International Telecommunications Union (ITU) 
report, the estimated total spectrum bandwidth 
requirement for the year 2020 ranges from 1280 to 
1720 MHz and, in the case of Korea, researchers 
estimate 2520 MHz as the total spectrum bandwidth  

 
requirement in that year. Although those estimates do 
not include LAN and broadcast systems, we will be 
forced to use our limited spectrum resource as 
efficiently as possible. Therefore, there have been 
many efforts to achieve this goal, not only in 
technology development but also in management 
policy. Given the necessity for spectrum management 
reform, a secondary trading market has been used as a 
mechanism to achieve more efficient spectrum use. 
Furthermore, an interest in spectrum sharing methods 
based on overlay and underlay sharing technologies 
has also increased. In particular, cognitive radio (CR) 
is a key technology that can utilize dynamic spectrum 
access (DSA) in an opportunistic manner so that 
service providers can share their unused spectrum 
resources and increase the efficiency of spectrum 
utilization. CR also supports flexibility of 
heterogeneous technologies and spectrum usage. 
These capabilities of CR technology can make it a 
key driver for the flexible usage of the most suitable 
and available bands in a seamless, ubiquitous 
telecommunication environment. 

Under the current trends, many researchers 
from academia and industry are studying dynamic 
spectrum management issues not only for technology 
development but also for regulation and policy 
reform.  However, except for the research on the 
technology itself, there has been little discussion or 
analysis of the market or industry, or of the proper 
interplay between technology, market, and policy 
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required to succeed in the commercialization of 
dynamic spectrum management technology. When 
innovation and technology development occur in a 
given industry, potential consumers are difficult to 
find immediately in the new market. Therefore, 
business activities should be conducted efficiently to 
find and vitalize the new market so that consumers 
can easily trade in the market. That is, profitable 
business models and adequate industry structure will 
determine the diffusion of the DSA technology. 

We study the implementation feasibility of 
CR research and development in the current 
circumstances, and we derive several CR-based DSA 
scenarios that are based on the technology feasibility, 
application scope, spectrum policy, and stakeholders’ 
roles. To be more specific, we consider the wireless 
industry and spectrum policy in Korea. Based on the 
scenario analysis, we discuss the issues that may arise 
in DSA with CR such as technical implementation, 
regulatory framework, and stakeholders’ positioning 
issues. After those in-depth discussions, we examine 
strategic approaches for service providers, 
manufacturers, and policy makers for the successful 
commercialization of CR with dynamic spectrum 
management. Finally, we address policy implications 
 
II. RELATION BETWEEN ADVANCED 

WIRELESS TECHNOLOGIES 
 

 
Fig 1: Venn diagram illustrates relationship between associated 

advanced wireless technologies 
2.1. Adaptive Radio 

 
Adaptive radio is radio in which communications 
systems have a means of monitoring their own 
performance and modifying their operating 
parameters to improve this performance. The use of 
SDR technologies in an adaptive radio system 
enables greater degrees of freedom in adaptation, and 
thus higher levels of performance and better quality 
of service in a communications link. 
 
 2.2. Cognitive Radio  

Cognitive radio is radio in which communication 
systems are aware of their internal state and 
environment, such as location and utilization on RF 
frequency spectrum at that location. They can make 
decisions about their radio operating behaviour by 
mapping that information against predefined 
objectives. 

 Cognitive radio is further defined by many 
to utilize Software Defined Radio, Adaptive Radio, 
and other technologies to automatically adjust its 
behaviour or operations to achieve desired objectives. 
The utilization of these elements is critical in 
allowing end-users to make optimal use of available 
frequency spectrum and wireless networks with a 
common set of radio hardware. This will reduce cost 
to the end-user while allowing him or her to 
communicate with whomever they need whenever 
they need to and in whatever manner is appropriate.  
 
2.3. Intelligent Radio 
 Intelligent radio is cognitive radio that is capable of 
machine learning. This allows the cognitive radio to 
improve the ways in which it adapts to changes in 
performance and environment to better serve the 
needs of the end user. 

In addition to utilizing SDR technologies, 
adaptive radio, intelligent radio and cognitive radio 
systems may all support dynamic spectrum access 
(DSA), allowing the systems to select the frequency 
spectrum in which they will operate at a given 
location and over a given period of time to optimize 
the use of available spectrum and avoid interference 
with other radios or other systems. 
 
2.4. Cognitive Radio Concept Architecture 
There are two major subsystems in a cognitive radio; 
a cognitive unit that makes decisions based on 
various inputs and a flexible SDR unit whose 
operating software provides a range of possible 
operating modes. A separate spectrum sensing 
subsystem is also often included in the architectural a 
cognitive radio to measure the signal environment to 
determine the presence of other services or users. It is 
important to note that these subsystems do not 
necessarily define a single piece of equipment, but 
may instead incorporate components that are spread 
across an entire network. As a result, cognitive radio 
is often referred to as a cognitive radio system or a 
cognitive network.  

The cognitive unit is further separated into 
two parts as shown in the block diagram below. The 
first labelled the “cognitive engine” tries to find a 
solution or optimize a performance goal based on 
inputs received defining the radio’s current internal 
state and operating environment. The second engine 
is the “policy engine” and is used to ensure that the 
solution provided by the “cognitive engine” is in 
compliance with regulatory rules and other policies 
external to the radio. 
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Fig 2: Cognitive Radio Concept Architecture 

 
Support for cognitive radio and dynamic spectrum 
access requires a number of enabling technologies 
that are under development by the members of the 
Wireless Innovation Forum:  
 
 Information Process Architecture: Understanding 

the current state of complex information systems 
and their associated communications subsystems 
to determine how to enhance them from a 
process perspective, and analyze them for 
opportunities to interact with other systems is a 
key problem. An information process 
architecture solves this problem by providing a 
top-down model and a series of tools for 
depicting the structure of complex systems to aid 
in defining, designing and selecting relevant 
cognitive radio processes and to facilitate an 
improved understanding of the structure and 
relationships between systems that span user 
domains.  

 
 Modelling Language: Flexible and efficient 

communication protocols are required between 
advanced radio systems and subsystems to 
support next generation features such as vertical 
and horizontal mobility, spectrum awareness, 
dynamic spectrum adaption, waveform 
optimization, feature exchanges, and advanced 
applications. A modelling language built on 
detailed use cases, and defining the signalling 
plan, requirements and technical analysis of the 
information exchanges provides the basis for 
developing specifications and standards 
supporting these capabilities.  

 
Fig 3: A modelling language, or meta-language, expressed in a 
formal declarative language that is machine readable defines 

the communications infrastructure of the cognitive radio 
 

 Radio Environment Map: Operation of a 
cognitive engine requires data and meta-data 
defining the spectral environment that a 
terminal is operating in at a given moment in 
time. Referred to as the radio environment 
map, this data can include information on 
spectrum economic transactions, dropouts, 
handovers, available networks, and services. 
Data contained within the map is derived, in 
part, by capturing and synthesizing 
measurements from many radios, and may 
be stored in a database that can be accessed 
remotely by the cognitive engine. 
Requirements for a database structure 
enabling this access including standardized 
database structures, data formats and 
functionality must be defined to support the 
flexibility necessary to accommodate current 
and future cognitive radio spectrum 
applications, such as mobility, spectrum 
economic transactions, dropouts, handovers, 
available networks, and services.  

 Test and Measurement: Cognitive radios 
pose unique test challenges in quantifying 
the performance of critical functions such as 
spectrum sensing, interference avoidance, 
database performance, and adherence to 
policy. Test methodologies supporting these 
challenges must be developed must consider 
a range of hardware platforms, protocols, 
algorithms, use cases, and spectrum 
stakeholder requirements. Test equipment 
functionality and performance, test 
interfaces and test modes must also be taken 
into account.  
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III. ASSESSMENT OF RESEARCH FOR 
COGNITIVE RADIO 

 
CR is a complicated system that is required to 
perform multiple tasks independently. As far as the 
issues related to the physical layer are concerned, the 
most significant components for a CR feasibility 
analysis are listed as follows: 

 Detection - identification of spectral 
opportunity 

 CR Transmit Power - determination of the 
permissible CR transmit power 

 Radio Channel - consideration of realistic 
propagation environments 

 CR System Performance - evaluation of 
likely CR system performance 

 Practicability - requirements for CR system 
deployment 

A successful CR system must be able to reliably 
identify the presence of the LU signal and adjust it’s 
transmit power accordingly to maintain an 
interference-free LU operation. CR must fulfil these 
requirements and remain effective under all of the 
possible radio channel conditions and scenarios. 
Above all, the requirements for the CR system (e.g. 
hardware / software specifications) must remain 
“practical” while the CR performs the complicated 
CR tasks accurately in a cost efficient manner.  
 
3.1. LU Signal Detection 
CR is not allowed to operate when a LU is using its 
radio spectrum. Therefore, LU signal detection is the 
first task that a CR should perform. The accuracy of 
the signal detection process can significantly affect 
the succeeding operation and the consequent 
achievement of the CR system. As a perfect LU 
signal detection is impossible to achieve, deficiency 
in the detection process must be considered when 
evaluating the feasibility of a CR system. Existing 
signal detection methods can be broadly classified 
into the following categories: Energy Detection 
(Engy.), Cyclostationary Feature Detection (Feat.), 
and Cooperative Signal Detection (Coop.). 
 
Energy Detection 
The simplest form of signal identification is by using 
an energy detector.  An energy detector measures the 
total RF energy in the bandwidth of interest. If the 
measured power level is greater than the noise by a 
specified threshold, a signal is considered as 
“detected”. This threshold must be determined based 
on the characteristics of the LU signal and the 
accuracy of the detection required. The energy 
detection method is simple but unreliable when the 
detector is far from the source of the LU signal, due 
to the difficulty of separating weak signal (power) 
from noise. A highly sensitive RF device is often 
required to provide an adequate detection 
performance. 

Unfortunately, a LU signal power below the 
noise power (i.e. a SNR < 0 dB) cannot be recognised 
by a simple energy detector, even if it has a superb 
RF sensitivity.  An example of signal energy 
detection based on the measured power spectral 
density (PSD) is shown in Figure 4(a) and (c) . The 
LU signal can be clearly identified with a large 
measured SNR (10 dB). However, the LU signal is 
plagued by noise and is almost impossible to identify 
with a small measured SNR (-20 dB). In such a case, 
a more advanced strategy/methodology is required to 
maintain satisfactory signal detection reliability. 
Nevertheless, the energy detector has been 
extensively used as a performance reference for CR 
related analysis.  
 
Cyclostationary Feature Detection 
Modulated signals are coupled with sine waves, pulse 
trains, repeated spreading, hopping sequences, and 
cyclic prefixes. As a result, the signal exhibits 
periodicity when it is detected by a receiver. This 
periodicity is referred to as the cyclostationarity of a 
modulated signal. To improve the reliability of 
licensed signal detection, a CR can exploit the 
statistics embedded in the received signal. For 
example, by examining the autocorrelation, power 
spectral density, or signal correlation of the signal 
detected, the probability of a successful LU signal 
identification can be improved. An example of a CR 
exploiting the spectral correlation of the licensed 
signal is shown in Figure 4(b) and (d).  The licensed 
signal is assumed as a continuous phase 4-FSK 
modulated signal. In this case, a CR is able to 
recognise the licensed signal with an extremely weak 
power of SNR = -20 dB, whereas the simple energy 
detection is limited by the large noise power. 
Cyclostationary detection may be more reliable if the 
features of the targeted LU signal can be obtained 
(e.g. the spectral correlation function (SCF)). 
However, the computational requirements of the 
signal processing may prevent the detection being 
performed on a real time basis. 

 
Fig 4: Detection of a continuous-phase 4-FSK using energy 

detection and cyclostationary 
Feature detection. 
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Cooperative Signal Detection 
Another method for improving the signal detection 
reliability is cooperative signal detection. In such a 
method, multiple CR devices cooperate with each 
other to share information concerning the presence of 
signals detected in the LU spectrum. As a result, the 
detection ability of a CR may be improved by relying 
on other CRs in a better detecting area or located 
closer to the licensed system. The increase of signal 
detection probability is similar to that of using 
antenna diversity. Cooperative signal detection is an 
alternative to ease the RF sensitivity requirement for 
the energy detection methods and reduce the 
complicated signal processing needs for the 
cyclostationary detection methods. 
 
Signal Detection and the Feasibility of CR 
It is important to include the quality of the detection 
mechanism in the CR performance analysis. 
Unfortunately, several published works have not 
considered the implications of imperfect signal 
detection on the CR transmit power and the 
achievable CR performance. 
 
3.2. Permissible CR Transmit Power 
Once a CR has identified a spectral opportunity, it 
must understand its transmitting power limit so that 
no harmful interference will be generated to a LU 
system. The permissible CR transmit power largely 
depends on the interference power that the LU is 
able/willing to tolerate. Since the CR transmit power 
is arguably the most dominant factor in CR system 
performance, a realistic CR interference model 
becomes critical in the evaluation of CR feasibility. 
 
CR Interference Model 
Several CR interference models have been proposed 
in the literature. The simplest model assumes the 
LU’s tolerable interference is a fixed power 
threshold. The CR interfering signal presented at the 
 .ோ௫ is also considered as a fixed power levelܮ
Essentially, the permissible CR transmits power is the 
“fixed” LU tolerable interference level plus a “static” 
propagation path loss from the CR transmitter to the 
 ோ௫ . This simple signal model inherently makes theܮ
following assumptions: 
1. LU desired signal exhibits neither fading nor 
shadowing 
2. CR interfering signal exhibits neither fading nor 
shadowing. 

Given that the radio channel effects will be 
significant in the CR environment, the “fixed power 
level based” model may lead to an inaccurate 
estimation of the permissible CR transmit power. 
More recent CR studies have often adopted an outage 
probability based CR signal model to remove the 
static channel assumption arising from the fixed CR 
interference model. These models allow the 
researcher to analyse and extract important insights 
relating to CR coexistence. Apart from the CR 

interference model, there are several other factors that 
affect the permissible CR transmit power, which are 
discussed in the remainder of this subsection. 
Additional Consideration of CR Transmit Power.  A 
CR may operate by transmitting at a fixed power 
level. In such a scheme, the CR may be in either of 
the following states: 
• LU signal detected, any CR transmission is 
prohibited 
• LU signal undetected, CR is permitted to transmit at 
a predefined power level 

The fixed transmit power scheme requires 
only a binary decision (transmit / idle) from the CR 
device. The current CR standard (IEEE 802.22) 
specifies a fixed CR transmit power scheme. 
However, an adaptive CR transmit power (that allows 
a CR to transmit concurrently with the LU at a 
weaker power level) may provide a better spectral 
utilisation from a CR system. Many studies have 
recommended the adaptive CR transmit power 
scheme. Such inclusion has been shown to allow a 
better CR transmission rate and a more feasible CR 
coexistence system. 

In addition to the adaptive transmit power; 
several studies have considered the situations where 
multiple CRs are allowed to transmit simultaneously. 
A more sophisticated power allocation method is 
specified so that the aggregate CR interference at the 
LRx will not exceed the tolerable threshold. Multiple 
CR power allocation is an important aspect of CR, as 
unlicensed operations are likely to have simultaneous 
transmissions (e.g. the IEEE 802.11 wireless 
networks). 
 
3.3. Radio Channel 
In the LU signal detection process, signal variability 
can confuse a CR device when deciding the presence 
of the LU signal. For example, a “deep faded” signal 
could significantly reduce the probability of 
detection. In such a case, an event of “missed 
detection” occurs which may cause harmful 
interference to the LU. The performance of the CR 
system itself largely depends on the received signal 
that propagates through the radio channel. Therefore, 
an accurate channel model is an essential component 
for the characterisation of a CR system. The 
significance of the radio channel to the CR analysis is 
discussed in regard to the signal characterisation and 
the channel modelling in the following subsections. 
 
Signal Characterisation 

Although the effects of fading or shadowing 
have been considered in previous studies, the 
combined situation of fading and shadowing is rarely 
treated in the literature. This is mainly due to the 
mathematical complexity for modelling the signal 
variability.  
Channel Modelling 
Aside from the signal characterisation, in a CR 
environment the associated radio channels are seldom 
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reciprocal. For example the desired LU signal 
channel may be significantly different from the CR-
to-LU interference channel. In this regard, 
heterogeneous (Hetero.) channel conditions must be 
considered to fully represent a realistic CR scenario. 
 
3.4. CR System Performance 
From a CR perspective, an adequate CR system 
performance is essential to offset the costly CR 
requirements - the signal detection and transmit 
power control needed in dynamic channel conditions. 
Therefore, the CR benefits should be quantified so as 
to judge if it is worthwhile to coexist in a particular 
LU frequency band. This section presents two 
methods that have been used to quantify the 
achievable CR system performance: the reusable area 
and the transmission rate. 
 
Reusable Area 
The achievable performance of the CR system is 
quantified as the enhanced frequency utilisation per 
area. To demonstrate the use of spatial opportunity as 
a CR performance metric, one of the results from is 
displayed in Figure 5. It contains a graph of the 
percentage reusable area (Pr) with different antenna 
heights and beam widths of the CR transmitter. Pr is 
defined as the portion of an area of interest, where the 
CR is able to transmit at a desired power level 
without causing harmful interference to the LU 
system. A higher Pr indicates more spectral 
opportunities, which implies greater service coverage 
may be achieved by the CR system. Although LU 
signal detection and CR transmit power control have 
not been considered, their findings show that a 
significant area may be exploited by a CR in the 
environments investigated, especially for a narrow 
beam width and a lowly positioned CR transmitter. 

Quantifying the CR system performance by 
the reusable area approach is mathematically simpler 
than to work out the exact CR channel capacity. 
However, the information transmission rate is not 
directly provided. 

 
Fig 5: The percentage reusable area versus the antenna height 

of the CR system. 
HBS and HSS represent the height of the base station and the 

subscriber station for the licensed system, respectively. 

CR Channel Capacity 
Channel capacity is an alternative way to represent 
the benefit of CR coexistence from the information 
theory perspective. Such investigations often study 
the relation between the CR channel capacity and the 
interference inflicted on the LU. CR channel capacity 
under different fading distributions are often 
evaluated and compared. An example of using the CR 
channel capacity to quantify the CR benefit is shown 
in Figure 6. The graph presents the ergodic rate of the 
CR user versus the average gain of the interference 
channel from the CR transmitter to the LU receiver, 
i.e. ߪଶ . The ergodic rate decreases as ߪଶ  increases, 
indicating that the stronger the CR interference from 
the CR user to the LU receiver, the less the power 
that the CR can use to transmit under the constraint 
that the outage of the primary link is not degraded. 

 
Fig 6: The ergodic rate of the CR users (ܴ

ௗ  ) versus the 
variance of the estimated 

channel coefficient (ߪଶ ) . RP represents the transmission rate 
of the licensed users. 

3.5. Practicability 
Although a theoretical CR performance evaluation 
can provide insights into the likely benefits of CR 
coexistence, practicability is the most important 
factor when deploying an actual CR system. The keys 
for a successful CR in practice are an autonomous 
transmits power control, real-time based channel 
estimation, and achievable specifications of the CR 
device. 
 
IV. COOPERATIVE CR POWER CONTROL 

ALGORITHM 
 
4.1. Challenges of Power Control in Cognitive 
Radios 
A CR system should: 
1. recognise the presence of a licensed system 
reliably; 
2. operate without assistance from licensed systems; 
3. seek unused spectrum over a wide frequency range. 
4.2. Cooperative CR Network 
This section explains the use of a cooperative CR 
network to overcome the challenges for the CR TPC 
algorithm. In such a network, multiple CR devices 
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cooperate with each other to share information 
concerning the presence of signals detected in the 
licensed spectrum. It is assumed that the CR devices 
use an unlicensed channel to share the small amount 
of information required for cooperation.  

 
Fig 7: Illustration of the cooperative CR network architecture 

 
4.2.1 Network Architecture 
In a CR network, each individual CR broadcasts the 
local status of the licensed channel to other CR nodes 
within “hop range”. “Hop range” is the propagation 
distance over which two CR nodes can communicate 
with each other directly using a single wireless 
backplane channel. Channel activity information also 
“hops” from node to node and can thereby reach 
distant CRs. As a result, each CR has access to a 
collective knowledge of the licensed channel from a 
group of nodes, rather than relying solely on its own 
channel sensing. 

The cooperative network architecture is 
illustrated in Figure 7. Each node tries continuously 
to detect the presence of both the licensed signal and 
the CR interference. The CR decision to determine 
the presence of the signals can be based on the 
received SNR or other detection techniques. Nodes 
which detect the signals (vectors (a) and (b)) are 
required to alert “deaf” CR nodes (vectors (c) and 
(d)), where “deafness” is due to inadequate RF 
sensitivity or channel uncertainty. This creates a 
licensed signal indicator and a CR interference 
indicator, which effectively extend the detectable 
range of the signal and the interference, and provide a 
protective margin against the variation of signal 
strength due to shadowing and fading. The problem 
of inadequate RF sensitivity is overcome and more 
reliable performance protection is provided to the 
licensed system. 
 
4.2.2. Network Traffic Consideration 
This section presents a discussion of CR network 
traffic considerations, including the cooperation data 
content, the network control channel, and the 
requirements of the higher layer network protocols. 
Contents of Cooperation Data, the CR nodes 
collaborate by reporting their local channel status to 
each other to determine whether the current CR 
transmission is safe for the licensed system. 
Depending on the contents of the cooperation data, 

the type of such an information fusion can be 
classified as hard information-combining (HIC) or 
soft information-combining (SIC). In the former, each 
sensing node i performs a local hypothesis test and 
reports a binary variable ܤ = 1 if it detects the signal 
is present, or ܤ = 0 otherwise. In the latter, each node 
reports the full observation (e.g. SNR) to the adjacent 
nodes. Although SIC provides the CR a more 
complete sampling set of the channel status, a large 
data content must be distributed to every single 
network node. A fast CR control channel is therefore 
required to complete the information exchange in a 
relatively short period of time. On the other hand, 
HIC presents a higher efficiency in terms of network 
resource for the control traffic. Due to bandwidth and 
other practical constraints, only the HIC strategy is 
considered in the cooperative CR network analysed. 
 
Network Protocols 
Although the CR nodes transmit their bulk data on an 
available (temporarily unused) licensed frequency, 
they share the status of the licensed channel via a low 
capacity wireless “backplane”, such as an ISM band. 
Distributed Medium-Access-Control (MAC) 
protocols and routing protocols are required to handle 
the network traffic in the backplane. Fortunately, the 
technical details of these protocols are well 
established in the field of sensor networks and ad-hoc 
networks. No particular MAC or routing protocols are 
explicitly specified hereafter.  A novel cooperative 
signal detection and transmit power control algorithm 
for CR built upon this network architecture is 
described in the next Section. The algorithm is called 
the Hearsay Algorithm. 
 
4.3. Hearsay Algorithm 
The Hearsay Algorithm is a novel TPC algorithm for 
CRs in a cooperative network. Each node seeking to 
transmit is informed of the status of the LU channel 
by a chain of other CR nodes, hence the term 
“Hearsay”. 
 
4.3.1 Description of the Hearsay Algorithm 
The concept of the Hearsay algorithm is simple. All 
CR nodes listen continuously for signals from a ்ܮ௫   
and for (potentially interfering) signals from other CR 
nodes. Each node has two indicator numbers, ܦܰܫ 
and , ܦܰܫோ, which indicate how close the node is to 
a node that can “hear” (detect) directly a LU signal or 
a CR signal, respectively. If the node can detect the 
signal itself then the IND number is set to zero. If the 
node cannot detect the signal directly, but is within 
the hop range of a node that can, then the node’s IND 
number is set to “1”. If the node does not have an 
IND number of “0” or “1”, but is within the hop 
range of a node with an IND number of “1” then the 
node’s IND number is set to “2”, and so on. 

The radio signal coverage of a ்ܮ௫ or a CR 
transmitter (்ܴܥ௫) in the LU spectrum is specified by 
a parameter called HopLU or HopCR, respectively. 
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All CR nodes with an ܦܰܫ number not greater than 
HopLU are assumed to be within signal propagation 
range of the  ்ܮ௫ . All CR nodes with an INDCR 
number not greater than HopCR are assumed to be 
within the interference range of the ்ܴܥ௫. 

Whenever a CR detects that {{ ܦܰܫ  _ 
HopLU} && { ோܦܰܫ  _ HopCR}} excessive CR 
interference is present within the coverage area of the 
LU, and therefore the CR transmission power must be 
reduced. Specifying a higher HopLU or HopCR 
number equates to being more conservative in 
deciding whether it is safe for a CR to use the LU 
spectrum. 
The Hearsay algorithm is illustrated in Figure 8, 
where the HopLU and the HopCR are assumed to be 
2 and 3, respectively. In (a), none of the nodes has 
{{ ܦܰܫ  _ HopLU} && { ோܦܰܫ  _ HopCR}}. 
Therefore the ்ܴܥ௫  may increase its transmission 
power if necessary. In (b), as the CR power increases, 
eventually a CR node will have {{ܦܰܫ _ HopLU} 
ோܦܰܫ} &&  _ HopCR}} therefore a reduce power 
request will be sent to the ௫்ܴܥ   to lessen the 
interference generated to the LU system. Figure 9(a) 
presents the procedure for a CR node seeking to 
transmit on a LU channel. The ்ܴܥ௫  is initially 
allowed to transmit at a low predefined power if at 
that node {{ ܦܰܫ  _ HopLU}. Subsequently, the 
௫்ܴܥ   may increase its power until a reduce power 
request is received on the backplane channel. This 
power threshold is the maximum allowable CR 
power. 

 
Fig 8: Illustration of CR power control process. The example 
uses a HopLU of 2 and a HopCR of 3 to extend the detectable 

range. 

 
Fig 9: Hearsay algorithm 

Figure 9(b) presents the procedure for all nodes in the 
cooperative network. Each CR continuously updates 
its IND numbers and broadcasts the numbers to the 
neighboring nodes. (A CR may receive different 
values of IND number from the neighboring nodes 
simultaneously. A CR should use the lowest received 
IND number to determine its own.) If a CR has 
{{ ܦܰܫ  _ HopLU} && { ோܦܰܫ  _ HopCR}}, it 
sends a reduce power request to the  ்ܴܥ௫ . Both 
procedures are executed continuously or performed 
periodically to capture any possible change of status 
due to channel variations,  ்ܮ௫ power 
adjustments, or CR node movements, etc. 
 
4.3.2. Benefits of the Hearsay Algorithm 
There are numerous benefits to a CR from the 
Hearsay Algorithm: 

 The Hearsay algorithm extends the effective 
detectable range of signals in the LU 
band. This feature overcomes the problems 
of inadequate CR sensitivity and creates 
a protective margin against the signal 
variations due to propagation uncertainty. 

 Very few control messages are needed in the 
process of information sharing (only 
ܦܰܫ ோܦܰܫ ,  , and the reduce power 
request). Consequently, this allows easy 
implementation using existing distributed 
protocols. 

 The Hearsay algorithm requires no 
cooperation from the LU. This removes the 
burden of the LU to transmit additional 
information for CR operation. 

 
V. SIMULATION RESULTS 
 
Simulation has been used to investigate the 
performance of the Hearsay algorithm. The 
performance metrics are: 
1. The achievable CR transmits power (ݑ); 
2. The probability of harmful interference ( ுܲூ); 
3. The probability of false alarm ( ிܲ). 

 
Fig 10: A snapshot of the simulation demonstrating a 

successful LU protection when the Hearsay algorithm is 
applied. 
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The aim of the simulation is to examine the 
performance of the Hearsay algorithm under different 
channel conditions. The algorithm is implemented in 
Matlab. During the simulation, a quarter-circular area 
with a 1,000 m radius is considered as shown in 
Figure 10. A  ்ܮ௫  is located at the origin at the 
bottom-left corner. It is always transmitting on its 
spectrum during the entire course of the simulation. 
A ௫்ܴܥ   is attempting to transmit on the licensed 
spectrum at 1 km from the  ்ܮ௫. The theoretical limit 
on the allowable CR power (ݑ) in this scenario is 17 
dBm. 

Simulation begins by randomly generating a 
number of ܮோ௫ and a number of CR sensors inside the 
LU coverage and the simulation boundary, 
respectively. The ்ܴܥ௫ then sends out a transmission 
request to other CR nodes. Immediately afterward, 
the Hearsay algorithm is applied to the network. 
Meanwhile, the  ்ܴܥ௫is allowed to gradually increase 
its transmit power until: 1) a reduce power request is 
received or 2) a predefined maximum CR power is 
reached (the maximum power is assumed to be 25 
dBm in this analysis). The output of the simulation is 
the final CR power (ua) and a performance check 
result for the LU system. This process is performed 
1,000 times to obtain an average CR power for each 
combination of HopLU and HopCR. The simulation 
is repeated using different values of signal variability 
(_ = 0, 4, 8, 12 dB). 

During each simulation, an event of harmful 
interference occurs when one or more  ܮோ௫ experience 
Pout > Pmax due to CR interference; an event of false 
alarm occurs when the algorithm mistakenly denies 
the transmission request of a  ்ܴܥ௫ . A transmission 
request is considered as denied if the final CR power 
is below -10 dBm (i.e. 27 dB below  ݑ). Thus, PHI 
and PFA are computed by counting the number of 
events occurring over the total number of simulations. 

 
It is assumed that the density of the CR 

sensor network is 255 per km2, which is equivalent to 
200 nodes in the scenario considered. It is further 
assumed that a CR cannot recognise any signal at 
levels below m0, thereby assuming CRs are less 
sensitive than  ܮோ௫  (-100 dBm). The above 
assumptions are for illustrative purpose only. Without 
loss of generality, no particular application is 
explicitly specified. 
 
VI. FUTURE SCOPE 
 
The key factor in the success of any CR network will 
be the ability of the controlling elements to establish 
and maintain control. The term “control” includes 
both administrative and technical control of the 
operation of the network. Current spectral regulatory 
organisation has full control in coordinating the radio 
frequency usage. However, in the “on-demand” 
spectrum pooling system, the responsibility of this 
control will partially shift to the users. Although 

some users may have priority over others in accessing 
certain frequency bands, negotiation among users will 
be required to decide the exact frequency use that is 
best for the overall community. 

Since the spectral regulatory organisation is 
likely to hand off the control to the users, its future 
role becomes to establish a spectrum access rule set 
for the dynamic frequency users. It then has to 
supervise the users to ensure that the regulation has 
been followed. Penalties may be applied to those 
users that violate the spectrum use rule set. 
 
CONCLUSIONS 
 
Hearsay Algorithm are the elimination of real-time 
channel parameter estimation and the removal of LU-
aided CR operation control. Given the cooperative 
network density and the available CR device 
sensitivity, with careful selection of algorithm 
parameters, simulation results show that the Hearsay 
Algorithm is able to provide a low probability of 
harmful interference to the LU in a wide range of 
propagation environments. The algorithm has 
demonstrated that the theoretical CR performance 
may be achievable and a practical CR system 
independent of LU may be feasible. 
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