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Spectrum Usage

4
A. Ghasemi and E.S. Sousa, "Spectrum Sensing in Cognitive Radio Networks: Requirements, Challenges and 
Design Trade-offs", IEEE Communications Magazine, April 2008



Spectrum Usage

• Cognitive radio: A radio that can change its transmitter 
parameters based on interaction with the environment in 
which it operates.

5YaGun Wu, "A Survey of Spectrum Sensing Algorithm for Cognitive Radio Applications", netlab



Spectrum Holes
• Main aspect: One main aspect of cognitive radio is related to 

autonomously exploiting locally unused spectrum to provide new 
paths to spectrum access.
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CR and OSA

• A Cognitive Radio (CR) is an intelligent wireless 
communication system capable of gathering knowledge 
of its surrounding radio environment, which it then uses 
to increase its communication channel reliability and to 
dynamically access underutilized spectrum resources. 

• Opportunistic Spectrum Access (OSA) is currently one of 
the main applications of CR. 
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The CR Cycle

• Functions
– Spectrum sensing
– Spectrum management
– Spectrum sharing
– Spectrum mobility

• Cognitive Cycle
– Spectrum sensing
– Spectrum analysis
– Spectrum decision

8
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Classification of 
WS identification methods

9A. Ghasemi and E.S. Sousa, "Spectrum Sensing in Cognitive Radio Networks: Requirements, Challenges and 
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Several Aspects of SS

11YaGun Wu, "A Survey of Spectrum Sensing Algorithm for Cognitive Radio Applications", netlab



Multi-Dimensional Spectrum 
Awareness

• Conventional sensing methods usually exploits three 
dimensions: frequency, time, and space.

• Multi-dimensional spectrum awareness: include the 
process of identifying occupancy in all dimensions of 
the spectrum space and finding spectrum holes, or 
more precisely spectrum space holes.

12YaGun Wu, "A Survey of Spectrum Sensing Algorithm for Cognitive Radio Applications", netlab



Multi-Dimensional Spectrum 
Awareness

13YaGun Wu, "A Survey of Spectrum Sensing Algorithm for Cognitive Radio Applications", netlab



Multi-Dimensional Spectrum 
Awareness

14YaGun Wu, "A Survey of Spectrum Sensing Algorithm for Cognitive Radio Applications", netlab



Challenges

• Hardware requirements
• Hidden primary user problem
• Detecting spread spectrum primary users
• Sensing duration and frequency
• Decision fusion in cooperative sensing

15YaGun Wu, "A Survey of Spectrum Sensing Algorithm for Cognitive Radio Applications", netlab



Single-Radio and Dual-Radio

• Two different architectures of sensing
single-radio: only a specific time slot is allocated for spectrum 
sensing.
dual-radio: one radio chain is dedicated for data transmission and 
reception while the other chain is dedicated for spectrum 
monitoring

16YaGun Wu, "A Survey of Spectrum Sensing Algorithm for Cognitive Radio Applications", netlab



Challenges

• Hidden primary user problem: 
many factors including severe 
multipath fading or shadowing 
observed by secondary users 
while scanning for primary users’ 
transmissions.

• Detecting spread spectrum primary users: The two major 
spread spectrum technologies are frequency hoping 
spread-spectrum (FHSS) and direct-sequence spread 
spectrum (DSSS).

17YaGun Wu, "A Survey of Spectrum Sensing Algorithm for Cognitive Radio Applications", netlab



Challenges

• Sensing duration and frequency: In order to prevent 
interference to and from primary license owners, 
cognitive radio should be able to identify the presence of 
primary users as quickly as possible.

18YaGun Wu, "A Survey of Spectrum Sensing Algorithm for Cognitive Radio Applications", netlab



Spectrum Sensing Methods

• Energy Detector Based Sensing
– The signal is detected by comparing the output of 

the energy detector with a threshold which 
depends on the noise floor.

– Inability to differentiate interference from primary 
users and noise, and poor performance under low 
signal-to-noise ratio (SNR)values.

19YaGun Wu, "A Survey of Spectrum Sensing Algorithm for Cognitive Radio Applications", netlab



Spectrum Sensing Methods

• Waveform-Based Sensing
– Known patterns are usually utilized in wireless 

systems to assist synchronization or for other 
purposes. Such patterns include preambles, 
midambles, regularly transmitted pilot patterns, 
spreading sequences etc.

– Waveform-based sensing requires short 
measurement time.

20YaGun Wu, "A Survey of Spectrum Sensing Algorithm for Cognitive Radio Applications", netlab



Spectrum Sensing Methods

• Cyclostationarity-Based Sensing
– Cyclostationarity feature detection is a method for 

detecting primary user transmissions by exploiting 
the cyclostationarity features of the received 
signals.

– The cyclostationarity based detection algorithms 
can differentiate noise from primary users’ signals.

21YaGun Wu, "A Survey of Spectrum Sensing Algorithm for Cognitive Radio Applications", netlab



Spectrum Sensing Methods

• Matched-Filtering
– known as the optimum method for detection of 

primary users when the transmitted signal is 
known. It requires perfect knowledge of the 
primary users signaling features.

22YaGun Wu, "A Survey of Spectrum Sensing Algorithm for Cognitive Radio Applications", netlab



Comparison of Various Sensing 
Methods

23

• Waveform-based sensing is more robust than energy 
detector and cyclostationarity based methods.

• Energy detector based sensing is limited.

• Cyclostationary-based methods perform worse than 
energy detector based sensing methods when the noise 
is stationary.

YaGun Wu, "A Survey of Spectrum Sensing Algorithm for Cognitive Radio Applications", netlab



Comparison of Various Sensing 
Methods

24YaGun Wu, "A Survey of Spectrum Sensing Algorithm for Cognitive Radio Applications", netlab



Cooperative Sensing

• Cooperative sensing decreases the probabilities of 
misdetection and false alarm considerably. It can solve 
hidden primary user problem and it can decrease 
sensing time.

• Using control channel to share spectrum sensing result.

• Collaborative spectrum sensing is most effective when 
collaborating cognitive radios observe independent 
fading or shadowing.

25YaGun Wu, "A Survey of Spectrum Sensing Algorithm for Cognitive Radio Applications", netlab



Cooperative Sensing

26A. Ghasemi and E.S. Sousa, "Spectrum Sensing in Cognitive Radio Networks: Requirements, Challenges and 
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Cooperative Sensing
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Centralized ,Distributed
Sensing and External Sensing

Centralized Sensing
• In centralized sensing, a central unit collects sensing 

information from cognitive devices, identifies the 
available spectrum, and broadcasts this information to 
other cognitive radios or directly controls the cognitive 
radio traffic.

• Only the cognitive radios with reliable information are 
allowed to report their decisions to the central unit.

28YaGun Wu, "A Survey of Spectrum Sensing Algorithm for Cognitive Radio Applications", netlab



Centralized ,Distributed
Sensing and External Sensing

Distributed Sensing
• In the case of distributed sensing, cognitive nodes share 

information among each other but they make their own 
decisions as to which part of the spectrum they can use.

• Only final decisions are shared in order to minimize the 
network overhead due to collaboration.

External Sensing
• An external agent performs the sensing and broadcasts the 

channel occupancy information to cognitive radios.

29YaGun Wu, "A Survey of Spectrum Sensing Algorithm for Cognitive Radio Applications", netlab



Spectrum Sensing in Current Wireless 
Standards

• IEEE 802.11k: It is a standard for radio resource management. Some of the 
measurements include channel load report, noise histogram report and 
station statistic report.

• Bluetooth: Adaptive frequency hopping (AFH), is introduced to the Bluetooth 
standard to reduce interference between wireless technologies sharing the 
2.4GHz unlicensed radio spectrum.

30YaGun Wu, "A Survey of Spectrum Sensing Algorithm for Cognitive Radio Applications", netlab



Spectrum Sensing in Current Wireless 
Standards

• IEEE 802.22: It based wireless regional area network 
(WRAN) devices sense TV channels and identify 
transmission opportunities. Practical example of 
centralized collaborative sensing.

31YaGun Wu, "A Survey of Spectrum Sensing Algorithm for Cognitive Radio Applications", netlab
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The “Sweet” Spot

• OSA: new spectrum sharing paradigm that allows 
unlicensed secondary users (SU) to opportunistically 
access spectrum holes, called white spaces (WS), in the 
bands for which the primary users (PUs) hold a license.

• Although CR systems can be envisaged in any part of the 
radio spectrum, the frequency range considered more 
appropriate for their implementation is located between 
100 MHz and 10 GHz. 

• This includes the 300-3000 MHz range that OFCOM has 
dubbed the sweet spot for spectrum sharing. 
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Very Low and Very High

• Frequencies below 100 MHz present several challenges, 
including long range interference caused by ionosphere 
effects and prohibitively large antenna sizes as a 
consequence of the large wavelengths. Furthermore, the 
bandwidth provided is not large enough to make 
spectrum sharing economically attractive. 

• At frequencies above 10 GHz, the atmosphere and rain 
attenuation and the cost of devices become the major 
obstacles, at least in an early stage, to CR deployment.
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White Spaces (WS)

• For a specific secondary system, a spectrum resource is 
considered a white space if its utilization will not cause 
enough interference on incumbent communication 
systems to disrupt their communications at a given target 
performance level.

• Therefore, WS availability must be assessed based on 
several operational, propagation and geographic 
parameters, namely: systems’ coverage area, occupied 
bandwidth, sensitivity to interference, adjacent channel 
attenuation, center frequency, user location and density 
and the type of propagation environment 
(indoor/outdoor and urban/rural). 35



WS Detection Techniques

• The four main spectrum access techniques 
proposed in the literature for the detection of 
WSs are:
– Spectrum Sensing (SS)
– Cooperative Spectrum Sensing (CSS)
– Geolocation Database (GL-DB) 
– Beacon signaling

36



Bands & Spectrum Access Techniques
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(Cooperative) Spectrum Sensing

• Spectrum sensing targets the detection of primary systems’ 
activity during their regular operation

• Its attractiveness lies in its simplicity, high flexibility and low 
infrastructure requirements

• One of its disadvantages is the inability to detect hidden receivers

• Cooperative spectrum sensing tackles the hidden node problem 
by allowing multiple CR devices to share their sensing results, 
which are then used to reach a conclusion about the 
presence/absence of a primary system in a certain region and 
band.
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GL-DB, Beaconing and Hybrid

• In the GL-DB technique, each CR device estimates its 
position through GPS or another localization mechanism 
and queries a database for the nearby licensed channels’ 
availability. 

• Beacon signaling is a technique where the incumbent 
devices cooperate with secondary users by informing 
them about the spectrum resources that are being 
utilized. 

• Hybrid schemes such as GL-DB+SS are also attractive 
solutions, as they can overcome the limitations of each 
individual technique.

39



FCC vs. Spectrum Sensing

• In May 2004, the FCC announced the TV White Space 
(TVWS) initiative, aiming at the opening of this part of 
the radio spectrum for unlicensed secondary use 

• It was initially defined that the TV Band Devices (TVBD) 
must support spectrum sensing and geolocation coupled 
with access to a database to ensure the protection of 
both TV and wireless microphone incumbent systems

• Eventually, concerns with spectrum sensing viability 
made the FCC drop this requirement in 2010

40



Lecture’s Rationale
• These regulatory decisions have prompted discussion about 

the role of each different spectrum access technique on the 
bands expected to be made available for opportunistic use in 
the future.

• To help answer this question, in this lecture we analyze the 
adequacy of spectrum sensing, cooperative sensing, 
geolocation database and beacon signaling in three of the 
main sets of bands currently being considered for 
opportunistic use: TV, cellular and radar. 

• We chose the TV, radar, and cellular bands based on the 
economic attractiveness and diversity of technical challenges 
associated with the opportunistic use of these bands.

41



Radio Environmental Factors

• Depending on the scenario where OSA is applied, the 
different WS detection techniques will have different 
specifications and requirements.

• For instance, the number of operations a GL-DB has to 
perform per second to be kept up-to-date will depend on 
the number of existing incumbent devices and how 
frequently their operating parameters vary.

• Spectrum sensing complexity and detection times, on the 
other hand, will be related to the duty cycle of primary 
systems’ transmissions and how easily their signals can be 
distinguished from noise

42
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Spectrum Sensing

• Local Spectrum Sensing (SS) is the spectrum access 
technique that has received the most attention from the 
CR research community, due to its flexibility and the fact 
that it does not require any alterations in legacy systems 
or additional infrastructure. 

• Its ability to adapt in real time to changes in the radio 
environment, by periodically sensing the PUs’ channels 
during their normal operation, has been one of the most 
appealing arguments in favor of spectrum sensing, as it 
allows efficient exploitation of the temporal spectrum 
opportunities provided by licensed users in each band.

44



Spectrum Sensing - Techniques

• The three standard spectrum sensing techniques are:
– Matched Filter (MF)
– Energy Detection (ED) 
– Feature Detection (FD) 

• When the primary signal structure is perfectly known, 
the optimal detector is the MF. This method, however, 
becomes overly complex as the number of different 
bands in which CR operates increases, since it requires 
dedicated circuitry for each type of primary system.
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Spectrum Sensing - Techniques

• ED is the simplest sensing scheme, does not require 
knowledge of the primary system and has optimal 
performance when signals are Gaussian. However, it is 
incapable of distinguishing interference from noise and 
its performance degrades rapidly when the noise power 
is not perfectly known. 

• FD relies on the detection of the intrinsic periodicities 
embedded in modulated signals to distinguish them from 
Gaussian noise. However, it also requires knowing a 
priori the primary signal modulation scheme, and its 
complexity can sometimes become prohibitively high.
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Mapping 
Radio Environment – Spectrum Sensing
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Geolocation Database

• In this technique, a centralized database stores information
regarding primary users’ spectrum use and position, which
it then uses to draw conclusions regarding spectrum
occupancy in each region.

• Secondary devices estimate their position using a
localization device such as GPS and send the resulting
coordinates to the database.

• The database then replies with a map of the channels
which are available for use, considering the querying
device’s operating parameters and location.
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Geolocation Database

• Distinctly from SS, GL-DB calculates the interference
created between communication systems through
theoretical propagation models rather than actual
measurements.

• To avoid prohibitively high complexity, it first divides the
terrain into squares with different latitude, longitude and
altitude, each one representing a point or pixel on a
geographical grid.

49



Geolocation Database

• Primary systems operating parameters such as equivalent
isotropic radiated power (EIRP), center frequency,
bandwidth, location and expected duration of channel
usage, also stored in the database, are then used to draw
the incumbent systems’ exclusion zones/keep-out regions
as shown in next slide’s figure.
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Database – Channel Availability
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Geolocation Database

• The decision of whether a querying CR device is authorized
to transmit on a specific channel will depend on whether
its coordinates are inside a grid pixel that belongs to one of
these exclusion zones.

• The increased interest in the GL-DB method for TVWS
relates to the fact that it can grant higher protection to
incumbents than SS by using more conservative
propagation models and to the fact that patterns of activity
by most incumbents in the TV bands are fairly stationary in
time.
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Geolocation Database

• As a downside, the GL-DB method requires CR devices to
be equipped with localization mechanisms such as GPS to
get their coordinates and with out-of-band connectivity to
access the database.

• There are also some concerns about how the database will
be designed to support several radio bands with distinct
characteristics and its liability to become a single point of
failure.
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Database, PU and Consultation 
Periodicity

54



Database – Exclusion Zone
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Mapping 
Radio Environment - Database
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Beacon Signaling
• In this spectrum sharing approach, primary licensed 

devices cooperate with secondary devices by transmitting 
information regarding their spectrum resources utilization 
through beacons.

• Although an attractive solution for spectrum sharing, it 
raises several implementation issues, one of them being 
the fact its deployment usually requires significant changes 
in legacy systems’ infrastructure.

• These changes are not only unattractive to incumbent 
users, but also infeasible to implement in cases when the 
technology is too widespread (e.g. cellular and WLAN). 
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Beacon Signaling

• The lack of a global consensus on what band the beacons 
should use to transmit also represents a barrier to the 
deployment of this method in the near future.

• Beacon information can be modulated through carrier 
tones or through direct sequence spreading codes. 

• Although more complex, the latter is considered more 
reliable, as it usually inflicts less interference on licensed 
operation and it is not so easily mistaken for spurious 
signals or harmonics from other bands.
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Beacon Signaling

• Beacon devices can be of four different types, depending 
on the entity that manages and emits their radio 
environment information: 
– per-transmitter
– receiver
– unlicensed 
– area beacon

• In this lecture, special emphasis will be given to the 
receiver and area beacons which have clear advantages 
when compared to the other two.
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Beacon Signaling

• Receiver beacon (RB) – This device is integrated in the primary 
system receiver. Its main advantage comes from the fact it 
removes the hidden node problem.

• Area beacon (AB) – The area beacon is a dedicated device that 
disseminates channel availability information for a certain 
region, previously stored in a database
– Offers a standardized access to the GL-DB information without the 

need for CRs to directly query the database
– Makes the GL-DB less costly, more secure and less predisposed to 

jams and floods of queries, as it would only be accessed by the 
ABs, far less numerous than individual secondary devices

– Less dynamic than infrastructure-independent spectrum access 
techniques, due to the update delays of the centralized database.
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Mapping 
Radio Environment - Beaconing
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Cooperative Sensing

• Several propagation factors such as multipath fading, 
shadowing and, consequently, the hidden terminal 
problem may affect spectrum sensing performance. 

• This could be, however, mitigated if individual SS results 
were shared between CR devices at different positions and 
turned into a combined decision regarding the availability 
of a specific channel. 

• This mechanism is called cooperative spectrum sensing 
(CSS) and is illustrated in next slide’s figure. Besides the 
contribution to the reduction of the hidden node effect, 
CSS may also decrease individual CR devices’ sensing time.62



Cooperative Sensing
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Cooperative Sensing

• One of the main obstacles to CSS implementation has been 
the lack of performance guarantees it can provide, as its 
achievable detection level depends on the number of 
nodes involved in the cooperating process and on whether 
their individual samples are under the effect of spatially 
correlated shadowing. 

• CSS also adds overhead to CR devices for the exchange of 
the individual observations and often implies the usage of 
a common control channel (CCC).
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Mapping 
Radio Environment-Cooperative SS
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Radar Bands

• Radars are object detection systems with application in 
several different areas such as aeronautical and maritime 
radionavigation, weather forecast and radiolocation. 

• They occupy a significant portion of the international 
radio spectrum and, different from TV and cellular 
technologies, their spectrum occupancy is usually under 
5 % and does not significantly vary throughout a day. 

• For this reason, radar bands are nowadays seen as 
particularly promising candidates for opportunistic 
access.
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Radar Bands

• The most adequate radar bands for secondary use are the 
L, S and C bands between 960-1400 MHz, 2.7-3.6 GHz and 
5.0-5.850 GHz, respectively. 

• These frequencies are sufficiently low to avoid high power 
consumption and the usage of highly directional antennas, 
and sufficiently high to offer considerable bandwidths 
when compared to VHF, for example. 

• Furthermore, they are close to the cellular and ISM bands 
used for 2G/3G/4G and WiFi, respectively, facilitating the 
production of devices capable of using all these 
frequencies. 68



Radar Bands

• Spatial sharing is one of the most attractive aspects of 
radar bands, due to the limited number and usually fixed 
and well known position of their incumbents. 

• However, the radars’ high transmission powers and 
heavy deployment in coastal regions can block a large 
percentage of the world population from accessing this 
spectrum.
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Radar Bands

• Let us take as an example primary radar systems with highly 
directional rotating antennas. 

• From a temporal sharing perspective, a considerable amount of 
spectrum opportunities can be exploited in this scenario by only 
allowing CR devices to transmit when the radar antenna’s main 
beam is pointing in another direction. 

• However, this requires some kind of synchronization of the CR 
devices with these antennas’ sweep patterns, which might be 
technically challenging considering the diversity of incumbents 
operating in these bands and the fact that radar systems may 
also suffer interference through their antennas’ side-lobes.
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Radars’ RE factors
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Radars’ RE factors
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Radars – SS specs
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Radars – GL-DB specs
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Radars – Cooperative SS specs

76



Cellular Bands

• Cellular networks offer to mobile phones in any location a 
wide range of services such as telephony, text messaging 
and Internet access, by virtue of an infrastructure of 
strategically located base stations or cell sites. 

• These systems currently occupy a considerable portion of 
the spectrum, with a tendency to increase as new mobile 
standards are introduced into the market. 

• Despite the large number of costumers, studies reveal that 
cellular systems’ spectrum occupancy is low in rural areas 
and during night time periods.
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Cellular Bands

• The employment of high frequency reuse ratios, such as 
in GSM and LTE, also contributes to this low occupancy, 
as it leaves several carriers unutilized in each different 
cell. 

• Some studies also point out the underutilization of 
cellular uplink bands as a result of Internet traffic 
asymmetry and the base station’s higher transmit powers 
and continuous transmission on the logical channels in 
the DL band.
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Cellular Bands

• In the long term, as the percentage of spectrum occupied 
by cellular networks increases and more technologies are 
introduced in the market, it becomes more challenging for 
operators to maintain the costly exclusive access to their 
spectrum.

• On the other hand, conventional OSA in cellular bands is 
not as conceivable as it is in the TVWS and radar bands due 
to technical difficulties associated with the pervasive 
coverage, dynamic traffic patterns, the presence of 
different services with different QoS requirements and the 
fast adaptive power control of cellular systems. 
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Cellular Bands

• In order for spectrum owners to keep control of the access 
to their spectrum and, simultaneously, ensure the 
maximum exploitation of their resources with no 
considerable service degradation, a more centralized and 
coordinated DSA approach, accomplished with the 
assistance of operators acting through spectrum brokers, 
has been suggested in literature. 

• This would enable spectrum sharing between multiple 
operators and radio access networks and facilitate 
regulators’ control of spectrum usage by providing support 
to secondary systems in the identification of spectrum 
opportunities. 80



Cellular Bands

• According to this spectrum sharing framework, the unused 
frequencies inherent to cellular bands can be exploited by 
cognitive radio technology for the deployment of small 
scale secondary networks, such as Machine to Machine 
(M2M) communication and monitoring 

• Cellular bands can also be exploited for spectrum sharing 
among operators, to facilitate the repurpose and 
switchover (i.e. refarming) between different radio access 
technologies (RAT) (e.g. 2G to 4G), inter-band carrier 
aggregation, multihop relay and the deployment of low-
power, self-configuring small cells.
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Cellular Bands – Beacon specs
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Cellular Bands – SS specs
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Cellular Bands –
Cooperative SS specs
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Cellular Bands – GL-DB specs
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TV Bands

• In May 2004, the FCC announced the TV White Space 
(TVWS) initiative, aiming to open some of the broadcast 
TV bands for license-exempt secondary use. 

• Several companies have shown their interest in this part 
of the spectrum for its exceptional propagation 
characteristics, suitable for the delivery of new 
communication services such as wireless broadband to 
underserved rural areas, enhanced Wi-Fi and Machine-
to-Machine (M2M) communications. 
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TV Bands

• Studies estimated that up to 250 MHz of this band is 
available in most rural areas. In more dense urban 
scenarios, multiple unoccupied 6 MHz channels can still 
be found.
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TV’s RE factors

90



TV’s RE factors
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WM’s RE factors
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WM’s RE factors
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TV – SS specs
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WM – SS specs
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TV – GL-DB specs
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WM – GL-DB specs
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TV – Beacon specs
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WM – Beacon specs
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TV – Cooperative SS specs
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WM – Cooperative SS specs
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