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Fixed Spectrum UtilizationFixed Spectrum Utilization

PSD (Power Spectrum Density)

GHz
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Freq (GHz)Freq (GHz) 0~10~1 1~21~2 2~32~3
Utilization (%)Utilization (%) 54.454.4 35.135.1 7.67.6

3~43~4 4~54~5 5~65~6
0.250.25 0.1280.128 4.64.6

Measurements show that there is a wide range of spectrum utilizations 
across 6 GHz of spectrum

COGNITIVE RADIO NETWORKS; 
DYNAMIC SPECTRUM ALLOCATION NETWORKS (DSANs);

xG INITIATIVE
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Dynamic Spectrum Dynamic Spectrum 
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A “Cognitive Radio” is the key enabling technology 
f  D i  S  A !!

COGNITIVE RADIO

NOMS 2008 Keynote Speech

for Dynamic Spectrum Access!!

Capability to use or share the spectrum in an 
opportunistic manner -> “BANDWIDTH HARVESTING”
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Dynamic spectrum access techniques allow the 
CR to operate in the best available channel

Ultimate Objective of Cognitive RadioUltimate Objective of Cognitive Radio

CR enables the usage of temporally unused spectrum CR enables the usage of temporally unused spectrum g p y pg p y p
Spectrum HoleSpectrum Hole or or White SpaceWhite Space..

If this band will be used by a licensed user, If this band will be used by a licensed user, 
CR moves to another spectrum holeCR moves to another spectrum hole
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Alters its transmission power level or modulation Alters its transmission power level or modulation 
scheme to avoid interferencescheme to avoid interference
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Spectrum Hole ConceptSpectrum Hole Concept

Spectrum HolesPower
Frequency

Spectrum Holes
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Time
Spectrum Occupied 
by Licensed Users

Senses RF Environment and modifies frequency, 

FEATURES OF COGNITIVE RADIO

q y
power or modulation
Dynamic Spectrum Selection

Adaptive Modulation
Adaptive Power Control
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p
Real Time Spectrum Management
Significantly Increases Spectrum Efficiency
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OVERALL VIEWOVERALL VIEW
Applications

TCP/UDP

IP

MAC

Error Control

Physical
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Dynamic Spectrum Dynamic Spectrum 
AllocationAllocation

Wireless
LANs & MANs

Cellular
(2,3,4-G)

Mesh Networks
Sensor

Networks

WiMAXWiMAX

COGNITIVE RADIOCOGNITIVE RADIO NETWORKNETWORK
COMMUNICATION FUNCTIONALITIESCOMMUNICATION FUNCTIONALITIES

QoS Requirements
Application Control

Application

Spectrum 
Mobility
Function

Spectrum 
Decision
Function

Reconfiguration

Routing Information/
Reconfiguration

Routing Information

Handoff Delay, Loss

Scheduling 
Information/

Reconfiguration
Link Layer 

Delay Link Layer

Transport 

Network Layer

Spectrum
Sharing
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Sensing Information 
/ Reconfiguration

Handoff Decision, Current and Candidate Spectrum Information

Sensing 
Information

Physical  Layer

Spectrum 
Sensing



7

A “Cognitive Radio” is a radio that can 

WHAT IS A COGNITIVE RADIO?

A Cognitive Radio is a radio that can 
change its transmitter parameters based on 
interaction with the environment in which it 
operates. (Federal Com Commission’2005)
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FCC (Non-Federal Use of the Spectrum)

Cognitive Radio Network ArchitectureCognitive Radio Network Architecture

Unlicensed Band
Primary 

CR 
User

Spectrum Band

Spectrum Broker

Primary 
Base-station

Primary 
User

Licensed Band I

Licensed Band II
CR Network

Access

Network
Access

CR 
Ad Hoc 
Access

CR 
Base-station

Other 
Cognitive 
Radio 

Networks
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Primary Network

Licensed Band II Access

Cognitive Radio Network
(Without Infrastructure)

Cognitive Radio Network 
(With Infrastructure)
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Primary NetworkPrimary Network

A  i ti  t k i f t t  hi h h  A  i ti  t k i f t t  hi h h  An existing network infrastructure which has An existing network infrastructure which has 
an an access access right to a certainright to a certain spectrum band. spectrum band. 

e.g., Common cellular systems and e.g., Common cellular systems and 
TV broadcast networks.TV broadcast networks.
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TV broadcast networks.TV broadcast networks.

Primary UserPrimary User
(or Licensed User)(or Licensed User)

*   Has a license to operate in a certain spectrum band. *   Has a license to operate in a certain spectrum band. 

REMARK:REMARK:
Primary users do not need any modification or additional Primary users do not need any modification or additional 
f  f  f  f   h R  h R 
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functions for cofunctions for co--existence with CR usersexistence with CR users
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Cognitive Radio  NetworkCognitive Radio  Network
(or Dynamic Spectrum Access Network, (or Dynamic Spectrum Access Network, 

or Secondary Network or Unlicensed Network)or Secondary Network or Unlicensed Network)

* Does not have license to operate in a desired band.* Does not have license to operate in a desired band.

* Hence, the spectrum access is allowed only in an * Hence, the spectrum access is allowed only in an 
opportunistic manner !opportunistic manner !
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Cognitive Radio UserCognitive Radio User
(or Unlicensed User, Secondary User)(or Unlicensed User, Secondary User)

has no spectrum license has no spectrum license 

Hence, additional functionalities are required Hence, additional functionalities are required 
to share the licensed spectrum band !to share the licensed spectrum band !
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to share the licensed spectrum band !to share the licensed spectrum band !
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1)  Determine which portions of the spectrum is available and detect the 

SPECTRUM MANAGEMENT FRAMEWORK

p p
presence of licensed users when a user operates in a licensed band
(Spectrum Sensing)

2)  Select the best available channel (Spectrum Decision)
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3)  Coordinate access to this channel with other users (Spectrum Sharing)

4)  Vacate the channel when a licensed user is detected
(Spectrum Mobility Spectrum Handoff)

COGNITIVE CYCLECOGNITIVE CYCLE

RF 

Radio Environment
Transmitted 

Signal

Spectrum
Sh i

Spectrum
Sensing

Primary User 
Detection

RF 
Stimuli

Spectrum 
Hole

Spectrum
Mobility

Decision 
Request

Spectrum (Channel)
Characterization
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Sharing

Spectrum
Decision

Channel 
Capacity

Hole
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What is Spectrum Sensing ?What is Spectrum Sensing ?

 d   h lHow to detect spectrum holes
by the COGNITIVE RADIO so that
it can adapt itself to its environment !!
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Classification of Spectrum Classification of Spectrum 
Sensing TechniquesSensing Techniques

Spectrum Sensing 

Interference
Temperature
Management

Transmitter 
Detection

p g

Receiver
Detection
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Matched Filter
Detection

Energy
Detection

Cyclostationary
Feature Detection
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Limitations of the TransmitterLimitations of the Transmitter DetectionDetection

Hidden Terminal Problem due to 
Shadowing

CR
Transmitter

RangeInterference

Shadowing ProblemShadowing ProblemReceiver Uncertainty ProblemReceiver Uncertainty Problem

CR
Transmitter

RangeCR User

Primary 
Transmitter 

Primary Base-station

Primary 
Transmitter 

Range

Primary User

Range

Interference

CR User

Cannot 
detect the 
tr nsmitt r
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Interference due to uncertainty of 
receiver location Primary Base-station

Transmitter 
Range

Primary User

Primary User transmitter

Cannot 
detect the
transmitter

Transmitter DetectionTransmitter Detection
NonNon--Cooperative vs Cooperative DetectionCooperative vs Cooperative Detection

Detection Method Detection Behavior 

Transmitter 
Detection

Matched Filter Energy Cyclostationary

Transmitter 
Detection

Non-Cooperative Cooperative
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Matched Filter
Detection

Energy
Detection

Cyclostationary
Feature 
Detection

Non ooperative
Detection

Cooperative
Detection
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Cooperative DetectionCooperative Detection
Shadowing

Cannot detect 
th  i   

Detect the 
primary user 
correctly

CR User 3

BUSYBUSYBUSY

Primary 
Base-station

Multi-path fading
Weak signals are 
received due to the 

the primary user 
due to the 
obstacles

CR User 1
IDLE
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Primary 
User

received due to the 
multi-path fading  

may not detect 
the primary user

By exchanging their 
sensing information, CR 
users can detect the 
primary user under 
fading and shadowing 
environments

CR User 2
IDLE

Primary Receiver DetectionPrimary Receiver Detection

Spectrum Sensing 

Interference
Temperature
Management

Transmitter 
Detection

Receiver
Detection
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Matched Filter
Detection

Energy
Detection

Cyclostationary
Feature Detection
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Primary Receiver DetectionPrimary Receiver Detection

P i  Local Oscillator (LO) 

CR users detect the 
LO leakage power for 
the detection of 

B. Wild and K. Ramchandran, “Detecting Primary Receivers for Cognitive Radio 
Applications“ in Proc. IEEE DySPAN, pp. 124­130, Nov. 2005. 

Primary 
Base-station

CR User

Local Oscillator (LO) 
Leakage Power 

the detection of 
primary users instead 
of the transmitted 
signals

When primary users 
i  th  i l  f  
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Primary User

CR Userreceive the signals from 
the transmitter, they 
emit the LO leakage 
power. 

InterferenceInterference Temperature Temperature 
ManagementManagement

Spectrum Sensing 

Interference
Temperature
Management

Transmitter 
Detection

Receiver
Detection
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Management
Matched Filter

Detection
Energy

Detection
Cyclostationary

Feature Detection



15

Interference  Temperature ModelInterference  Temperature Model
o

Licensed Signal Minimum Service 
Range with

f  C

Power 
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Receiver

Interference 
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for Spectrum 

Access

Interference Cap

Service Range at
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Original Noise Floor

Distance from Licensed Transmitting Antenna

Spectrum DecisionSpectrum Decision
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Radio Environment
Transmitted 
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Sharing

Spectrum
Decision

Channel 
Capacity

Hole
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Spectrum Spectrum DecisionDecision
Stage 1 Stage 2

NOMS 2008 Keynote Speech

g
Spectrum Characterization

RF information
• Interference
• Path Loss
• Wireless Link 
Error

Primary Network 
Information

• Primary User 
Activity

• Holding Time

g
Decision

Single 
Spectrum 
Decision

Multi-
Spectrum 
Decision
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• Link layer 
delay

g Decision Decision

SINGLE SPECTRUM DECISIONSINGLE SPECTRUM DECISION
Each CR user selects only one spectrum band according to the 
application requirements

Occupied by primary users Idle spectrum band

Frequency(Hz)
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CR user BCR user A

Spectrum
Handoff

CR user A

CR user B
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MultiMulti--Spectrum DecisionSpectrum Decision
CR users select multiple non-contiguous spectrum bands and use them 
simultaneously for the transmission.

Occupied by primary users

Sub-channels 

Idle spectrum band

Frequency(Hz)
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Sub-channels 
for CR user B

Sub-channels 
for CR user A

Spectrum 
Handoff

CR user A

CR user B

Spectrum SharingSpectrum Sharing

RF 

Radio Environment
Transmitted 

Signal

Spectrum
Sensing

Primary User 
Detection

RF 
Stimuli

Spectrum 
Hole

Spectrum
Mobility

Decision 
RequestSpectrum

Spectrum 
(Channel) 

Characterization
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Spectrum
Decision

Channel 
Capacity

HoleSharing
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Spectrum SharingSpectrum Sharing
Spectrum Sharing Spectrum Sharing ssimilar to MAC Problems imilar to MAC Problems Spectrum Sharing Spectrum Sharing ssimilar to MAC Problems imilar to MAC Problems 
–– Multiple CR Multiple CR userusers try to access the spectrums try to access the spectrum
–– Access must be coordinated (to prevent collisions in  Access must be coordinated (to prevent collisions in  

overlapping portions of the spectrum)overlapping portions of the spectrum)
Uniqueness Uniqueness 
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qq
–– Coexistence with licensed (primary) usersCoexistence with licensed (primary) users
–– WWide range of available spectrumide range of available spectrum

SPECTRUM SHARING     SPECTRUM SHARING     
CLASSIFICATIONCLASSIFICATION o

IntraIntra--Network SSNetwork SS InterInter--Network SSNetwork SS
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IntraIntra--Network Spectrum SharingNetwork Spectrum Sharing
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Centralized Spectrum Sharing

IntraIntra--Network Spectrum SharingNetwork Spectrum Sharing
Sending local observations
Sending spectrum allocationsSpectrum sharing entity
Spectrum sharing entity
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Distributed Spectrum Sharing
(Cooperative)

Distributed Spectrum Sharing
(Non-Cooperative)
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InterInter--Network Spectrum SharingNetwork Spectrum Sharing
Sending Local Observations
Sending Spectrum Allocations

 h  E

Spectrum Broker 
(or Spectrum Server) Spectrum Sharing Entity

CR Network A

CR Network B

(or Spectrum Server)

CR Network B
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Distributed Spectrum SharingCentralized Spectrum Sharing

CR Network C CR Network A

CR Network C

Why Game Theory?Why Game Theory?
[Spectrum Sharing in CR networks][Spectrum Sharing in CR networks]

–– CR users have a common interest to have the CR users have a common interest to have the 
spectrum resources as much as possible.  spectrum resources as much as possible.  

–– However, CR users have competing interests to However, CR users have competing interests to 
maximize their own share of the spectrum maximize their own share of the spectrum 
resources. resources. i.e., the activity of one CR user can i.e., the activity of one CR user can 
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resources. resources. i.e., the activity of one CR user can i.e., the activity of one CR user can 
impact the activities of the others  impact the activities of the others  

–– Also CR userAlso CR user’’s rational decisions require anticipating s rational decisions require anticipating 
rivalsrivals’’ responsesresponses
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Why Game Theory?Why Game Theory?

Provides an Provides an efficient distributed spectrum sharingefficient distributed spectrum sharing
scheme.scheme.

Provides the Provides the wellwell--defined equilibrium criteriadefined equilibrium criteria for the for the 
spectrum sharing problem spectrum sharing problem to measure the optimalityto measure the optimality in in 
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p g pp g p p yp y
various network scenarios.various network scenarios.

Spectrum MobilitySpectrum Mobility
Transmitted 

Signal
RF 

Radio Environment

Spectrum
Sensing

Primary User 
Detection

RF 
Stimuli

Spectrum 
Hole

Spectrum
Sh i

Decision 
Request

Spectrum
Mobility Spectrum 

(Channel) 
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Spectrum MobilitySpectrum Mobility/Handoff/Handoff
“Get the Best Available Channel”“Get the Best Available Channel” concept concept 

NOMS 2008 Keynote Speech

CR radio CR radio cancan capture the best available capture the best available channelchannel

Spectrum Spectrum MMobilityobility//HandoffHandoff (a(a new type of handoffnew type of handoff)) is is 
defined as the process when a CR userdefined as the process when a CR user (SU)(SU) changes its changes its 
frequency of operationfrequency of operation
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frequency of operationfrequency of operation

When channel conditions become worse or a primary user When channel conditions become worse or a primary user 
(PU) (PU) appearsappears, spectrum handoff happens, spectrum handoff happens

Handoff ProcessHandoff Process
Traditional Handoff Spectrum Handoff
A MN detects its link quality PU Detection (Sensing issue)A MN detects its link quality 
deterioration 

PU Detection (Sensing issue)
PU Notification

The MN scans neighbor 
BSs/APs to get their 
knowledge

Out-of-band sensing to find new 
channel (Sensing issue)

The MN selects one BS/AP Channel selection (Spectrum decision)
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( p m )

The MN connects to the new 
BS/AP to resume 
communications

Channel Switching  (Hardware issue)
Resume Communication (Sharing and 
routing issue)
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Spectrum HandoffSpectrum Handoff ExampleExample

 H lPower
Spectrum HandoffSpectrum Handoff

Spectrum handoff is a 

Frequency
Spectrum HolePower Spectrum handoff is a 

multi-step process, 
it includes: 

• Primary User Detection 
(Sensing issue)

• Channel Switching  
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Time
Spectrum occupied 
by Licensed users

Sensing issue

g
(Hardware issue)

• Resume Communication   
(Sharing issue)

Sharing issue

Proposal for a
CR Network Management Framework

Security 
Management

System
Monitoring

Billing
Decision/ Policy 
Management

Management

SLA
Management
( / )

Intra-operatorIntra-operator
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QoS Management

(Inter/Intra)

Service 
Adaptation

p
Mobility Manager

Inter-operator
Mobility ManagerReconfiguration

p
Resource Manager

Inter-operator
Resource Manager

Mobility ManagementSpectrum Management
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RESEARCH CHALLENGESRESEARCH CHALLENGES
•• Cognitive Radio DesignCognitive Radio Design

NOMS 2008 Keynote Speech

g gg g
•• Spectrum Sensing Algorithms Spectrum Sensing Algorithms 
•• Spectrum Sharing AlgorithmsSpectrum Sharing Algorithms
•• Spectrum Mobility (Spectrum Handoff Solutions)Spectrum Mobility (Spectrum Handoff Solutions)
•• Routing AlgorithmsRouting Algorithms
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•• Transport Layer SolutionsTransport Layer Solutions
•• Network Management (Operation, Maintenance, Billing)Network Management (Operation, Maintenance, Billing)

Cognitive Cognitive Radio Network Radio Network StandardsStandards
NOMS 2008 Keynote Speech

IEEE 802.22 (IEEE 802.22 (Wireless Regional Area Networks)Wireless Regional Area Networks)
(Cognitive Radio for TV Bands/Channels)  (2004)(Cognitive Radio for TV Bands/Channels)  (2004)

IEEE P1900 (2005)IEEE P1900 (2005)
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IEEE P1900 (2005)IEEE P1900 (2005)


