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Introduction

(This introduction is not part of IEEE P<XXX>, <Title>.)

See 9.3 of the IEEE Standards 2000 Style Manual for information on the Introduction. Use the heading 1 style for the Introduction and the paragraph style for succeeding paragraphs of text. (See Clauses 1-3 in this template for information about styles.)
The intent of this document is to promote a common understanding of these terms so that technologists in a variety of fields such as radio science, computer science, and artificial intelligence, have a common understanding of the terminology. It is the intent of this document to provide concise definitions of key terms in advanced radio technology and in advanced spectrum management techniques.  These definitions are provided in the “normative” sections.  Because of the complexity of these technologies and concepts and the interrelationship of some of the terms, additional tutorial material is provided in the sections labeled as “informative.”  It is not the intent of these informative sections to provide an exhaustive description of these advanced radio technologies and new spectrum management concepts.  
The definitions provided in this document are from a spectrum management point of view.  Other points of view include those of manufacturers, service providers, and operators. 

Relationship between Advanced Radio Technology, Network Management and Spectrum Management
Network management is a key issue in communications, in order to setup, maintain and develop tlc networks. In the framework of wireless networks, be them a portion or the entire network, network management procedures imply the management of the available transmission spectrum – which in turn impacts on system performance, resource allocation, quality-of-service, etc. To this extent, we can say that network management is directly related to spectrum management and, since effective and affordable spectrum management is a central concept in the following chapters, comprehension of the document implies knowledge of network management concepts.
A more detailed description and definitions of such envisaged advanced radio technologies is presented in Section 3.

At the time this standard was completed, the working group had the following membership:

Jim Hoffmeyer, Chair




The following members of the balloting committee voted on this standard. Balloters may have voted for approval, disapproval, or abstention. (To be provided by IEEE editor at time of publication.)
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Standard Definitions and Concepts for Spectrum Management and Advanced Radio Technologies
1 Overview

The definitions provided in this document are from a spectrum management point of view.  Other points of view include those of manufacturers, service providers, and operators. 
Spectrum management can encompass administrative, regulatory, operational and technical functions.  This document focuses primarily on definitions for the operational and technical aspects of spectrum management of radios and radio networks.  Within this context, the operational and technical features of spectrum management are considered a subset of operational and technical features of radio network management. 

2 Relationships of Terms (informative)

Because of the complex interrelation of terms in this document, there is a need to break the terms out into their respective categories as shown in Table 1.  Some of the confusion in the use of the terms related to advanced radio technology and advanced spectrum management often relates to mixing architectural and functional capabilities into the names.  The first column in the table, describes the radio’s architecture or implementation technique.  For example, a radio signal processing functional requirement can be satisfied either by hardware, software or some combination.  The second column in the table refers to functional capabilities of the radio or radio control mechanism.  While the two categories may not be completely orthogonal, this differentiation does provide a significant degree of independence along one axis, namely, how a radio is constructed vs. what functionality it possesses. 

Table 1—Separation of terms into architectural and functional categories
	Radio Architecture/Radio Implementation Techniques 

· Hardware Radio 

· Policy-Based Adaptive Radio

· Reconfigurable Radio

· Software Defined Radio

· Software Radio

· Software Controlled Radio

· Cognitive Radio
	Radio Functional Capabilities

· Adaptive Modulation

· Adaptive Radio
· Cognitive Control
· Frequency Agility

· Location Awareness
· Policy-Based Adaptive Control
· Radio Awareness

· Smart Radio
· Transmit Power Control


Section 3 provides definitions for the terms in the left column of Table 1.  Section 4 provides definitions for the terms in the right column of Table 1.  

Table 2 provides an assessment of the functional capabilities associated with each architecture/implementation technique.  Thus, the columns in Table 2 are the items listed in the left column of Table 1 and the rows in Table 2 are the items listed in the right column of Table 1.
A common understanding of the terminology used to describe various interrelated advanced radio concepts including software controlled radio (SCR), software defined radio (SDR), cognitive radio (CR), and policy-based adaptive radio (PBAR) is critical to the furtherance of new spectrum management concepts.  Figure 1 is provided to illustrate several advanced radio and radio control concepts.  Note that only the transmitter portion of the radio is depicted; the comments that follow apply equally well to the receiver portion of the radio.

Figure 1 illustrates the differentiation of the radio signal processing functionality and the radio control functionality.  Radio signal processing functionality includes all of those operations between the input to the radio and the transmission of the radio signal (upper portion of the figure going from left to right).  The radio control functionality is depicted in the lower portion of the figure.  

A radio could be considered to be a software defined radio if:

1) Some or all of the baseband or RF signal processing is accomplished through the use of digital signal processing software, and

2) This software can be modified post manufacturing.
A software controlled radio has the property that the radio control functionality is accomplished through software.  Many of the benefits typically ascribed to software defined radios, such as improved utilization of the spectrum, can be achieved only if the SDR is under software control.  Policy-based adaptive control and cognitive control are two types of adaptive software control mechanisms that have the potential from improved efficiency in the utilization of the spectrum. 
A radio is a policy-based adaptive radio if the software control functionality incorporates the inputs listed on the lower left of Figure 1.

A cognitive radio is able to sense its operational environment and on this basis adjusts its radio operating parameters.  Radio control functionality can be performed through software as in software controlled radio.  However, the man-machine interface is replaced by a set of algorithms that enable the software control to dynamically and autonomously adjust its radio operating parameters (both at the transmitter and at the receiver side).  The differentiation between policy-based adaptive control and cognitive control is in how the control mechanism processes and utilizes the information listed in the lower left portion of Figure 1.
A reconfigurable radio has the characteristic that there are multiple hardware signal processing modules as shown in the IF section in Figure 1; conceptually these could be selected by either a manual hardware control or by software control.  Most usually it would be software control.
[16 March (v 0.13) Accepted all changes in the document. Changed the version number and document date.. I have inserted the version of Table 2 sent by Dennis Stewart on 3 March (prior to our Boulder Meeting).  I have also inserted the version of Table 2 sent by Bernie Eydt on 8 March (subsequent to our Boulder Meeting).  As Chair/Editor, I have refrained from making any changes to those files.  We need to discuss if one or both of the tables (with possible modifications should remain in the document. Ultimately, I believe that all of the material in this section needs to be in one place, namely Section 9, however I am open to opposing arguments.  Participants are invited to look at the material in Section 9 as well.  Obviously, the text in Section 1 that describes Table 2 needs to be revised.  Table 1 may or may not be needed.  Figure 1 should remain unchanged because this is a figure that this group approved for submission to the ITU-R and it is now in an approved ITU-R Report..]
Table 2  Attributes of various radio architectures (from Dennis Stewart on 3 March)
Notation:  M – mandatory

O – optional

N – not present

	
	Attribute or Feature
	Hardware Radio
	Reconfigurable Radio
	Software Radio

	Software Controlled Radio
	Cognitive Radio
	Policy-Based Adaptive Radio

	
	
	
	
	Software Defined Radio
	
	
	

	Radio Signal Processing Hardware Reconfigurability
	Software/ Firmware Reconfigurable Hardware


	O
	O
	M
	O
	O
	O

	
	Reconfigurable Post -Manufacture


	N
	O
	M
	O
	O
	O

	Communications Mode
 Selection and Reconfiguration
	Source of Reconfiguration:
1.
Radio Operator,
2.
Network,
3.
Radio Software/

Firmware
	Any Single Source or
Optionally in Combination with Others
	M
	M
	M
	N
	N
	N

	
	
	Radio as Source in
Optional Combination
with others
	O
	O
	O
	M
	M
	M

	
	Mode Selection Software Reconfigurable Post-Manufacture
	N
	O
	M
	M
	M
	M

	
	
	
	
	
	
	
	

	Autonomous and Cognitive Spectrum Access
	Communications Modes have Dynamic Spectrum Access Characteristics

	O
	O
	O
	O
	M
	M

	
	Control of Dynamic Spectrum Access
	Commands from Network/Base Station
	O
	O
	O
	O
	O
	O

	
	
	Autonomous in Response to Changing Circumstances
	O
	O
	O
	O
	M
	M

	
	
	Cognitive Control Capability Using Reasoning, Learning [Editor’s Note: do we need to define reasoning, learning?]
	N
	N
	O
	O
	M
	O


	
	
	Post-Manufacture Reconfigurable Policies Loaded in Radio
	N
	O
	O
	O
	O
	M


SUGGESTED NEW TABLE 2 (Bernie Eydt 8 March 2006)

The table is meant be informational, not normative.  It suggests implementations for each of the attribute to provide a general sense of what supporting technologies might be required to support an attribute, while also cognizant that future technical developments may change these relationships.

M = Mandatory 
O = Optional
<empty> = Not Present

	Attribute Category
	Attribute
	Potential Implementation
 Approach

	
	
	Hardware-Defined
	Software-Controlled
	Software-Defined

	Flexibility
	Dynamic
	O
	M
	M

	
	Tunable
	O
	M
	M

	
	Reconfigurable
	O
	M
	M

	
	Adaptive
	O
	M
	M

	
	Agile
	
	O
	O

	
	Policy-defined
	
	O
	O

	Intelligence
	Dumb
	O
	
	

	
	Aware
	O
	O
	O

	
	Smart
	O
	O
	O

	
	Cognitive
	
	O
	O

	Interaction
	Autonomous
	M
	O
	O

	
	Cooperative
	O
	O
	O

	
	Collaborative
	
	O
	O


Note: Software controlled and software-defined are identical because all SDRs are SCRs and software-control is the only requirement to support the advanced attributes.
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Figure 1—Illustration of Advanced Radio Concepts

[Editor’s Note:  Several alternative diagrams are provided.  The first is the one created by the 1900.1 Chair.  The second is one considered by ITU-R WP8A but was not included. The last four are those submitted by Bernie Eydt on 8 March.  The Chair’s view is that Table 2 should be information that that provides slightly more specificity to help differentiate the major terms in Section 3 and that all of these terms should be in the Venn Diagram.]
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Notes:

1) Most, but not all, cognitive radios are software defined radios.

2) Most, but not all, cognitive radios are policy-based adaptive radios.

3) Most, but not all, policy-based adaptive radios are software defined radios.

4) Theoretically, both policy-based adaptive radios and cognitive radios can be implemented inhardware; 

however, this is not usually a practical implementation. 

5) Essentially all radios are policy-based; a policy-based radio must be adaptive in order to achieve the goal 

of more efficient use of the spectrum.

Software defined radio 

[2]

.

(FCC Definition)

A radio that includes a transmitter in which the operating parameters of frequency 

range, modulation type or maximum output power (either radiated or conducted), or the circumstances under which the transmitter 

operates in accordance with Commission rules, can be altered by making a change in software without making any changes to 

hardware components that affect the radio frequency emissions.

Software defined radio [3]

: (ITU-R Definition)

A radio in which RF operating parameters including but not limited to frequency 

range, modulation type, or output power can be set or altered bysoftware, and/or the technique by which this is achieved.

NOTE 1 –Excludes changes to operating parameters which occur during thenormal pre-installed and predetermined operation of a 

radio according to a system specification or standard.

NOTE 2–SDR is an implementation technique applicable to many radio technologies and standards.

NOTE 3 –Within the mobile service, SDR techniques are applicable to both transmitters and receivers.


Interrelationship of SDR and other types of advanced radios






NOTE – This diagram is not drawn to scale; there is no significance to the shape of the circles or ellipses.  

–
Software defined radios are a subset of all radios.

–
The majority of radios are policy-based, whether SDR or conventional radios.  Policy-based radios which are adaptive are the subjects of considerable research in several countries.

–
The majority of cognitive radios use SDR, because cognitive radio inherently requires adaptation of its radio operating parameters. Some simple cognitive radios may not need SDR
.

· A radio using SDR may have no cognitive abilities, and rely purely on external reconfiguration commands and data.

· All policy-based adaptive radios are software controlled radios.  Most cognitive radios and reconfigurable radios are also software controlled radios.
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Flexibility Attributes

I am not sure agility means 

anything more than “ultra 

tunable” or more tunable than 

current technology.  Any 

ideas?

Adaptive is the ability 

to self-reconfigure 

based on an external 

stimulus

I am struggling a bit with 

dynamic.  Does it mean 

changeable or does it imply 

continuously adaptable?
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Intelligence Attributes

Cognitive

Smart

Aware

Dumb

Awareness is the presence of 

some form of sensory 

capability, but not necessarily 

limited to spectrum sensing.

Being “smart” implies that 

one can make inferences 

from sensory data.

Not sure if “smart” and “cognitive” are 

separate concepts, but both are used in 

current definitions.  Perhaps smart 

implies a pre-programmed expert 

system rule set, while cognitive means 

the ability to “learn” and change the rule 

set autonomously.

Note: I would like “flexibility” and “intelligence” to be independent notions.  

For instance, humans can “think” without changing any behavior.  In 

practice, radio or machine intelligence will only be of value if coupled with 

flexibility, but the two ideas are conceptually separable.
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Autonomous???

Cooperation can occur without 

communication if a protocol pre-

determines how nodes will interact 

once operational.  Cooperation 

implies some common objective.

Collaboration is active ongoing 

communication between nodes to 

achieve a common objective.  It is 

cooperation with communication.

Non-cooperative behavior is 

relevant for many spectrum 

management concepts.  The 

theory of non-cooperative games 

can be applied to spectrum 

management.

Autonomous suggests acting 

alone, but the temporal aspect is 

tricky.  For instance, a node can 

share information with other nodes 

and then act autonomously on the 

acquired information.  

Note: “flexibility” and “interaction” should be considered independent 

concepts.  For example, highly collaborative radios may only negotiate 

frequency, which which would necessitate that only a subset be tunable (a 

low level of flexibility).  Collaborative collision avoidance protocols may not 

even require that any of the radios be tunable.  
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Implementation Attributes

Controlled

Defined

If a radios behavior is defined 

using a particular technology (e.g., 

software or hardware), then it 

must be able to be controlled 

using that technology.


Bernard Eydt’s Proposed P1900.1 Attribute Definitions

[Note 1: This is a preliminary effort designed to be illustrative of the general approach.  Terms and definitions may change.]
[Note 2: If we have trouble defining a single-word term, then we should investigate why a compound term using one of these words is not subject to the same ambiguity.  At a minimum, this approach will expose potential flaws in the definitions of the complex terms.]
	Attribute Category
	Attribute
	Definition

	Flexibility
	Dynamic
	

	
	Tunable
	Has at least one parameterized operating characteristic of which at least one of the parameters is persistently modifiable (e.g., frequency on an FM radio).

	
	Reconfigurable
	Has at least one persistently modifiable operating characteristic (e.g., an access point that can change from IEEE 801.11b to IEEE 802.11g).

	
	Adaptive
	Can reconfigure itself based on an external stimulus (e.g., a cellular phone changes from GSM to CDMA when roaming).

	
	Agile
	

	
	Policy-defined
	Restricted by policy to a set of operating states that are a proper subset of operating states that the device supports. 

	Intelligence
	Dumb
	

	
	Aware
	

	
	Smart
	

	
	Cognitive
	

	Interaction
	Autonomous
	Capable of taking actions without external communication. 

	
	Cooperative
	

	
	Collaborative
	Involves cooperation in which systems actively communicate information to each other in order to make joint decisions.  

	Imple-mentation
	Controlled
	Has parameterized operating characteristics whose values can be modified using instructions i

	
	Defined
	


3 Radio Architecture/Implementation Techniques 
Definitions (Normative)

3.1 Hardware Radio

A radio that implements communications functions entirely through hardware and associated firmware 
with the implication that changes in communications capabilities can only be achieved through hardware and/or firmware changes.
3.2 Policy-Based Adaptive Radio

A radio which utilizes policy-based adaptive radio control mechanisms.
3.3 Reconfigurable Radio

A reconfigurable radio is a radio whose hardware functionality can be changed under software control. Reconfiguration control of such radios may involve any element of the radio-communication network.

[Editor’s note:  The above is a very limited definition that comes out of the European research community.  We may want to provide a second definition that is broader.  It was submitted to ITU-R, but ultimately no definition of reconfigurable radio was adopted by ITU-R.  On the other hand, reconfigurable radio could be considered so broadly that it comprises all of the terms in this section.]
3.4 Software Defined Radio

Software defined radio [2]. (FCC Definition)  A radio that includes a transmitter in which the operating parameters of frequency range, modulation type or maximum output power (either radiated or conducted), or the circumstances under which the transmitter operates in accordance with Commission rules, can be altered by making a change in software without making any changes to hardware components that affect the radio frequency emissions.

Software defined radio [3]: (ITU-R Definition)  A radio in which RF operating parameters including but not limited to frequency range, modulation type, or output power can be set or altered by software, and/or the technique by which this is achieved.

NOTE 1 – Excludes changes to operating parameters which occur during the normal pre-installed and predetermined operation of a radio according to a system specification or standard.

NOTE 2 – SDR is an implementation technique applicable to many radio technologies and standards.

NOTE 3 – Within the mobile service, SDR techniques are applicable to both transmitters and receivers.
For the purposes of the P1900.1 standard, the SDR definition is neither exclusively applicable to the transmitter nor receiver.  It is noted that the FCC definition of SDR is applicable only to the transmitter portion of the radio. 

The FCC definition of software defined radio focuses on the transmitter portion of the radio.  The ITU-R definition of software defined radio is applicable to both the transmitter and receiver.  A narrow definition of SDR and the one preferred by the IEEE is:

Software defined radio:  A radio is considered to be a software defined radio if some or all of the baseband or RF signal processing is accomplished through the use of digital signal processing software and can be modified post manufacturing.  
Note that the above definition does not include software control.  In either of the FCC or ITU-R definitions a radio is considered to be a software defined radio if it includes either one or both of the following two capabilities:

a) Software signal processing of the radio signal.

b) Software control of the processing.  For example, it is feasible that a radio has two or more modulation schemes, each of which is implemented in hardware.  However, software control is used to switch the radio characteristics.  If such control is used in a radio, the radio is considered to be a software defined radio even if the radio signal processing is done entirely in hardware.

There are several different types of software that may be part of a radio device including:

a) Application software

b) Ancillary software

1) Operating system

2) Middleware

3) Drivers

3.5 Software Radio
A radio that implements communications functions primarily through software in conjunction with minimal hardware.  Software radios are the ideal software defined radio
 in which digitization occurs at the antenna.  Software radios can do an infinite number of things in contrast to hardware radios that can do only a limited number of things which are restricted by hardware complexity limitations.
3.6 Software Controlled Radio

A radio whose radio functionality is controlled by software.  Software controlled radios may be considered to be a subset of SDR.  A radio can be considered to be a SDR if the radio signal is processed by software; such a radio is not a software controlled radio however, unless this radio signal processing is under software control.

3.7 Cognitive Radio
A radio or system that utilizes a cognitive control mechanism that can sense and autonomously reason about the surrounding radio environment and adapt to it accordingly. For example, a cognitive radio should be able to detect other radio transmissions and automatically select unused frequency bands in order to increase effectiveness in the usage of the spectrum.
3.8 Radio

A technology that wirelessly transmits or receives electromagnetic radiation to facilitate the transfer of information.

[Notes:

1. Does the definition need to explicitly limit the technology to radio frequencies?

2. The term "technology" could refer to either hardware or software.

3. The objective must be to transfer information.  A technology that happens to receive or transmit electromagnetic for some other reason (perhaps inadvertently) would not be a radio.

4. A radio must be "wireless".  I don't like the need to include a reference to a physical medium (or the absence of it), but it probably is unavoidable.]
4 Radio Functional Capabilities Definitions (Normative)

4.1 Adaptive Modulation 

A cognitive radio function for adjusting the modulation format according to link and other external conditions to achieve desired performance (e.g., BER, data rate, robustness, range, etc.)
 [Editor’s note:  It is not clear to me that adaptive modulation implies cognitive – should we just say “A radio function ….?]
4.2 Adaptive Radio

A radio that adjusts its operation on a near-real-time basis to meet application needs in response to changing circumstances.  Examples of radio changes include changes of the radio’s state (operational mode, battery life, location, etc.) in response to changes in environmental/external constraints (spectrum availability, propagation conditions, operational policies, etc.), and/or received commands.
4.3 Radio Awareness
A radio that is aware of its environment.  Examples of environmental attributes include: changes of the radio’s state (operational mode, battery life, location, etc.) and changes in environmental/external constraints (spectrum, propagation, operational policies, etc.
4.4 Cognitive Control Mechanism
A type of adaptive radio control mechanism that senses, and is aware of, its operational environment and could employ knowledge representation, automated or autonomous reasoning and machine learning mechanisms in establishing conducting, or terminating communication or networking functions with other radios.  Cognitive control mechanisms can be trained to dynamically and autonomously adjust the operating parameters of the radio accordingly.  

A type of radio control mechanism that can sense and autonomously reason about its environment and adapt accordingly.
4.5 Frequency Agility

Frequency agility is the ability of a radio to autonomously
 change its operating frequency.

4.6 Location Awareness

Location awareness is the ability for a device to determine its location.
4.7 Policy-Based Adaptive Control

Policy-based adaptive control is a radio control mechanism that is governed by sets of rules for behaviour that are independent of the radio implementation regardless of whether the implementation is in hardware or software and both senses and adapts to its environment. The rules govern the operations of such a radio control mechanism. The definition and implementation of these rules can be:

•
during manufacture or reconfiguration;

•
during configuration of a device by the user or service provider; 

•
during over-the-air provisioning; and/or

•
by over-the-air or other real-time control.
4.8 Smart Radio

See cognitive radio.
4.9 Transmit Power Control

Transmit power control is the ability to autonomously, or in response to a received command, adjust the transmission power of a radio.

5 Definition for Network Technologies that Support Advanced Radio Technologies (Normative)

[Editor’s note:  It has not been agreed that there will be a section containing network definitions.  It is noted however, that some radio terminology is closely linked to network aspects (e.g., reconfigurable radio and reconfigurable networks).]

[Editor’s note:  It was agreed during the SF Meeting that there is a close relationship between network management and spectrum management.]
[Editor’s note:  Publicly available E2R documents should be examined as to relevance to this section and referenced as appropriate.]
5.1 Ad Hoc Network

An ad hoc network is an autonomous collection of routers/stations that have the ability to dynamically and rapidly form networks without the use of any centralized network infrastructure or manual intervention. Ad hoc networks distinguish themselves by using adaptive self-configuring protocols to enable the network itself to meet the changing demands of its users in an ad hoc manner within the constraints imposed on it by dynamic network conditions
.
5.2 Carrier Sense Multiple Access with Collision Avoidance (CSMA/CA)

For a station to transmit, it shall sense the medium to determine if another station is transmitting. If the medium is not determined to be busy, the transmission may proceed.

Informative: In 802.11 wireless local area networks the CSMA/CA distributed algorithm mandates that a gap of a minimum specified duration exist between contiguous frame sequences. A transmitting station shall ensure that the medium is idle for this required duration before attempting to transmit. If the medium is determined to be busy, the station shall defer until the end of the current transmission. After deferral, or prior to attempting to transmit again immediately after a successful transmission, the station shall select a random backoff interval and shall decrement the backoff interval counter while the medium is idle. A refinement of the method may be used under various circumstances to further minimize collisions—here the transmitting and receiving station exchange short control frames [request to send (RTS) and clear to send (CTS) frames] after determining that the medium is idle and after any deferrals or backoffs, prior to data transmission. Ref(4)

5.3 Cognitive Networks

A network of radio devices utilizing cognition technologies in a collaborative manner.

5.4 Composite Networks

5.5 Connectionless Networks

5.6 Reconfigurable Networks
6 Spectrum Management Definitions (Normative)

[Editor’s note:  We need to define, or at least discuss, what is meant by access, allocation and management of spectrum.  We need to clearly differentiate between these terms.  Definitions of these terms may appear in ITU-R Recommendations and Reports.] 

6.1 Adaptive Bandwidth Control

A form of Adaptive Modulation that describes the ability of a radio to expand or contract its operating emission bandwidth to avoid interfering with other radios
 or to achieve other desired performance objectives. 
6.2 Adaptive Modulation
A cognitive radio function for adjusting the modulation format according to link and other external conditions to achieve desired performance (e.g., BER, data rate, robustness, range, etc.)
  [Editor’s note:  we already had a definition for adaptive modulation in Section 3 – I moved this definition to Section 3.]
6.3 Allocation

A frequency Allocation is an entry in the Table of Frequency Allocations of a given frequency band for the purpose of its use by one or more space or terrestrial radiocommunications services or the radio astronomy service under specified conditions.  This term shall also be applied to the frequency band concerned. (Adapted from Ref(14)
6.4 Awareness Processing
Cognitive radio (CR) processing to determine and assess the state of environment conditions (including the spectrum, the signals and the networks, and the services) and of self. Ref(2)
6.5 Spectrum Availability Beacons

Spectrum Availability Beacons are auxiliary transmitters that primary users of the spectrum may deploy to control access of secondary users to a section of spectrum.  Beacons can be unmodulated continuous wave transmitters or more elaborate depending on whether they also transmit information about the availability of spectrum.  Beacons may be used to signal either the availability or unavailability of spectrum. Ref(1)

6.6 Clear Channel Assessment (CCA) Function

Ascertaining via RF sensing that the communications channel is not in use prior to initiating a transmission.  The RF measurement may be made by a radio at a single point or involve the collaborative sharing of measurements made by multiple radios at multiple locations and times.

 Informative: For 802.11 WLANs the term is defined as, “That logical function in the physical layer (PHY) that determines the current state of use of the wireless medium (WM).”


6.7 Coexistence

The ability of two or more radio network to compatibly share spectrum.
Informative:  IEEE 802.15 WPAN™ Task Group 2 has defined this term as: The ability of one system to perform a task in a given shared environment where other systems have an ability to perform their tasks and may or may not be using the same set of rules.


6.8 Coexistence Metrics

A coexistence metric is a parameter that can be measured or estimated that indicates how well wireless networks coexist.  Examples of coexistence metrics include,

•
Throughput

•
Latency

•
Packet Error Rate

•
Time for DFS system to change channels

•
Probability of detection and probability of false alarm in identifying which channels are occupied as part of a DFS system

•
Others

6.9 Coexistence Mechanism

Techniques for allowing radios from two or more networks to operate compatibly in the same spectrum.  These techniques may be implemented at any layer of the protocol stack.
Informative:  IEEE 802.15 WPAN™ Task Group 2 has defined this term as: A method for reducing the interference of one system, which is performing a task, on another different wireless system, that is performing its task. Ref(4)

6.10 Collaboration
Any type of cooperative behavior between a wireless device and one or more wired or wireless devices for the purpose improving performance or increasing the chances of success in achieving an objective.
6.11 Collaborative Decoding
Collecting multiple observations at disparate locations and recovering the signal even though a single receiver could not decode by itself. Ref(2)

6.12 Collaborative Use of Spectrum

Two or more wireless nodes combining their capabilities and spectrum-usage resources
 via negotiated or pre-determined agreements and delegation of spectrum-usage tasks based on the expected global value of this action to the network. Ref(6)

Informative: The implementation of a collaborative communications solution than may be more effective than individual ‘greedy/selfish’ approaches. The first stage of a collaborative approach is to identify and form the ad hoc network using underlay and overlay communications.  The capabilities and objectives of each node can then be assessed and a leader (if required) is elected. A consensus formation process is initiated, and during the implementation of the agreed strategy, monitoring and strategy-update mechanisms account for change.



6.13 Communications Mode

The entire protocol stack associated with a particular radio access technology or radio access network.
6.14 Cross-Layer Optimization
Cognitive radio technique for monitoring the protocol stack and adapting the protocol composition when needed to bypass typical ISO stack interactions and provide a specific capability.

Informative: For example, this technique could be useful to implement energy source conservation in sensor networks. Ref(2)
6.15 Dynamic Channel Assignment

The transient radio frequency channel assignments created by the Dynamic Spectrum Management process. This contrasts with Fixed Channel Assignments which result from the traditional static Spectrum Management process.
6.16 Dynamic Frequency Selection (DFS)

Dynamic Frequency Selection is the meta-method by which a radio employs frequency agility to select and abdicate channels based on sensing environmental conditions.

Informative: Various radio and spectrum management bodies have assigned various definitions to DFS; several are listed below for reference:

The ability of a system to switch to different physical RF channels between transmit and receive activity based on channel measurement activity.

DFS describes the technique where a radio attempts to detect the presence of other radios and to avoid operating in a manner to cause interference with other radios or other systems. Ref(1)

Dynamic frequency selection (DFS) is a general term used in this Recommendation
 to describe mitigation techniques that allow, amongst others, detection and avoidance of co-channel interference with respect to radar systems.

Facilities mandated to satisfy requirements in some regulatory domains for radar detection and uniform channel spreading in the 5 GHz band. These facilities may also be used for other purposes, such as automatic frequency planning.

6.17 Dynamic Frequency Sharing

The implementation of frequency sharing techniques on a changing basis, possibly in real-time, in response to changing circumstances and objectives.  Dynamic Frequency Sharing techniques are a subset of techniques for implementing Dynamic Spectrum Access.

[Editor’s note:  we need to quote the IEEE 802 and ITU-R definitions.]
6.18 Dynamic Spectrum Access
Technique by which a radio (system) dynamically adapts to select operating spectrum to use available (in local time-frequency space) spectrum holes with limited spectrum use rights. Ref(2)
The near-real-time adjustment of bandwidth utilization and spectrum resource usage in response to changing circumstances and objectives, including interference experienced or created, changes of the radio’s state (operational mode, battery life, location, etc.), changes in environmental/external constraints (spectrum, propagation, operational policies, etc.), and/or in response to a received command.  

Informative: Changing circumstances and objectives also include (and are not limited to) energy-conservation, interference-avoidance, spectrum-usage efficiency targets, Quality of Service (QoS), graceful degradation guidelines and maximization of radio lifetime Ref(6)


6.19 Dynamic Spectrum Allocation

Flexible radio regulations that allow the radiocommunication service allocation of a band to change dynamically in response to the needs of radio access networks.
Informative:  Dynamic Spectrum Allocation helps to address the inherent inflexibility of static band allocations and the ability of future networks to simultaneously carry traffic corresponding to multiple radiocommunications services.  The convergence of services such as mobile, broadcast, and radiolocation into single devices renders static single-service band allocations meaningless and demands a more flexible approach such as Dynamic Spectrum Allocation.
6.20 Dynamic Spectrum Management

The implementation of dynamic feedback and responses in the spectrum management process such that spectrum management actions can rapidly respond to changes in conditions and objectives for spectrum usage.  Typically this dynamic response capability is accomplished by delegating the technical spectrum access decision process from a human spectrum/band manager to the wireless device or network.  Within a wireless network, 
Dynamic Spectrum Management (DSM) is the management and control of one or more nodes, or domains of nodes with dynamic and/or adaptive spectrum access capabilities. DSM is a set of high-level control mechanisms encapsulating dynamic and adaptive spectrum allocation, sensing and inter-node co-ordination components.  These capabilities include the identification and characterization of available spectrum, identification of existing active interference-tolerant and interference intolerant services, estimation of the duration of availability of this spectrum, and allocation (and monitoring) of spectrum to an enabled-node or network of nodes. Refs(6 and 11)

6.21 Frequency-Hopping

A technique in which the instantaneous carrier frequency of a signal is periodically changed, according to a predetermined code, to other positions within a frequency spectrum that is much wider than that required for normal message transmission. Ref(4)

6.22 Frequency Sharing

The common use of the same portion of the radio frequency spectrum by two or more users were a probability of interference exists

6.23 Geolocation
 Capability
The ability to locate ones position on the surface of the Earth.  A dynamic or adaptive radio having a Geolocation Capability may use awareness of its position as an input that influences its behavior.  Geolocation awareness may be in terms of absolute coordinates (e.g., GPS) or relative to other radios (e.g. multilateration using precise signal time of arrival measurements).
Informative: Accurate location awareness could improve the performance of dynamic spectrum access and support the implementation of radio-based policies having geographic constraints.

6.24 Interference Cancellation and Avoidance
Process in which a cognitive radio monitors the RF environment, identifies an interferer and adapts its operating parameters to either establish or maintain communication. The radio could provide a new orthogonal modulation waveform with respect to the interferer or search available spectrum for spectrum holes. Ref(2)

6.25 Interference

In a communication system, extraneous power entering or induced in a channel from natural or man-made sources that might interfere with reception of desired signals or the disturbance caused by the undesired power. Ref(4)
From ITU:

The effect of unwanted energy due to one or a combination of emissions, radiations, or inductions upon reception in a radiocommunication system, manifested by any performance degradation, misinterpretation, or loss of information which could be extracted in the absence of such unwanted energy.

6.26 Interoperability
Determine and adapt all radio parameters required for broadest communication compatibility across all target networks.
Informative: Utilizes a combination of other cognitive subsystems (i.e. geolocation, local service availability, policy management) to determine the interoperability requirements for the desired application. The CR can then utilize other cognitive subsystems (i.e. protocol agility, beamforming, etc) to enable communications with one or more radios within the target network. 

Public safety first responders and many military applications have critical needs which require new levels of communication agility across heterogeneous networks of legacy equipment. Consumer applications are also emerging for CRs which can offer interoperability across both licensed and unlicensed spectrum services. Ref(2)

6.27 Medium Access Control (MAC)
The data link sublayer that is responsible for transferring data to and from the Physical Layer.

Informative: A MAC protocol generally consists of a collection of components, each performing a special function, such as the support of higher layer traffic, the synchronization process, the bandwidth allocation, and the contention resolution mechanism. Ref(4)
6.28 Negotiated Spectrum Use

Negotiated spectrum use is a spectrum access protocol under which multiple radios or networks agree to mutual use of a common spectrum band via negotiated agreements.  These agreements may be prearranged or autonomously established on an ad hoc or real-time basis without the need for prior agreements between all parties.
6.29 Multipath Fading
<Delete?>
Fading due to the propagation of an electromagnetic wave over many different paths, dissipating energy and causing distortion, particularly by signal cancellation at the destination because of differences in arrival time due to the different paths. Ref(4)

6.30 Non-Collaborative Coexistence Mechanism

A coexistence mechanism in which the two systems shall not exchange information. Ref(4)
6.31 Opportunistic Spectrum Access
The method by which spectrum-users operating on a secondary (and possibly unlicensed) basis within a frequency band with designated primary (and possible licensed) users exploit unused in-band segments for their own purposes without causing interference to the active interference-intolerant primary users for the duration of availability of the spectrum in question.  Wireless devices employing opportunistic spectrum access techniques should avoid the case where an unacceptable degradation of a desired feature(s) e.g. Quality of Service (QoS) levels, Signal to Noise Ratios, for existing primary users and associated subscribers is experienced. Ref(6)
6.32 Opportunistic Spectrum Management <delete?>

A type of Dynamic Spectrum Management based primarily upon Opportunistic Spectrum Access.
6.33 Protocol Agility

The ability to manage the dynamics of protocol changes as different networks, or protocols within one network, become available and are used. These protocols include the complete communications and transport layers, from layers 1 through 4, as well as the application protocols
Informative: As multimode or multi-network SDR functionality expands, the ability to discover and optimize the possible protocols dynamically becomes possible. Instead of the current techniques where a preferred network and its set of available protocols are used, with backup networks if that one is not available (e.g., digital to analog), the CR may interrogate its network or scan the available network(s) and service(s) for possible protocols. It may pick a best protocol for one service and then jump to another. It will need to be aware of possible protocols and how and when to change. Examples of protocol agility that are less cognitive include the awareness necessary for (transmitted signal) adaptive power control, and data rate and modulation agility in WiFi and other protocols where the modulation technique is changed as function of SNR to maintain a certain BER. In the cognitive approach multiple parts of the protocols may be changed, possibly at a protocol component level (such as in DARPA's SAPIENT program), or at a larger scale.

If CRs become able to select the best protocol to use in specific situations they will be able to select the ones that provide the best link, and the best application, in line with the user needs. This is contingent on the availability of multiple protocols, from one provider or network, or different providers or networks. The availability of multiple protocols will optimize the service for the user, and enable an expansion of the offered services, and thus a market. As such a larger market for different networks and services will be opened up, with the user having the ability to choose dynamically the best possible protocol. Ref(2)

6.34 QOS Management  -  TBD?
6.35 Radiation Pattern Control, Directional Antennas

Directional and steerable antennas are used to control radiation patterns and reduce interference. Ref(1)
6.36 Radio
A general term for a device which intentionally emits and/or detects radio waves for the purpose of communications. Ref(11)
Informative:

A general term applied to the use of radio waves. Ref(14)
6.37 Regulatory Traceability
The ability to verify that a radio-actionable policy originated from a human-readable policy issued by a policy authority such as a national or international spectrum regulatory authority.
6.38 Spatial Awareness

Alternate Definition: Awareness of one’s orientation and position relative to others.  Radios with Spatial Awareness may use this knowledge to improve network performance and to control the Dynamic Spectrum Access process.  For example, a radio may be able to use Spatial Awareness information to control the operation of an adaptive antenna and thereby reject undesired signals and enhance reception of desired signals.
Capability to geolocate and calculate the trajectory of a system or device through the use of mechanisms involving RF signals or related information, and/or network information.  The cognitive application includes the selection and optimization of the techniques, signals and networks to use for geolocation. This may involve the use of some GPS signals, although the cognitive approach is more appropriate where GPS signals are totally or partially not available, and signals in the environment, specifically being used for communications purposes, or from networks or other specific users are used. It may also include information available, processed or unprocessed, from the network(s) the system or device has access to.
Informative: Decides on the most appropriate set of signals and information to use, and optimize its use. As such it is reactive to the signals and conditions in the RF environment, the device or system resources, and the user needs for accuracy and timeliness.  Allows the user to obtain geolocation even when GPS is not available, in urban canyons and inside buildings.  As such it is useful to users, and useful for E911 purposes. Ref(2)
6.39 Spectrum Access

The use of the radio spectrum, including any or all of its dimensions.  Spectrum Access includes the dimensions of frequency, location, time, power (spectral flux density) and angle of arrival.  These dimensions may be characterized by additional attributes.  For example modulation further characterizes the frequency dimension of spectrum access.

Informative: Radio waves are generally considered that part of the electromagnetic spectrum below 3000 GHz.

6.40 Spectrum Efficiency

A measure of how the spectrum segment of interest is being utilized obtained from a user-defined cost function. This cost function is a ratio of the measurable gains derived from the spectrum usage to the cost of identification, characterisation, and usage of the spectrum segment of interest. Ref(6)
An exact, mathematical, engineering definition of spectrum efficiency has proven to be elusive.  Link or modulation efficiency is often expressed in units of bits-per-second-per Hz.  A link with a larger value of bits-per-second-per-Hz is considered a more efficient link. This unit of efficiency does not capture some of the effects of creating an RF transmission.  While useful for comparing individual links this metric does not directly capture the impact of a transmitter on other user’s ability to use spectrum.  The communications link also consumes transmitted power and also captures the geographical area “illuminated” by the radio energy.  The illuminated area creates a zone where other users cannot receive signals at the illuminated RF frequencies.  Efficiency must take into account the entire ensemble of users.  

Efficiency is the ratio of a unit of a desired output or utility to the total amount of resources consumed to produce that unit of output.  The output is the total information content (bits) received by all users in a geographical area (e.g., bits/s/Hz/m3).  The total spectrum resources consumed is a four (or five) dimensional volume of spatial x and y ( and z), frequency and time.  Other resources include transmitter power.  

More research in this area is highly recommended.(Ref 1)

6.41 Spectrum Leasing

Refers to the act of a secondary user leasing or renting or otherwise reimbursing a license holder in exchange for access and use of the license holder’s spectrum.  Leases may be long or short term in length. Ref(1)

6.42 Spectrum Management

The policies, regulations, procedures, and techniques used to plan and assign the radio spectrum to specific users and uses.  Spectrum sharing is one of the components of spectrum management.  Spectrum management seeks to maximize the utility derived from use of the radio spectrum.  Historically, spectrum management has involved extensive preplanning and has had difficulty adapting rapidly to changes in requirements and environmental conditions.  The inability to dynamically react to change is an obstacle to maximizing utility. Ref(11)
6.43 Spectrum Pooling

Spectrum pooling refers to the act of multiple spectrum license holders combing or pooling their spectrum allocations with agreements in place describing means for access, roaming, billing,.  Generally, the spectrum footprints overlap.(Ref 1)

6.44 Spectrum Sharing
The application of technical methods and operational procedures to permit multiple users to compatibly coexist in the same region of radio spectrum.  Coexistence may by achieved by numerous methods such as coordinating time usage (e.g., time sharing), geographic separation, frequency separation, directive antennas, orthogonal modulations, etc.
Informative:  In the past, the employment of these mechanisms has typically been on a static, preplanned basis.  In advanced radio systems the employment and configuration of these features is increasingly dynamic and may be implemented in real-time by the radio device or network in response to changing conditions and objectives. Ref(11)

6.45 Spectrum Sensing

Refers to the action of a radio measuring signal features to determine if a particular section of spectrum is occupied. Ref(1)
Informative: Example features include energy, bandwidth, periodic features (pilot signals, preambles, chip rates), identity of transmission source, interference tolerance capabilities, and expected duration of spectrum usage Ref(6).
6.46 Spread Spectrum

A communication technique in which the information-modulated signal is transmitted in a bandwidth that is considerably greater than the frequency content of the original information. Ref(4)

6.47 Transmit Power Control

Describes the technique where a radio using feedback or some other means uses the least practical amount of transmitted power to minimize interference.   Can involve interference information from other systems. Ref(1)

6.48 Unlicensed Coexistence

No interference to primary users and maintain desired BER and data-throughput. Ref(2)

[Notes on Changes and Deletions]
1.  The definition of Ad Hoc Network was deleted.  It should be moved to Section 5.
2.  CSMA/CA was deleted and should be moved to Section 5.
3. Consider the addition of a definition for Goals or Objectives in Section 7.
4. Additional terms to define: adaptive, self-configuring, dynamic, awareness / aware, dumb, smart, channel, mode, collaborative, sharing, reconfigurable, agile, autonomous.   We also may need to define channel and radio.
7 Glossary of Ancillary Terminology (Informative)

7.1 Machine Understandable Policies

Machine Understandable Policies: Policies expressed in a form that allows for an XG radio to automatically (without requiring human intervention) read and “interpret” them. That is, there exists an automated procedure by which the implications of the constraints expressed by the policies are reflected in the actions of the radio.

7.2 Ontology

Ontology: The representation of terms in a vocabulary and their inter-relationships.

7.3 Policy

Policy: a set of Facts and associated Rules that specify how a resource (spectrum in the case of this document) may be used.
7.4 Policy Rule

Policy Rule: A statement of policy consisting of a set of facts, but not the rules for interpreting
. A policy rule has a Selector Description, an Opportunity Description and a Usage Description.

7.5 Regulatory Policy

Regulatory Policy: A policy that is specified, or likely to be specified by a regulatory authority (such as the FCC or the NTIA in the U.S.A.). Typically, these describe what constitutes valid use of spectrum rather than provide specific instructions to the device on what specific actions to take.
Definitions to consider from Steve Berger (2 March 06)

Critical Policies (Policy Defined Radio) - Foundational requirements that
apply very broadly, relatively stable and require the highest level of
security, protection against unauthorized modification or change.  All other
policies are subservient to these policies.  Examples are that a handheld
device will never exceed the RF safety limits, or that a device intended for
use on planes will never transmit on radio navigation frequencies.  

Regulatory Policies (Policy Defined Radio) - Requirements arising from
mandatory regulatory operating constraints.  These requirements are
secondary to Critical Policies but superior to Management Policies.

Management Policies (Policy Defined Radio) - Network management parameters
used to optimize a PDR system for optimal performance.  These requirements
are secondary to both Critical and Management Policies.

This division is based on the issue of how much protection or security must
be provided verse how much flexibility may be allowed to change the policies
in a PBAR device.
7.6 Rule

Rule: A statement that describes the logic for interpreting and processing policy. Rules have the form: condition-implies-action.
7.7 Spectrum Overlay

Spectrum Overlay: Using adaptive spectrum access techniques to identify underutilized spectrum and to avoid interference conflicts in time, frequency or space with competing spectrum users.  Unlicensed spectrum users have used these techniques (e.g., 802.11a Dynamic Frequency Selection) to share spectrum with incumbent licensed users.

7.8 Spectrum Underlay

Spectrum underlay: Simultaneous use of spectrum in time and frequency by multiple uncoordinated emitters that takes advantage of modulation techniques such as spread spectrum or ultra-wideband to limit interference between systems.  Transmitter power output may be restricted to further limit the possibility of interference.  Typically at least one of the emitters is a spread spectrum signal with a large amount of processing gain to insure that the undesired signal power seen by an incumbent licensed user is below a designated threshold.
7.9 System Policy

System Policy: A policy representing dynamic, location specific, or capability based guidance, intended to constrain and influence XG radio behaviors, decisions, and actions. The system policy is likely specified by a system administrator and typically specifies inputs beyond those available in regulatory policy. It can provide specific strategies or instructions to the radio.
8 Implications of Advanced Radio Technologies for Spectrum Management
 (Informative)

There are a growing number of regulatory agencies around the world that believe that there is a need for a new approach to spectrum management, spectrum allocation and spectrum utilization.  The new spectrum paradigm is driven, in part, by the increasingly keen competition for spectrum – a problem common to many parts of the world and to all segments of the communications industry: government, commercial wireless, public safety, etc.  This section describes how the advanced radio technologies defined in this standard potentially have spectrum management and regulatory implications that may lead to a more effective utilization of spectrum world wide.
8.1 Regulatory Issues to which Advanced Radio Technologies are Applicable
The following is a list of some current regulatory issues that are being addressed by various administrations:  
· Increasing demands for access to more spectrum

· Requirement for more efficient use of the spectrum 

· Spectrum trading

· Dynamic frequency sharing 

· Dynamic spectrum management
· Need for a new spectrum management paradigm 
· Balance of different types of spectrum management

· “Command and control” – Inflexible frequency assignments
· “Market mechanisms” – The market manages the spectrum within the constraints of the licenses.
· “License exempt use” – Nobody controls who uses the spectrum; power constraints or other mechanisms restrict usage to reduce interference. 

· Interrelationship of developments in technology, market and regulatory practices.
· Pace of technology development – regulation has to keep up.

· International coordination

· Security (ensure that disruption to communication services can not occur as a result of inadvertent or malicious changes to software in advanced communications devices and systems).

· Interference (ensure that users can use the spectrum assigned to them without disruption).
· Noise temperature 
· Certification and conformity issues
· Circulation issues
The advanced radio technologies defined in this standard are applicable to many of these issues. For the bands designated by administrations for use for unlicensed services, each individual administration is responsible for establishing the rules associated with these bands.  Whilst some manufacturers are most interested in the use of SDR because of its potential for decreased costs and quicker time to market, some regulatory agencies have demonstrated interest in SDR, cognitive radio, and policy-based adaptive radio because of the potential for addressing the issues of dynamic spectrum management and dynamic frequency selection to improve the efficiency with which the total spectrum is utilized.  
8.2 New Spectrum Management Paradigm

Research and studies conducted under the purview of some administrations have concluded that spectrum management should increasingly depend on the marketplace rather than administrative systems.
  There are a number of questions associated with the development of a new spectrum management paradigm using SDR and related technologies such as cognitive radio and policy-based adaptive radio.  The questions include:

1) To what extent can the technologies delineated in this report be applied to spectrum management in the unlicensed bands?  How much spectrum should be set aside for the unlicensed bands?  These are questions that administrations may choose to address.

2) For licensed bands, should national regulators permit cognitive radio access if they wish but not mandate the use of cognitive radio in the band on a secondary use basis?  This may be an issue of import to the ITU-R World Radio Conference as well as national regulatory agencies.

3) To what extent can the market be relied upon as a major part of the new spectrum management paradigm?

4) What, if any, broad framework of international rules are needed to promote a new spectrum management paradigm and the use of SDR and related technologies to achieve enhanced efficiency in the use of the spectrum?

8.3 Frequency Band Consideration in the Application of Advanced Radio Technologies

In general, the advanced radio technologies defined herein are applicable to all bands.  However, there may be practical limitations such as power, size, weight, and cost and legacy considerations that may restrict the use of these advanced radio technologies.  This may be an area of interest for further investigation by various administrations.  Some administrations have already started investigating the possibility of increased unlicensed spectrum in which SDR and related technologies could be utilized.

8.4 Radio Network Control Considerations in the Application of Advanced Radio Technologies

There is currently much research and investigation by many industrial organizations and administrations on the closely related topics of dynamic spectrum management, flexible spectrum management, advanced spectrum management, dynamic spectrum allocation, flexible spectrum use, dynamic channel assignment, and opportunistic spectrum management.  Software defined radio and the closely related technologies of policy-based adaptive radio, cognitive radio, software controlled radio, and reconfigurable radio are enabling technologies to implement these new spectrum management and usage paradigms.  These concepts are equally applicable to a wide variety of mobile communications systems including PPDR, government, and commercial wireless.

As noted elsewhere in this Report more efficient use of the spectrum is one benefit associated with software defined radios and the closely related technologies described herein.  To be able to achieve this benefit, it is necessary for the SDR/PBAR/CR/RR to be controlled in such a way that underutilized portions of the spectrum can be utilized more efficiently.  This has been called opportunistic spectrum management.  

For many scenarios, the method of control needed to achieve opportunistic spectrum management through the use of SDR and related technology is a network issue as well as a radio issue.  Network control of these advanced radios includes control of the configuration of the radio and the RF operating parameters.  Regulatory policies which govern the allowable behaviour, i.e., RF operating parameters, are part of this network control.  The control policies may, for some scenarios also include network operator and user policies.

In general, there are two control models for opportunistic spectrum access or flexible spectrum usage namely the centralized control model and the distributed control model.  The centralized control model is one in which the management of spectrum opportunities is controlled by a single entity or node which has been referred to as the spectrum broker.  The spectrum broker is responsible for deciding which spectrum opportunities can be used and by which radios in the network.  A central broker may use sensors from the distributed nodes or may use other means for sensing and spectrum awareness.  One application of centralized control is real-time spectrum markets.

The second opportunistic spectrum access or flexible spectrum usage control model is the distributed control model.  In this model the interaction is “peer-to-peer”.  In other words the SDR nodes in the network are collectively responsible for identifying and negotiating use of underutilized spectrum.  For some scenarios, the distributed control may be between co-operative radio access networks.

For all of the control scenarios, spectrum sensing is a critical aspect of the control of cognitive radios and policy-based adaptive radios which employ software defined radio technology.
8.5 Implications for certification and conformity

8.6 Circulation Issues

9 Explanatory Notes on Advanced Radio Technologies and Advanced Spectrum Management Concepts (Informative)

9.1 Vision and Roadmap for Application of Advanced Radio Technology and Advanced Spectrum Management Concepts

Figure 2 provides a conceptual timeline for the development of advanced radio technology, depending on the related flexibility and reconfigurability. The figure is intended to provide a visual description of how the technologies referenced in the document are related and when they are envisaged to be developed. The plot is based on a qualitative estimation of the foreseen developments in the framework of radio devices, and thus it should not be considered as an exact timeline.

In particular, the figure underlines that the overall behaviour of advanced radio technology is oriented to an increasing usage of software within radio devices, starting with software-controlled radio (where software is employed to configure the radio transmission parameters) up to ideal software radio. Key actors in the field (software-controlled radio, software-defined radio, software radio, cognitive radio, and policy-based adaptive radio) are indicated as ellipses, which provides a qualitative view of the relationships among them.
It is expected that all of the technologies, once developed, will continue for the foreseeable future.  For example, the use of SDR technology does not terminate once a full-blown software radio becomes available.
Hardware radio includes firmware.  Therefore, hardware radio does have some flexibility and adaptability.  For example, cognitive capabilities could be burned into the firmware.
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Figure 2 Conceptual Timeline for Advanced Radio Technologies
[Editor’s note:  The above figure includes all of the terms in Section 3 except for reconfigurable radio.  See comments in Section 3.3 – reconfigurable radio could be interpreted broadly to include all of the technologies in the figure.]
9.2 Explanatory Note on Software Defined Radio




c) 
d) 

c) 
d) 
1) 
2) 
3) 
Radio devices may have many types of software, but are not considered to be a software defined radio device unless they meet the definitions provided in Section 3.2   Figure 3 illustrates the software stack representative of many modern communications devices; however the device is not an SDR device unless it includes software that meets the definition provided in Section 3.4.
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Figure 3—Typical  software stack in communications devices

The technical characteristics of software defined radios are described in the following documents:

· ITU-R Report M.2038 describes technology trends including technical characteristics of SDR and associated technologies such as reconfigurable processors and radio frequency micro-electro-mechanical (RF MEMS).  

· ITU-R Report M.[SDR] also contains descriptions of the technical aspects of SDR and related technologies such as antenna systems.  This report also includes many technical references.  Much of the technical aspects of SDR and related technologies described in this report is equally applicable to SDR application to all land mobile systems.

· ITU-R Report [?? TBD], Software Defined Radio in the Land Mobile Services.
9.2 Explanatory Note on Cognitive Control
The term “cognitive” has been used in the radio world to describe radios with varying levels of adaptive capability.  In this document, the definition of cognitive radio is drawn from technical definitions from the artificial intelligence world along with specific considerations of the radio domain.

The term “cognitive” comes to the radio community via the artificial intelligence (AI) and computational science realm.  The study of intelligence and reasoning systems in the AI sense can be shown to fall into two broad categories: 1.) systems that think and act like humans and 2.) systems that think and act in a purely rational (e.g., “logical”) manner [R&N, 2003].

In the AI literature, the term “cognitive” is consistently applied to systems that exhibit human-like qualities in its processing.  Cognitive science is concerned with modeling machine reasoning processes in accordance with those exhibited by humans.  The human-like processes are not limited to purely rational ones, but can encompass processes that are inconsistent with strict rationality when reasoning, problem solving, planning, and learning.  Furthermore, the inputs, outputs, and internal behaviors of a cognitive system are consistent with human behavior in both conduct and timing [R&N, 2003].

A system is said to be rational (rather than cognitive) if it does the “right thing,” given what it knows.  In this sense, a rational system obeys the well-defined laws of inference and logic in processing information [R&N, 2003].  It may use a combination of deductive and inductive processes for reasoning, problem solving, planning, and learning.

Clearly, a radio that is useful and supportable must be deterministic insofar that it will always obey a set of rules or policies that govern its behaviors.  These rules may be regulatory in nature (e.g. ensure the radio is not harmful to other radios) or optimizing (e.g., maximize or minimize a certain aspect of the radio’s operation).  Within that deterministic bound, the radio may be free to adapt by whatever processes are deemed appropriate.  These processes may be purely rational and deterministic or may incorporate non-rational processes for learning and adaptation.

In 1950, Alan Turing proposed a set of tests (known as the “Turing Test”) for a system to possess intelligence [R&N, 2003]:

· Natural Language Processing: communicates in human-understandable language

· Knowledge Representation: store information (in an ordered manner)

· Automated Reasoning: answer questions and develop new conclusions

· Machine Learning: adapt to new circumstances and detect/extrapolate new patterns

Looking at the Turing Test criteria, three of the four criteria are applicable to establishing cognitive radio characteristics.  Radios with appropriate memory, software, and processing capabilities can store information (knowledge representation), reasoning in an automated manner to develop new conclusions, and employ machine learning processes.  Radios, however, don’t communicate with each other using human-understandable languages.  

Applying practical radio considerations to the AI definitions of cognitive, the characteristics of a cognitive radio emerges:

· Maintains knowledge representation, automated reasoning, and machine learning capabilities in accordance with the Turing test

· Automated reasoning can be purely rational (deterministic) or can be inconsistent with strict rationality when reasoning, problem solving, planning, and learning.

· For practical implementations, the degree of inconsistent (non-deterministic) rationality must be limited by a deterministic bound such that it consistently obeys a set of rules or policies that govern its behavior.  

Figure 4 illustrates the major components of a cognitive radio.
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Figure 4  Cognitive Radio Components

[Editor’s note:  Rx from Keith Nolan 13 Jan 06.  We need to discuss incorporating this into the this informative section.  We need to discuss using this in place of Figure 3 or perhaps in addition to Figure 3.]
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9.3 Explanatory Note on Policy-Based Adaptive Control
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Figure 5—Components of a Policy-Based Radio Adaptive Control Mechanism
In Figure 5, the area shaded in gray is the software defined radio as previously provided in Figure 1.  The policy-based radio technology is a mechanism for providing information needed by the software control processing engines of Figure 1. 
A major driving requirement for policy-based adaptive radios is the need for opportunistic access to spectrum so that the spectrum is utilized more efficiently.  The current method of allotting spectrum provides each new service with its own fixed block of spectrum.  Since the amount of useable spectrum is finite, as more services are added, there will come a time at which spectrum is no longer available for allotment.  We are nearing such a time, especially due to a recent dramatic increase in spectrum-based services and devices.

However, as noted by the FCC
, there are large portions of allotted spectrum that are unused when considered on a time and geographical basis.  There are portions of assigned spectrum that are used only in certain geographical areas and there are some portions of assigned spectrum that are used only for brief periods of time.  Studies have shown that even a straightforward reuse of such “wasted” spectrum can provide an order of magnitude improvement in available capacity.  Thus the issue is not that spectrum is scarce – the issue is that most current radio systems do not utilize technology to effectively manage access to it in a manner that would satisfy the concerns of current licensed spectrum users.  Policy-controlled adaptive radio is one approach for achieving better spectrum utilization, dynamic spectrum management, and flexible spectrum use.

As noted earlier, software controlled radios may be considered to be a subset of software defined radios as that term has been defined in this document.  Policy-based adaptive radio is a software-controlled radio in which the control information includes:

· Policies (regulatory, operational, user)

· Sensor information

· Available RF bands

· Propagation data

· Available protocols

· Performance requirements

· Information about the radio network infrastructure

Policy-based adaptive radio is an approach wherein static allotment of spectrum is complemented by the opportunistic use of unused spectrum on an “instant-by-instant” basis in a manner that limits interference to primary users.  This approach is called “opportunistic spectrum access” spectrum management.  The basic parts of this approach are to:

· Sense the spectrum in which one wants to transmit.

· Look for spectrum holes in time and frequency.

· Transmit so that you do not interfere with licensees.

The concept of policy-based adaptive radio potentially provides a new regulatory policy framework, particularly for use in unlicensed bands.  For licensed bands, it potentially allows licensed holders a method for improved utilization of the spectrum covered by their license.  The concept allows for diversity of privacy sources from different regulatory sources.  It also allows for policies that change with time and geographical location.  The concept will facilitate regulatory traceability provided the computer-coded policies trace to the original regulatory documents.
The key technologies needed for policy-based adaptive radio include:

· Real-time, wideband spectrum monitoring capability achieved at low-power consumption.

· The capability to perform waveform identification and characterization within 10’s of milliseconds.

· The capability to synthesize autonomous, dynamic time-frequency-space waveforms.

· The ability to perform network reconfiguration and transformation operations.

· Policy-based meta-language

· Translates policy rules into radio behaviour controls

· Radio control operating rules are based on policies and situations

· Decouples the radio technology from the regulatory process

There are a number of research challenges to this adaptive spectrum management including:

· Wideband sensing.

· Opportunity identification.

· Network aspects of spectrum coordination when using adaptive spectrum management.

· Traceability so that sources can be identified in the event that interference does occur.

· Verification and accreditation.

[Editor’s note:  Suggest that we delete all of the text highlighted below as well as Figure 6.]
The FCC uses the term “cognitive” in a very limited sense in its “Cognitive Radio” NPRM and related proceedings [FCC CR-NPRM, 2003].
  In the NPRM, the FCC provides a footnote to clarify its use of the term to be limited to “smart” or “adaptive”, and not the traditional definition provided by the AI (and psychology) community.  The footnote explanation in the NPRM clearly shows that it is not presuming a standard definition.  Furthermore, the NPRM contains no clear definition of their meaning of “cognitive” beyond being able to adapt to the environment.  The document makes no requirement on the processes or technologies involved in the adaptation (as they clearly should avoid doing), only that the radio’s behavior not violate policies and rules.

While the DARPA XG Program has been described by some (including the FCC) as an example of a cognitive radio, the Program itself has avoided billing itself as a cognitive radio.
  The “cognitive” moniker has been errantly applied by some simply because the XG design uses the AI-based features of ontologies to describe knowledge base and rules and then applies deductive reasoning to determine its operational extent.  

The program has designed its high-level architecture such that it makes no requirements on the adaptive processes other than policy compliance.  Shown in Figure 5, the Spectrum Strategy Reasoner is the functional place for adaptation algorithms, while the Policy Reasoner is where the spectrum policy reasoning takes place. The ability to sense and adapt need not be cognitive.  An adaptive capability can be implemented that simply uses a set of well-defined, hard-coded (hardware or software) algorithms.  There need not be any type of reasoning applied other than straightforward “if-then-else” statements.  On the other hand, the adaptation algorithms could encompass autonomous reasoning, problem solving, planning, and machine learning.

The Policy (or spectrum reasoning) controls act as a mechanism that reasons on a set of spectrum access rules (policies) along with facts regarding the RF environment, the radio’s goals, policy constraints, and the radio’s physical limitations.  These controls use deductive reasoning to provide a deterministic bound on the Spectrum Strategy Reasoner (and thus radio) operation.  While this capability is based in AI techniques, it is clearly not cognitive.
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Figure 6—DARPA XG high level architecture

9.4 Explanatory Note on Dynamic Frequency Selection 
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Figure 7—Key technology components of policy-based adaptive radio needed for dynamic frequency selection

[Editor’s note:  We need to discuss that this is a broader view of DFS than what is in the IEEE 802 and ITU-R definitions.]
Figure 7 illustrates the technological functionalities that are needed to accomplish dynamic frequency selection using policy-based radio.  Clearly a system approach is needed to accomplish the goals of dynamic frequency selection.  

The functionality requirements in Block 1 of Figure 7 are critical technology drivers.  Dynamic frequency selection requires the ability for a real-time, wide-band sensing of the spectral environment.  This is the process of sampling the channel in order to determine occupancy.  It should be noted that there is no agreed definition of when a channel is occupied; several factors are involved including receiver sensitivity, the sampling time and sampling interval, thresholds for discriminating wide-band noise from signals, etc.  It is noted in Block 1 that along with this sensing capability is the need for policy agility which is the ability to change the policies controlling the behavior of the radio to be changed dynamically.  Policy agility allows adaptation to policies changing over time and geography.  Such policy changes could be downloaded from the internet in a machine-readable format.  The timescale for such changes of course is much different from the frequency agility timescale needed for dynamic frequency selection.

The functionality requirements in Block 2 of Figure 7 include an analysis of the data to determine if the particular channel is an opportunity for usage.  This identification process includes the characterization of the data and uses this information to determine if the channel can be used by another communications service or system.  The identification process also includes communication with some subset of its neighbors because what may appear to be a clear channel at one end of the link may not be a clear channel at the other end of the link.  For some mobile wireless subsystems this communication may require a narrow-band pilot channel.

Block 3 of Figure 7 is the synthesis of the specific dynamic waveform and frequency that are appropriate for use at this time and this location.  This leads to the need for the network to adapt (Block 4).

9.5 Explanatory Note on Spectrum Management

[Editor’s note:  The figure should stay in this informative section but we need to make certain the figure is compatible with the definitions in Section 6 that we agree to.]



Notes:
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�Chair’s comment/question – we have had strong opinions that we should not define an architecture.  What would be a better label for this column?  Note that Bernie’s Table 2 may make this table unnecessary.


�Why preclude cognition in policy adaptive?


�Editor’s Comment/Question:  We have had strong arguments that we should not specify an architecture – so doesn’t that mean that we should also not use the word “implementation”?


�I think a Venn diagram would be useful.  Which definitions are refinements (subsets) of others?  Where do definitions have potential overlap?


�If a change to the firmware can alter the behavior of a Radio, isn’t it more of a Software Controlled radio?  Perhaps the requirement should be phrased as “achieved through physical changes” ? 


�Reconfigurable radio should be a superset of hardware reconfigurable and software defined radios.  Would an ideal software radio meet this definition?  I think it should, but it doesn’t seem to meet the definition.  The radio hardware might be a non-configurable antenna, but all the digital signal processing might be fully reconfigurable purely in software.  What is the hardware functionality that is changed in that scenario?


�Editor’s comment – this is a very narrow definition of reconfigurable radio – we need a broader definition.


�Editor’s comment – this was moved here from the informative Section 9.2 as a result of a decision made during the March meeting – it has been discussed on 3 different occasions.


�Seems circular.  Did you mean to say “ideal SDR is…”?


�SDR Forum has an evolution from Software Controlled to Software Defined, implying that Software controlled radios are a superset of software defined radios, not a subset as you have it.  SDR Forum definition of software controlled is “Software functionality control, but hardware changes for modulation or frequency attribute changes”.  Thus, it implies more hardware elements, not “minimal hardware” as you have it.


�Why autonomously?  I think agility is separable from cognition.  Perhaps the agility definition could include a quantitative measure.  Otherwise, it seems to capture too much.  The FM radio in my car makes minor adjustments autonomously to ensure audio clarity.  Is it frequency agile.  IEEE 802.11 has features for autonomous switching of channels.  Is a WiFi access point frequency agile?


�Specifying specific components seems overly restrictive.


�Redundant term since merged with Adaptive Spectrum Access?


�This is a local determination and that should probably be mentioned.  The point is that measurements made at a single location can not assess the state of the entire network


�Perhaps adding the notion of “simultaneous performance of  tasks” might be useful, where a definition of simultaneous would be required.  Is it at the RF transmission and reception level or at the session level?


�RR: Why just “one”?  And why “reducing interference”?  Isn’t the real issue one of allowing systems to coexist?  If so, then the general concept is that a coexistence mechanism is any technique or set of techniques that enable sets of multiple users to communicate among themselves, each having to do so in the presence of the other sets of multiple users.  Whether this is done by “reducing interference” or by “improved tolerance techniques” shouldn’t matter, should it?


�This is actually precisely what SDMA (smart antenna processing if you will) is all about.


�Are spectrum-usage resources the same as spectrum resources?


�In fact, it’s probably easy to show that the scenarios in which optimality can be achieved with a decentralized strategy form a set of measure zero in the space of all possible scenarios.  I’d venture to guess a necessary condition is that the systems be orthogonal in the frequency domain, which obviates the need for collaboration.


�Covered by Dynamic Spectrum Access


�This is truly an optimist speaking.  I suspect if one were to put three such autonomous systems in the same room and watch how much better they do with DFS than without,  the improvement is likely to be less than -10dB, and I mean minus. :^))


�Allocation is a viewed as a regulatory term. ‘Access’ appears to be a device-level term 


�I don’t think the geolocation property should require that the radio adapt to its location.  Again, some of these features should be independent of cognition concepts.  Some radios may have geolocation abilities for other reasons (GPS, E911, etc.).  Also, one could imagine a radio having geolocation abilities so that a user could manually reconfigure its settings.


�Geolocation is a well-known term and it does not describe a system.  It is the location of an object with respect to the earth (geoid).  A Geolocation system however IS a system, but not one for selecting anything.  What is it that is really trying to be defined here?


�Already in ‘Collaborative Use of Spectrum;


�This heuristic explanation is often used because it lends itself to simple mathematical models, however, it is technically inaccurate (wrong).  In fact, given any finite scatterer in the field of electromagnetic propagation, there is a continuum (read infinite number of) scatterers that all contribute (via the appropriate scattering cross-section tensor) to the electromagnetic fields that would be observed anywhere in space-time.  Furthermore, fading is generally thought of as a time-dependent phenomenon, and of a statistical nature most often.  Statistical because we throw up our hands in any attempt to solve Maxwell’s equations in the real-world with complex time-varying (cars and people move, trees sway in the breeze, rain falls, etc.) boundary conditions and inhomogeneous media.  It’s hell out there, so we just give up, but that doesn’t change the fact that the underlying physical phenomenon are a lot more complicated than a few stationary point scatterers generating a few different paths.


�Covered by Dynamic Spectrum Management?


�Alternative terms are Network Agility, Dynamic Mode Switching, Heterogeneous Network Roaming


�I’m not sure what you are trying to define here.  I suspect it’s related to estimation of the kinematic state of a transceiver from multi-source data (GPS, RF signal strength, time-of-arrival, etc.), but I’m not sure.  If this is the case, I don’t think “Spatial Awareness” is an appropriate moniker.  Perhaps in Spatial Awareness you have in mind a system that uses location information (i.e., the distribution of units in its network) to make intelligent decisions about how to communicate.


�Adapted from the ITU Radio Regs.


�One can attempt to include the various parameters mentioned in what amounts to an economic definition of efficiency, but in the communications world,  spectral efficiency is a well-defined albeit somewhat limited concept.  While for single channel communication links b/s/Hz is the common measure (and generally referenced to the capacity (often Shannon capacity) of that particular channel), as is pointed out, for multi-user systems, this measure falls short.  The point is for multi-user systems the spatial domain must enter.  While not a globally accepted definition, the most logical extension of the single channel concept is to b/s/Hz/m^3.  The measurement is then one of information flow within a volume of space between sources (transmitters) and sinks (receivers).  This can be measured (and in some instances the theoretical maximum value can be calculated).   If you like, you can think of it as the information flow across a boundary from transmitters on one side to receivers on the other, that is, a multi-input multi-output communications system (which is what SDMA is all about, maximizing this capacity under constraints!)  A topological transformation is all that is needed to create this rather simple picture, but perhaps it’s a more useful view for some.


�Editor’s comment – we need to find out if spectrum sharing has an official definition in the ITU.


�Chair comment:  This should probably be changed to normative.


�Awkward.  A rule is a fact but not a rule?


�This section has been added.  The initial text is from the IEEE input to ITU-R WP8A.   This needs to be carefully reviewed for appropriateness for this document.


�“licensing”, “unlicensed bands”, “radio regulations” need to be defined


�Need to define all of the acronyms in this figure.
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Notes:

		Most, but not all, cognitive radios are software defined radios.

		Most, but not all, cognitive radios are policy-based adaptive radios.

		Most, but not all, policy-based adaptive radios are software defined radios.

		Theoretically, both policy-based adaptive radios and cognitive radios can be implemented in hardware; however, this is not usually a practical implementation. 

		Essentially all radios are policy-based; a policy-based radio must be adaptive in order to achieve the goal of more efficient use of the spectrum.



Software defined radio [2]. (FCC Definition)  A radio that includes a transmitter in which the operating parameters of frequency range, modulation type or maximum output power (either radiated or conducted), or the circumstances under which the transmitter operates in accordance with Commission rules, can be altered by making a change in software without making any changes to hardware components that affect the radio frequency emissions.



Software defined radio [3]: (ITU-R Definition)  A radio in which RF operating parameters including but not limited to frequency range, modulation type, or output power can be set or altered by software, and/or the technique by which this is achieved.

NOTE 1 – Excludes changes to operating parameters which occur during the normal pre-installed and predetermined operation of a radio according to a system specification or standard.

NOTE 2 – SDR is an implementation technique applicable to many radio technologies and standards.

NOTE 3 – Within the mobile service, SDR techniques are applicable to both transmitters and receivers.

Cognitive Radio



Software Defined Radio



Policy-Based Adaptive Radio
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Bernie Eydt’s IEEE 1900.1 Venn Diagram #2


Intelligence Attributes


Cognitive


Smart


Aware


Dumb


Awareness is the presence of 


some form of sensory 


capability, but not necessarily 


limited to spectrum sensing.


Being “smart” implies that 


one can make inferences 


from sensory data.


Not sure if “smart” and “cognitive” are 


separate concepts, but both are used in 


current definitions.  Perhaps smart 


implies a pre-programmed expert 


system rule set, while cognitive means 


the ability to “learn” and change the rule 


set autonomously.


Note: I would like “flexibility” and “intelligence” to be independent notions.  


For instance, humans can “think” without changing any behavior.  In 


practice, radio or machine intelligence will only be of value if coupled with 


flexibility, but the two ideas are conceptually separable.
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Bernie Eydt’s IEEE 1900.1 Venn Diagram #3


Interaction Attributes


Collaborative


Cooperative


Non-Cooperative


Autonomous???


Cooperation can occur without 


communication if a protocol pre-


determines how nodes will interact 


once operational.  Cooperation 


implies some common objective.


Collaboration is active ongoing 


communication between nodes to 


achieve a common objective.  It is 


cooperation with communication.


Non-cooperative behavior is 


relevant for many spectrum 


management concepts.  The 


theory of non-cooperative games 


can be applied to spectrum 


management.


Autonomous suggests acting 


alone, but the temporal aspect is 


tricky.  For instance, a node can 


share information with other nodes 


and then act autonomously on the 


acquired information.  


Note: “flexibility” and “interaction” should be considered independent 


concepts.  For example, highly collaborative radios may only negotiate 


frequency, which which would necessitate that only a subset be tunable (a 


low level of flexibility).  Collaborative collision avoidance protocols may not 


even require that any of the radios be tunable.  
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Bernie Eydt’s IEEE 1900.1 Venn Diagram #4


Implementation Attributes


Controlled


Defined


If a radios behavior is defined 


using a particular technology (e.g., 


software or hardware), then it 


must be able to be controlled 


using that technology.
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Dynamic???


Adaptive


Reconfigurable


Tunable


Non-configurable


Agile???


Policy 


Defined


We should have a term like 


“tunable” that identifies a degree 


of configurability less than the 


advanced concepts.  Otherwise, 


simple clock radios will fall under 


the definitions (i.e., ability to 


change frequency).


Reconfigurable Radios can 


involve manual 


reconfiguration or hardware 


“swapable” components.  


They subsume all radios 


except non-reconfigurable 


hardware radios


Policy defined radios must have 


at least one tunable parameter 


for the policy to be relevant, but 


they do not need to be 


reconfigurable (e.g., parental 


controls on TV)


Bernie Eydt’s IEEE 1900.1 Venn Diagram #1


Flexibility Attributes


I am not sure agility means 


anything more than “ultra 


tunable” or more tunable than 


current technology.  Any 


ideas?


Adaptive is the ability 


to self-reconfigure 


based on an external 


stimulus


I am struggling a bit with 


dynamic.  Does it mean 


changeable or does it imply 


continuously adaptable?
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Information needed for cognitive and policy-based adaptive control mechanisms:

		Policies (regulatory, operational, user)

		Sensor information

		Available RF bands

		Propagation data

		Available protocols

		Performance requirements

		Information from radio network infrastructure
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CR – Cognitive Radio		PABR – Policy-Based Adaptive Radio

RFI – Request for Information		SCR – Software Controlled Radio

SDR – Software Defined Radio	SR – Software Radio

Note:  SDR currently is practical for some applications such as commercial wireless basestations, but not for some wireless handsets.  Cost, power, size and weight are critical design requirements that must be considered when considering the use of advanced radio technologies.

Increasing Flexibility and Reconfigurability

SCR

SR

SDR

Increasing use of software in advanced radios

CR

PBAR



SCR + SDR baseband           (for some applications)



Ideal Software Radio 

SCR + SDR baseband      + SDR RF



Hardware Radio



1995

2005

2025

2015



2004: First SDR device approved by FCC



1995: First RFI on SDR



Hardware radio includes firmware and therefore may have significant operational flexibility.
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Towards a Cognitive Engine



		Rationale (referring to 1900.1 Draft Dec. 7th 2005: pp 18)

		Knowledge Representation: store information (in an ordered manner)

		Automated Reasoning: answer questions and develop new conclusions

		Machine Learning: adapt to new circumstances and detect/extrapolate new patterns





“Universal Turing Machine” idea

Directing a highly-reconfigurable entity using observations, requirements, state ‘awareness’ and knowledge of historical actions, outcomes, tasks, states. Could even replace the reconfigurable radio with some other highly-reconfigurable system: “cognitive cars??”



Memory (Knowledge delay line):

Short term and long term to represent the time-value of information and changing perceptions of this information over time

Time-varying weighting: analogous to filtering. Example: “time heals all wounds” (harsh memories becoming softer over time), Identification of common frequent actions, outcomes…



Weighting is also applied to the policies, external observations, goals… in order to give the radio an ability to prioritize.
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1.  Spectrum Usage Data Collection

		Real-time, wide-band, low-power sensing of the spectrum  environment 

		Download machine-readable regulatory policies and spectrum usage information that are both geo-location and time sensitive.





3.  React

		Formulate the best course of action (i.e., what is the most appropriate frequency and waveform to use)





2.  Characterize the Data

		Real-time evaluation of the spectrum data

		Rapid waveform determination





4.  Adapt

		Transition network to new emission plan










