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l. Introduction

Wireless communication services and associated applications rely on tfeadie frequency
resources for their operation. Due to the growth in the use of these services, spectrum
management agencies and wireless service providers are determingipwatablish flexible
spectrum assignment mechanisms as a means to respond in the near future tonthéodema
spectrum resources. The regulatory, technological and economic changes tioat driving
the wireless services industry will spawn new technical and business mmodgisléss service
provision and spectrum management practices, many of which will rely on ySaectrum
Access (DSA) methods to enable efficient use of spectrum resourcesvétotie use of DSA
methods also requires using policy-based mechanisms in radio devices tadamiktaontrol
the assignment of spectrum given the wide range of communication scenaviash there
may be conflicting goals for the use of this resource (e.g. public safetyofisbased services).

Spectrum consumption modeling (SCM) attempts to capture spectral, spatial, pachtem
consumption of spectrum of any specific transmitter, receiver, system, atioollef systems
(Stine and Schmitz 2011). The information contained in the models enable better spectrum
management practices and allows for the identification of spectrum reuséuogpes. The
characteristics and structure of spectrum consumption models are beingdstaddaithin the
newly formed IEEE P1900.5.2 group in which the authors participate.

This paper presents and discusses how SCM can be used to enable spectrummshauing a
initial research in establishing the techno-economic basis for the use of pktinum trading
markets. We focus on exchange based spectrum trading markets where treeveartiting to
use spectrum resources (e.g. wireless service providers) make use ofdS&ddiess the
characteristics of the spectrum they desire to use. Then, based on these S&ittums
exchange entity can determine the range of frequencies within the seeadbéat can satisfy a
particular requesting entity’'s demand and the charge that it should pay. We hdbe thatilts
and insights of this paper are of use to regulators and policy makers and that it pgreanides
initial exposure to the potential uses of Spectrum Consumption Models and polidy-base
spectrum management.

The paper is structured as follows: Section Il describes the operation amgrstaicpectrum
trading markets, section Il explains the main concepts related to theisgratspectrum
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consumption models and their practical use. In section IV we provide a descriptionusé thie
SCMs for spectrum sharing and its integration with Policy-based spectrungenaerat which in
section V is extended to describe the use of SCMs in spectrum trading. Sectiontidhmthe
conclusions and future perspectives for this work.

lI.  Spectrum Trading Markets

The radio frequency spectrum is a highly regulated resource whose managenusit in m
countries is usually deferred to a government agency. Currently, a largé thertusable
spectrum is not used efficiently and has low average occupancy valuesniMatal. 2006). A
main cause for this is that traditional spectrum allocation and assignmeamamsns have
focused on avoiding interference between users and on the type of use given tonsgzbr
than on the efficient use of spectrum and the maximization of socio-economic bdinefds
rigid spectrum management policies are in part to blame for creatingfeahspectrum
scarcity and new mechanisms to improve spectrum use efficiency need to be fazteniv
2005; Qing and Sadler 2007, 79-89).

In addition, the growth in demand for existing services and the emergence of healdgies

and uses for spectrum place increasing demands on this resource, which makagjeamean

of spectrum increasingly difficult for regulatory agencies. In padicthe traditional command
and control model for managing spectrum makes it difficult for entities thapestrum (i.e.
wireless service providers) to share or trade spectrum. This is esppaligmatic when

sharing can increase the use of a band of frequencies (Bazelon 2008). Likenssles quick
reaction to variations in traffic demand (Burgkhardt et al. 2009, 363-367). Thus, mechanisms
that enable dynamic spectrum assignment have to be put in place to adjust tess wirel
landscape that requires more flexibility and to achieve the best usage dirspeassible under
economic or social objectives (NSF 2010).

Models and methods to provide flexible spectrum assignment make use at somefdegree
software defined radio (SDR) or cognitive radio (CR) concepts and range fromurpgtart
spectrum access based on Dynamic Spectrum Access (DSA) mechanisersswlbased access
through the use of spectrum markets (Qing and Sadler 2007, 79-89; Buddhikot 2007; Maharjan,
Zhang, and Gjessing 2011, 33-51; Yoon, Hwang, and Weiss 2010). Opportunistic access relies
on DSA methods to identify spectrum opportunities and to exploit spectrum availability.
However, it also needs adequate regulatory policy to support its operations. The purpabe of w
designed opportunistic access mechanisms is to provide sufficient benefridaey users

while protecting spectrum licensees (primary users) from interfer@iag and Sadler 2007,
79-89). In contrast, market-based spectrum assignment mechanisms regynsa transfers or
leases which can be established through many different market strGaiesdo and Weiss

2009; Caicedo Bastidas 2009).

Spectrum markets would promote a more competitive communications environmeirigower
barriers of entry to service provision for new companies/enterprises arniatiaglthe
introduction of new services (Berry, Honig, and Vohra 2010, 146-155; Bae et al. 2008). A
spectrum market would allow efficient and flexible allocation of spectieearding to demand
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and create incentives for the development of new types of radio systems Remny, and
Vohra 2010, 146-155; Bae et al. 2008). Due to their benefits, regulatory policy efforts to
facilitate spectrum markets are being implemented in several couiMiage and Wallsten
2010, 61-72; Ofcom 2011; Webb 2005, 32-35; Olafsson, Glover, and Nekovee 2007, 52-63;
Marcus 2010, 7-7). However, these efforts still impose regulations that limyipiae of trades
allowed in the market and the use given to traded frequencies. The developnpectrons
markets for wireless service provision will require a well-integra¢gdlatory and market
operation framework. This framework should be adequately supported on a technological
infrastructure which must include mechanisms to prevent anti-competitive behawidr, a
burdening market operations with high transaction costs, promote spectrum useadsffiand
guarantee a sustainable market that can provide benefits to its parti¢iparésand Webb
2011; Cave, Doyle, and Webb 2007; Caicedo and Weiss 2007, 579-584; Ofcom 2003).

Spectrum trading (ST) is a market-based mechanism where buyers argidetitrmine the
assignments of spectrum and its uses. Trading transactions are iniiateddtity that holds
spectrum and that wants to sell some of it. Once a buyer is found, and the finanséaitioa is
completed, the new owner gains the spectrum usage rights. ST provides a mecharety whe
regulators can address the allocation and assignment aspects of spectrgemmeanar his
mechanism is also of interest to wireless service providers as the itgxibg8pectrum resource
management/acquisition offered by ST can provide economic benefits to thieedCand

Weiss 2007, 579-584; Caicedo Bastidas 2009; Olafsson, Glover, and Nekovee 2007, 52-63).

Figure 1 shows a basic spectrum trading scenario based on the use of a sp&tiamgee The
exchange collects the offers to sell and offers to buy (bids) for spectriermdets the winning

bid (through a continuous double-auction mechanism for example), and transferbttbéugg

from the seller to the new owner of the right (Harris 2003; Caicedo and Weiss 2007, 579-584).
Other spectrum trading scenarios can have the exchange acting as a band jostradigpsving
trades in the form of leases on the set of frequencies it manages (CaicedasB29). In

general, the rules and behaviors governing the market structure alongywtgalatory policy
limitations will influence the technical and economic benefits achievablenarket-based
spectrum management environment (Caicedo and Weiss 2011, 46-52).

Spectrum Exchange

Trading

L /

Spectrum user: Owns spectrum Spectrum User: Needs
spectrum and wants to buy it.

Figure 1. Spectrum Trading Scenario



Spectrum as a traded item is different than the trading of traditional comesaiice spectrum
use has a geographical area specificity which allows for its reuse maotfas. Spectrum cannot
be stored in a traditional way (box, container, etc.) and interference from otleefreggiency
sources/users can diminish its value. In general, the objective of any {basket spectrum
assignment mechanism like spectrum trading is to maximize the revermgeenitities
participating in a trade while enhancing the use and delivery of servidestimted spectrum.

For economically-driven dynamic spectrum assignment to be optimadigtiet, a secondary

market must exist that allows spectrum users to optimally choose betamtal investment and
spectrum use on a continuous basis, not just at the time of initial assignmeat(Gaid Weiss
2008). To understand the organization of and interactions in a ST market we need to know what
entities participate in such a market. We will focus on the exchange-basedmspeatiing

markets. A description of the entities that participate in these markets andfsthraie functions

is provided below:

Spectrum license holders (SLHEntity that owns a spectrum license which has been acquired
either through an auction, spectrum trading or direct assignment by aoegalgency and that
offers its license for trading to obtain financial compensation.

Spectrum license requestors (SLE)tity that submits bids for spectrum licenses to the ST
market with the intent of acquiring the license. Spectrum license requeistans spectrum for
their own use or for speculation.

Spectrum exchang@n entity which provides and maintains a market place or facilities for
bringing together buyers and sellers of spectrum in which spectrum trealisgdtions can take
place. It also publicizes prices while keeping trading entities anonymous.

Spectrum regulatorGovernment entity that oversees the ST market and defines the regulations
for its operation.

Market makersA market maker is an entity that facilitates trading. It does not providessgrvi
with its inventory. It obtains revenue through the spread between ask (sell) andybiolrides

for spectrum, and holds a spectrum inventory for negotiating and speculating.

Spectrum exchanges can be categorized based on their technical structurekabhd ma
functionality as mentioned in (Caicedo and Weiss 2011, 46-52). This spectrum exchange
classification generates four types of spectrum exchanges which aaed® implement a ST
market. Their characteristics are listed in Table 1. From a technicplgoéive, a spectrum
exchange acts as a pooling point (POOL) if it is capable of acting as the pointfiersthe
delivery of wireless services in the spectrum acquired by a buyer is aexafignd managed. In
contrast, a non-pooling point exchange (NOPOOL) only awards an authorization for use of
spectrum to the buyer that is participating in a spectrum tfdeenew owner of spectrum can
then proceed to use the spectrum through its own wireless transmission/recepties. devi

In terms of market functionality, a spectrum exchange can be a band managéor(BMiven
segment of spectrum over a geographical region or have no band manager futyctional
(NOBM). When the exchange operates as a BM, the exchange assigns timetblegisectrum
within the band of frequencies it manages. A NOBM exchange will establass todt spectrum
units (channels, or sub-carriers, etc.) among entities in the market without haolgisgestrum
itself. The traded units could come from non-contiguous segments of spectrum depending on



Table 1.Spectrum exchange classification
Exchange type Characteristics
Pooling point + band manager functionality
» Use of traded spectrum is enabled and configured thrpugh
equipment/infrastructure owned by the exchange.

(PoTépLeéM) o All .tradable spectrum ig held by the exchange and it
- assigns/leases it to potential users.
» All tradable spectrum returns to the exchange after the end of
the assignment/lease period.
Pooling point only, no band manager functionality
» Use of traded spectrum is enabled and configured thrpugh
Type Ii equipment/infrastructure owned by the exchange.

» Different segmentsof spectrum can be activated and
configured through the equipment/infrastructure of |the
exchange.

» No spectrum inventory is held by the exchange

Non-pooling point + band manager functionality

» All tradable spectrum is held by the exchange and it
assigns/leases it to potential users.

» All tradable spectrum returns to the exchange after the end of
the assignment/lease period.

 Exchange grants authorizations for use of spectrum| (no
equipment configuration is done by the exchange)

Non-pooling point, no band manager functionality

Type IV  Exchange grants authorizations for use of spectrum| (no

(NOPOOL_NOBM) equipment configuration is done by the exchange)

» No spectrum inventory is held by the exchange

(POOL_NOBM)

Type Il
(NOPOOL_BM)

when and from where they are put into the market by prospective sellerbeintgite of
exchange, the spectrum assignment decisions are based on the objectives ofélse polici
governing the technical and economic operation of the exchange which can affeshiyer of
participants in the market and the level of trading activity.

[ll.  Spectrum consumption models (SCM)

SCMs capture the boundaries of radio frequency (RF) spectrum use by devicestemd sy
devices. These models enable Model-Based Spectrum Management (MBSM), which is
spectrum management executed through the creation and exchange of SCMs. MBSM al
distribution of the spectrum management problem where spectrum users can modséthéir
spectrum independent of other users and place those models in a MBSM systecomineoa
algorithms arbitrate compatibility. These models are machine reaatabkn serve as a means

to convey RF spectrum use policy to devices. SCMs could be a core technology of any futur
national Spectrum Access System (SAS) such as the one recommended in (PCAST 2012). W
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such a system, SCM will allow spectrum segments to be combined, subdivided, shieedor
Spectrum market interactions would use SCM to capture the charactefisiesquanta of
spectrum that are traded. The market coordinating entities (i.e. exshamed also use the
methods of MBSM to communicate spectrum availability and requests and tatarthie
compatibility of proposed uses.

SCMs were conceived to be a loose coupler in spectrum management. Loose cdepéing re

an element that exists at the intersection of a large set of systerabaWathem to interoperate
and to be integrated. When identified and placed between the layers of comf@mssgsoose
coupler has a nearly boundless ability to support innovation. A couple of well-known systems
serve as examples. The first is the electrical power system. The tagderas the

specification for power distribution at the user end: frequency, voltage, arfdéetdefinition.

This standardized coupler then allows innovation at two ends, power generation andklectric
appliances and tools. There is no constraint to development of means of generating power s
long as it can be converted into the frequency and voltage necessary at thenend of t
distribution. There is no constraint to the development of appliances and tools so long as they
can accept power at the specified voltage and frequency. The second examptaasrtbie

The IP protocol serves as a loose coupler with the two layers being the mdatestoinsport

and the services of the internet. There can be innovation in the means to enable sarnhgpgrt
as the systems can accept and route IP packets and there can be innovation inéseasdrvic
applications that ride the network and use the transport so long as they conform their
communications to the standards of IP.

Figure 1 illustrates the loose coupling role of SCM. SCM are placed atriteg oéwhat
appears as a bow tie turned on its side. At each end of the bow tie are differsmfidye
spectrum management system. At the top are the management systems apottainthare the
RF devices and systems. In its loose coupling role, the SCMs capture the mimmmount af
information that allows multiple management systems to communicate witlotaer about
spectrum, for the management systems to communicate spectrum use guidandewiced-
and systems, for RF devices and systems to communicate and collaborate inrigeo§har
spectrum, and to communicate their decisions on the spectrum they use to managstemst s
To be a truly effective, loose couplers are standardized so that the developsterngst each
of the layers have confidence that external factors will not change and tlegidsystem
designs and innovation irrelevant. Currently, the methods and data structures tgpaotiaim
consumption are being standardized through the IEEE Dynamic Spectrum Netessks
Standards Committee (DySPAN-SC) Work Group 1900.5 in the project P1900.5.2.



| Network Operations and Spectrum Management }~— Innovation

A Spectrum Management
Diversity

Standardization
Channel /

configuration Spfg;um I I SCM
DSA Policy (loose coupler)

Spectrum Use
Diversity

‘ RF Coexistence and Dynamic Spectrum Access |~— Innovation
Figure 2. Bowtie diagram with SCM as the loose cqler revealing the layers of innovation and the cemal role of SCM

There are two key objectives in standardizing spectrum consumption modelingincpitterr
boundaries of spectrum use in all of its dimensions and defining how to arbitrate the
compatibility of SCMs. It is necessary that their development occurtsinealusly. The
methods of modeling must support tractable and efficient algorithms foraéirigtr
compatibility.

SCMs consist of several construct elements that collectively captuteusperse boundaries.
The current methods of modeling use the 12 construct elements listed below.

1. Total Power: The power at the transceiver to which values of the spectrum maslgyunderl

mask, and power map reference. It is typically modeled as the total power thathiive
antenna of a transmitter or a reference for the total power receivethafentenna at a
receiver.

2. Spectrum mask: A variable sized data structure that defines the relattralspewer
density of emissions by frequency. Figure 3 illustrates an example obttssuct element.

3. Underlay mask: A variable sized data structure that defines the relaticteat power
density of allowed interference by frequency. Figure 4 illustrates an exarnblis
construct element.

4. Power map: A variable sized data structure that defines a relative powedefisity per
solid angle. Power maps capture antenna effects and some environmental effects

5. Propagation map: A variable sized data structure that defines a path loss moadlé per s
angle.

6. Intermodulation mask: A variable sized structure that defines the propensitjoctted

signals to combine in nonlinear components of an RF system and be emitted bsnat&nans

or be received in the later stages of a receiver.

7. Platform Name: A list of names of platforms that a particular systémeased. These
names are used to identify when multiple systems are co-located and cterd\sw&ind
out-of-band interference issues.

8. Start time: The time when the model takes effect.
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9. Endtime: The time when the model no longer applies.

10.Location: The location where a component may be used. A location may be a point, a

volume, a trajectory or orbit.
11.Minimum power spectral flux density: A power spectral flux density that whehasspart

of a transmitter model implies the geographical extent in which receivéérs gystem are
protected.

12.Policy or protocol: A named protocol or policy with parameters that define behaviors of

systems that allows different systems to be co-located and to coexissamnbespectrum.
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Figure 3. Spectrum masks such as this one convéetpower spectral density of a signal as a functioof frequency
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Figure 4. Underlay masks such as this one convdyet power spectral density of signals that a receivean tolerate

SCMs consist of component models of transmitters and of receivers. Transmoites attempt
to convey the extent and strength of RF emissions. The essential constrect®ldat must be
part of a transmitter model are a total power, a spectrum mask, a power map, atfmopagp,
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and a location. Radio frequency emissions can come from anywhere in the spaiteddsnti

the location construct element. From those locations, the total power, spectrum mask,eand pow
map define the strength of the emission at the source (see Figure 5). The propagation m
defines the rate of attenuation of those signals as they propagate awalydribamsmitters.

Figure 6 illustrates an example of a propagation map.

Power + /_\ or \ / +

= Power Spectral Flux Density (by direction)

ya
|} .

Figure 5. The total power, spectrum mask and powemap of a transmitter model convey the power specat flux density
after the antenna of a transmitter and the total paver, underlay mask, and power map of a receiver maa convey the
power spectral flux density of the allowed interfeence before entering the receiver’'s antenna

Receiver models attempt to convey what is harmful interference. Theiaksenstruct

elements that must be part of a receiver model are a total power, an uncgeskaya mpower map,
a propagation map, and a location. A receiver can be anywhere in the space defieed by t
location construct element. There are three differences in receiver rasaespared to a
transmitter model. It requires an underlay mask rather than a spectrimtmeasonstruct
elements define the allowed strength of an interfering signal at thieeecather than the
strength of transmission, and the propagation model parameters of the propagationmaap def
the rate of attenuation to be used in computing the attenuation of a potentiallyingesignal.

1g?
A10° _‘__,Uf/ 5 Pathloss (dB)
T o 0 T T T T
3 The log-distance piecewise linear
model requires just three parameters ||

to define propagation pathloss

-110°

—40

or 7\ ‘
—100~ m
-140F \ il
~160

3

1 10 100 110
Distance (log scale)

110°

Figure 6. The propagation map conveys a concisegpagation model for all directions chosen by the nueler
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Figure 7. Compatibility between a transmitter anda receiver occurs when the propagation pathloss ahuates the
transmitter power spectral flux density so that theinterference it causes is beneath that specified/ithe receiver model

These multidimensional models establish boundaries of spectrum use betwe®as #ystegh

the interaction of the transmitter model of one and the receiver model of therathecaversa.

Models capture the contribution of the particular characteristics of traeassrand receivers in

defining spectrum consumption. Spectrum is consumed by both transmitters andseceive
Spectrum is consumed by the systems of an entity to the extent that itdttearmardel(s)

precludes the modeled receivers of another entity from operating and toethetleat its

receiver model(s) precludes the modeled transmitters of other enbtie®perating. The

spatial extent of consumption is determined by identifying the boundary of coriyaieyond

which the secondary must operate. Thus, spectrum consumption is as dependent on the modeled
characteristics of the secondary as it is on the primary.

Modeling is artful and so it is feasible to model the same boundaries in multigetwesy
modelers can model in ways that obfuscate sensitive classified or pngpaigpects of spectrum
use. This ability removes one of the more significant barriers to spectrumgshari

The details of modeling have been described in (Stine and Schmitz 2011) which includes the
definition of an Extensible Markup Language (XML) for spectrum consumption mgdsdiled
Spectrum Consumption Modeling Markup Language (SCMML). The SCMML supports the
modeling of transmitters and receivers individually, the combining of multghenitter and
receiver models into a system model, and then the combining of multiple systemijtteans

and receiver models into a collection. Collections are used to convey spectrum ileda|igya
policy, and authorizations. The SCMML schema can be combined with other schema for the
creation of trading transaction documents. The additional schema would define thetaahtr
data elements required for trading.

SCMs may be used to convey spectrum availability and proposed use. An owreatifrsp
can convey the availability of a portion of spectrum it controls in two wayanlteate a
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model of a spectrum use where any new use that can be contained within the modettexdper
It is assumed that the owner creates this model to preclude interferemdtselitand to be
compliant with their own spectrum license. This same owner may also provide a model of
permissible use together with a list of constraining models. In this case, a sgcmaianay
operate within the bounds of the authorizing model so long as its use does not intéinfergywi
of the provided constraining models.

Thus, SCM and the systems that are built around SCM would provide sufficient inforneation t
enable spectrum sharing and spectrum trading interactions. Further, tioefueition of SCM

creates the means to make spectrum a resource with charactewnsecwdhose of a

commodity that can be efficiently managed and traded. The current most bengve

description of spectrum consumption modeling can be found in (Stine and Schmitz 2011). When
completed, the standard of DySPAN-SC Project 1900.5.2 will be the definition for SCMs.

IV. Spectrum Sharing with SCM

As previously stated, MBSM is spectrum management based on the creation andesgthang
SCM. SCM were developed so that tools can automatically assess the coitypattidily two
models. Preliminary computations for compatibility determine whethentitels overlap in
time and in spectrum. If so, then the models are checked to determine if thieyanigth each
other. Given the location of a victim receiver and an interfering transnhiéeomputation of
compatibility follows the procedures described in Figures 5, 6, and 7.

Although seemingly simple, actual computations are more complex. Rather tjlamsimts
for a victim receiver and interfering transmitter, there are gebgral areas within which they
may be located and so it is necessary to determine the worst case plaxfeiimesd two in their
operational areas before computing whether they are compatible or notmiDetgrthe worst
case placement is made more complex if there are directional differi@nicansmission power
and path loss. Additionally, rather than there being just two systems there maitipée
systems competing for the same spectrum and so a series of pairwiseastemay be
necessary.

Given the ability to compute compatibility between models, other functions megdee to the
management system. For example, in cases where there are chagnelessoptions, such as
would be the case for assigning channels from a pool to a collection of networkithalgonay
be built on top of the compatibility computations to assign channels to minimize thealdtenti
interference among users. Given a collection of models with assigned chafgwithms can
search through these models and available channels to find the best channei to asseyv
user.
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SCM provide the additional value of greater resolution in spectrum use. This resallitions f
from the ability to subdivide spectrum use in time and space. Figure 8 illasiragxample. In
Figure 8a, a large volume is used to capture a persistent assignment of & systevhspectrum
that is typical of today's spectrum management. It captures the whole volumeethére
system may be used in all operations over a long period of time up until an assignment is
changed. Spectrum reuse opportunities can be created by subdividing that volume based on
actual use of the spectrum. Figure 8b illustrates the idea. Several volempessanted. Each
of these volumes would correspond to a separate period of the system's use of gpettrum
would be conveyed in separate models with different start and end times. The adlticgrafit
is that these smaller volumes offer opportunities for other systems to usenthepsectrum that
the system being modeled uses. In general, MBSM enhances the managemeituoh spec
sharing. The ability to capture the spatial, the spectral, and the tempagakatins of spectrum
use also offers the ability to use spectrum consumption models to compute whetsrspacte
is possible. Thus, tools can use the models as a means to optimize reuse.

Spectrum sharing is also achieved through DSA. DSA refers to a collectidfecérti
technologies that allow RF systems and devices to autonomously determine whiehspzc
use at the time of use rather than as a preset configuration. There areffeagyt dipproaches
to DSA including requesting a channel from a broker, coordinating a use with asgadéba
existing users, selecting from a set of channels based on location, or selaettargnel based on
policy that is informed by spectrum sensing. All of these techniques are gyigeacksses or
policies that are created by humans based on their judgment of what wilkefiémtive
spectrum sharing. It is this dependence on judgment that makes MBSM well ssitggbort
the DSA vision. Models are a means to capture the judgment aspects of spectumptons
where devices will be, how they will emit RF radiation, and what would congtitigtéerence.
They enable Policy-Based Spectrum Management (PBSM)

SCMs provide a bound to spectrum consumption and as such they are readily used to convey
limits for spectrum use. As is, spectrum consumption modeling can be used to provide a
restrictive location based policy. The models of existing users convegties to new users

and so a collection of models of existing users are a policy. Assuming radoagareant of

how they use spectrum, these models provide sufficient information for a DSA sgstem
determine the locations where they can use specific channels and the litmeis tiahsmit

power at those locations. Many of the developers of DSA systems seek messaggsharing

i A

a. A large volume that captures a persistent as®gni p_The subdivision of spectrum use into smaller wus
of spectrum to a system to capture segments of a systems use in a mission
Figure 8. Using the spatial and temporal dimensianof spectrum to subdivide use into smaller volumes
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where behaviors are chosen that allow compatible reuse within the very spexissing use.
The "protocol or policy" construct element of spectrum consumption models alldWwsdsC

provide behavioral guidance that allows finer coexistence mechanisms, e.g. osing aed

timing, in addition to location as means to achieve reuse.

Policies typically have two parts, a permissive part identifying what 8% §ystem may do and
a restrictive part that constrains what the DSA system may do. In thefaasing SCM models
for DSA policy definitions, the models of incumbent users would be the restrictive part
Additional models can be used to convey the permissive part. Policies written uMngaS€E
the advantage that their compatibility with existing spectrum users camitiedvesing the
algorithms of MBSM.

V.  Spectrum Trading and SCM

A key benefit of SCMs is that they allow spectrum trading based on the chiatest®f the
transmissions of the entity that wishes to use the spectrum in a given sezgie@d the
characteristics of the intended receivers within that area. These capréssex via transmitter
and receiver models using SCM constructs as mentioned in section Ill. SpecadingWwith
SCMs thus takes into account the interference and propagation characteletiezsto the use

of spectrum and allows for the use of assignment policies that take this inéoriméd account
such as those mentioned in (Caicedo Bastidas et al. 2013). This capability providddsis SC
important since not all segments of spectrum are the same due to noise, fading,rand othe
phenomena that can affect a range of frequencies at a given moment in time @onl iloca
space. Thus, a segment of spectrum may look different to one potential user than to another.

SCMs can be used by the spectrum exchange to convey spectrum availathiptpposed use.
Adequate use of the SCMs would preclude interference with other users thaivarenabe
service area. Potential spectrum buyers would then convey their requestsxthtrge by
providing a model of their use which would be validated by the exchange to fat i
boundaries of the SCM(s) used to convey availability. Trades would be completdthimgde
the SCM that establishes the boundary of allowed secondary use.

SCMs allow for a fine grained management of spectrum resources in a spectken Fa

example, instead of having spectrum assignments made to an entity where #ecfesgu

assigned to it are not available at all for any other user entity withirethiee area, the details

of the SCM could allow a spectrum exchange to award the same frequencies to more than one
entity if the SCMs specify non-overlapping use in time and/or space withgethiee area.

SCMs also offer a way to express and conduct spectrum trades by “pairing&theis

required to do transmissions from base station equipment to mobile nodes in a seawdgthare
that of the transmissions that the mobile nodes will make to the base stationsr{gdsll-

duplex communication).

In more detail, spectrum trades using SCM would differ in their proceduresdieg®n the

type of exchange entity present in the market. For BM exchanges, tieseméinting to use
spectrum resources (spectrum users) could use SCMs to express thergtarsciethe way
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they will use spectrum and based on them the exchange can determine the rangenaidseque
within the service area that can satisfy the user and the charge that it shoildwwayer, due

to the control the BM exchange has over the spectrum band in which trades can gkegaac
define the transmission model or models (a discrete set of them) that buyeegreadb and
specify when submitting bids for spectrum. The same rationale applies todiveresodels
defined by the BM.

In a ST market based on a Non-Band Manager (NOBM) exchange, setting up a continuous
double auction environment in which the exchange can match the requests to buy spehbtrum wit
the offers to sell spectrum would be very complicated unless the sets of valumsstanat

elements in the SCMs that are used to express the characteristics efcthenspo buy or sell

are reduced to discrete sets. The exchange could also act as an intermedigytiaénene

best fitting SCM parameters that can be used by a buyer of spectrum witkantioe area at a
specific moment in time.

For NOBM and BM exchange based interactions, the requests to buy spectrum (bids) would be
expressed to the exchange by the entity wishing to buy spectrum by includiotawenty
information:
* Transmission model parameters: Total power, spectrum mask, power map, poopagati
map, a location, start time and end time
* Reception model parameters: Total power, underlay mask, power map, propagation map,
expected service area location, start time and end time
* Bid parameters: Buying price, time window over which the bid is valid

In a NOBM scenario, an ask (offer to sell), would be expressed by the eistiipgvto sell
spectrum to the exchange using the following information:
* SCM transmission model describing the amount of spectrum being sold, range of
frequencies this amount covers and the characteristics of allowed traosmiiss
» Selling price and time window over which the offer to sell is valid. The sellgntrhave
transmissions in segments of spectrum adjacent to the one he is selling so he could
specify that no interference be present at the boundaries of the band and expnets this
an underlay mask that should be satisfied by any potential buyer of the spéc®@v
receiver model can convey this information.

As mentioned previously, in a BM scenario, the offers to sell would be expressed by the
exchange using the following information:

* Transmission model parameters: Total power, spectrum mask, power map, poopagati
map, a location, a start time and an end time. One specific transmission model or a
limited set of them to which spectrum buyers must agree simplifies tleenraithing
tasks of the exchange.

* Reception model parameters: Total power, underlay mask, power map, propagation map,
expected service area location, start time and end time. One specificareceptiel or a
limited set of them to which spectrum buyers must agree helps the exchangéng li
interference effects and making assignments.
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Figure 9. Spectrum trading with SCMs. (a) BM exchage scenario (b) NO_BM exchange scenario

Figure 9 illustrates some of the main interactions and information elereguoised for spectrum
trading with SCMs. In practice, we envision that spectrum management and spesatinm

using SCM would be complemented with spectrum use sensing. While management and the
establishment of trades could be based on the use of SCM and the attendant compatibility
computations alone, in practice, modelers use their judgment in much of the creationsof SCM
There is sufficient unpredictability in environmental effects and in user lmebdkiat actual use
may deviate from the SCM boundaries with no malicious intent. A system of sensais woul
serve to assist in the creation of SCM, to verify users of spectrum keep theithisdive
boundaries of their models, and to arbitrate solutions to interference when it éccurs
combination of a spectrum trading system and spectrum sensors for interfasaneespectrum
market environments is described in (Caicedo Bastidas et al. 2013).

VI.  Conclusions and future perspectives

Spectrum markets can lower the barriers of entry to acquire spectrum, whic timegawith an
adequate regulatory regime, business entities other than traditionalswiservice providers
could acquire and sell spectrum for private purposes and small time scakesdneert
organizer, a shopping mall launching an event, a neighborhood association hostivgla festi
etc.). This would potentially lead to new types of businesses and interactions inelesswi
services area.

Entrepreneurs who develop new products or services that use spectrum would be abie to ente
the wireless services market and test the commercial viability ofidlegis by purchasing
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spectrum on the spectrum trading market. Regulatory roles in this vision woule ¢hangone
of admission of the new technology through regulation to one of certifying thmkddinstructs
of the SCM that define how to compute the compatibility of the systems. This wimwlchaiwv
businesses to avoid the very expensive legal maneuvering of the current speatragement
system.

Although SCMs convey aspects of spectrum use that can be used in spectrum trading marke
interactions, the study of the economic behavior of these markets meritseseaech. Future
work will make use of agent-based modeling techniques and economic tools to etaluate t
viability and economic characteristics of spectrum trading marketsahaploit the fine-

grained spectrum management/assignment capabilities offered by theS@Skl®in spectrum
trading.

The standardization efforts led by the IEEE Dynamic Spectrum Acceg®ikst

Standardization Committee (DySPAN-SC) and the work of entities like thel@&% Innovation
Forum are providing a common technical framework for describing policies andaduitgm
processes that will enable dynamic spectrum access interactions elrteless service

provision environments. These efforts should be complemented by developments in spectrum
management regulations and policies in order to establish spectrum managemanofks

that can support the requirements for spectrum resources of the near future.
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