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Abstract—Frequency spectrum scarcity is currently one of the
mostly discussed topics in wireless communications. When
there is no free spectrum available, no new broadband
communication techniques can be put into operation. The
double use of already assigned frequencies leads to
interferences. A possible solution to the problem is Dynamic
Spectrum Access (DSA), realized through Cognitive Radio (CR)
technology. Cognitive Radios have the ability to detect unused
spectrum segments and to adapt to it dynamically. This
adaptation does not only concern a change of frequency, but
may also include changes in waveform, bandwidth, or
whatever leads to an optimal communication link. This paper
gives an overview of the state-of-the-art Cognitive Radio
approaches and points out opportunities offered by this
technology to overcome the threat of spectrum scarcity.
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1. INTRODUCTION

The demand for frequency spectrum has been increasing
over the past years. New wireless communication systems
required higher amounts of bandwidth and they needed a
designated spectrum band. Consequently, the frequency
spectrum became scarce, but the utilization of the assigned
spectrum only ranges between 15% and 85% [1]. However,
conjoined with the technical need for more bandwidth, also
the operational demands increased. One of the main reasons
for this growing bandwidth demand is that “information
dominance is critical for the future force” [2]. New services
are necessary that require huge data rates. Consequently, a
growing amount of free space is required in the
electromagnetic spectrum, but as explained above, spectrum
is already scant.

A possible solution for this is Dynamic Spectrum Access
(DSA), which deals with the idea of sensing the spectrum for
free space due to absence of an authorized user (primary
user), dynamically allocating it and leaving it if the primary
user starts to transmit again. In order to enable this dynamic
access, an almost perfect knowledge of the spectral
environment is necessary. For this purpose the spectrum
must be observed, and unused bands, so called spectrum
holes, must be identified. As there can be more than one
unused channel, a decision has to be taken, which channel
provides the best transmission conditions. According to this
decision, the transmission must be started or continued on
the selected channel. In order to implement those capabilities,
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a new class of radios was proposed, so called Cognitive
Radios.

II.  SPECTRUM SCARCITY PROBLEM

Because of frequency regulations, it was expected that
newly developed wireless systems may interfere with
existing users. Consequently, each system has been given an
exclusive license, defining the area, in which transmissions
are allowed, the time and the frequency band. By now,
nearly all frequencies up to 300 GHz are assigned to
dedicated services [3].

Nevertheless, new wireless technologies are developed,
often not replacing but complementing the currently used
systems. As all frequencies are already assigned, the addition
of new technologies leads to a double use of frequencies and
interferences might occur. One example is the usage of both
terrestrial Digital Video Broadcasting (DVB-T) and Long
Term Evolution (LTE) mobile services in the band between
790 and 862 MHz [4].

Moreover, these technologies often require larger
bandwidth. If there is no free spectrum to allocate, the
technology must be put into operation at frequencies used by
other systems. Consequently, the design of new technologies
without shutting down existing systems provokes a risk:
Either there is a potential reduction of robustness due to
interferences, or the new technology is not implemented at
all, which leads to disadvantages in competition.

III. DYNAMIC SPECTRUM ACCESS

Users of wireless communication systems are often
classified into primary and secondary users. Primary users
are legally authorized to use a fixed frequency band at a
fixed region during a certain time. If a user wants to use a
band possessed by primary user, he can act as a secondary
user. In order to regulate the concurrent access to it, several
approaches have been proposed [5].

The first is called Dynamic Exclusive Use. According to
this approach, there is always an exclusive use and no
concurrency. The secondary user is allowed to use the
primary user’s band due to a sub-license. This sub-license is
either based on fixed times, which must be negotiated
between primary and secondary user, or on temporal and
spatial traffic statistics.

A second approach, Hierarchical Access, enables a
secondary user to use the primary user’s band without his
knowledge. This can either be achieved by only
communicating when the primary user is absent or by
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transmitting despite his presence, but keeping interferences
below prescribed limits. The first case requires a change to
another free channel on the primary user’s return, the second
case requires underlay or overlay techniques like spread
spectrum. In each case exact knowledge about the spectrum
is necessary.

Open Sharing, the third approach, assumes that there are
only peer users and license-free spectrum. For achieving
communications free of interference, the actions of the radios
must be coordinated. This can either be achieved in a
centralized way or in a decentralized way.

IV. COGNITIVE RADIO

A CR is a radio that is able to perform DSA in a user-
oriented way, which means that its primary aim is to fulfil
the user’s needs. In the ideal case, the user simply selects the
service he wants to use, and the radio finds and uses the
optimal transmission frequency, bandwidth, modulation type,
etc. For this purpose the CR needs to have knowledge about
the user’s request and about the current spectrum utilization
at both transmitter and receiver.

A. Cognition Cycle

Joseph Mitola III, who invented the name “Cognitive
Radio”, described a process how to consolidate user needs
and spectrum utilization in his Cognition Cycle (see Figure
1). Each step of the process is depicted by a logical state in
the diagram. Inputs like the electromagnetic spectrum are
part of the Outside World. Those inputs must be observed by
sensors or spectrum sensing capabilities. The gathered data is
then evaluated and prioritized, so that the CR is able to orient
itself. In case no urgent or immediate reaction is necessary,
as a next step possible alternative actions are planned and
evaluated. The evaluation results in a decision, which is then
realized in an action. The results of this action are observed
and evaluated, so that the CR is able to learn from its
decisions.
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Mitola’s Cognition Cycle [6]
B. CR Architecture

Similar to legacy radios, CR uses the seven ISO/OSI
layers to enable communication to other CRs. In order to be

dynamically reconfigurable, transmission parameters must
be changeable via software. Consequently, CR must be
based on Software Defined Radio (SDR) technology.

For being able to observe its environment, the CR
moreover must be equipped with different kinds of sensors.
First of all, there is a need for a spectrum sensing capability.
This exceeds the requirements for the PHY and MAC layer
in an SDR, in addition to the communications part also the
reception of other signals including their analysis must be
implemented. An exemplary architecture for this is depicted
in Figure 2[7].

Also the user’s interactions must be observed and
transformed into plans, harmonised with the options derived
from the spectral occupation. This harmonization, which
conjoins the user input with the spectrum sensing
information under consideration of legal conditions, has to
be executed in a central entity of the CR, the so-called
Cognitive Manager. Here all incoming information is
collected. Plans are created, and in a decision process one of
those plans is selected and returned to the radio part in form
of new transmission parameters. As these parameters may
have influence on each of the ISO/OSI layers, they must be
addressable separately. Consequently, there must be an
interface between the Cognitive Manager and the radio part
to enable direct access to each layer. Thus a cross-layer
architecture is achieved.
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Figure 1. Cognitive Radio Architecture

In order to consider legal conditions, the CR must be
aware of where it is allowed to transmit and which
frequencies are forbidden [7]. Such regulations have to be
known to the Cognitive Manager in form of policies, most
probably stored in a policy database. As those policies may
differ between different locations, the CR must have
knowledge about its current location. For this purpose a CR
must be equipped with a geo-location sensor, e.g. a GPS
device. Gathered knowledge must be stored internally and
recallable for any decision. On one hand this requires a
storage possibility, like a knowledge database; on the other
hand the knowledge must be stored in a computer-
manageable form. Joseph Mitola III proposed in [6] a
solution for this, the Radio Knowledge Representation
Language (RKRL). Summarizing all those capabilities, the
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proposed architecture is able to fulfil the tasks assigned to
Cognitive Radios.

C. Overcoming the Threat of Spectrum Scarcity

As described above, the implementation of new wireless
technologies on already assigned spectrum bands always
comes with the risk of interfering with existing systems. For
avoiding those interferences, it is essential to be informed
about transmissions of the other systems [7]. This either
requires some kind of interoperability with those systems to
exchange this information or a spectrum sensing capability to
detect current transmissions. The latter solution is exactly
what a CR does. A detected spectrum hole can be used by
the CR.

If any of the primary users starts to transmit again, which
determines the end of the spectrum hole, the CR does not
stop to send. It dynamically finds another spectrum hole and
continues transmission there. This way a nearly continuous
communication without interferences is achieved. Akyildiz
denominates this as “spectrum mobility” [1].

Due to the dynamics of a CR, it is not bound to existing
channel assignments. If two neighbouring channels are
unoccupied, a CR is able to dynamically adapt its
transmission parameters in order to combine both channels
and use them as one channel with a larger bandwidth. Thus
also services with larger bandwidths can be used via CR
technology.

Evaluating those capabilities, it is clear that CR can be
used to implement new broadband services without requiring
additional bandwidth. CR can solve the spectrum scarcity
problem by achieving a better utilization of the existing
spectrum assignment.

V.

As the electromagnetic spectrum is completely assigned
to communication technologies, which are still in use, newly
developed wireless communication technologies
consequently must be put into operation on already used
spectrum bands. The addition of systems to those bands may
lead to interferences and thus to less robust communications.
CR is a technology that dynamically finds and uses spectrum

CONCLUSION

holes. Thus the slender utilization of the assigned spectrum is
exploited. By this, new spectrum resources, applicable even
to broadband services, are exposed and can be used without
causing interferences. All in all, CR technology offers a
promising solution for the threats caused by the spectrum
scarcity problem.

ACKNOWLEDGMENT

The authors wish to thank Professor Han Zhuang-zhi of
the Radar Signal Processing Laboratory, Mechanical
Engineering College, Shijiazhuang, China, for his support
and sponsorship of this research.

REFERENCES

LF. Akyildiz, W.-Y. Lee, M.C. “Vuran and S. Mohanty. NeXt
generation dynamic spectrum access cognitive radio wireless
networks: A survey,” Computer Networks: The International
Journal of Computer and Telecommunications Networking,
2006, pp.2127-2159.

L. Joe and I. Porche III. “Future Army Bandwidth Needs and
Capabilities,” Rand Arroyo Centre, 2004.

G. Staple and K. Werbach. “The End of Spectrum Scarcity.
IEEE Spectrum,” vol.41, March 2004, pp.40-41.

K. Sakic and S. Grgic. “The Influence of the LTE System on
DVB-T Reception,” Proc. of 52nd International Symposium
ELMAR-2010, Zadar, Croatia, 2010, pp.235-238.

Q. Zhao and B. Sadler. “A Survey of Dynamic Spectrum
Access: Signal Processing, Networking, and Regulatory
Policy,” IEEE Signal Processing Magazine: Special Issue on
Resource-Constrained Signal Processing, Communications,
vol. 24, March 2007, pp.79-89.

J. Mitola III and G. Q. Maguire, Jr., “Cognitive Radio:
Making Software Radios More Personal”, IEEE Personal
Communications, vol. 6, April 1999, pp.13-18.

SDR-Forum (now Wireless Innovation Forum), “Cognitive
Radio Definitions and Nomenclature”, September, 2008.

Lee W Y, Akyildiz I F. “A spectrum decision framework for
cognitive radio networks,” IEEE Transactions on Mobile
Computing , vol. 10, Feb.2011, pp.161-174.

Feng Jingyu, Lu Guangyue, Bao Zhigiang. “A Survey on
cognitive radio security,” Journal of Xi'an University of Posts
and Telecommunications, vol. 17, Feb.2012, pp.47-52. (in
Chinese).

(1]

(2]
B3]
(4]

(5]

(6]

(7]
(8]

[l

Published by Atlantis Press, Paris, France.
© the authors, 2013

0600




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.01)
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [1275.591 878.740]
>> setpagedevice




