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TBpical channel allocation algorithms for secondary users
do not include processes to reduce the frequency of switching
from one channel to another caused by random interruptions
by primary users, which results in high packet drops and
delays. In this letter; with the purpose of decreasing the number
of switches made between channels, we propose a
nonparametric channel allocation algorithm that uses robust
kernel density estimation to effectively schedule idle channel
resources. Experiment and simulation results demonstrate that
the proposed algorithm outperforms both random and
parametric channel allocation algorithms in terms of
throughput and packet drops.

Keywords: Cognitive radio, distributed channel allocation,
robust kernel density estimation, primary user occupancy, idle-
channel duration.

1. Introduction

One problem in cognitive radio networks is that secondary
users often suffer from the stochastic arrival of primary users,
resulting in packet collisions and delays [1]-[6]. These
interruptions force the secondary user to switch to another
available channel [7]. Recent studies have shown that the time
a channel is inactive, which we will henceforth refer to as “idle-
channel duration,” is an important factor in decreasing
switching and that a channel with a high probability of being
idle may not always have long durations of being idle [3], [7].
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Using parametric methods, preexisting channel allocation
algorithms apply the probability of inactivity in a channel
allocated to a primary user to the functioning of a secondary
user [6], [7]. Effective throughput for a secondary user is
proportional to the durations of inactivity in its channels [3], [7]
and can be maximized by allocating the channels with long
remaining periods of inactivity to the secondary user.
Parametric channel allocation schemes [3], [6], [7] have
operated on the assumption that the secondary user knows the
primary user’s idle-channel durations based on a cumulative
function or a probability density function (PDF). Such schemes
produce serious discrepancies [5]-[7] because the predicted
distribution of the durations that channels are idle is almost
never correct for real world data. To the best of our knowledge,
a distributed channel allocation scheme using a nonparametric
estimation of a primary user’s idle-channel durations has not
been proposed to date.

In this letter, we propose a novel nonparametric channel
allocation approach for distributed secondary users using
robust kemel density estimation (RKDE), which uses practical
knowledge regarding the durations channels will remain idle.
Via network simulations and experiment measurements for
WLAN primary users, we demonstrate that the proposed
algorithm converges quickly and significantly outperforms
random allocation and probability-based allocation algorithms
in terms of packet drops, throughput, and the number of
switches made between channels.

II. System Model

Estimation of idle-channel durations is fundamentally
important for maximizing throughput in secondary user
networks. We assume that the secondary user can perfectly
sense primary user channels in a sensing period and is able to
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Fig. 1. Duration channel will remain inactive ().

record idle states for N channels. For simplicity, we assume that
the number of channels is identical to the number of primary
users. Since the sensing results are used to model the
distribution of the idle-channel durations, the secondary user
can immediately generate a channel schedule. A data
transmission point @, is then located at any idle point of an
available channel » following the access control period [S]-[7].
The packet data can only be transmitted during the remaining
idle period from @, The time that a channel will remain
inactive is represented by 7, as shown in Fig. 1. Let ¢, be the
observed duration of a channel’s inactivity, and t,=a,+7,,.

III. Proposed Nonparametric Channel Allocation

The proposed algorithm uses RKDE to reduce channel
switching and to achieve lower packet drops and higher
throughput than can be achieved by typical random channel
allocation schemes. The secondary user must estimate the
density of the idle-channel duration according to the
measurements for a given sensing period, and those
measurements may contain many outliers for such a short
period. Thus, among the various nonparametric methods for
learning densities, we have chosen the method proposed in [8]
that estimates the underlying density robustly.

Within a given observation window m, the secondary user
senses the idle channels of the primary users and records the
durations those channels are idle. Let 7,={ti,, t-.., Lun}
denote the set of observed idle-channel durations for channel
and f,(t,) denote the distribution of idle-channel durations for
the primary user’s channel 7 within the observation window .
The kernel density estimation (KDE) of £,(¢,) is given by

Jxoe (tn):%lék(tn:tm)o ey

where k(-,) is the kernel function and #, is the i-th observed
idle-channel duration for channel n. A well-known example of
akernel is a Gaussian kernel [9]:
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where /2> 0 is a smoothing parameter called “the bandwidth.”
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Algorithm 1. Proposed channel allocation.
1: while the secondary user has data to transmit do
2: initialize, calculate #,,. . ., £, and define N by sensing procedure;
3:  while observation in running for N do
4 initialize w” fori=1,...,m
5: while converges do
. @
6 ALRED ST Gl (OB
(|low-£2)) |oc-72]

WD |
S v (Jown—r) o -7

1

: JItL
9: end while
100 SRk, n(ta) & 37 ) ;
11: ne—ntl;
12:  end while
13:  ifthere exist idle channels N then
14: P(r>0)using (5), ne N ;
15: select n satisfy max P(r,>0);
16: start access control procedure using LCM MAC;
17: if the secondary user finish off transmission of packets then
18: break and go to step 22;
19: else
20: continue;
21:  endif
22: end while

Let @ be a feature map corresponding to the Gaussian kernel
Hilbert space. The KDE can be considered as the sample mean
of @(z,,), or equivalently, a solution of

fror =argmin $ g - (1, - 3)
mmin 2

Due to the quadratic loss in (3), fkp is significantly affected by
outliers. In [10], a robust loss p, such as Huber or Hampel’s
loss, is adopted instead of quadratic loss to yield a more robust
density estimate. The RKDE is defined as

JroE =argmin§p(||g—<l>(tm) ) Q)
>

and can be found using the kemnelized iteratively reweighted
least squares (IRWLS) algorithm (see lines 3 through 9 in
Algorithm 1, where y=p” and p” is the derivative function of p).
It has been shown that the RKDE exhibits greater robustness
than the standard KDE, in the presence of outliers. Under
reasonable assumptions, the kemelized IRWLS algorithm
converges [10].

When the secondary user has packet data to transmit, it will
first estimate the set of instantaneously available channels V in
the sensing period and determine the distribution of inactivity
and the correlating durations using the previous observation
results. In practice, the various available channels for the
secondary user have different idle-channel durations. The best
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strategy for channel allocation is for the secondary user to
choose the idle channel that will remain idle the longest, 7, to
reduce the frequency of the channel switching. The
nonparametric density estimator generates the distribution of
idle-channel durations, that is, £,(#,), for channel » using RKDE
within the observation window m. Given an, the probability of
r,=0 is given by

P(r,20)=P(t,2a,)=[ f,(t)d. )
The secondary user then chooses an idle channel that has the
largest P(r,>0) on which to continue the access control
procedure, as shown in Algorithm 1. After completing the
proposed algorithm in a given sensing period, the secondary
user starts the access control period. For network simulation,
we apply the local coordination-based multichannel (LCM)
MAC protocol [11].

IV. Experiment Results

For simplicity, we assume that all channels have the same
frequency bandwidth B. Figure 2 shows the secondary user
nodes, which are illustrated as small circles in the network. We
measure idle/busy states of WLAN channels using a GNU
Radio and Universal Software Radio Peripheral at Ferris Hall,
University of Tennessee.

Figure 3 shows the estimated PDFs of the idle-channel
durations for the measured WLAN channel, Channel 2 at
2,422 MHz, by comparing the standard KDE to the RKDE
with Hampel’s loss. We can see that RKDE eliminates the
small bumps around 62 s and 78 s that seem to be caused by
outlying measurements. In experiments, there are N=6 primary
user channels and the observation window is 7=3,125 samples,
each 500 s long with a 160 ms sensing period. The
convergence time results of RKDE are calculated using the idle
states of each measured channel for 500 s. For example,
Channel 1 is infrequently used out of six channels, that is, the
expectation of #, E[t], is 12.5867 s, and it quickly converges
within 0.041267 s, while E[t] is 1.4125 s for Channel 5 and
results in a higher convergence time with 0.466029 s due to the
higher kernel matrix size of idle-channel durations.

Regarding cumulative channel switching, the proposed
algorithm outperforms random allocation and probability-
based allocation algorithms, as shown in Fig. 4.

An NS-2 network simulator is used to construct a network
topology with a 1 km” area for secondary users, as shown in
Fig. 2. We consider flow 1 to be from node 1 to node 15 and
flow 2 to be from node 5 to node 11 in the network. We
suppose that the secondary users have the same maximum
transmission distance and interference range of 250 m. There
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are 22 active links, with the restriction of the transmission
distance in the network. Each link has the same frequency
bandwidth, which is 11 MHz. In the NS-2 simulation, we apply
the LCM MAC protocol [11], which supports multiple channel
scenarios with one radio interface and uses an ad hoc on-demand
distance vector as the routing protocol for the distributed network
setup. The packet length transmitted between secondary users is
typically 1 kB/s, and the simulation period is 500 s.

Figure 5 shows the performance results for instantaneous
packet drops and throughputs that are measured for two
simultaneous flows in the network shown in Fig. 2. We
compare the performance of our proposed algorithm with that
of the parametric channel allocation method based on the
probability that a channel is idle, which involves [5]-[7] and
random channel allocation. When the number of flows is small,
the proposed channel allocation algorithm provides somewhat
better performance than both the idle-probability-based
algorithm and the random channel allocation algorithm. As the
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Fig. 5. Instantaneous (a) packet drops and (b) throughput.

number of flows increases, our proposed algorithm
outperforms the others. Compared to the idle-probability-based
algorithm, on average, our proposed algorithm increases
throughput and decreases packet drops.
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V. Conclusion

We proposed a nonparametric channel allocation algorithm
and verified that it outperforms both random and parametric
channel allocation algorithms in terms of system throughput
and packet drops by reducing channel switching in distributed
cognitive radio networks. The proposed algorithm can serve
delay sensitive applications, which are the ultimate data to be
transmitted in distributed cognitive radio networks. The
proposed algorithm is also able to provide high throughput and
low packet drops when primary user channels are densely
utilized. An access protocol could be a future research topic.

References

[1] K. Akkarajisakul, E. Hossain, and D. Niyato, “Distributed
Resource Allocation in Wireless Networks under Uncertainty and
Application of Bayesian Game,” [EEE Commun. Mag., Aug.
2011, pp. 120-127.

[2] M. Wellens, “Evaluation of Spectrum Occupancy in Indoor and
Outdoor Scenario in the Context of Cognitive Radio,” Proc.
CROWNCOM, Aug. 2007, pp. 420-427.

[3] A. Plummer, M. Taghizadeh, and S. Biswas, “Measurement Based
Capacity Scavenging via Whitespace Modeling in Wireless
Networks,” Proc. IEEE GLOBECOM, Nov.-Dec. 2009, pp. 1-7.

[4] H. Kim and K. Shin, “Efficient Discovery of Spectrum
Opportunities with MAC-Layer Sensing in Cognitive Radio
Networks,” IEEE Trans. Mobile Computing, vol. 7, no. 5, May
2008, pp. 533-545.

[5]J. Ye and Q. Zhao, “Quickest Change Detection in Multiple On-
Off Processes: Switching with Memory,” Proc. Annual Allerton
Conf., University of Illinois, Sept.-Oct. 2010, pp. 1476-1481.

[6] X. Liu, B. Krishnamachari, and H. Liu, “Channel Selection in
Multichannel Opportunistic Spectrum Access Networks with
Perfect Sensing,” Proc. IEEE DYSPAN *09, Apr. 2010, pp. 1-8.

[7] X. Feng et al., “Smart Channel Switching in Cognitive Radio
Networks,” Proc. Int. Congress Image Signal Process., Oct. 2009,
pp. 1-5.

[8] J. Kim and C. Scott, “Robust Kemel Density Estimation,” Proc.
IEEE Int. Conf. Acoustics, Speech, Signal Process., Apr. 2008, pp.
3381-3384.

[9] B.W. Silverman, Density Estimation for Statistics and Data
Analysis, London: Chapman and Hall, 1986.

[10] J. Kim and C. Scott, “On the Robustness of Kemel Density M-
Estimators,” Proc. Twenty-Eighth Int. Conf- Machine Learning,
June 2011, pp. 697-704.

[11] R. Mahechwari, H. Gupta, and S.R. Das, “Multichannel MAC
Protocols for Wireless Networks,” Proc. IEEE Commun. Society
Conf. Sensor, Mesh, Ad Hoc Commun. Netw., Sept. 2006, pp.
393401.

ETRI Journal, Volume 34, Number 5, October 2012




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /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 false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /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 ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. 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 Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


