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Second Order Statistics of SC Receiver
over k-p Multipath Fading Channel
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Abstract: In this paper wireless communication system with dual branch
selection combining (SC) diversity receiver operating over k-u multipath fading
environment is considered. Closed form expressions for average level crossing
rate of SC receiver output signal envelope and average fade duration of proposed
system are evaluated. Numerical results are presented graphically to show the
influence of Rican factor k£ and fading severity p on average level crossing rate
and average fade duration.

Keywords: Multipath fading, Level crossing rate, Average fade duration,
Selection diversity.

1 Introduction

Short term fading degrades system performance and limits channel
capacity. Received signal experiences multipath fading result in signal envelope
variation. There are more distributions which can be used to describe signal
envelope variation in fading channels depending on propagation environment
and communication scenario. The most frequently used statistical models are
Rayleigh, Rican, Nakagami-m and a-p distributions. Rayleigh distribution can
be used to describe small scale signal envelope variation in linear non line-of-
sight multipath environments. Rican distribution can be used to describe signal
envelope variation in linear line-of-sight multipath fading environments. In
linear non line-of-sight multipath fading environments, in the presence of more
number of clusters, small scale signal envelope variation can be described by
using Nakagami-q distribution [5].

Parameter m in Nakagami-m distribution is fading severity. For lower
values of parameter m, fading is more severe. By setting m = 1, Nakagami-m
distribution reduces to Rayleigh distribution and one sided Gaussian distribution
can be derived from Nakagami-m distribution by setting m = 0.5. The Weibull
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and o-p distribution can be used to describe small scale signal envelope variation
in non-linear and line-of-sight multipath fading environments. The a-p
distribution is general distribution. Rayleigh, Nakagami-m and Weibull
distributions can be obtained from a-p distribution as special cases. By setting
o=2, o-p distribution reduces to Nakagami-m distribution and Weibull
distribution can be derived from a-p distribution by p=1 [6]. The a-p
distribution approximates Rayleigh distribution by setting a =2 and p=1.
Weibull distribution approximates Rayleigh distribution by setting o =2. Log-
normal distribution and Gamma distribution can be used to describe long scale
signal envelope variation in shadowing fading environments. In shadowed
multipath fading channel, signal envelope variation can be described by using K
or K distributions. Nakagami-q distribution can be used to describe small scale
signal envelope variation in linear non line-of-sight multipath fading
environments where power of in-phase component and power of quadrature
component are different [6].

There are several combining techniques that can be used to reduce
multipath fading effects on system performance depending on implementation
complexity of communication system and amount of channel state information
available at the receiver. The most frequently used combining techniques are
maximal radio combining (MRC), equal gain combining (EGC), selection
combining (SC), switch and stay combining (SSC) and general selection
combining (GSC). The MRC combining enables the highest system capacity
and the best performances and has the highest implementation complexity. The
EGC provides performances better than SC diversity and implementation
complexity simpler than MRC. In SC receiver the processing is performed only
on one diversity branch and no channel state information is required at receiver.
The SC receiver has implementation complexity simpler than MRC receiver and
EGC receiver [9, 10].

The outage probability, bit error probability and system capacity are
performance measures of the first order. The second order performance
measures are the average level crossing rate and average fade duration. The
average level crossing rate can be calculated as average value of the first
derivative of communication system output signal. The average fade duration
can be calculated as ratio of outage probability and average level crossing rate.
There are lots of papers in the open technical literature which consider second
order statistics of wireless communication systems operating over multipath
fading channels [8, 12, 13].

In paper [1, 11], macro diversity system with two MRC micro diversity is
presented. Independent multipath Nakagami-m fading is presented at inputs of
MRC diversity receiver and shadowing Gamma fading is presented at inputs of
macro diversity system. The MRC receivers are used to reduce small scale
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Nakagami-m fading and macro diversity system is used to reduce large scale
correlated Gamma shadowing fading. The closed form expressions for average
level crossing rate of SC macro diversity receiver output envelope and average
fade duration of macro diversity system are calculated.

In paper [2], the wireless communication system with SC receiver
operating over multipath fading environment are considered. The cases when
signal envelope variation is described by using Rayleigh, Rican and Nakagami-
m distributions are analyzed. Average level crossing rate of SC receiver output
signal and average fade duration wireless system are calculated.

In paper [3], the ratio of random variable and product of two random
variables is considered. The random variable in the nominator of the ratio can
represent desired signal envelope subjected to multipath fading. The product of
two random variables in the denominator of the ratio can represent co-channel
interference envelope affected simultaneously to two multipath fadings. For this
ratio in the paper, the level crossing rate and average fade are calculated. These
results can be used in performance analysis of wireless communication system
operating over multipath fading channels in the presence of co-channel
interference affected to composite multipath fading.

In this paper the communication system with SC receiver operating over
multipath fading channel is considered. Received signal experiences A-p
multipath fading resulting in system performance degradation. The SC receiver
is used to reduce influence of k-p multipath fading on average fade duration.
The closed form expressions for level crossing rate and average fade duration
on proposed system are calculated. To the best of authors’ knowledge, the level
crossing rate and average fade duration of communication system with SC
receiver operating over k-p multipath fading channel is not considered in open
technical literature. Numerical results are presented graphically to show the
influence of Rican factor k£ and fading severity m on level crossing rate of
analyzed system. The expressions for evaluation of level crossing rate and
average fade duration can be used in performance analyses and designing of
wireless communication system in the presence of k- multipath fading.

2 Level Crossing Rate of Random k-p Process

The k-p random variable can be used to describe small scale signal average
variation in linear line-of-sight multipath fading environment. There are several
parameters in the expression for probability density function of k-p random
variable. The parameter & is Rice factor. Rice factor can be calculated as ratio of
dominant components power and scattering components power. For lower
values of the Rice factor &, fading severity increases, resulting in system
performances degradation. The parameter p is fading severity. For lower values
of parameter 1, fading is more severe.
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The k-p distribution is general distribution. Rayleigh, Nakagami-m and
Rican distribution can be derived from k-p distribution. By setting £ = 0, the k-p
distribution reduces to Nakagami-m distribution and for p=1, Rician
distribution can be derived from k-p distribution. By setting £ =0 and p=1 the
k-p distribution approximates Rayleigh distribution. The probability density
function of k-p distribution is
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Squared k-p random variable can be written as sum of 2 squared Gaussian
random variables
x2=x12+x§+---+x22“, 3)
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The first derivate of Gaussian random variable is Gaussian random
variable. Linear transformation of Gaussian random variable is Gaussian
random variable. Therefore, for the first derivative of k-p random variable is
Gaussian random variable. The mean of the first derivative of k-p random
variable is
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This expression can be used for evaluation average fade duration of
wireless communication system with SC receiver operating over k- multipath
fading environment.

3 SC Receiver Average Fade Duration
in the Presence of k-p Multipath Fading

In this paper SC receiver with two inputs is used to reduce the influence of
k-p multipath fading on average fade duration of wireless communication
system. The SC receiver selects diversity branch with the strongest signal.
Therefore, joint probability density function of SC receiver output signal
envelope and the first derivative of SC receiver output signal envelope is

P.(22) = P (22)F, (2) + P (22)F.(2), (14)

where P, (xx) is the joint probability density function of signal envelope at the
first input of SC receiver and its first derivative, P, (yy) is the joint probability

density function of signal envelope at the second input of SC receiver, and its
first derivative and F,(y) is cumulative distribution function of signal envelope

at the second input of SC receiver. For identical k-p fading, previous expression
becomes

P.(22)=2P,(20)F,(2). (15)

The level crossing rate of SC receiver output signal envelope is
pn+l
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The SC receiver output signal envelope is
z=max(x,y), (17)

where x and y are SC receiver input signals envelope. The cumulative
distribution function of SC receiver output signal envelope is

F(2)=F,(2,2)=F,(2)F,(2)=F}(2). (18)
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The outage probability of wireless communication system with dual SC
receiver is equal to cumulative distribution function of SC receiver output signal

qu :Fz(zo)szz(Zo)o (19)

where outage probability is defined as
P =[P(2)dz. (20)
0

The average fade duration of wireless communication system with dual SC
receiver is
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In Fig. 1, normalized average level crossing rate is plotted versus SC
receiver output signal envelope for several values of Rician factor k, fading
severity m and SC receiver output signal envelope power. For values of SC
receiver output signal envelope less than one, average level crossing rate
increases as output signal envelope increases. For values of output signal
envelope more than one level crossing rate decreases as output signal envelope
decreases. Influence of output signal envelope on level crossing rate is the
greatest for intermediate values of output signal envelope. The influence of SC
receiver output signal envelope on level crossing rate is grater for lower values
of Rician factor £ and for lower values of output signal envelope power. System
performance is better for higher values of fading severity m.
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Fig. 1 — Normalized LCR versus SC receiver output signal envelope.
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In Fig. 2. normalized LCR is shown versus fading severity m for several
values of signal envelope z, Rician factor £ and SC receiver output signal
envelope power r. Average level crossing rate of SC receiver output signal
envelope decreases as fading severity increases. The influence of fading
severity on LCR is greater for lower values of fading severity. LCR decreases as
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Fig. 2 — Normalized LCR versus fading severity.
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Fig. 3 — Normalized LCR versus Rican factor.
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In Fig. 3, normalized LCR of SC receiver output signal envelope is plotted
versus Rician factor k. LCR decreases as Rician factor decreases. System
performance is better for higher values of Rician factor. Dominant component
power increases for higher values of Rician factor. For higher values of output
signal envelope power, LCR has lower values. The influence of Rician factor on
LCR is grater for higher values of output signal envelope power.
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Fig. 4 — Normalized LCR versus SC receiver output signal envelope.

In Fig. 4, normalized LCR is plotted versus SC receiver output signal
envelope power for several values of SC receiver output signal envelope, fading
severity and Rician factor. LCR decreases as output signal envelope power
increases. System has better performance for higher values of output signal
envelope power. The influence of output signal envelope power on average
level crossing rate is greater of lower values of output signal envelope power.
System performances are better for higher values of Rician factor and fading
severity.

4 Conclusion

In this paper, wireless communication system with dual SC receiver
operating over multipath fading environment is considered. Received signal
experiences k-p multipath fading resulting in signal envelope variation and
system performance degradation. The SC received is used to reduce fading
effect on average fade duration and outage probability. The SC receiver is
simple for practical realization. The k-p distribution can be used to describe
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small scale signal envelope variation in multipath, line-of-sight fading channels.
Rayleigh, Rican and Nakagami-m distributions can be derived from k-p
distribution as special cases. Closed form expressions for average level crossing
rate of SC receiver output signal and average fade duration of proposed wireless
communication system are evaluated. The level crossing rate is obtained as
average value of the first derivative of SC receiver output signal envelope. The
average fade duration of wireless system is calculated as the ratio of outage
probability and average level crossing rate. Closed form expressions for level
crossing rate of k-u random variable and cumulative distribution function of SC
receiver output signal are also calculated. The numerical results are presented
graphically to show influence of Rican factor and k- fading severity on level
crossing rate and average fade duration. The level crossing rate increases as
fading severity m decreases. Fading severity has greater influence on average
fade duration for lower values of Rican factor. Average level crossing rate
decreases as Rican factor increases. Rican factor is defined as ratio of dominant
components power and scattering components power. Obtained results can be
used for performance analysis and designing wireless communication system in
the presence of k-p multipath fading.

5 References

[1] D. Stefanovic, S.R. Panic, P. Spalevic: Second-order Statistics of SC Macrodiversity System
Operating over Gamma Shadowed Nakagami-m Fading Channels, AEU - International
Journal of Electronics and Communications, Vol. 65, No. 5, May 2011, pp. 413 — 418.

[2] E. Mekic, N. Sekulovic, M. Bandjur, M. Stefanovic, P. Spalevic: The Distribution of Ratio
of Random Variable and Product of Two Random Variables and its Application in
Performance Analysis of Multi-hop Relaying Communications over Fading Channels,
Przeglad Elektrotechniczny, Vol. 88, No. 7A, 2012, pp. 133 — 137.

[3] M.D. Yacoub: The k-p Distribution and the m-p Distribution, IEEE Antennas and
Propagation Magazine, Vol. 49, No. 1, Feb. 2007, pp. 68 — 81.

[4] J. Proakis: Digital Communications, McGraw-Hill, NY, USA, 2001.

[5] M.K. Simon, M.S. Alouini: Digital Communication over Fading Channels, John Wiley and
Sons, Hoboken, NJ, USA, 2000.

[6] 1. Gradshteyn, I. Ryzhik: Tables of Integrals, Series and Products, Academic Press, NY,
USA, 1994.

[71 A.S. Panajotovic, N.M. Sekulovic, M.C. Stefanovic, D.L. Draca: Average Level Crossing
Rate of Dual Selection Diversity over Correlated Unbalanced Nakagami-m Fading Channels
in the Presence of Cochannel Interference, IEEE Communications Letters, Vol. 16, No. 5,
May 2012, pp. 691 — 693.

[8] G.L. Stiiber: Principles of Mobile Communications, Kluwer Academic Publishers, Norwell,
MA, USA, 1996.

[9] W.B. Davenport, W.L. Root: An Introduction to the Theory of Random Signals and Noise,
John Wiley and Sons, NY, USA, 1987.

[10] S. Panic, M. Stefanovic, J. Anastasov, P. Spalevic: Fading and Interference Mitigation in
Wireless Communications, CRC Press, NY, USA, 2013.

400



Second Order Statistics of SC Receiver over k-pu Multipath Fading Channel

[11] A. Matovic, E. Mekic, N. Sekulovic, M. Stefanovic, M. Matovic, C. Stefanovic: The
Distribution of the Ratio of the Products of Two Independent a-u Variates and its
Application in the Performance Analysis of Relaying Communication Systems,
Mathematical Problems in Engineering, Vol. 2013, Article ID 147106.

[12] A.S. Panajotovic, M.C. Stefanovic. D.LJ. Draca, N.M. Sekulovic: Average Level Crossing
Rate of Dual Selection Diversity in Correlated Rician Fading with Rayleigh Cochannel
Interference, IEEE Communications Letters, Vol. 14, No. 7, July 2010, pp. 605 — 607.

401




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 15%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Coated FOGRA39 \050ISO 12647-2:2004\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /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 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 false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /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 false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /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 false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /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 <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /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 <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /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.)
  >>
  /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 [595.276 841.890]
>> setpagedevice


