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Abstract For intersymbol interference (ISI) compensation from communication channels with multi-path fading
and impulsive noise, a decision feedback equalizer algorithm that minimizes Euclidean distance of error
probability is proposed. The Euclidean distance of error probability is defined as the quadratic distance between
the probability error signal and Dirac-delta function. By minimizing the distance with respect to equalizer weight
based on decision feedback structures, the proposed decision feedback algorithm has shown to have significant

effect of residual ISI cancellation on severe multipath channels as well as robustness against impulsive noise.
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mean (LMS) algorithm

minimum squared error (MSE) criterion has been being

1. Introduction square [71 employing the

Most communication channels are contaminated by widely used due to its efficiency. But the LMS algorithm

Gaussian noise and also impulsive noise [1,2]. Impulsive
noise occurs in communication systems like power line,
digital subscriber line systems, mobile radio systems
[3][4] and many types of satellite communication link [5].
Measurements of the levels of impulsive noise relevant to
satellite-mobile radio systems have been reported for
rural, suburban, urban environments and roads carrying
Methods  for

counteracting multi-path fading and impulsive noise

high density, fast moving traffic [6].

effects are in great demand and channel equalization
techniques have been used for that purpose [7].

Among various adaptive equalizer algorithms, the least

has a drawback that its performance is highly dependent
on instant error power and affected by large error values
from impulsive noise.

Instead of MSE criterion that utilizes error power, the
information-theoretic learning (ITL) method has been
introduced based on a combination of a nonparametric
probability density function (PDF) estimator for error
samples and a procedure to compute information potential
[9]. As a robust ITL-type algorithm, the Euclidean
distance minimization between PDFs has been introduced
by Jeong et al

and applied successfully to the

classification problem with a real biomedical data set
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[10]. The researchers in [10] proposed to reuse the
previously acquired training-phase output samples in the
test phase so that the test-phase output PDF follows the
training-phase output PDF. In the research [11] for blind
equalization, the Euclidean distance minimization method
is applied using signal power for blind equalization. In the
process of developing its unsupervised algorithm, a
supervised approach that minimizes Euclidean distance of
error probability (MEDE) has been
communication channels with additive white Gaussian
noise (AWGN).
In this paper,

introduced for

we investigate the performance of
supervised linear MEDE algorithm for channels distorted
by multipath fading and impulsive noise. Also we propose
a MEDE algorithm with decision feedback (MEDE-DF)
for enhanced performance against strong impulsive noise

and multi-path fading.

2. Supervised MSE Criterion and
Linear LMS Algorithm

The tapped delay line (TDL) with L taps (weights)
is usually used as a linear structure for equalization. In

. — T
that structure, input vector X =00 X % 50 Xy ]

and the weight vector W, at symbol time k produce

an output sample Vi =W X, | If we define that 9i is

a training symbol at time Kk or the desired value, the

error is calculated as € =4:~Y: . The most widely
used criterion, MSE is statistical average of error power

MSE =E[e;] Instead of estimating the expected value
of error power, we can use the instant squared error (SE)

as a cost function.
SE=e¢] )

In order to minimize the cost function (1), we apply

2
Oe,

the gradient gp7 to the steepest descent method, and

we obtain the well known LMS algorithm [8] with

Hiys as a convergence parameter.
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Wea =W, +2u56,X, 2)

We see that large error values coming from impulsive
noise can affect significantly the weight adjustment

process of LMS algorithm.

3. Supervised Euclidean Distance
Criterion for Error Probability and
Linear MEDE Algorithm

In this section we introduce briefly a supervised
MEDE algorithm designed to create a concentration of
error samples near zero using Euclidean distance
MEDE algorithm, the

distance between the two PDFs, the error signal PDF

minimization. For Euclidean

J&(€) and Dirac-delta function 9(e) is constructed and

minimized. Defining the distance as ED[f(€),6(e)] and
minimizing it, we have a sharp impulse shape located at

the origin of the PDF of system error [11].

ED[f,().0(e))= [ [/, (£)dé [ 8(£)T 3)
The term ,[ 5 (&)d¢ inside (3) can be treated as a

constant C since it is not related with the weights of the

adaptive system. So we have
ED[f(e).0(0)] = [ f; ()dé +¢=21,(0) @)

Using the Parzen estimator [8] with Gaussian kernel
and a block of N  past error samples, the error PDF

fz(e) can be calculated non-parametrically as

k

% z -(e—¢)

13 1 (e e)
N i O'\/i P T (5)

Je(e)=

Then the gradient becomes

ow 20°N? i:/:—zNﬂj:kZArSl ! '
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(6)

Now we adopt the gradient descent method for the

minimization of cost function (4) with respect

\ Vi di

—®|  Feedforward filter

% wr

h 4

Y

Ve Y
g p)

h A

€
Feedback filter Weight
» W B[ adjustment
k algorithms

[Fig. 1] Decision feedback equalizer.

to weight, and we have MEDE algorithm for supervised

linear equalization [11] as

Pppe | 1 < :
W, =W, ——== — e —e
k+l k O_ZN 2N I:I;H /:;\ZNE1 J 1)

G, (e, =X, ~ X|]

-2 iei-Ga(fei)-Xl}

i=k=N+1

@)

4, Supervised MSE criterion and
linear LMS Algorithm

In order for the MEDE algorithm (7) to be stretched

and applied to structures with DF that consist of a

feed-forward filter with weight vector W. and a

feedback filter with weight vector WkB, the algorithm has

to be augmented with DF part using produced decisions
d; . While the feed-forward filter receives input X

to produce output Vi, the feed back filter receives the

sequence of decisions as depicted in Fig.1.

The feedback filter plays a role of removing the
residual ISI from the present estimate which is caused by
previously detected symbols [12]. It is noticeable that
incorrect decisions can cause error propagation because
the decisions are fed back into feedback filter. Though
errors from AWGN do not have disastrous effects on the
performance, strong impulsive noise induces substantially
large error propagation. Conventional algorithms highly
dependent on instant error power can not cope with this
problem. Therefore equalizers with DF for impulsive
noise environments have the need for robust algorithms
against strong impulsive noise.

Let the number of weights in feed-forward and

feedback filter section be A4 and B, respectively. Then

output Vi of the TDL equalizer with decision feedback

becomes

A-1 B-1 R
F B
Ve = Zwlf,uxk—u + ZW/;J; d b g
= = ®

F F _F F
where  {Weo>WersWias Wi} are elements of feed-

. F (B B B B
forward weight vector We, WiosWeisWiasWipad  are

elements of feedback weight vector W . The clements

A A A
of wvector Diy , {disdissndip}  are

detected symbols. Now the filter weights are adjusted

previously

recursively to minimize the cost function (4) using the
calculated error € =4~ ¥, (in training mode). Then the
feed-forward weight vector W, and the feedback weight

B
vector Wi are updated based on steepest descent method

as the following.

OED[f.(e),0(e
Wkil = WkF + Hygpe-or M

owr )
OED[ f(e),d0(e
W =W2 4ty or % (10)

where the gradients are

OEDf,(e),5()] - L | 1 v N, _
BT o J“NLN 2, &l

i=k=N+1 j=k-N+1

k
G, (e, —e)X,~X,] Z‘ff‘Grf(-%)‘XJ an

i=k-N+1
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[Fig. 2] MSE convergence performance for ,(z).
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i=k—=N+1 (12)
Now MEDE algorithm with DF (MEDE-DF) in the

expression of weight elements can be rewritten as

Fo_F _ Myepe-pr
Wertag = Weo ~
a a 2
o'N

LY Ye-e

2N v Jj=k-N+1

: G(,ﬁ (ej —€ )[xjfa — Xl

k
-2 e-G,(-¢) x_,
,:gn:m } (13)
B 5 Heor| L3 :
Wy Wiy~ 5 | —— e —e
ko TV T oy 2N,-:§,+1/:§£1/ )

"G, pe,—e)ld p=dis]

k A
-2 >e G, (-¢)dirs

i=k—N+1

} (14)

It is noticeable that the arguments of Gaussian kernels
in MEDE and MEDE-DF algorithms have the effect of
cutting out large error values which are mainly induced

from impulsive noise.
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[Fig. 3] MSE convergence performance for 7,(z).

5. Results and Discussion

In this section we compare MSE convergence and
steady state error probability of the proposed MEDE-DF
algorithm, linear MEDE, LMS and LMS-DF in the
multipath channel environments with impulsive noise. The

multipath channel models [12] have the following transfer

functions, where #1,(z) is severer channel model with

eigenvalue spread ratio 21 than #4,(2) that has 11.
H,(2)=026+0.93z" +0.262 (15)
H,(z)=0304+0.903z " +0.304z (16)

The zero-mean white impulsive noise which is added

to the channel output has the following probability density
[13,14]. The value o, is the variance of impulse noise

plus back ground noise and O represents the standard

deviation of back ground noise. In this simulation &=

0.03, o7 =0.001, and o3 =50.001.

& —-n

Srose(n) = ﬁ exp [E]

l-e exp[i]
o,\27 207 17)
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[Fig. 4] Probability density for errors in #;(2).

The numbers of feed-forward and feedback filter
weights are A= 7 and B= 4, respectively. The linear
algorithms have corresponding number of weights 11. The

4PAM random symbols {-3,-1,1,3} are transmitted to the

channel. The step-sizes are set to Hwepe = Huepe-pr

=0.04, and Hims = Hwus-pr = 0.002 for both channel
for MEDE and MEDE-DF

is 0.7. The parameters are

models. Data - block size N
is 20 and the kernel size ©
chosen to show the lowest steady-state MSE. As a figure
of merit, MSE convergence, probability densities for
errors are compared.

The MSE performance in Fig. 2 shows that in
impulsive noise environments steady state MSE of LMS
algorithm does not decrease below -6 dB regardless of
decision feedback. On the other hand the MEDE
converges rapidly to about -21 dB and MEDE-DF to -23
dB of steady state MSE. The performance in channel
H,(z) with
improvement coming from decision feedback in Fig.3. As
expected, LMS and LMS-DF show the same degraded
steady state MSE performance. On the other hand, the
steady-state MSE performance of MEDE and MEDE-DF
reach around — 18 dB and -21 dB respectively. The 3 dB

model impulsive noise, shows clear

of performance enhancement in #,(z) has been made by
MEDE
difference is observed from the error PDF estimates in

Fig. 4 and the MEDE-DF algorithm produces error

employing DF in algorithm. Performance

distribution being the most concentrated around zero. In
Fig. 5, performance differences are shown more clearly as
MEDE-DF produces error distribution more concentrated

around zero than MEDE while the error values of LMS,

LMS-DF appear not to gather well around zero. These
results indicate that DF approach to MEDE algorithm has
significant effect of residual ISI cancellation on severe

multipath channels with impulsive noise.
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[Fig. 5] Probability density for errors in ,(2).

6. Conclusion

In this paper, a nonlinear MEDE algorithm with
decision feedback is proposed to counteract multi-path
fading and impulsive noise. The proposed MEDE-DF
algorithm has shown the immunity to impulsive noise and
the ability of the feedback filter section to cancel the
remaining ISI as well. Also MEDE-DF has shown
performance enhancement of above 3 dB of steady state
MSE compared with linear MEDE. From the simulation
results, we may conclude that MEDE algorithm has a
superior resistance to
MSE-based LMS
approach to MEDE algorithm has significant effect of

impulsive noise compared to
algorithm and the proposed DF
residual ISI cancellation on severe multipath channels as

well as robustness against impulsive noise.

References

[1] K. Koike and H. Ogiwara, “Application of Turbo
TCM codes for impulsive noise channel,” IEICE
Trans. Fundamentals, vol. E81-A, pp. 2032-2039, Oct.
1998.

[2] S. Unawong, S. Miyamoto, and N. Morinaga, “A

2394



Communication Equalizer Algorithms with Decision Feedback based on Error Probability

novel receiver design for DS-CDMA systems under
impulsive radio noise environments,” [EICE Trans.
Comm., Vol. E82-B, pp. 936-943, June 1999.

[3] Faber, T. and Scholand, T. “Application of joint
source-channel

decoding to  impulsive  noise

environments,”  Vehicular technology conference,
VTC2004-Fall, Vol. 2. pp. 1238 - 1242, 2004.

[4] S. J. Kang, N. Kim, "Quality Measurement Algorithm
for IS-95 Reverse-link Signal,”“ KAIS, vol. 11, no. 9,
pp. 3428-3434, 2010.

[5] M. Richharia, Satellite communication systems: design
principles, Technology&Engineering,1999.

[6] M. Button, J. A. Glover,
“Measurement of the impulsive noise environment for

satellite-mobile radio systems at 1.5 GHz,” [EEE

Gardiner, and 1.

Trans.Vehicular Technology. vol. 51, mno.3, pp.
551-560, May 2002.

[7] J. Gomes, A. Silva, and S. Jesus, "Joint Passive Time
Reversal and Multichannel Equalization for Underwater
Communications," in OCEANS 2006, pp. 1-6.

[8] S. Haykin, Adaptive Filter Theory. Prentice Hall. 4th
edition, 2001.

[9] J. C. Principe, D. Xu and J. Fisher, Information

S.Haykin,  Unsupervised
Adaptive Filtering, Wiley, (New York, USA), pp.
265-319, 2000.

[10] K. H. Jeong, J. W. Xu, D. Erdogmus, and J. C.

Principe, “A new classifier based on information

Theoretic  Learningin:

theoretic learning with unlabeled data,” Neural
Networks, vol. 18, pp. 719-726, 2005.

[11] N. Kim, K. H. Jeong, and L. Yang, “Maximization
of zero-error probability for adaptive channel

equalization,” Journal of communications and
networks, vol. 12, no. 5, pp. 459-465, Oct. 2010.

[12] J. G. Proakis, Digital Communications, McGraw-Hill,
2nd edition, 1989.

[13] B. Aazhang and H. V. Poor, “Performance of
DS/CDMA communications in impulsive channels-
Part II: Hard-limiting correlation receivers,” [EEE
Trans. Comm., vol. 36, pp. 88-97, Jan. 1988.

[14] S. Miyamoto, M. Katayama and N. Morinaga,
“Receiver design using the dependence between
quadrature components of impulsive radio noise,”
IEICE Trans. Comm., vol. J77-B-1I, pp. 63-73, Feb.
1994.

2395

Namyong Kim

[Regular member]

® Feb. 1988 : M.S. from Yonsei
Univ. in electronics

® Feb. 1991 : Ph. D from Yonsei
Univ. in electronics

e Feb. 1992 ~ Feb. 1998 : An
associate professor in the dept.
of electronic communications

eng., Kwandon Univ.

® Mar. 1998 ~ Current :
electronics,

A professor in the school of
information & communications eng.,

Kangwon National Univ.

<Research Interests>
Adaptive Equalization, RBFN, Odour Sensing Systems

Young-Soo Hwang [Regular member]

® Feb. 1984 : M.S. from Yonsei
Univ. in electronics
® Feb. 1990 : Ph. D from Yonsei

Univ. in electronics

® Feb. 1989 ~ Current : An
associate professor in the school
of IT at Kwandong University
as a professor.

<Research Interests>

Acoustic  signal processing, Acoustic communication
systems.




<<
  /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 /CMYK
  /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>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /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.)
  >>
  /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


