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Decision Feedback Equalizer Algorithms based on Error Entropy Criterion
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ABSTRACT

For compensation of channel distortion from multipath fading and impulsive noise, a decision feedback equalizer (DFE)
algorithm based on minimization of Error entropy (MEE) is proposed. The MEE criterion has not been studied for DFE structures
and impulsive noise environments either. By minimizing the error entropy with respect to equalizer weight based on decision
feedback structures, the proposed decision feedback algorithm has shown to have superior capability of residual intersymbol

interference cancellation in simulation environments with severe multipath and impulsive noise.

= keyword : Entropy(1 EZ3]), MEE, decision-feedback(Z A7), impulsive noise(ZZ4 #-3), multipath(th=73 &),

equdlizer(5-3}71), 1ML

1. INTRODUCTION

In many communication systems such as satellite-
mobile radio link, power line digital subscriber line
systems and even in underwater communication
channels, multipath fading and impulsive noise
frequently occur [1-3].

As a typical adaptive equalizer algorithm For
counteracting multipath fading, the least mean
square (LMS) algorithm [4] employing the mean
squared error (MSE) criterion has been being widely
used due to its simplicity but MSE-based algorithms
are highly sensitive to large error values from
impulsive noise.

Unlike MSE based approaches that utilize instant
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error power, information-theoretic learning (ITL)
methods, introduced by Princepe [5], are based on a
combination of a nonparametric probability density
function (PDF) estimator and a procedure to
compute error entropy. As an entropy-related cost
function, minimization of error entropy (MEE) has
been developed by Erdogmus and Principe and it
can be implemented by maximization of information
potential [6]. MEE has shown superior performance
as an alternative to MSE in supervised channel
equalization applications [6,7]. However, the MEE
based algorithms have not been studied for channels
with impulsive noise or feedback approaches.

In this paper, we investigate the performance of
supervised linear MEE algorithm for channels
distorted by multipath fading and impulsive noise.
And also we propose a MEE algorithm with
decision feedback (MEE-DF) for enhanced
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performance against impulsive noise and strong
multi-path fading.

2. MSE CRITERIONAND LMS
ALGORITHM

As a linear structure for equalization, a tapped
delay line (TDL) is usually used. Letting the TDL
have L taps (weights) and weight vector W with L
elements at symbol time k, the input vector
Xk:[xk’xk—[’xk—Z""’xk—LH]T and W; produce an
output sample yj, that is, y; = wixX,. Using dj, a
training symbol at time k or the desired value, we
obtain an error sample e;=di-yw The MSE
criterion is statistical average of error power
described as

MSE = E[e} ] 6))

For practical reasons, instead of estimating the
expected value of error power, we can use the

instant squared error (SE) as a cost function.
SE=e; )

Minimizing the cost function (2) using the
de;
gradient oy and steepest descent method, we have
the well known LMS algorithm [4].

Wi =W+ 20,56, X, (3

where the step size (ius controls convergence
speed and stability of the algorithm.

It is noticeable that the LMS algorithm is directly
affected by error values, and in impulsive noise

environments large error values induced from

impulsive noise can make the weight adjustment
process unstable. Using a very small step size can
be a solution for stability.

3. ERROR ENTROPY CRITERION
AND MEE ALGORITHM

The MSE criterion, which uses only second order
statistics, is adequate under the assumptions of
linearity and Gaussianity. When the noise is not
Gaussian, a criterion considering all the higher order
statistics of the error signal would be more
appropriate. Entropy is a scalar quantity that
provides a measure for the average information
contained in a given PDF fi(e). When error entropy
is minimized, the error distribution of adaptive
systems is concentrated and all higher order
moments are minimized.

The Shannon’s entropy [8] is in general hard to
estimate and minimize since it involves the integral
of the logarithm of the PDF. As another useful
alternative definition of entropy, Renyi’s quadratic
error entropy which is effectively used in ITL
methods is defined as

H(e)=—log(] f,(£)d&) @

To investigate how the entropy is associated with
a set of data samples without pre-specifying the
form of the PDF, we employ the Parzen estimator
[5] with Gaussian kernel G,(-) and a block of N
past error samples as

1 k
fr(@=— > G, (e-e)
Ni:k*NH
1 < 1 —(e—e,)’
=— ex
Ni:kﬂv+10'\/27f p[ 20'2 ] (5)
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Then the combination of Reny’s quadratic entropy
with the Parzen window leads to an estimation of
entropy by computing interactions among pairs of

error samples.

H(e)=—log([ f,(£)"d&)

k

1 k
=—log — > G, (e —e)

i=k—N+1 j=k—-N+1 (6)

We can see that data samples (actually their
locations) act as physical particles since the
Gaussian kernel is always positive and is inversely
proportional to the distance between data samples
(an exponential decay with the distance square).
From these observations, the Gaussian kernel may
be considered to create a potential field and the
argument of log [.] in (6) can be regarded as the
sum of all pairs of interactions and is called
information potential, IP. [5].

G (e -
IP NZ i= 1(;4-]] IZV-H - (7)

Substituting the information potential IP,, for

[£2(©)d¢ in 6), we have
H(e)=—log(IP,) ®)

Obviously, minimizing the error entropy H(e) is
equivalent to maximizing the information potential
IP.. This criterion minimizing error entropy is
referred to as MEE [6,7].

min H (e) _max [P,
w = w

MEE = )

By applying gradient ascent method to

maximization of /P,, MEE algorithm with step size

! mee becomes

Wi =W, + L > Y-

i=k-N+1 j=k—-N+1
Ggﬁ(e/ _ei)[X[_X[].
(10)

4. MEE ALGORITHM WITH
DECISION FEEDBACK

In order for the MEE algorithm (10) 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 W7,
the algorithm has to be augmented with DF part
using produced decisions dAk While the feed-forward
filter receives input xx to produce output yi, the
feedback filter receives the sequence of decisions.

Let the number of weights in feed-forward and
feedback filter section be A and B, respectively.
Then output y, of the TDL equalizer with decision
feedback becomes

A-1 B-1 N
F B
Y, = z Wi oXioa T z Wep d b1
a=0 bh=0 (1 1)

F F F F
where  WiosWiisWiassWisa}  are elements of
. » {WB wE WP
feed-forward weight vector W, Wko>Wii»Wiaso
B
Wi}l are elements of feedback weight vector

7. The elements of vector D, sy vy )
are previously detected symbols.

The feedback filter plays a role of removing the
residual ISI from the present estimate which is
caused by previously detected symbols [4]. It is
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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

substantial  error
algorithms  highly
dependent on instant error power can not cope with

impulsive  noise  induces
propagation.  Conventional
this problem. Therefore equalizers with DF for
impulsive noise environments need robust
algorithms against strong impulsive noise.

As described before, the Gaussian kernel produces
an exponential decay with distance square of data
sample pairs. Large error samples are mainly
induced from impulsive noise, so the distance of
their pairs is very likely to be large. From this
observation, we may decide that the argument of
Gaussian kernel in MEE algorithm (10) has the
effect of cutting out large error values from
impulsive noise.

Now the filter weights are adjusted recursively to
minimize the cost function (9) using the calculated

A

error ex=dy—yx in training mode and e, =d,—y;
in decision directed mode. Then the feed-forward
weight vector 7/ and the feedback weight vector
W are updated based on steepest ascent method
with the step size Huec-pr and the gradients

oIP. IR SEE
20, &

i=k—N+1 j=k—N+1

G, 5, —e)[X; - X] (12)

o - 2 2.(e-e)

ow?e ~ 20°N? i=k—N+1 j=k—N+1
: GG«E (ej -é )[Dj*1 - Di’] ]

(13)

oIP,

wi=w+ —
K+l T Hyee-pr oW’ (14)

oIP.

Wkﬁl = WkB + Hyee-pr W (15)

In the expression of weight elements,

k

,Ll k

Fo_F MEE-DF _

Wetp = Wip T 26N> Z Z(ei )
o i=k—N+1 j=k—N+1

'Gaﬁ(e/‘ _ei)[xjfp _xifp] (16)

/J k k
B _ B MEE-DF _
Wk+l,q - Wk,q + Z Z(e/ ef)

272
20°N i=k—N+1 j=k—N+1

A A

. Gm/i (ej - el.)[djflfq_ di-i-q] a7

5. RESULTS AND DISCUSSION

As s figure of merit, we compare MSE convergence
and steady state error probability of the proposed
MEE-DF algorithm, linear MEE, LMS and LMS-DF
in the multipath channel environments with
impulsive noise. The multipath channel models have
the following transfer functions, where H,(z) results
in severe intersymbol interference and exhibits
spectrum nulls [4].

H,(2)=026+0.93z" +0.26z" (18)

H,(z) =0.407+0.815z"' + 407z (19)

Background Gaussian noise and impulsive noise
(zero-mean and white) are added to the channel
output. The overall channel noise has the following
probability density in (20) [9,10]. The value 05 is
the variance of impulse noise plus background noise
and o0 represents the standard deviation of
background noise. In this simulation ¢ =0.03, o} =

0.001, and o3 =50.001.
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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 4 PAM random symbols {-3, -1, 1, 3}are
transmitted to the channel. The step-size is set to
My = Hyee-pr = 0.01, and Hims = Hius-pr = 0.0002
for both channel models. Data-block size N for
MEE and MEE-DF is 20 and the kernel size ¢ is
0.7. The parameters are chosen to show the lowest
steady-state MSE.

The MSE performance for Hi(z) in Fig. 2 shows
that in impulsive noise environments, steady state
MSEs of LMS and LMS-DF do not decrease below
-6dB and -7dB, respectively. We can observe a very
MSE
enhancement of only about 1dB by employing DF.
On the other hand the MEE converges rapidly to
about -25dB and MEE-DF to -27dB of steady state
MSE. Performance difference is seen clearly from

slow  convergence  and performance

MSE ()

T
10000

T T T T
o 2000 4000 G000 aoon

Ilterations (symbols)

(Fig. 2) MSE convergence performance for H(2).

the error PDF estimates in Fig. 3. The MEE-DF
equalizer produces error distribution being the most
concentrated around zero whereas LMS-type
algorithms form almost flat shapes.

The performance in the worse channel Hx(z)
with impulsive noise shows prominent improvement
in MEE-DF due to decision feedback in Fig. 4. As
noticed in Fig. 1, the channel model Hx(z) has a
very deep null so the received signal is highly
distorted by enormous intersymbol interference. In
this case equalizer algorithms with DF and without
DF produce large performance difference. While
LMS and LMS-DF show similar degradation with
-3dB of steady state MSE performance, MEE and
MEE-DF result in a very large performance
difference. The steady state MSE of MEE stays at
-5dB, but MEE-DF yields -17dB. . The 12dB of
performance enhancement has been brought by
employing DF in MEE algorithm. Considering MEE
and MEE-DF have the inherent immunity against
impulsive noise, we can observe how much impact
the decision feedback strategy has on MEE-type
equalizer algorithms under severe multipath fading.
In Fig. 5, performance differences are shown more

clearly as MEE-DF produces error distribution well
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(Fig. B) Probability density for errors in H(2)

concentrated around zero while the error samples of
LMS, LMS-DF and even MEE appear not to gather

around zero.

6. CONCLUSION

In this paper, a minimum-error-entropy algorithm
with decision feedback is proposed to counteract
multipath fading and impulsive noise. LMS-type
algorithms based on conventional MSE criterion
have no capability to cope with impulsive noise
whether with DF or not since the cost function of
squared error is highly sensitive to large instant

o -
=
L
[V
=
.20 ——LME
—O— LMS-DF
25 —&—MEE
—7—MEE-DF

T T T T T
1} 2000 4000 G000 o000 10000 12000

Ilterations (zym bols)

(Fig. 4) MSE convergence performance for H(2).

error power caused by impulsive noise. It is
revealed that MEE-type algorithms designed on
purpose of concentrating error samples have the
inherent immunity against impulsive noise. In
simulations for severe channel models, the error
samplesof LMS, LMS-DF and even MEE appear
not to gather around zero. On the other hand
MEE-DF
concentrated around zero and 12dB of performance

produces  error  distribution  well
enhancement has been yielded through employing
DF in MEE algorithm. From the results,we may
conclude that in severe multipath channels with
impulsive noise, MEE does not function properly
without DF and employing decision feedback in
MEE algorithm can be a strong candidate for
channel equalizers in severe multipath fading and

impulsive noise.

REFERENCES

[1] A. Mengi, A. Vinck, “Successive impulsive
noise suppression in OFDM,” Proc. in ISPLC
2010 , Rio de Janeiro, Brazil, March 2010, pp.
33-37.

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

32

2011. 8



2 dEZT 7|=0f| 2748t &

1999.

M. Chitre, S. Shahabudeen, L. Freitag, and M.
Stojanovic, Recent advances in underwater
acoustic communications & networking,” in
Proc. MTS/IEEE OCEANS 2008. Quebec City,
QC, Canada: IEEE, Sep. 2008, pp. 1-10.

J. Proakis, Digital Communications, McGraw-Hill,
2nd edition, 1989.

J. Principe, D. Xu and J. Fisher, Information
Theoretic Learning, in: S. Haykin (Ed.),
Unsupervised Adaptive Filtering, Wiley, (New
York), vol. I, 2000, pp. 265-319.

D. Erdogmus, and J. Principe, “An Entropy
Minimization  algorithm  for  Supervised
Training of Nonlinear Systems,” IEEE Trans.

Signal Processing, vol. 50, July 2002, pp.
1780-1786.

[7] 1. Santamaria, D. Erdogmus, and J. Principe,

“Entropy Minimization for Supervised Digital
Communications Channel Equalization, [EEE
Trans. Signal Processing, vol. 50, May 2002,
pp. 1184-1192.

C. Shannon, “A mathematical theory of
communication,” Bell Syst. Tech. J., vol. 27,
1948, pp. 379-423.

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

S. Unawong, S. Miyamoto, and N. Morinaga,
“A novel receiver design for DS-CDMA
systems under impulsive radio noise
environments,” IEICE Trans. Comm., vol.
E82-B, June 1999, pp. 936 -943.

OXMA =010

Zl & & (Namyong Kim)

1986\ AxthgtuL A8 83} (3D

1988 Atk tjshel Akt (XA

1991 A3t et A st ZA(EAh

19924 ~1998'd  ¥Ethetal WAEAl e skt Haua

1998 ~8A st AAHRFAFHE g

FHAJHEoF : Adaptive equalization, RBFN algorithms, ITL algorithms, Odor sensing systems etc.
E-mail : namyong@kangwon.ac.kr

et QlE{Ul HEst3| (12243) 33




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /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 /Warning
  /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 false
  /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 <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. 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 for quality printing on desktop printers and proofers.  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 /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


