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ABSTRACT

In this paper a new algorithm based on subspace projections
is developed for the blind equalization and kernel identification of
linear FIR Multiple Input Multiple Output (MIMO) as well as non-
linear FIR SIMO Volterra systems. Simulations in the context of
blind channel equalization show good performance in comparison
to existing schemes.

1. INTRODUCTION

Blind methods are of great importance in digital signal communi-
cation systems as they allow channel identification/equalization at
the receiver without the use of training signals. The topic of blind
identification/equalization of linear time invariant (LTI) channels,
both SIMO and MIMO, has drawn considerable attention over the
past years and several algorithms have been developed (see [1, 2, 3]
and references there in). Initially, focus on this area was centered in
SOS methods, since compared to HOS methods, they require less
data samples to obtain good statistical estimates. On the other hand,
HOS methods provide system phase information, without requiring
channel diversity, the ability to resolve matrix ambiguity to pure
scaling and permutation indeterminacies. Finally, HOS are insensi-
tive to additive Gaussian noise.

Nonlinearities appear in several communication systems. Ex-
amples are high power amplifiers of typical satellite links operating
in saturation mode, magnetic recording channels as well as telecom-
munication channels achieving high data rates, such as ADSL and
OFDM channels ([4, 5] and references there in). Volterra models
have been used extensively to model non-linearities in communica-
tion systems. So far, several approaches have been taken towards
identifying/equalizing Volterra systems [6, 7]. However, the prob-
lem of blind identification of nonlinear Volterra systems has not
been fully addressed yet. In this context the proposed algorithm
has the following features:
• It performs blind equalization of FIR SIMO Volterra systems,

based on blind source separation algorithms [9, 10, 11]. In ad-
dition, for passband Volterra systems kernel identification is per-
formed.

• It achieves input equalization and system kernel identification
for linear FIR MIMO systems, combining order estimation and
blind source separation.
The proposed method is compared with two methods for blind

equalization of nonlinear SIMO Volterra systems [6, 7] and two
methods for blind identification and equalization of linear FIR
MIMO systems [2, 3].

With regard to Volterra systems, when compared to the algo-
rithm presented in [6], the proposed method requires that the input
sequence satisfies the same persistent excitation condition and that
the channel transfer matrix is of full column rank. However, it does
not require a-priori knowledge of the channel lengths of the sub-
systems that comprise the Volterra system. These parameters are
internally estimated by the algorithm. Furthermore, it doesn’t as-
sume that the associated channel matrix is square. It equalizes the
channel, even in the case that the linear kernel has the same length
as another kernel, without having to resort to higher order methods.

Finally, the proposed algorithm can be used to compute equalizers
for all possible delays. Compared to the algorithm of [7] the pro-
posed method does not impose the positive definiteness condition
on the input covariance matrix.

With regard to linear FIR MIMO systems, the main advantage
of the proposed method is that it does not require a-priori knowledge
of the channel lengths. As already mentioned, these parameters are
internally estimated by the algorithm.

2. PREREQUISITES

The notation employed in this paper is standard. Signals are
discrete-time and complex in general. Upper- and lower-case bold
letters denote matrices and vectors respectively. (·)t and (·)′ are
transpose and Hermitian operations. 0m×n stands for the m × n
zero matrix. If x,X are a vector and a matrix respectively and
A is a vector space, then x|A is the orthogonal projection of x
onto A and X|A is the orthogonal projection of the rows of X
onto A. We shall deploy Blind Source Separation (BSS) techniques
[9, 10, 11, 14, 15, 16, 17]. Specifically, we assume that we are given
at the receiver some linear mixtures xi(n) of a number of source sig-
nals s j(t) that obey equation ( 1):

xi(n) =
P

∑
j=1

ai js j(n) (1)

or in matrix form,

X = AS (2)

Matrix X has Q columns x(1),x(2) · · ·x(Q). It consists of suc-
cessive output vector observations, while the n column of X is
xt(n) = [x1(n), · · · ,xM(n)]. A has elements ai j and the matrix of
source signals S has column vectors s(n) = [s1(n), · · · ,sP(n)]. The
goal of BSS is to recover S from the observed mixtures X. Specif-
ically, we seek a matrix V , such that VA = PD. As a result, the
estimated signal U = VX will resemble the original source signals
S up to multiplication with a diagonal matrix D and a permutation
matrix P:

U = VX = PDS (3)

Two popular approaches for the solution of the BSS problem are
the Independent Component Analysis (ICA) and the (Approximate)
Joint Diagonalization (AJD) [9, 10, 11]. In the proposed method,
we consider the JADE algorithm [17] and the Extended Matrix Pen-
cil algorithm [9, 10].

3. MODEL SPECIFICATION

3.1 The Volterra Case

We assume that our system is described by a discrete SIMO Volterra
system, produced by oversampling a continuous SISO Volterra sys-
tem at a rate M. The Volterra system under consideration, could be
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either passband or baseband. The passband system is described by
the equation:

y(n) =
P

∑
k=1

Lk

∑
l1,···,lk=0

hk(l1, · · · , lk)s(n− l1) · · ·s(n− lk)

while, the baseband system is described by the equation:

y(n) =
P

∑
k=1

L2k+1

∑
l1,···,l2k+1=0

h2k+1(l1, · · · , l2k+1)s(n− l1) · · ·s(n− lk+1)

s∗(n− lk+2) · · ·s∗(n− l2k+1)

In the above equations y(n) denotes the M dimensional system out-
put and s(n) denotes the system input. P specifies the order of non-
linearity while Lk denotes the memory length of each subsystem,
involved in the model. The output signal y(n) is an M × 1 dimen-
sional vector. The following assumptions are made:
A1) The input sequence s(n) is i.i.d., zero mean and totally circular
[18]. Furthermore, the input symbols are drawn from a discrete
alphabet, following a uniform probability distribution. PSK falls in
this category.
A2) The input sequence s(n), takes at least P+1 distinct non-zero
values. Such assumption is satisfied by PSK and QAM inputs of
order greater than P+1.

By appropriately redefining the inputs, the above systems can
take the form

y(k) =
B

∑
i=1

Di

∑
j=0

gi( j)ui(k− j) (4)

or, equivalently,

y(k) = [G(z)]u(k) (5)

where

G(z) =
Dq

∑
i=0

G(i)z−i (6)

is the system transfer function and u(k) = [u1(k) · · ·uB(k)]t . The
orders of the B subsystems are given by the integers D1,D2, · · · ,DB.
If D1,D2, · · · ,DB are grouped into r distinct numbers J1, J2, · · ·, Jr
such that J1 < J2 < · · · < Jr, then for all i, 1 ≤ i ≤ r, we denote by
mi the number of subsystems that have order Ji.
A3) M > B. This oversampling assumption, limits the practical ap-
plicability to Volterra systems of relatively low order P ≤ 5. B may
also increase, depending on the initial channel lengths.
A4) G(z) is assumed to be irreducible and column reduced.

3.2 The FIR MIMO Case

We assume that the system is described by ( 4), where the num-
ber of inputs is B, while the number of output channels is M. The
assumptions for the linear FIR MIMO case are the following:
B1) The input sequences are zero mean and i.i.d.
B2) M > B.
B3) G(z) is assumed to be irreducible and column reduced.

4. THE PROPOSED ALGORITHM

In this section we describe the proposed algorithm. Matrix notations
are the same as the ones defined in [8]. A detailed account is given
in [19].

The steps taken by the algorithm are the following:

• Apply the method described in [8] to identify the smallest chan-
nel length J1 and the number m1 of the subsystems that attain
it. The data projection matrix Ek,J1 , the kernel matrix G1

J1
(F1),

and the input sources matrix Ũ1
k,0 satisfy the equation:

Ek,J1 = G1
J1

(F1)Ũ1
k,0 (7)

• Apply the JADE algorithm or the Extended Matrix Pencil Algo-
rithm to blindly separate the sources ui1 ,ui2 , · · ·uim1

belonging to
subsystems of order J1 and identify the corresponding kernels,
as columns of the matrix G1

J1
(F1)

• Having equalized the first group of sources, use the method de-
fined in [8] to identify the next channel length J2 and the corre-
sponding number of subsystems m2. In this case, the data pro-
jection matrix Ek,J2 , the corresponding kernel matrix G2

J2
(F2)

and the input sources matrix Ũ2
k,0 satisfy the equation:

Ek,J2 −G1
J2

(F1)Ũ1
k,J2−J1

= G2
J2

(F2)Ũ2
k,0 (8)

• Use the JADE algorithm or the Extended Matrix Pencil Algo-
rithm to blindly separate the sources uj1 ,u j2 , · · ·u jm2

belonging
to subsystems of order J2 and identify the corresponding ker-
nels, as columns of the matrix G2

J2
(F2).

• Having computed orders J1,J2, · · · ,Jn−2, compute Jn−1 and
mn−1. Separate the next group of sources and identify the cor-
responding kernels using the equation:

Ek,Jn−1 −
n−2

∑
i=1

Gi
Jn−1

(Fi)Ũi
k,Jn−1−Ji

= Gn−1
Jn−1

(Fn−1)Ũn−1
k,0 (9)

• Repeat until all sources have been blindly separated and the
corresponding kernels are identified as columns of the matrices
Gi

Ji
(Fi), for 1 ≤ i ≤ r.

For FIR linear MIMO systems, both BSS methods can be used.
They allow input equalization as well as kernel identification up to
multiplication with a diagonal and a permutation matrix.

For SIMO Volterra systems, however, only the Extended Matrix
Pencil Method can be used for source separation, since the inputs
computed are nonlinear combinations of the original signals. In
this case, the applicability of the Extended Matrix Pencil Method is
guaranteed by output cyclostationarity, that allows the use of several
distinct output correlation matrices computed at different time lags.
If the Volterra system under consideration is passband, then both
input equalization and kernel identification can be performed. In
case of a baseband Volterra system, even though input equalization
is achieved, the identified kernels consist of sums of the original
system kernels.

The performance of the above method is checked against exist-
ing algorithms by simulation.

5. SIMULATION EXAMPLES

We present the simulation experiments conducted for linear MIMO
case as well as the SIMO FIR Volterra case. To compute the distinct
subsystem orders we used 2000 input samples. In all runs PSK
inputs were used.

5.1 MIMO Systems

Simulations entailing two out of three different systems presented in
[8] have been performed. First, the JADE algorithm is used. In this
case we compare the proposed algorithm to the one presented in [2].
Then, the Extended Matrix Pencil algorithm is used. In this case,
the proposed method is compared to the SSUB algorithm, given in
[3]. 100 independent Monte-Carlo runs were obtained per system
and SNR value.
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Example 1. The first of the three systems presented in [8] is
considered. The performance of the proposed method is checked
against the algorithm presented in [2]. Simulation results for ker-
nel identification are presented in Tables 1 and 2. We see that the
proposed method achieves a slight performance gain.

Example 2. The second of the three systems presented in [8]
is considered. The performance of the proposed method is checked
against the algorithm presented in [3]. Simulation results for ker-
nel identification are presented in Tables 3 and 4. We see that the
proposed method achieves significant performance gain.

5.2 Volterra Systems

Simulations of SIMO FIR Volterra systems are performed. The pro-
posed method is compared with the methods presented in [6, 7] us-
ing the Extended Matrix Pencil algorithm.

Example 3. We apply the proposed algorithm to the system
described in Example 2 of [6]. The proposed algorithm is checked
against the methods presented in [6, 7] for two different SNR values,
namely 15dB and 20dB. SER is calculated in both cases. Results
are presented in Table 5. We see that the proposed method achieves
significant performance gain over the other two methods.

6. CONCLUSIONS

A new algorithm for identifying system kernels as well as equal-
izing inputs is proposed. The proposed method employs the re-
sults of [8]. The algorithm allows stepwise input equalization us-
ing the JADE algorithm and the Extended Matrix Pencil Algorithm.
Sources are equalized in groups, depending on the memory of the
subsystems they belong to. For linear FIR MIMO systems as well
as passband Volterra systems, channel identification is also per-
formed. For baseband Volterra systems, the identified kernels con-
sist of sums of the original system kernels. The performance of
the algorithm is quite satisfactory, compared to existing algorithms
for linear MIMO and SIMO Volterra equalization and identification
[2, 3, 6, 7].
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Table 1: Example 1. MIMO Systems: Channel 1 Estimation
SNR (dB) Proposed Algorithm Ding’s Algorithm

20 −12 −10
25 −13 −11
30 −22 −20
35 −30 −28
40 −35 −32
45 −42 −40
50 −43 −41

Table 2: Example 1. MIMO Systems: Channel 2 Estimation
SNR (dB) Proposed Algorithm Ding’s Algorithm

20 −12 −10
25 −14 −12
30 −22 −19
35 −30 −27
40 −34 −31
45 −44 −38
50 −44 −40
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Table 3: Example 2. MIMO Systems: Channel 1 Estimation
SNR (dB) MMSE (dB) MMSE (dB)

Proposed Algorithm SSUB
20 −19 −15
25 −23 −17
30 −30 −25
35 −32 −26
40 −35 −27

Table 4: Example 2. MIMO Systems: Channel 2 Estimation
SNR (dB) MMSE (dB) MMSE (dB)

Proposed Algorithm SSUB
20 −18 −14
25 −24 −19
30 −27 −26
35 −31 −28
40 −34 −30

Table 5: Example 3. SIMO Volterra Systems: SER Calculation
SNR (dB) Proposed Valcarce Giannakis

Algorithm et al et al
15 4×10−3 2×10−2 4×10−1

20 2×10−6 3×10−5 7×10−4

©2007 EURASIP 1749

15th European Signal Processing Conference (EUSIPCO 2007), Poznan, Poland, September 3-7, 2007, copyright by EURASIP


	MAIN MENU
	Front Matter
	Sessions
	Author Index

	Search
	Print
	View Full Page
	Zoom In
	Zoom Out
	Go To Previous Document
	Help


<<
  /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
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts 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
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -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
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /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
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /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 ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


