
FREQUENCY-DOMAIN BLIND SOURCE SEPARATION WITH  
PERMUTATION CONTROL*

Peng Xie, Steven L. Grant†

Dept. of Electrical and Computer Engineering,  
Missouri University of Science and Technology, 

Rolla, MO 65409, USA 

                                                           
* This work is sponsored by the Wilkens Missouri Endowment 
† Formerly known as Steven L. Gay 

ABSTRACT 

This paper explores the problem of frequency-domain Blind 
Source Separation (BSS) of convolutive mixtures.  The 
main difficulties of this approach lie in the so called 
permutation and amplitude problems.  In order to solve the 
permutation ambiguity, a new hybrid approach is proposed, 
in which the Independent Component Analysis (ICA) 
processes across all frequency bins are concatenated and 
each of them is embedded with a permutation control unit.  
In each frequency bin, when the separation matrix is 
obtained by the ICA process, the control unit detects the 
possible permutation and aligns the matrix only if the 
permutation is confirmed.  Then the final value of separation 
matrix is used to initialize the ICA iterations in the next 
frequency bin.  The amplitude problem is addressed by 
utilizing the elements in estimated mixing matrix.  The 
method is compared with conventional frequency-domain 
BSS approaches and the experimental results demonstrate 
superior performances of the proposed method. 

 
Index Terms— convolutive mixture, frequency-domain, 
Blind Source Separation, permutation control 

1. INTRODUCTION 

Blind Source Separation (BSS) is a statistical technique for 
recovering a number of original source signals when only 
their linear mixtures are available for observation.  With the 
understanding that both source signals and mixing 
procedure are unknown, the pr
compute convolution of long filters and update filter 
coefficients.  Frequency-domain BSS can overcome this 
shortcoming by simplifying convolutive mixing to 
instantaneous mixing which allows standard instantaneous 
ICA algorithms to be employed.  However, it encounters 
problems, namely permutation and amplitude ambiguity.  

During the last few years, to solve the permutation 
problem, approaches that employ geometric beamforming 
[1, 2], filter consistency [3] and spectrum continuity [4], etc, 
have been investigated.  Some of them can sufficiently solve 
the permutation, but they are still time consuming for real-
time processing.  Some other methods are computationally 
efficient but come with a relatively low degree of accuracy.  
It is still open to a satisfying solution.  In this paper, we 
propose a novel hybrid separating framework which 
achieves efficiency both on computation and performance.  

2. FREQUENCY-DOMAIN BSS 

In this section, we briefly review the general model of 
convolutive mixtures and frequency-domain BSS.   

2.1. Mixing and Separation Model 

It is widely believed that a linear mixture of source signals 
weighted by filters is a sufficient model to describe the 
convolutive mixture.  Assume P source signals are recorded 
by Q sensors in a reverberant environment.  In this model, 
the observed signals xj(k), j = 1, …, Q are obtained as the 
sum of linear convolutions of the source signals si(k), i = 1, 
…, P and the room impulse response: 
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where aji(τ) denotes the impulse response from source i to 
sensor j.  The additive noise is not considered because it is 
sufficient to evaluate this model in a noise free situation.  



The objective of BSS is to design a causal, stable 
separation filter bij(τ) to obtain the estimation of original 
source signals, which is denoted by yi(k), i = 1, …, P: 
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Using an L-point short-time Fourier transform (STFT), 
the time-domain observed signals are transformed into 
frequency-domain signals:  
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where g(l) represents a window function.  Then the BSS 
model is converted into the frequency domain: 

 �� �� �� �� �� ��,k� Z � Z � Z� X A S ,k  (4) 
where A(ω) is the mixing matrix in the frequency bin ω. 
X=[X1,…,XQ]T and S=[S1,…,SP]T are time-frequency 
representations of the observed signals and source signals,  
respectively.  And the estimated signals are turned into:  

 �� �� �� �� �� ��,k� Z � Z � Z� Y B X ,k  (5) 
where B(ω) is the demixing matrix in the frequency bin ω 
and Y=[Y1,…,YP]T.  At the last step, the time-domain 
signals are reconstructed using the inverse STFT:  
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2.2. Independent Component Analysis 

In each frequency bin, the instantaneously mixed frequency-
domain signals are separated.  ICA is the most widely used 
approach to attack this problem.  It exploits the statistical 
independence between the original source signals in order to 
separate them from the observed mixtures, attempting to 
make the signals as independent as possible.  When the 
source signals are non-Gaussian and mutually independent, 
sufficient separation can be achieved. 

There have been lots of ICA methods such as InfoMax 
[5], JADE [6] and FastICA [7], etc.  In the proposed 
method, the well-known FastICA algorithm by Hyvärinen is 
implemented.  According to the complex data value in the 
frequency domain, the algorithm is complex-valued [8]. 

2.3. Permutation and Amplitude Ambiguity 

Even though the ICA algorithm for instantaneous mixtures 
accurately estimates the demixing matrix in each frequency 
bin, it still encounters indeterminacy of permutation and 
scaling, because ICA does not take into account the order 
and gain in which the original sources are recovered.  Each 
ICA solution satisfies:  

 �� �� �� �� �� �� �� ���Z � Z � Z� W A Π Γ � Z (7) 
where Π represents a permutation matrix and Γ is a diagonal 
matrix, of which the elements denote the scaling factors. 

If the permutation matrix Π is not consistent across all 
frequencies then contributions from different sources will be 
combined into a single channel when converting the signal 
back to the time domain.  It is the biggest challenge in the 

context of frequency-domain BSS.  The scaling ambiguity Γ 
at each frequency bin results in a filtering effect on the 
sources in the time domain.  In order to perfectly recover the 
sources in the time domain, these indeterminacy problems 
must be essentially solved before making an inverse STFT. 

3. PROPOSED METHOD 

In this approach, the permutation control process is 
embedded into the ICA iterations.  In a single frequency bin, 
the separation matrix obtained by the ICA process is 
immediately fed into the permutation control unit, where the 
possible permutation is checked and then corrected if 
necessary.  In the next frequency bin, the ICA step is 
initialized with the final value of the separation matrix in the 
previous bin, which does not have permutation.  After all the 
ICA iterations are completed, the separation matrices are 
sent to the rescaling stage, where the amplitude ambiguity is 
solved.  The flow of proposed method is shown in Fig. 1. 

 

 
 

Fig. 1. Diagram of proposed frequency-domain BSS 

3.1. Permutation Control 

In most of the conventional frequency-domain methods, 
permutation is corrected in all frequency bins, which is time 
consuming, especially when the number of sources and 
sensors is large.  In this letter, instead of spending time on 
all bins, we focus on those bins where permutation could 
possibly happen.  A permutation control unit is proposed to 
accomplish this job, which is shown in Fig. 2.  

 

 
 

Fig. 2. Flowchart of the permutation control unit 





<<
  /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


