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What is a Microphone Array?



MIT’s LOUD array
(1020 mics)
Weinstein et al. 2005

NIST’s Mark III Array
(64 mics)
Stanford et al. 2004

Multi-sensor headset from MSR
[Liu et al. 2005]

Some Interesting Microphone Arrays



Microphone Arrays : Co-ordinate System



Microphone Array Processing : Motivation 



Microphone Array Processing (In) Parametric Spatial Sound Processing



Motivation : Socially Relevant Applications



Motivation : Automotive Applications



Motivation : Speech Enhancement and RecognitionApplications

Speech Enhancement



Close Talking and Distant Speech Acquisition





  Basic Concepts of Spatial Filtering
Material drawn from Stoica’s Slides (S13-S26)



Spatial Filter



Spatial Filtering as a Detection Problem



Time Delay Estimation in Spatial Filtering



Time Delay Estimation in Spatial Filtering



Vector Data Model for a Single Narrow band Source



Vector Data Model for Multiple Narrow band Sources



Computing the Time Delay



Spatial Sampling (Theorem)



Spatial Filtering : Comparison with a Temporal Filter (FIR)



Spatial Filtering : Comparison with a Temporal Filter (FIR)



Spatial Filtering (FIR)



Spatial Filtering (FIR) for Narrow Band Sources 



Spatial Filtering (FIR) for Narrow Band Sources 



Spatial Filtering Beam (Directivity) Pattern for Narrow Band Sources 



Non Parametric Methods
Filter Sum Beamforming 

Capon Beamforming 
LCMV Beamforming  

Parametric Methods
Non Linear Least Squares 

MUSIC, root-MUSIC 
Min Norm, Esprit

Correlation based Methods
GCC, GCC-PHAT, GCC-ROTH

Time Delay/DOA Estimation Methods 



Spherical Co-ordinate System



Vector Data Model for Far Field Sources in Spherical Co-ordinates 



Computing the Time Delay



Spatial Sampling (Theorem)



Spatial Sampling (Theorem)



Correlation Based Methods for DOA 
Estimation and Beamforming





Plain Time Correlation



Plain Time Correlation



Generalised Cross Correlation (GCC)



Generalised Cross Correlation (GCC)



Generalised Cross Correlation (GCC) : Comparison



Digital Beamforming using Spatial Filtering
DSB, Filter and Sum, Capon Methods, and 

Beampattern Analysis



Digital Beamforming using a Spatial Filter



Digital Beamforming using a Spatial Filter



http://www.labbookpages.co.uk/audio/beamforming/delaySum.html

What is Beam (Directivity) Pattern of  a Beamformer ?

http://www.labbookpages.co.uk/audio/beamforming/delaySum.html


Direction - Frequency Beam patterns  
(Directional Frequency Response)

http://www.labbookpages.co.uk/audio/beamforming/delaySum.html

http://www.labbookpages.co.uk/audio/beamforming/delaySum.html


Delay Sum Beamforming 



Delay Sum Beamforming 



http://www.labbookpages.co.uk/audio/beamforming/delaySum.html

Delay Sum Beamforming for Speech Source Localisation and  Enhancement 

http://www.labbookpages.co.uk/audio/beamforming/delaySum.html


Beam Pattern Analysis for ULA



Beam Pattern Analysis for DSB



Beam Pattern Analysis : Non Aliased Case for DSB

Beam Pattern Analysis : Non Aliased case for DSB



Beam Pattern Analysis : Aliased case for DSB



Filter And Sum Beamforming



Filter And Sum Beamforming



Filter And Sum Beamforming



Implementation and DOA Estimation in  
Filter And Sum Beamforming



Capon/ MVDR Beamforming



Capon/ MVDR Beamforming



Capon/ MVDR Beamforming versus DSB







Capon/ MVDR Beamforming versus DSB : Comments













Digital Beamforming using Linearly 
Constrained Minimum Variance (LCMV) Filter, 

Generalised Sidelobe Canceller (GSB)



Linearly Constrained Minimum Variance (LCMV) Beamforming



Linearly Constrained Minimum Variance (LCMV) Beamforming



Linearly Constrained Minimum Variance (LCMV) Beamforming



Linearly Constrained Minimum Variance (LCMV) Beamforming



LCMV Beamformer : Beampattern Analysis



LCMV Beamformer : Beampattern Analysis



LCMV Beamformer : Beampattern Analysis



LCMV Beamformer : Beampattern Analysis



LCMV Beamformer : Beampattern Analysis



Generalized Sidelobe Canceler (GSC) Beamforming



Generalized Sidelobe Canceler (GSC) Beamforming



Generalized Sidelobe Canceler (GSC) Beamforming



Digital Beamforming using Subspace based 
Methods

       MUSIC, root-MUSIC, and MUSIC-Group Delay



Subspace based Methods : MUSIC



Subspace based Methods : MUSIC



Subspace based Methods : MUSIC



Subspace based Methods : MUSIC



Subspace based Methods : Implementation of  MUSIC in 
Practice



Subspace based Methods : Implementation of  MUSIC in Practice



Subspace based Methods : MUSIC for Broadband Signals 



Subspace based Methods : MUSIC-Group Delay



Subspace based Methods : MUSIC and MUSIC-Group Delay 
over a UCA



MUSIC and MUSIC-Group Delay: Some DOA Estimation 
Results













Subspace based Methods : root-MUSIC



Subspace based Methods : root-MUSIC



Subspace based Methods : root-MUSIC



Subspace based Methods : root-MUSIC



Applications to Speech Source Localization, 
Enhancement, and Distant Speech Recogntion



Speech Enhancement and Recognition Experiments  : ULA

Reverb+ Noise + Echo + 
Signal

Reverb+ Noise + Echo



Speech Enhancement and Recognition Experiments  : ULA



Speech Enhancement and Recognition Experiments  : ULA



Speech Enhancement and Recognition Experiments  : ULA



Speech Enhancement and Recognition Experiments  : ULA



Speech Enhancement and Recognition Experiments  : ULA



Speech Enhancement and Recognition Experiments  : ULA



Speech Enhancement and Recognition Experiments  : ULA



Speech Enhancement and Recognition Experiments  : ULA



Speech Enhancement and Recognition Experiments  : UCA



Speech Enhancement and Recognition Experiments  : UCA



Speech Enhancement and Recognition Experiments  : UCA



Speech Enhancement and Recognition Experiments  : UCA



Speech Enhancement and Recognition Experiments  : UCA



A General Framework for ASR using Microphone Arrays

Source : Bhiksha Raj CMU



Source : Bhiksha Raj CMU

WER versus Reverberation Time



Source : Bhiksha Raj CMU

Microphone Array based Speech Recognition : LIMABEAM



Source : Bhiksha Raj CMU

Unsupervised LIMABEAM



Source : Bhiksha Raj CMU

Databases for Microphone Array based Speech Recognition



Rapid Prototyping (on NI- cRIO) of  an Intelligent Meeting Capture System using  
Microphone Array Processing









Video Acquisition Module



Experimental Setup



Flow Diagram of  the Intelligent Meeting Capture System





Demo Video : Intelligent Meeting Capture System



The Non Reference Anchor Array Framework for  
Speech Enhancement and Recognition



The Non Reference Anchor Array Framework for  
Speech Enhancement and Recognition



Determining Optimal Location of  Non-Reference Anchor Array



Illustration for the optimal placement of AMA. 
While AMA1 and AMA3 are a bad choice for 
the placement of AMA, AMA2 represents a 
better location for the placement of AMA. NS1 
is the noise source and SS is the signal source

Normalized Correlation between output O1 (output 
of array recording signal) & O2 (output of array to 
model noise). Position of M1 (PMA) is kept fixed 
and M2 (AMA) position is varied. Leftmost mic in 
PMA was placed at (1,0,0). Noise source was 
placed at (6.06,3.5,0). AMA position is varied 
along the x-axis

Determining Optimal Location of  Non-Reference Anchor Array



Normalized Correlation between output O1 (output 
of array recording signal) & O2 (output of array to 
model noise). Location of, array recording signal, 
is kept fixed. Leftmost mic in PMA was placed at 
(1,0,0) and leftmost mic in AMA was placed at 
(1,0.01,0.12). Noise source is moved farther from 
PMA and AMA

Figure showing the projection of experimental 
setup on x-y plane (not to scale). NS1, NS2, NS3 
represent three noise sources and SS represent 
SOI source. Note that there is a misalignment in 
thepositions of PMA (Primary Microphone Array) 
and AMA (Auxiliary Microphone Array)

Determining Optimal Location of  Non-Reference Anchor Array





Performance Evaluation : Speech Enhancement and Recognition 



Spectrograms for (a) clean 
speech signal, (b) Noisy 

speech signal, (c) Standard 
MV beam former with a NRA 
array & (d) Adaptive LC-MV 

beam former with a NRA array

Performance Evaluation : Speech Enhancement 



Performance Evaluation : Speech Enhancement and Recognition 



Performance Evaluation : Speech Enhancement and Recognition 



Performance Evaluation : Speech Enhancement and Recognition 



Spherical Microphone Array Processing





Principles of  Acoustic Wave Propagation 



Principles of  Acoustic Wave Propagation 



Principles of  Acoustic Wave Propagation 



Principles of  Acoustic Wave Propagation 



Principles of  Acoustic Wave Propagation 



Principles of  Acoustic Wave Propagation 



Principles of  Acoustic Wave Propagation 



Principles of  Acoustic Wave Propagation 



Principles of  Acoustic Wave Propagation 



Principles of  Acoustic Wave Propagation 



Far Field Source Localisation and Beamforming in SH Domain



Far Field Source Localisation and Beamforming in SH Domain



Far Field Source Localisation and Beamforming in SH Domain



Far Field Source Localisation and Beamforming in SH Domain



Far Field Source Localisation and Beamforming in SH Domain



Far Field Source Localisation and Beamforming in SH Domain



Far Field Source Localisation and Beamforming in SH Domain



Far Field Source Localisation and Beamforming in SH Domain



Far Field Source Localisation and Beamforming in SH Domain



Far Field Source Localisation and Beamforming in SH Domain



Far Field Source Localisation and Beamforming in SH Domain



Far Field Source Localisation and Beamforming in SH Domain



Far Field Source Localisation and Beamforming in SH Domain



Far Field Source Localisation and Beamforming in SH Domain



Near Field Source Localisation and Beamforming 
in Spherical Harmonic Domain



Near Field Source Localisation and Beamforming in SH Domain



Near Field Source Localisation and Beamforming in SH Domain



Near Field Source Localisation and Beamforming in SH Domain



Near Field Source Localisation and Beamforming in SH Domain



Near Field Source Localisation and Beamforming in SH Domain



Near Field Source Localisation and Beamforming in SH Domain



Near Field Source Localisation and Beamforming in SH Domain



Near Field Source Localisation and Beamforming in SH Domain



Near Field Source Localisation and Beamforming in SH Domain



References and Appendix


