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ABSTRACT 

This study explored the target sound source location at unknown situation and processed the received 
signal to determine the location of the target, including the reconstructed signal of source immediately.  
In this paper, it used triangulation sound sources localization and time reversal method (TRM) to recon-
struct the source signals.  The purpose is to use a sound source localization method with a simple device 
to quickly locate the position of the sound source.  This method uses the microphone array to measure 
signal from the target sound source.  Then, the sound source location is calculated and is indicated by 
Cartesian coordinates.  The sound source location is then used to evaluate free field impulse response 
function which can replace the impulse response function used in time-reversal method.  This process 
reduces the computation time greatly which makes possible for a real time source localization and source 
signal separation. 
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1.  INTRODUCTION 

In recently, the quality of audio is an important factor 
for the system of speech recognition, such as cellphones, 
cars, computers and intelligent robots.  The audio 
cannot be recognized due to distortion of the environ-
mental noise.  For the clarity and quality of voices, the 
sound source of localization and separation is highly 
desired.  To solve the problem of sound signal separa-
tion, time reversal method (TRM) is a simple and effi-
cient way.  In addition, the impulse response function 
can be computed by using source localization.  In the 
paper, two methods of triangulation and time reversal 
are reviewed. 

Triangulation is based on free field as the sound 
waves transmit along a straight line [1-3].  This 
method of source localization needs n 1 receivers in a 
n 1 dimensional space.  Two parameters of source 
localization can be categorized.  One is the interval of 
time between source and receiver (time of arrival, 
TOA); the other one is the time difference between two 
sensors of receiver array [4-6] (time difference of arri-
val, TDOA).  Wu and Zhu researched sound localiza-
tion of triangulation in three dimensional space, which 
is a simple and efficient way [7].  Quazi referred that 
the errors of TOA and TDOA would affect accuracy of 
source localization [8].  

Time-reversal method (TRM) is based on principle 

of reciprocity of sound by propagating a reversal signal 
in time series to compensate distortion due to path ef-
fect in propagation and to focus signal at original 
source location.  In recent years, TRM has been wide-
ly applied in optics, electromagnetism [9], medical im-
aging [10], nondestructive test [11], and underwater 
communication.  TRM has two properties, which are 
self-focusing and easy to be realized.  The concept of 
TRM in time domain is equivalent to phase conjugation 
in frequency domain [12].  Dungan and Dowling, Sa-
bra and Dowling researched the property of TRM in 
shallow water of ocean and discussed the quantity 
[13-15], the spacing and the measuring distance of ar-
ray hydrophones on TRM focusing in 2000.  In 2006, 
TRM had been applied for target detection in ocean by 
Sabra who used the property of self-focusing to over-
come the reverberation environment [16].  In 2010, 
Wu et al. applied a combination procedure of TRM and 
deconvolution process for a multiple audio signal sepa-
ration problem in atmosphere [17]. 

In the present study, the sound signal separation 
technique will be developed by combining the triangu-
lation source localization and time reversal method.  
In section II, the theories of TRM and source localiza-
tion is discussed, including computing the impulse re-
sponse function.  In section III, the experiments would 
be implemented which combining TRM and source 
localization in free field.  In section IV, the conclu-
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sions of TRM and source localization are shown to ver-
ify this approach in the present study. 

2.  BASIC THEORY 

The objective of study is to explore the target sound 
source location at unknown situation and processed the 
received signal to determine the location of the target, 
including the reconstructed signal of source immedi-
ately.  In this paper, it used triangulation sound 
sources localization and time reversal method (TRM) to 
reconstruct the source signals.  The purpose is to use a 
sound source localization method with a simple device 
to quickly locate the position of the sound source.  
Two theories of this study are presented in following 
sections. 

2.1  Time Reversal 

Suppose s(t) is the source, pm(t) is the mth signal of 
receiver, hm(t) is the impulse response function of envi-
ronment between the source and the mth receiver 
(shown as Fig. 1).  The mth signal of receiver can be 
expressed as follows: 

 ( ) ( ) ( )m mp t h t s t   (1) 

where   denotes convolution integration.  In the 
previous results, the target signal of source can be re-
constructed by self-focusing property of TRM.  The 
reconstructed signal is described as follows: 

  
1 1

( ) ( ) ( ) ( ) ( )
m m

i i i i
i i

z t h p t h t h t s t
 

          (2) 

The concept of time reversal (time domain) is equal 
to the phase conjugate in frequency domain.  Equation 
(2) can be rewritten as follows: 

 ( ) ( ) *( ) *( ) ( ) *( )Z H H S G S           (3) 

where G is an even function or gain function (superpo-
sition property). 

In TRM, it is an important to find the impulse re-
sponse function.  The effect of TRM is affected by the 
accuracy of impulse response function.  Followings 
show the method and theory of source localization. 

2.2  Source Localization 

The method of source localization is based on trian-
gulation.  Suppose a source point and field point in a 
free field, the Green’s function can be expressed as fol-
lows: 

 ( , ) /ikr
s fG r r e r  (4) 

where 

 | |s fr r r   (5) 

 

Fig. 1  The diagram of TRM. 

The impulse response function h(t) is shown as Fig. 
1.  Suppose five-microphones array is in free field 
space, the coordinates of five microphones are (x1, y1, 
z1), (x2, y2, z2), (x3, y3, z3), (x4, y4, z4) and (x5, y5, z5), 
respectively.  The unknown source coordinate (x, y, z) 
can be solved as follows: 
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where c is the sound speed in air.  t12, t13, t14 and 
t14 are the delay time between 1st and 2nd, 1st and 3rd, 
1st and 4th, 1st and 5th, respectively.  The triangulation 
for solving coordinate of source can be more accurate 
with more simulation equations. 

The key factor of triangulation is to compute TODA.  
The cross-correlation can be used for computing the 
TDOA between two microphones.  Suppose two sig-
nals of microphones are x1(t) and x2(t) in time domain.  
The cross-correlation function can be expressed as fol-
lowing equation: 

 
1 2( , ) 1 2( ) ( ) .x xR x x t d  




    (7) 

The maximum of  is the delay time between two 
microphones.   

The flow chart of source localization is shown as Fig. 
2.  The first step is to compute the TDOA between one 
microphone and the other microphone.  Then, the un-
known source coordinate can be solved using the sim-
ultaneous equations.  Finally, the impulse response 
function between source and each microphone can be 
computed.  Next section demonstrates the combining 
of source localization and TRM via experiments. 
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3.  EXPERIMENTS 

3.1  Setup of Experiment 

There are two cases of experiments for verifying the 
efficiency and performance in this research.  The first 
case is a test for source localization, and the second one 
is to combine source localization and TRM.  All the 
cases use five-microphone array (free-field PCB mi-
crophone) and one speaker in a meeting room.  The 
accuracy of source localization would be affected by 
the noise and reflections in the environment.  The in-
dicator for estimating error of source localization could 
be defined as follows: 

 
2

2

| |
100% .

| |
b

b

r r
E

r


 
 
  (8) 

where, r
  and br


 represent the computed position and 

original position, respectively.  The detailed parame-
ters and processes of experiments are described as fol-
lows. 

3.2  Case 1: Analysis of Source Localization 

Figure 3 shows the flow chart of experiment by using 
source localization. 

The microphones array is fixed on the origin of co-
ordinate (two dimensional plane).  One speaker con-
tinuously plays signals (white noise and clap), and it 
moves along the six points of three different paths.  
The device of data acquisition and computer would 
compute the unknown source coordinate by using 
source localization.  The results of experiments are 
shown in Fig. 4.  The blue lines are the real position of 
source, and red lines are the calculated values of source 

localization.  The errors of source localization with 
different parameters are shown in Table 1.  The max-
imum average of error is equal to 11.3, and minimum 
value is equal to 7.1.  It means that the technique of 
source localization can find unknown source coordinate 
with high accuracy. 

3.3 Case 2: Combining Source Localization and 
Time Reversal 

Figure 5 shows the setup and flow chart of this ex-
periment.  The key point of time reversal is to find an 
accuracy of impulse response function (IRF) in the en-
vironment.  Two methods can calculate the impulse 
response function; one is to set a reference microphone 
near the source position, and the other one is to process 
the source localization.  The source localization allows 
that the impulse response function can be implemented 
in a real-time process (about 0.65 seconds).  Never-
theless, the process by using reference microphone can 
only evaluate impulse response function off-line which 
is not a real time process.  In this case, the perfor-
mances of two methods would be compared.  Figure 6 
shows the results of source localization (29 points), and 
Table 2 lists the averages of cross-correlation coeffi-
cients.  The comparison of distance (to origin) and 
cross correlation between source and three conditions is 
shown in Fig. 7.  According to the results in Fig. 7, the 
average of cross-correlation coefficient between source 
and the reconstructed source signal can be increased 
from 0.42 to 0.52 by combining source localization and 
TRM.  Although the value of cross-correlation coeffi-
cient is 0.72 by using reference microphone and TRM, 
the off-line process is over 10 seconds. 

 

 

Fig. 2  The flow chart of source localization. 

 

Fig. 3  The flow chart of case 1. 
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(a) 

 
(b) 

 
(c) 

Fig. 4 The results of experiments with three different paths and sounds (●: real position of source; ○: calculated 
values of source localization). 

 
 

Fig. 5  The setup and flow chart of the experiment. 
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Fig. 6  The errors of source localization in 29 points. 

 

Fig. 7 The comparison of distance (to origin) and 
cross correlation between source and three 
conditions (C_TRM: time-reversal method 
with reference microphone; C_LTRM: Time- 
reversal method with source localization; 
C_Mic: Signals of microphones array). 

Table 1 The errors of source localization with differ-
ent paths and sounds. 

Point 

Path 1 Path 2 Path 3 

White 
noise 

Clap 
White 
noise

Clap 
White 
noise

Clap

1 7.06 7.47 18.93 16.07 21.49 16.12

2 4.90 4.81 7.97 8.28 7.78 7.95

3 22.20 22.26 8.78 6.66 2.02 2.67

4 20.15 9.49 6.44 7.20 9.34 5.98

5 5.15 5.56 3.66 6.58 1.24 3.48

6 8.34 7.56 0.55 0.84 5.37 6.36

Average 11.30 9.53 7.72 7.60 7.87 7.09

 

Table 2 The averages of cross-correlation coeffi-
cients between source and reconstructed 
source signal in the different conditions. 

 
Averages of Cross-correlation

Coefficients 

Microphones Array 0.42 

Time-reversal with Reference 
Microphone 

0.72 

Time-reversal with Source
Localization 

0.52 

4.  CONCLUSIONS 

In the present study, a source separation system is 
developed by combining source localization and TRM 
to reconstruct target source signal.  According to the 
theory, target source can be focused and reconstructed 
by using TRM due to self-focusing property.  It is a 
crucial factor to find the correct impulse response func-
tion of environment by using TRM.  Notwithstanding 
the effect of combining source localization and TRM is 
not better than that by using reference microphone, the 
real time operation can be achieved with only 0.65 
seconds operation time.  From all the experimental 
results, the new developed source separation system 
provides a better performance of computing and oper-
ating.  Also it will be helpful to develop a real time 
technique of multiple sound signal separation in the 
future. 

ACKNOWLEDGEMENTS 

This study is supported by National Cheng Kung 
University. 

REFERENCES 

 1. Carter, G. C., “Time Delay Estimation for Passive 
Sonar Signal Processing,” IEEE Transactions 
Acoustics, Speech, Signal Processing, 29, pp. 
463470 (1981). 

 2. Ferguson, B. G., “Variability in the Passive Ranging 
of Acoustic Sources in Air Using a Wavefront Cur-
vature Technique,” Journal of the Acoustical Society 
of America, 108, pp. 15351544 (2000).  

 3. Ferguson, B. G., Criswick, L. G. and Lo, K. W., 
“Locating Far-Field Impulsive Sound Sources in Air 
by Triangulation,” Journal of the Acoustical Society 
of America, 111, pp. 104116 (2002). 

 4. Knapp, C. H. and Carter, G. C., “The Generalized 
Correlation Method for Estimation of Time Delay,” 
IEEE Transactions Acoustics, Speech, Signal Pro-
cessing, 24, pp. 320327 (1976).   

 5. Ehrenberg, J. E., Ewart, T. E. and Morris, R. D., 

https://doi.org/10.1017/jmech.2016.13 Published online by Cambridge University Press

https://doi.org/10.1017/jmech.2016.13


40   Journal of Mechanics, Vol. 34, No. 1, February 2018 
 

“Signal Processing Techniques for Resolving Indi-
vidual Pulses in a Multipath Signal,” Journal of the 
Acoustical Society of America, 63, pp. 18611865 
(1978).  

 6. Chen, J., Benesty, J. and Huang, Y., “Time Delay 
Estimation in Room Acoustic Environments: An 
Overview,” EURASIP Journal on Applied Signal 
Processing, 2006, pp. 120 (2006). 

 7. Wu, S. and Zhu, N., “Locating Arbitrarily Time- 
dependent Sound Sources in Three Dimensional 
Space in Real Time,” Journal of the Acoustical So-
ciety of America, 128, pp. 728739 (2010). 

 8. Quazi, A. H., “An Overview on the Time-Delay 
Estinate in Active and Passive Systems for Target 
Localization,” IEEE Transactions Acoustics, Speech, 
Signal Processing, 29, pp. 527533 (1981).  

 9. Tortel, H., Micolau, G. and Saillard, M., “Decompo-
sition of the Time Reversal Operator for Electro-
magnetic Scattering,” Journal of Electromagnetic 
Waves and Applications, 13, pp. 687719 (1999). 

10. Gruber, F. K., Marengo, E. A. and Devaney, A. J., 
“Time-reversal Imaging with Multiple Signal Clas-
sification Considering Multiple Scattering between 
the Targets,” Journal of the Acoustical Society of 
America, 115, pp. 30423047 (2004). 

11. Fink, M., “Time Reversal of Ultrasonic Fields-part I: 
Basic Principles,” IEEE Transactions on Ultrasonics, 
Ferroelectrics and Frequency Control, 39, pp. 
555566 (1992). 

12. Jackson, D. R. and Dowling, D. R., “Phase Conjuga-

tion in Underwater Acoustics,” Journal of the 
Acoustical Society of America, 89, pp. 171181 
(1991). 

13. Dungan, M. R. and Dowling, D. R., “Computed 
Narrow-Band Time-Reversing Array Retrofocusing 
in a Dynamic Shallow Ocean,” Journal of the 
Acoustical Society of America, 107, pp. 31013112 
(2000). 

14. Dungan, M. R. and Dowling, D. R., “Computed 
Narrow-Band Azimuthal Time-Reversing Array 
Retrofocusing in Shallow Water,” Journal of the 
Acoustical Society of America, 110, pp. 19311942 
(2001). 

15. Sabra, K. G. and Dowling, D. R., “Broadband Per-
formance of a Time Reversing Array with a Moving 
Source,” Journal of the Acoustical Society of Amer-
ica, 115, pp. 28072817 (2004). 

16. Sabra, K. G., “Experimental Demonstration of Itera-
tive Time-Reversed Reverberation Focusing in a 
Rough Waveguide. Application to Target Detection,” 
Journal of the Acoustical Society of America, 120, 
pp. 13051314 (2006). 

17. Wu, B.-H., Too, G.-P. and Lee, S., “Audio Signal 
Separation via a Combination Procedure of 
Time-Reversal and Deconvolution Process,” Me-
chanical Systems and Signal Processing, 24, pp. 
14311443 (2010). 

 
 
 

 

(Manuscript received March 2, 2015, 
accepted for publication September 24, 2015.)

 
 

https://doi.org/10.1017/jmech.2016.13 Published online by Cambridge University Press

https://doi.org/10.1017/jmech.2016.13


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Japan Color 2001 Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /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 false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /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 false
  /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 false
  /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 (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHT <FEFF005B683964DA300C0032003400300030006400700069002D0036300D005D00204F7F752890194E9B8A2D7F6E5EFA7ACB7684002000410064006F006200650020005000440046002065874EF69069752865BC9AD854C18CEA76845370524D5370523786557406300260A853EF4EE54F7F75280020004100630072006F0062006100740020548C002000410064006F00620065002000520065006100640065007200200035002E003000204EE553CA66F49AD87248672C4F86958B555F5DF25EFA7ACB76840020005000440046002065874EF63002>
  >>
  /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 true
      /AddColorBars true
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks true
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName (U.S. Web Coated \(SWOP\) v2)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions false
        /ConvertStrokesToOutlines true
        /ConvertTextToOutlines true
        /GradientResolution 175
        /LineArtTextResolution 2400
        /PresetName (2400dpi)
        /PresetSelector /UseName
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 0
      /MarksWeight 0.283460
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /JapaneseWithCircle
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed true
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.275 841.890]
>> setpagedevice


