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Abstract

Sound probe used for measurement of a time of flight (TOF) consists of a pair of a
loudspeaker and a microphone. A TOF is obtained by a cross correlation between a
transmitted and a received signals. The TOF measurement error exists in any frequency
of a transmitted signal, and the value is not constant. Improvement of the measurement
accuracy is difficult, because the reason of the error factor is not sufficiently clarified.
We measured the difference in an experimental value of a phase of the received signal
against a true value. Measurement error according to the phase characteristics of the
sound probe is added to the TOF. The TOF calculated from the experimental value of
the phase has the measurement error and this error has the similar characteristic to the
measurement error of the TOF that is calculated from the cross correlation of the
transmitted and the received signal. Either characteristic suggests that measurement
error is larger in the low frequencies and becomes smaller as a frequency increases.
This result suggests that the phase difference of the received signal from the true phase
according to phase characteristic of the sound probe is one of the error factors of the
TOF. Therefore, there is some relationship between measurement error of the TOF and
phase characteristic of the sound probe. This relationship may apply to analysis of the
measurement error factor of the TOF and more accurate measurement of the TOF.

INTRODUCTION

An acoustical temperature measurement using a sound probe is suitable method for a
temperature measurement of a wide area [1, 2]. This measurement method uses a sound
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probe that consists of a loudspeaker (SP) and a microphone (MIC). Advantage of using
the sound probe is that it has no impact on environment, is able to obtain a mean
temperature of a wide area with quick response and does not occupy working space [3].
In the acoustical temperature measurement, a time of flight (TOF) between an SP and
an MIC is an important factor. The TOF is obtained by a cross correlation between a
transmitted and a received signals. The transmitted signal is received by the MIC with
an impulse response of a transducer and a waveform is distorted. The measurement
error in the TOF has been finally produced in the cross correlation result [4]. Therefore,
the TOF measurement error exists in any frequency, and the value is not constant. An
improvement of the measurement accuracy is difficult, because the reason of the error
factor is not sufficiently clarified [5]. The TOF is one of the phase information;
therefore there will be some relationship between the phase difference of the sound
probe and the TOF. We measured the difference in an experimental value of a phase
against true value of the phase in the received signal. This phase difference is
calculated by the impulse response of the sound probe. In this paper, we compared the

phase difference that calculated by the impulse response with measurement error of the
TOF.

MEASUREMENT OF TIME OF FLIGHT (TOF) OF SOUND PROBE

Composition of Sound Probe

Figure 1 shows schematic diagram of a sound probe. The sound probe consists of a SP,
a MIC and the propagation path. The sound probe is used for measuring propagation
characteristics as the parameters of complex amplitude along the sound path. In this
paper, the sound probe is used to measure the TOF between the SP and MIC. In
following experiments, the distance L between the SP and MIC is set to 3.0 m.

L m

I |
SP. MIC.

Impulse response: /(7)

Amp. Time of Flight (TOF) =1 (s)
Sound Velocity = ¢ (m/s) Amp.
777%

Figure 1: Schematic diagram of a sound probe
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Measurement of TOF

The TOF of the sound probe 7is determined as the parameter that maximizes the cross
correlation of a transmitted and a received signals, which is calculated by

¢ = %]is(t)x(t +7)dt . (1)

s(?) 1s the transmitted signal and x(7) is the received signal. The cross correlation is one
of the most suitable technique for the TOF measurement by high accuracy [6].
Relationship between a space mean temperature 7 and the TOF 7is expressed as [7]

T LY
T=—"90 |Z| _T, 2
331.322(r) 0 @

Ty 1s 273.15 K. The space mean temperature 7 can be measured by using Eq. (2) [8-11].
In this paper, a sampling frequency f; is 250 kHz and a sampling period #, is 0.004 ms (=
4us). The temperature resolution A7 is expressed as

T, 1 1
AT =—2_1 {—— } (3)
2 2
331.32 t itf+t5i
tr1s the TOF at the given temperature. From this equation, A7 is 0.26 deg. C.

Waveform Distortion

We should change parameters of the transmitted signal such as frequency according to
the characteristics of a measured object. If a phase difference is zero in any frequencies,
the TOF is accurately obtained at any frequency. However in a real situation, an
impulse response of an acoustical system (a SP- a MIC) is added to the received signal
and a waveform distortion including the phase difference has been occurred [12].

Figure 2 shows the transmitted and the received signal at 5, 10, 15 kHz. These
figures suggest that the waveform distortion of the received signal occurs in any
frequency and this distortion is not uniform. The relation between the transmitted and
the received signals of the acoustical system is expressed as

x(t)= [ s(e)hle k) = s(e)* he) (4)

s(?) is the transmitted signal, A() is the impulse response of the sound probe and x(¥) is
the received signal. Eq. (4) says that x(¢) is a convolution of s(¢) and h(?).
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Figure 2: Transmitted and received signals. (a): Transmitted signal at 5 kHz. (b):
Transmitted signal at 10 kHz. (c): Transmitted signal at 15 kHz. (a’):
Received signal at 5 kHz. (b’): Received signal at 10 kHz. (c¢’): Received
signal at 15 kHz.

RELATIONSHIP BETWEEN TOF AND PHASE CHARACTERISTICS

Phase Frequency Characteristics of Sound Probe

The impulse response of the sound probe: A(f) contains a information of phase
frequency characteristics of the sound probe; therefore the phase frequency
characteristics of the sound probe would be obtained from the impulse response of the
sound probe. To acquire the impulse response of the sound probe, there are many
methods; for example, crossing spectrum method, maximum length sequence (MLS)
method [13], and time stretched pulse (TSP) method are typical ones [14, 15] of such
methods.

In this paper, the impulse response is acquired by using a square wave with
limited amplitude and short duration because this method is simpler than
above-mentioned methods and a generation of the square wave is easy. This square
wave has a flat frequency response at least in a demanded range. Figure 3 shows the
impulse response of the sound probe acquired by using this method. Figure 4 shows
the frequency characteristics of the transmitted signal (the square wave) and the



ICSV13, July 2-6, 2006, Vienna, Austria

Relative Amplitude
()

-1 I 1 I
8 9 10 11 12

Time (ms)

Figure 3: The impulse response of the sound probe: h(t)
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Figure 4: Frequency characteristics of the transmitted signal (square wave) and the impulse
response: (a): Dashed-line: power spectrum of the transmitted signal, Solid line:
power spectrum of the impulse response, (b): Dashed-line: phase frequency
characteristics of the transmitted signal, Solid-line: phase frequency

characteristics of the impulse response

impulse response of the sound probe. Fig. 4 (a) shows a power spectrum, Fig. 4 (b)
shows a phase characteristics. These frequency responses of the sound probe are not
flat; therefore the received signal would contain the waveform distortion including the
phase difference. Fig. 4 shows that the power spectrum of the sound probe calculated
by the impulse response and the phase frequency characteristic of the sound probe
calculated by the impulse response (@) is not flat. It is difficult to improve
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Figure 5: time deviation of TOF: Dashed line: expected time deviation of TOF 1,;, Solid line:
calculated time deviation of TOF 1, by cross correlation of the transmitted
and the received signal.

a measurement accuracy, because a definition of the error factor is not sufficient.

Relationship between TOF measurement error and phase characteristics

The TOF is one of the phase information; therefore the phase characteristics of the
sound probe & ) contains information of an time deviation of the TOF calculated from
the phase characteristics: 7, The time deviation of the TOF calculated from the phase
characteristics: 7, would have some relationship to the error of the TOF measurement
calculated by the cross correlation of the transmitted and the received signal.
Relationship between the phase characteristics of the sound probe A w) and the
expected time deviation of TOF 7, is expressed as

7, =—27ZM. (5)
10}

Figure 5 shows the time deviation of the TOF measurement. Dashed line shows the
time deviation of the TOF calculated from the phase characteristics: 7, obtained by
using Eq. (5) and Solid line shows a time deviation of the TOF calculated from the
cross correlation of the transmitted and the received signal: 7. 7,1 and 7, do not
completely correspond, but they express similar characteristics. For example, either
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characteristic suggests that the measured time deviation of TOF of the sound probe is
larger in the low frequencies and the measurement error that is equal to the time
deviation becomes smaller as frequency increases. Fig. 5 shows that the characteristics
of the error in TOF measurement depends on the phase characteristics of the sound
probe. These results suggest that there is some relationship between the TOF
measurement error and the phase frequency characteristics of the sound probe. And the
waveform distortion due to the phase difference between the experimental value of the
phase in the received signal from and the true value of the phase in the received signal
according to the phase frequency characteristic of the sound probe is main error factors
of the TOF measurement.

CONCLUSIONS

We measured the phase difference in the experimental value of the phase of the
received signal against the true value. The measurement error according to the phase
characteristics of the sound probe is added to the TOF measurement. The expected time
deviation of the TOF calculated from the phase difference: 7, has the similar
characteristic to the time deviation of the TOF calculated from the cross correlation of
the transmitted and the received signal: 7. Either characteristic suggests that the
measurement error is larger in the low frequencies and the measurement error becomes
smaller as the frequency increases. The characteristic of the TOF measurement error
depends on the phase characteristics of the sound probe. These results suggest that the
phase difference between the experimental value of the phase in the received signal and
the true value of the phase in the received signal according to the phase characteristic of
the sound probe is one of the error factors of the TOF. Therefore, there is some
relationship between measurement error of the TOF and the phase characteristic of the
sound probe. In other words, the phase characteristic of the sound probe is main error
factor of the TOF measurement. This relationship may apply to analysis of the error
factor of the TOF measurement and more accurate measurement of the TOF.

ACKNOWLEDGMENT

This work has been supported in part by a Grant-in-Aid for Scientific Research (B) (No.
17380149) from the Japan Society for the Promotion of Science.

REFERENCES

[1] Periodicals: R. M. Schotland: “The measurement of wind velocity by sonic means”, J.
Meteorology, Vol. 12, 386-390 (1955).

[2] Others: K. Mizutani, K. Kudo, T. Akagami, K. Nagai, L. Okushima and S. Sase:
“Non-Contact measurement of space temperature in greenhouse using acoustic
technique”, ASAE Meeting Paper No. 034044. St. Joseph, Mich.: ASAE. (2003).



Ikuo Odanaka, Keiichi Mizutani, Koichi Mizutani and Naoto Wakatsuki

[3] Periodicals: S. Wang, M. Yernaux and J. Deltour: “A networked two-dimensional sonic
anemometer system for the measurement of air velocity in greenhouse”, J. Agri. Eng.
Research, Vol. 73, 189-197 (1999).

[4] Periodicals: E. Ishikawa and K. Mizutani: “Temperature measurement using a dual
frequency acoustic delay line oscillator”, Jpn. J. Appl. Phys., Vol.42, No. 1, 8, 5372-5373
(2003).

[5] Others: Ikuo Odanaka, Koichi Mizutani and Kousuke Kudo: “Performance Improvement
for Cross Correlation in Measurement of Time of Flight (TOF) of Proving Sound,”
Proceedings of ICSV12, Lisbon, 361 (2005).

[6] Periodicals: K. Mizutani, T. Koizumi, K. Nagai, K, Harakawa and Y. Kamada:
“Atmospheric Temperature Monitoring System Using a Sound Probe”, Trans. IEE of
Japan. 118 (1998) 154-160. (in Japanese).

[7] Periodicals: K. Kudo, K. Mizutani, T. Akagami and R. Murayama: “Temperature

distribution in a rectangular space measured by a small number of transducers and
reconstructed from reflected sound,” Jpn. J. Appl. Phys. 42 (2003) 3189-2193.

[8] Periodicals: M. S. Young and Y. C. Li: “A high precision ultrasonic system for
vibration measurements,” Rev. Scientific Instrum. 63 (1992) 5434-5441.

[9] Periodicals: E. J. Evans and E. N. Bazley: “The absorption of sound in air at audio

frequencies,” Acustica, 6 (1956) 238-245.

[10] Periodicals: G. S. K. Wong: “Speed of sound in standard air,” J. Acoust. Soc. Am. 79
(1986) 1359-1366.

[11] Periodicals: S. G. Ejakov, S. Phillips, T. Dain, R. M Lueptow and J. H. Visser: “Acoustic
attenuation in gas mixtures with nitrogen: Experimental data and calculations,” J. Acoust.
Soc. Am. 113 (2003) 1871-1879.

[12] Periodicals: G. H. Glover, “Deconvolution of impulse response in event-related BOLD
fMRI”, Neuroimage, vol.9, 416-429 (1999).

[13] Others: F. Satou, M. Nagayama and H. Tachibana: “Influence of time-variance in
auditorium on impulse response measurement”, Proc. of Forum Acust. Sevillia 2002,
(2002)

[14] Periodicals: N. Aoshima: “Computer-generated pulse signal applied for sound
measurement,” J. Acoust. Soc. Am., 69, 5, 1484-1488(1981).

[15] Books: Sinha: Microprocessor-based control systems, ed. S. G. TZAFESTAS (D. Reidel
Publishing Company., Holland, 1986) Chap. 5.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /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 /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /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 true
  /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 <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. 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 best suited for high-quality prepress printing.  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 /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


