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Abstract. Ultrasound measurement technology can be used in nondestructive testing, temperature
measurement, ranging and other industrial fields. These technologies all depend on the measurement
of ultrasonic wave speed or sound time. At present, the commonly used ultrasonic time measurement
methods are direct time difference method and phase difference method, but both of them have
certain limitations. In this paper, an algorithm for high precision ultrasonic time measurement is
presented. In this algorithm, zyng-7000 FPGA is used as the control core of the system hardware
circuit, and the signal generator module is used to generate the ultrasonic signal. The time difference
and phase difference between the received and received signals are measured to determine the
ultrasonic transit time. The experimental results show that the system can accurately measure the
time, the phase resolution is 0.007 degrees, and the time accuracy is better than 1.0ns (nanoseconds).

Keywords: Ultrasound time, direct time difference, phase difference, integer-decimal detection,
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1 Introduction

Time interval is an important index of measurement technology, which is of great significance in
industrial production and national defense construction. Especially high-precision time interval
measurement, technology, is not only widely used in positioning, communications, medical and other
fields, but also plays a decisive role in the military.

The measurement of sound speed actually includes the measurement of sound time ¢ and sound path
L. Usually the sound path is a known quantity, so that the measurement of sound speed is converted to
the measurement of sound time. The sound speed is as follows: ¢=L/t.

The commonly used time measurement methods include direct time difference method, phase
difference method, analog interpolation method and time-amplitude conversion method. The principle
and operation of direct time difference method are simple, the circuit structure is simple and the
measurement is convenient. However, its accuracy is greatly affected by the clock frequency of the
counter. For example, the time accuracy of 100MHz clock frequency measurement commonly used in the
market can only reach about 0.0lus (1/100MHz), which is very difficult for many tests that need to
reach ns level or even higher accuracy requirements.

The phase difference method calculates the phase difference of the receiving and receiving signals, and
uses the relationship between the phase difference and the period to calculate the time difference.
Suppose that the frequency of sound wave is 2 MHz and 12-bit A/D converter is used, so that the
theoretical and practical detection accuracy can reach 0.122ns, and the detection accuracy is relatively
high. However, the disadvantage is that it is impossible to judge whether the phase difference exceeds
360 degrees, which results in a rather narrow measurement range.

The analog interpolation method has obvious nonlinearity, large error, long conversion time and
extremely complex circuit design. The time-amplitude conversion method converts time measurement
into voltage measurement, which has the advantages of easy debugging, large non-linear error and poor
stability. Moreover, the time-amplitude converter is analog circuit, and its fabrication process and
debugging are complex.
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Combined with the above analysis, the proposed Integer-Decimal Detection algorithm combines the
advantages of direct time difference method and phase difference method, avoiding the shortcomings of
the two methods. The direct time difference method is used to measure the whole time, and the phase
difference method is used to measure the decimal. The sum of the whole decimal is the high-precision
sound time.

In the field of temperature measurement, the measurement of temperature field inside structure is of
great significance to quality assurance, process control, safety assessment, etc. It has a wide application
background and strong demand in military, energy, machinery, metallurgy and medical fields. At
present, the temperature field inside the structure is mainly measured by contact type, that is, by
sticking or welding on the surface of the measured object, or by installing sensors in the internal
perforation. However, this method has some limitations, such as local temperature change or stress
concentration caused by the failure of the perforated structure. Although infrared technology and
phosphorescence thermography technology can achieve non-destructive temperature measurement, they
are limited to the structural surface.

Ultrasound temperature measurement technology can realize non-destructive and non-contact
detection of the temperature field inside the structure. By calibrating the functional relationship
between the ultrasonic signal (mostly wave velocity) and the temperature of the medium, the
temperature range from 2-20K to 17 000 K can be measured. In addition, the ultrasonic temperature
measurement method has the advantages of faster, more accurate and wider application range than the
traditional temperature measurement method, so it has a broad application prospect. In some special
occasions and extreme conditions where conventional temperature measurement methods cannot be
applied, such as adverse thermal protection structures, nuclear reactor under high temperature and
strong radiation conditions, rocket launching, plasma chamber, inert gas and other high temperature
measurements, the ultrasonic method is also considered as one of the most potential temperature
measurement technologies.

Because of the fast propagation speed and short transit time of ultrasound in the medium, it is
necessary to measure the propagation of ultrasound in the medium at a very high acquisition frequency
in order to identify the temperature field inside the medium. It is pointed out that the acquisition
frequency cannot meet the current requirements, so it is necessary to apply the integer-decimal detection
technology in this area.

2 Principle of Integer-Decimal Detection

As shown in Fig. 1, the propagation time of sound wave is equal to the sum of the integral part int of
the propagation time (the integral multiple of the period) and the decimal part odd (the decimal
multiple of the period).
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Figure 1. Principle of integer-decimal detection

It is assumed that the excitation waveform satisfies:
u (t)=U, cos(2zft +6,) (1)

In the formula, U; is the amplitude of the waveform, fis the frequency of ultrasound, € is the initial
phase.
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The received echo signal satisfies:

u, (t)= U, cos(2z ft + Q) (2)
In the formula, U, is the receiving waveform amplitude, 6, is the phase of received wave.
A0=06 -0,=0,+06, 0, =2nNT, (3)

In the formula, Oy is the Integer-fold phase difference between received and excited waves, 6. is the
Non-integer phase difference between received and excited waves, T, is the period of ultrasound, N is the
integral period multiple between the excitation wave and the received wave.

Integer multiple period N can be obtained by direct counting method.

Nnm&% (4)
T,
The main frequency of ultrasonic wave will not change in the course of propagation. Therefore, the
adjacent echo signals are transformed by Fourier transform. By comparing the phase at the main
frequency (see formula (5), the non-integer phase difference is obtained.

1
0 = arc tan(Rm) (5)

In the formula, I, is the imaginary part corresponding to the main frequency line after Fourier
transform, R,, is the corresponding real part.

In principle, the period of ultrasonic wave is generally 100 ns, and the measurement of integer
multiple period N by direct counting method has very high accuracy. The measurement of non-integer
periodic time At., because of the amplification factor 2zf, will greatly improve the accuracy, as shown in
formula (6).

0 =2rfAt (6)
Formula (4) and Formula (6) are used to obtain the transmission time of Integer-Decimal detection is:
0
t,, =NT +— (7)
’ *2xf

3 Algorithm Implementation

According to the above ideas, the hardware schematic diagram of the ultrasonic propagation time
measurement system is designed as shown in Fig. 2.
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Figure 2. Principle block diagram of ultrasonic temperature measurement
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The work flow of ultrasonic temperature measurement is: ARM controls the FPGA to produce driving
signal, and the analog 10 counter of the FPGA starts counting. The driving signal is driven to transmit
the transducer E1 by D/A conversion circuit and power amplifier circuit in turn, which makes the
driving signal with certain energy transmit the transducer E1 to transmit the ultrasonic wave. The
receiving transducer E2 receives the ultrasonic signal emitted from the transmitting transducer E1 and
converts it into the ultrasonic echo signal. After being processed by filtering circuit and amplifying
circuit, the A/D conversion circuit collects the data and stores the collected data in the memory area of
the FPGA. When the data acquisition is completed, the phase difference operation is carried out in the
FPGA, and the counter counting is stopped. In the process of ultrasonic wave propagation from
transmission to reception, the ultrasonic signal manager has N positive cycles, and there is a zero cycle,
which is formally reflected by the phase difference between the received signal and the transmitted
signal, that is, the A/D result. The results of counter and phase difference are sent to ARM by AXI
GPIO. In ARM, the results of counter are calculated as whole time, and the phase difference is
calculated as decimal time. Finally, the combination of the two is the transit time of ultrasound. After
the ARM processing is completed, the calculated time is displayed on the LCD or connected to other
terminals through RS485 serial port.

In this paper, the main functions of the FPGA are as follows: firstly, the DDS module generates the
ultrasonic driving signal; secondly, the received ultrasonic echo signal is sampled at high speed, and the
sampled data is stored in the RAM storage area built with the FPGA; thirdly, the sampled data in the
RAM storage area is processed to calculate the ultrasonic propagation. Fourthly, the decimal part of the
ultrasonic propagation is obtained indirectly by calculating the phase difference between the transmitted
and echo signals.

Fig. 3 shows the structure of the FPGA in this study. The internal controller of the FPGA sends the
acquisition command, and the signal generator generates the digital sine wave signal under the control
of the synchronous circuit. At the same time, the data acquisition circuit starts high-resolution data
acquisition, and stores the data of the collected echo signal in the RAM data buffer built in the internal
of the FPGA. When the sampling is completed, the controller receives the status information of the
sampling, and sends out the instruction to read the data in the RAM data buffer for data reading.
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Figure 3. The block diagram of the structure of the FPGA

The integer part time is measured by a modulus 10 counter with a clock cycle of 1ns. The transit time
of receiving and receiving ultrasound is 1ns. Further processing is needed to obtain higher accuracy, that
is, the decimal part time of the measurement in this paper. In this paper, the method based on phase
difference is used to measure the decimal time. The specific method is shown in Fig. 4.

Copyright © 2020 Isaac Scientific Publishing FSP



20 Frontiers in Signal Processing, Vol. 4, No. 1, January 2020

aii(t)
DDS1 xi(t) Digital down Phlas? i |
cos| conversion ag(t), |e'eviation
A A
DDS3 sin
DDS2 x2(1) _| Digital down ax(f) Phase |
conversion a20(?) |calculation

Figure 4. Phase difference implementation block diagram

The DDS Compile IP core is used to generate the sum of two sinusoidal signals z;(¢) and ,(t). The
frequency is set to 20MHz. The phase of DDS1 is fixed to 0 degrees, and the phase of DDS2 can be set
to 0 to 360 degrees in software. DDS3 generates x3(¢) which frequency is 20MHz. zu(t) and 2,(f) Separate
operate with z3(t) will get the real part ai/(¢) of x1(¢), the imaginary part aig(t) of a1(t) and the real part
a2:(t) of »(t), the imaginary part asq(t) of 2(¢).By formula (5) will get the phases of 21(f) and 2(¢). The
phase difference 6. is obtained by subtracting the real part and the imaginary part. Then the decimal
part of sound time At, is obtained by formula (6).

4 Analysis and Discussion

The results of simulation in vivado by this method are shown in Fig. 5.
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Figure 5. Simulation of phase difference method in vivado

In the aspect of integer measurement, this paper uses the modulus 10 counter, the clock cycle is 1ns,
so that the integer part of the measured results can be accurate to 1lns, and the accuracy of the clock
cycle can be adjusted according to the actual situation. In the measurement of decimal part, a variable
theta_ diff [15:0] is set as the measured phase difference. In this paper, theta_diff [15:0] is a 16-bit
radian rad, of which 3-bit integer and 13-bit decimal. Therefore, the radian is worth calculating as
follows:

theta _ diff = theta[l5:0]/27 13 (8)
For example, theta diff [15:0] is 16'd6434={3'b000,13'b1 1001 0010}, then the radian value is:
6434/(2713)=0.7854=45 degree. Resolving power is lrad/2713=57.3degree/2"13=0.007degree. Set the
frequency of ultrasonic wave to 20 MHz, from formula (6) will get At.’s accuracy is 5.57e—10s.

The accuracy of integer part and decimal part can reach 10e—10s, which can be applied in many high-
precision time measurement occasions.

Figure 6. Simulation of phase difference method in MATLAB
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In addition, the phase difference method can also be simulated in MATLAB. The simulation results
are shown in Fig. 6.

From the previous discussion, it can be seen that although the direct time difference method has the
advantage of wide detection range, it can be used to detect the propagation time of sound. But it has
the disadvantage of low detection accuracy. Although the phase difference method has the advantage of
high accuracy in detecting sound propagation time, it has the disadvantage of narrow detection range.
The integer-decimal detection algorithm based on FPGA can detect propagation time and overcome the
shortcomings of both, retaining the advantages of both. The phase resolution is 0.007 degrees, and the
accuracy of acoustic time measurement is better than 1 ns. It is easy to integrate, low cost and easy to
implement. It is a good detection technology.

Acknowledgments. The work of this paper is supported by the Southwest Minzu University Graduate
Innovative Research Project (Master Program CX2019SZ15). A special acknowledgement should give to
Southwest Minzu University for its experimental conditions and technical support.

References

1. Gang Xiong, “Accurate detection of sound propagation time by means of integer-decimal detection technology”,
Computer measurement and control, 2006,14 (3): 305-306.

2. Xinghong Zhang, “Design of reflective ultrasonic thermometer, Instrument technology and sensors”, 2014, 9:16-
18.

3. Youan Shi, “Research on the ultrasonic detection method of temperature field inside structure”, Mianyang:
China Aerodynamic Research and Development Center, 2016.

4. Lei Qiu, “Experimental study of ultrasonic thermometer”, Chongqing: Chongqing University of Technology,
2015.

5. Ying Lu, “Design of High Precision Time Measurement Platform Based on FPGA”, Harbin: Harbin Engineering
University, 2013.

6. Shixiong Su, “Research and Implementation of Key Technologies of Ultrasound Guided Wave Thermometry”,
Taiyuan: Zhongbei University, 2018.

7. Xinghong Zhang, “Design of Precision High Temperature and High Pressure Ultrasound Thermometer”,
Instrument Technology and Sensors, 2014,11:24-26.

8. Jie Lang, “Implementation of high-precision phase difference measurement algorithm based on FPGA”, Modern
electronic technology, 2011,34 (21): 28-30.

9. Shengfa Xu, “High precision time interval measurement method based on TDC_GPX”, Research and
development, 2012, 31 (12): 40-41.

10. A. Tellez, I. Bazan, L. Leijia, A. Vera, “Noise Immunity Analysis of Time Delay Estimation Techniques Used on
Ultrasonic Simulated Echoes”, 2008 5th International Conference on Electrical Engineering, Computing Science
and Automatic Control(CCE 2008):196-200.

11. Shaofeng Dong, Wei Zhou, Baogiang Du, Changzhe Jiao, “Ultra-high Resolution Phase Difference Measurement
Method”, IEEE International Frequency Control Symposium, 2012:1-4.

12. Brian J, Tucker, Aaron A, Diaz, Brian A.Eckenrode, “Advanced ultrasonic measurement methodology for non-
invasive interrogation and identification of fluids in sealed containers”, SPIE Proc,2006,61780K1-61780K12.

Copyright © 2020 Isaac Scientific Publishing FSP




<<
  /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
  /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

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /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 <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /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




