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Abstract: As an advanced optical precision ranging method,
FMCW (frequency-modulated continuous-wave) laser inter-
ferometric ranging technology can achieve a large-scale and
high-precision absolute distance measurement, so it has
high research and application value in the field of coordi-
nate measurement in large space. How to improve the reso-
lution and stability of laser interferometry is a research
difficulty in this technology. Based on FMCW laser interfero-
metry relative distance technology, a method for achieving
absolute distance measurement through phase comparison
after repeated sampling is proposed. Using the FMCW laser
distance measuring system, two interference optical paths
of measuring interferometer and auxiliary interferometer
are constructed, respectively. Synchronous sampling is per-
formed on two interference signals, and the phase ratio
of the two interference signals is obtained through the
extracted frequency information. The optical path differ-
ence of the unknown measurement interferometer is
derived from the known auxiliary interferometer infor-
mation. This method uses a triangular wave modulation
laser to reduce the influence of Doppler frequency shift
and eliminate quantization errors. By using the fixed-
point repeated sampling, the optical path difference infor-
mation is quickly extracted, and the nonlinear error of
laser interference frequency modulation is effectively
reduced.
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1 Introduction

Since the birth of laser, it has played an important role in
the field of distance measurement with its unique multiple
characteristics such as high collimation, high coherence,
and modulability [1,2]. Frequency-modulated continuous-
wave (FMCW) laser interferometric ranging is derived
from light detection and ranging technology. This method
has the advantages of large ranging range, high accuracy,
searchability, and stability and reliability and has been widely
applied in the fields of ultra-precision manufacturing and
large-scale detection [3-5]. The basic principle of FMCW is to
implement periodic continuous frequency modulation on the
laser, and the modulated laser first loads the ranging informa-
tion in the optical path system and then combines the beam to
form interference. When the optical paths corresponding to
the reference and signal optical paths of the interference
System are not equal, there is a certain frequency difference
between the combined two FMCW lasers, resulting in a
dynamic beat frequency interference signal. By demodulating
the initial phase change of the beat signal, the change of the
measured light path difference can be obtained [6,7]. FMCW
laser interferometry technology produces a dynamic beat
interference signal, and it is easy to extract the phase sub-
division, phase-moving direction resolution, and interfer-
ence period count in the signal. Since the extracted phase
can subdivide the wavelength of a laser, the FMCW laser
interferometry technology can achieve high-precision dis-
tance measurement [8,9].

The measurement system uses a distributed feedback
laser (DFB) semiconductor laser as the light source. The
laser is equipped with an fiber grating filter, which ensures
a stable output wavelength, extremely narrow linewidth,
and excellent edge mode suppression ratio. Due to its small
size and convenient installation, this device has been widely
used. However, as a semiconductor device, it has defects
such as poor temperature characteristics and easy noise
generation [10-12]. In actual measurement, the laser is
affected by factors such as modulation nonlinearity error,
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system calibration error, and Doppler frequency shift. These
factors all greatly affect the ranging accuracy and stability of
the FMCW ranging system, making it difficult to achieve
stable and reliable engineering applications.

In order to solve the aforementioned problems, many
scholars have put forward a lot of very effective methods,
which mainly include early active compensation and late
fitting treatment. Active compensation methods include
pre-correction compensation and feedback frequency mod-
ulation technology and electro-optic phase-locked loop feed-
back correction technology [13-15]. Post-processing methods
include signal frequency reference correction, optical fre-
quency comb correction, and multi-optical path correction
[16,17]. Naresh built an FMCW laser ranging optical path and
designed a semiconductor laser source feedback control
system with a ranging resolution of 1.5mm [18]. Satyan
et al. used a single-mode vertical cavity surface emitting
laser to build a ranging system with a spatial ranging reso-
lution of 250 um and a range of 1m [19]. liyama et al
improved the light source system using fiber optic self-
mixing technology and measured targets at a distance of
1.5m, achieving a ranging resolution of 31 um [20]. Baumann
used a frequency comb to correct the optical frequency of
the laser, increasing the ranging resolution to 130 um and
the repetition accuracy to 6 nm [16]. The aforementioned
method optimizes the signal extraction method and improves
the measurement accuracy to a certain extent. However, the
Doppler phase shift and nonlinear error caused by the large-
scale laser frequency dynamic modulation are still a difficult
problem that seriously affects the measurement accuracy and
stability and has not been completely solved.

This manuscript proposes a method of fixed-point
repeated sampling and phase comparison based on the
correction technique of two optical paths to eliminate the
nonlinear effects caused by laser modulation. The fixed-
point repeated sampling algorithm is derived in detail.
The correctness of the formula is verified by simulation
analysis, and the corresponding auxiliary measurement
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optical path based on optical fiber is built by combining
the algorithm. The experimental results show that the
system can calculate the accuracy and reliability of the
optical path difference and realize the high-precision and
large-size measurement engineering application of FMCW
laser interferometry absolute ranging.

2 FMCW ranging principle

As shown in Figure 1, the FMCW laser is collimated by a
collimating lens and then divided by a coupler. The optical
path where the fixed reflector is located is the reference
beam, and the OPD (optical path difference) will not change.
The optical path where the movable reflector is located is a
signal beam. When the reflected beam from the movable
reflector and the fixed reflector meets at the coupler, the
two beams will interfere to generate a dynamic interference
signal. The displacement of the movable reflector is calcu-
lated by the frequency and phase of the interference signal.

When these two waves interfere, the interference signal
light intensity, the OPD between the reference wave and the
signal wave in one modulation period, is as follows:

I(OPD, t) = [y[1 + V cos(wt + ¢,)],

I(OPD,t) = Iy|1 + Vcos

2
Vs vvaPDt . OPD]I
C AO

=Io[1 + Vcos(2rvpt + )], @

where Av is the optical frequency modulation excursion,
v is the frequency the modulation signal, ¢ is the speed of
light in free pace, A, is the central optical wavelength, and
vy and ¢, are the frequency and the initial phase of the
beat signal, respectively.

Then, the absolute ranging based on frequency is as
follows:
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Figure 1: FMCW optical system diagram.
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3 Resampling phase comparison
method for absolute ranging

In order to improve the accuracy of absolute distance mea-
surement in large range and eliminate the quantization error
caused by nonlinear frequency modulation and experimental
calibration, a dual-optical path-measuring device based on a
single-mode fiber is proposed. As shown in Figure 2, the basic
structure of the dual optical path-ranging system is mainly
composed of two parallel interference devices: one is the mea-
suring interference device and the other is the auxiliary inter-
ference device. The DFB laser emits a triangular wave signal
with the wavelength of 1,550 nm, which is divided into two
parts according to the ratio of 1:1 by the coupler. The emitted
light entering the measuring interference device is emitted
through the circulator and collimating lens. The light reflected
by the measuring target mirror and the light reflected by the
half lens of the collimator form Michelson interference in the
loop. The beat frequency signal formed by the interference is
collected by photoelectric detector 1 through circulator 3. The
laser entering the auxiliary interference device is divided into
two parts by the coupler, enters the optical fiber with different
optical path difference, and then combines the beams to form
the Mach—Zehnder interferometer. The interference signal is
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information hidden in physical phenomena is one of the
important methods in signal processing technology [21-23].
In order to explain in detail, the working principle of resam-
pling phase comparison absolute ranging, the acquisition
method, is mathematically deduced. When the modulation
frequency of the laser signal is vy, and the frequency mod-
ulation range is Av, the measuring interference device and
the auxiliary interference device have the same light source.
Auxiliary interferometer distance:

c

1
L, =0PD/2 =

v 4
2 AVVm br 4)
Measuring interferometer distance:
Ly =0PD/2 = 1 v (5)
m 2 Avy,, O
Then,
Lm _ Vom _ @m
Lr Vpr Wy ’
v
Ly = —"L, ®)
Vir

The absolute ranging calculation method based on
beat frequency is adopted. Obviously, the measurement
accuracy is restricted by frequency. Since the phase can
subdivide the beat frequency signal frequency and improve
the measurement accuracy, the absolute ranging calculation
can be realized based on the sum of phases within the time
window At.

Auxiliary interferometer distance:

collected by photodetector 2. L= OPD - 1 c Ai’r - Aibr W)
Analyzing the characteristics of measurement systems 2 2 2mbvvn At At
using frequency characteristics and decoupling important Measuring interferometer distance:
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Figure 2: Schematic diagram of light path.
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It can be seen from the aforementioned formula that if
the optical path difference of the auxiliary interferometer
is known in advance and the interference signals of the two
interferometers are sampled synchronously, the optical path
difference of the measuring interferometer can be obtained
only by determining the ratio of the phase changes of the two
interference signals in the same time period.

4 Experimental verification and
analysis

In order to verify the correctness of the aforementioned
methods, an absolute ranging experiment with a length of
2m was designed in the standard vertebra laboratory
environment. As shown in Figure 3, the distance between
the precision electric drive guide rail and the collimating
lens is 2 m on the Thorlabs optical platform. The measuring
target mirror is installed on the electric driver, and the
movable range is 0-1m. The measuring beam is emitted
from the collimator and reflected by the measuring target

Lower
machine

Figure 3: Measurement experiment.
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Figure 4: Linear error curve of interferometer.

mirror and then combined with the half lens in the colli-
mator to form the beat frequency signal of the measure-
ment interferometer. Through channel 1 of the lower
machine, the measurement signal is collected by the pro-
cessor, and the moving distance of the target mirror is
modulated and demodulated. It can be seen from the figure
that the self-made auxiliary interferometer has a fixed
cavity length, and the stable beat signal is collected and
processed by channel 2 of the lower machine. The note-
book computer is used as the host computer to collect two
interferometer signals processed by the lower computer,
and the results are statistically analyzed.

During the measurement, the modulation frequency of
DFB laser is 100Hz, the amplitude of modulation voltage is
1.23V, and the modulation current range is 39.9-83.1 mA.
The average change rate of laser output light frequency
with current is about 0.4 Ghz/mA, and the frequency mod-
ulation range (bandwidth) is about 18 GHz. During the
experiment, the micro-displacement platform was con-
trolled to drive the measurement target mirror to move
at a uniform speed, and the position of the guide rail and
the measurement results of the interferometer were recorded
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Figure 5: Scatter diagram of interferometer stability.
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Figure 6: Normal distribution.

every 100 mm (1,000,000 um). In the experiment, ten mea-
surements were taken within the range of 1-2m, using the
position of the guide rail as a reference. The results recorded
and obtained are shown in the measurement error curve of
the laser interferometer as shown in Figure 6. It can be seen
from Figure 4. that the error is <10 pm.

In a laboratory environment, adjust the range of the
distance between the collimator and the measurement target
mirror to be 1.3m, and continuously collect 17,000 data in a
static state. The stability scatter diagram is shown in Figure 5.
Perform normal distribution processing on the scatter plot; as
shown in Figure 6, within the 95% confidence interval, the
maximum standard deviation is 2.656 pm.

It can be seen through experiments that this method
can eliminate the influence of the quantization error sub-
stituted by the experimental calibration and realize the
ranging resolution of 1nm, and the measurement standard
deviation exceeds 3 um, which proves that the method has a
high resolution and measurement repeatability. However,
because the system has not been accurately calibrated, there
are still systematic errors in the ranging results. Since the
distance measurement experiment is implemented on a
vibration isolation optical platform, external vibration and
temperature changes have little effect on the experimental
results. However, the system is more sensitive to vibration
and temperature, and the impact of vibration and tempera-
ture must be considered in actual measurement, and vibra-
tion isolation design and temperature control are required.

5 Conclusion

FMCW laser interferometry ranging technology is to line-
arly modulate the frequency of the emitted laser, and the
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local oscillator signal interferes with the echo signal to
form a beat frequency signal. The measurement distance
is calculated by extracting the frequency information of
the beat frequency signal. In the actual measurement,
the laser has the problem of modulation nonlinearity,
which causes the spectrum broadening of the measured
signal seriously, which limits the ranging accuracy of the
FMCW ranging system. In order to solve these problems,
this study proposes an absolute ranging method based on
the resampling phase comparison. Two signals of mea-
suring interferometer and auxiliary interferometer are
constructed by using dual optical path FMCW laser-ranging
system. If two interferometers are sampled synchronously,
the optical path difference can be obtained only by calcu-
lating the phase ratio of the two interferometers. The
experimental results show that the nonlinear frequency
modulation error of the laser is reduced by using fixed-
point sampling because the quantization error caused by
experimental calibration is eliminated, and this method effec-
tively improves the accuracy and stability of measurement.

Funding information: This work was supported by the
National Natural Science Foundation of China (No. 62263028)
and Shaanxi Natural Science Foundation of China (No. 2023-JC-
YB-592/2023-JC-QN-0633).

Author contributions: All authors have accepted responsi-
bility for the entire content of this manuscript and approved
its submission.

Conflict of interest: The authors state no conflict of interest.

Data availability statement: The data used to support the
findings of this study are available from the corresponding
author upon request.

References

[11  Lu G Liu G, Liu B, Chen F, Gan Y. Absolute distance measurement
system with micron-grade measurement uncertainty and 24 m
range using frequency scanning interferometry with compensation
of environmental vibration. Opt Exp. 2016;24(26):30215-24.

[2] Liu G, Lu G, Liu B, Chen F, Gan Y. Combining sub-Nyquist sampling
and chirp decomposition for a high-precision and speed absolute
distance measurement method. Appl Opt. 2016;55(35):9974-7.

[31 WuH,ZhangF,LiJ, Cao S, Meng X, Qu X. Intensity evaluation using
a femtosecond pulse laser for absolute distance measurement.
Appl Opt. 2015;54(17):5581-90.

[4] Jin),KimY], KimY, Kim SW. Absolute distance measurements using
the optical comb of a femtosecond pulse laser. Int J Precis Eng
Manuf. 2010;8(4):22-6.



6 =—— BinSunetal

(5]

(6]

7

(8l

9]

(0]

m

2]

[13]

Wu H, Zhang F, Cao S, Xing S, Qu X. Absolute distance measure-
ment by intensity detection using a mode-locked femtosecond
pulse laser. Opt Exp. 2014;22(9):10380-97.

Zheng ). Reflectometric fiber optic frequency-modulated contin-
uous-wave interferometric displacement senso. Opt Eng.
2005;44(12):124401-5.

Zheng J. Single-mode birefringent fiber frequency-modulated
continuous- wave interferometric strain sensor. IEEE Sens ).
2009;10(2):281-5.

Yang J, Yang T, Wang Z, Jia D, Ge C. A novel method of measuring
instantaneous frequency of an ultrafast frequency modulated
continuous-wave laser. Sensors. 2020;20(14):3834.

Zheng J. Optical frequency-modulated continuous-wave interfe-
rometers. Appl Opt. 2006;45(12):2723-30.

Mahdy AM, Lotfy K, El-Bary A, Sarhan HH. Effect of rotation and
magnetic field on a numerical-refined heat conduction in a semi-
conductor medium during photo-excitation processes. Eur Phys |
Plus. 2021;136:553.

Khamis AK, Allah Nasr AM, EI-Bary AA, Atef HM. The influence of
variable thermal conductivity of semiconductor elastic medium
during photothermal excitation subjected to thermal ramp type.
Results Phys. 2019;25(12):4731-40.

Mahdy AM, Lotfy K, El-Bary A, Tayel IM. Variable thermal conduc-
tivity and hyperbolic two-temperature theory during magneto-
photothermal theory of semiconductor induced by laser pulses .
Eur Phys ] Plus. 2021;136:651.

Roos PA, Reibel RR, Berg T, Kaylor B, Barber ZW, Babbitt WR.
Ultrabroadband optical chirp linearization for precision metrology
applications. Opt Lett. 2009;34(23):3692-4.

4]

(3]

[e]

07

[18]

)

[20]

[21]

[22]

[23]

DE GRUYTER

Behroozpour B, Sandborn PAM, Quack N, Seok T}, Matsui Y, Wu MC,
et al. Electronic-photonic integrated circuit for 3D microimaging.
IEEE | Solid-State Circuits. 2017;52(1):161-72.

Shi G, Zhang F, Qu X, Meng X. High-resolution frequency-modu-
lated continuous-wave laser ranging for precision distance
metrology applications. Opt Eng. 2014;53(12):122402.

Baumann E, Giorgetta FR, Coddington I, Sinclair LC, Knabe K,
Swann WG, et al. Comb-calibrated frequency-modulated contin-
uous-wave ladar for absolute distance measurements. Opt Lett.
2013;38(12):2026-8.

Mateo AB, Barber ZW. Precision and accuracy testing of

FMCW ladar-based length metrology. Appl Opt.
2015;54(19):6019-24.

Barber ZW, Babbitt WR, Kaylor B, Reibel RR, Roos PA. Accuracy of
active chirp linearization for broadband frequency modulated
continuous wave ladar. Appl Opt. 2010;49(2):213-9.

Satyan N, Vasilyev A, Rakuljic G, Leyva V, Yariv A. Precise control of
broadband frequency chirps using optoelectronic feedback. Opt
Exp. 2009;17(18):15991-9.

liyama K, Matsui SI, Kobayashi T, Maruyama T. High-resolution
FMCW reflectometry using a single-mode vertical-cavity surface-
emitting laser. IEEE Photonics Technol Lett. 2011;23(11):703-5.
Guariglia E, Guido RC. Chebyshev wavelet analysis. ] Funct Spaces.
2022;(1):5542054.

Guariglia E. Harmonic Sierpinski gasket and applications. Entropy.
2018;20(9):714.

Zhang L, Liu ST, Yu C. Control effects of Morlet wavelet term on
Weierstrass-Mandelbrot function model. Indian ] Phys.
2014;88(8):867-74.



	1 Introduction
	2 FMCW ranging principle
	3 Resampling phase comparison method for absolute ranging
	4 Experimental verification and analysis
	5 Conclusion
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /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 false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /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 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /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 600
  /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 (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /POL (Versita Adobe Distiller Settings for Adobe Acrobat v6)
    /ENU (Versita Adobe Distiller Settings for Adobe Acrobat v6)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


