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Abstract

Laser Doppler velocimetry (LDV) technology is highly favored in the field of speed measurement for its high accuracy and
resolution. However, it has limitations in specific applications due to its single-point speed measurement capability. To
address this issue, a method of axial multi-point laser Doppler velocimetry is proposed to expand the application range of this
technology. This method is based on the dual-beam laser Doppler velocimetry mode, utilizing the diffraction characteristics
of the reflected grating to achieve spatial separation of measurement points axially. To verify the feasibility of the method,
a laser Doppler velocimetry system was constructed, enabling velocity measurements at three axial points within a range of
0-14 m/s, with an average measurement error of less than 4%. Measurements of water flow velocity in a water tank pipeline
were conducted, and compared with a standard electronic flowmeter, resulting in an average relative error of approximately

0.77%.

1 Introduction

Laser Doppler Velocimetry (LDV) is a non-contact, high-
accuracy velocity measurement technique that allows fast
response and high spatial resolution [1]. LDV is based on
the Doppler effect and the interference principle of lasers
and determines the velocity by analyzing the Doppler
shift produced by the scattered light of moving particles.
With advances in lasers, materials science, and computing,
LDVs have evolved from early large-scale systems to today's
portable devices, which have been successfully applied in
the fields of fluid dynamics [2, 3], aerodynamics [4, 5],
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biomedicine [6, 7], industrial inspection [8, 9] and traffic
management [10, 11].

Although LDV can provide high-precision velocity meas-
urements, traditional LDV systems are limited to single-point
measurements, making it difficult to fully characterize complex
and unsteady flow phenomena. For small-scale flow features,
turbulence, boundary layers, flow instabilities, etc., there is a
need for LDV systems capable of multi-point measurements
to capture subtle variations in the flow field. Generating mul-
tiple measurement volumes using beam-splitting techniques
is an effective approach, such as generating spatially sepa-
rated beams with different frequencies through acousto-optic
devices[12, 13], or focusing different wavelengths of light at
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different focal points using an array of waveguide gratings in
a fiber-optic configuration[14, 15]. Fu et al. [16] utilized an
acoustic-optic modulator to introduce an optical frequency
shift, thereby spatially encoding the measurement points and
enabling accurate measurement of multipoint velocities with
a single photodetector. In a recent study, Kyoden et al. [17]
demonstrated a large-scale cross-sectional multipoint LDV
that utilizes a two-dimensional fiber array to collect inter-
ferometric signals and is capable of measuring the velocity
of multiple points on a cross-section within the overlapping
region of two laser sheets over a measurement area of more
than 150 mm X 10 mm.

Still, another way to realize multipoint velocity
measurements is scanning LDV [18-20], which is capable
of measuring the spatial distribution of velocity point by
point by changing the position of the measurement points by
mechanical or non-mechanical means. Mura et al. [21] worked
on a non-mechanical scanning LDV, based on a grating and
wavelength tuning technique to change the position of the
measurement points in conjunction with a one-dimensional
spatial encoding, demonstrating a compact differential laser
Doppler velocimetry probe that measured a two-dimensional
velocity distribution in the cross-section. In a recent study,
they further extended the distribution measurement of velocity
to three dimensions with a measurement error of 2.8-4.8%
[22]. The method of scanning the measurement points by
changing the wavelength facilitates the miniaturized design
of the probe since no moving mechanism is required. However,
the configuration and control of utilizing LiNO; frequency
shifter arrays to generate spatial light separation is relatively
complex, and the high cost of the devices is also a factor to
be considered.

In this study, a method for generating axial multipoint
LDVs based on a reflection grating guiding an incident laser
is proposed. The method utilizes the multi-stage diffraction
of the reflection grating to spatially divide the laser into
multiple channels and acquire the Doppler shift based on the
dual-beam mode. This design avoids complex optical system
tuning and enables highly integrated and miniaturized
velocity distribution measurements. To demonstrate the
proposed method, a three-channel LDV experimental setup
is built in this paper, and a rotating disk experiment and a
water velocity measurement experiment are designed to test
the performance of the setup.

2 Measurement principles and method
design

2.1 Measurement principles and design

The schematic diagram of the proposed axial multipoint laser
Doppler velocimetry system is shown in Fig. 1. The laser emits
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a beam of light that is collimated by a collimating lens and
then divided into two equal paths by a beam splitter. These
two paths are incident on identical reflective gratings to form
a multilevel diffracted light. The two beams with the same
diffraction level intersect to create a measurement point in
space. When a moving object passes through these measure-
ment points, two beams of scattered light are converged by the
receiving system onto the surface of the photodetector, gener-
ating a beat-frequency signal; the multi-stage diffraction of the
reflective grating permits each stage of diffraction to be equiv-
alent to an independent two-beam mode laser Doppler veloci-
metry system, enabling multi-point velocity measurements.

According to the principle of two-beam Doppler
velocimetry [23], the Doppler frequency fp,, of the mth
diffracted light is related to the velocity of the object as shown
in Eq. (1).

vml-2-sin%"‘ 0
fDm - f
The angle between the mth level of diffracted light
illuminating an object is denoted by 6. The velocity
component that is perpendicular to the two laser beams
is denoted by v, . Equation (1) indicates that the Doppler
frequency of the mth diffracted light is directly proportional
to the velocity component v,,,; of the object's motion. By
measuring the Doppler frequency, we can determine the
velocity component of the object as it passes through the
measurement region of the mth diffracted light as follows:

Vo = fDme A (2)
2Sin7"'

According to the equation of reflection grating, the
relationship among the incidence angle «, diffraction angle
Ym» and grating constant d can be expressed as follows:

d(siny,, + sina) = +mA. 3)

Reflection grating

&
F
{eam splitter,
receiving system
Rotating target

Fig. 1 Schematic diagram of the principle of axial multi-point laser
Doppler velocity measurement system
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The diffraction angle of the mth diffracted light is as
follows:

Ym = sin_l(iTm)L — sina). )

Based on the geometrical relationship depicted in Fig. 2,
we can calculate the distance D; between two adjacent
measurement points along the axial direction as follows:

D, = %(tan(ymﬂ +ﬂ) —tan(ym+ﬂ)). 5)

where D| represents the distance between two neighbor-
ing measurement points, f is the angle between the grat-
ing normal and the line connecting the two gratings, y
and y ., correspond to the diffraction angle of the mth and
(m+ I)th level, respectively, and L is the distance between
the two gratings. The overall measurement area range is
determined by the number of measurement points and the
distance between neighboring measurement points.

2.2 Testing system uncertainty models

To provide more parameters for better performance
evaluation and result analysis of the proposed LDV
velocimetry method. The modeling of the uncertainty of
the proposed LDV velocimetry method is completed by
following the GUM (Guide for the Expression of Uncertainty
in Measurement) [24]. In order to avoid overemphasizing
this part of the analysis, we chose to apply Eq. (1), limiting
the uncertainty analysis to the output variable of the
measured LDV speed.

By analyzing the parameters of Eq. 1, the parameters
that mainly affect the output measurement speed are the
laser wavelength, the Doppler shift, and the half angle of

\
\ Reflection grating
1
3’_"’___/
1

B \

Rotating disk

Fig.2 Schematic diagram illustrating the measurement point loca-
tions concerning the rotational disk. Points A, B, and C correspond
to measurement points obtained from zero-order, negative-first-order
diffraction, and negative-second-order diffraction light, respectively.
The distance between each measurement point and the center of rota-
tion of the disk is denoted as R

the beam of the corresponding level. The following is an
analysis of the corresponding uncertainties of these three
parameters:

Assuming that the linewidth of the wavelength is u,, the
actual laser output wavelength is A + u;

The angle between the mth energy levels of the
diffracted light illuminating the object was measured in the
experiment using similar triangles, and if the uncertainty
of the angle is, then the actual angle measured is0 + u,.
Rules based on uncertainty propagation, if the uncertainty
of is, then we can compensate for this uncertainty by
adjusting the angle, and the angle should be adjusted with
an acuracy of at least.

Assuming that the uncertainty of the Doppler shift is uj,
the actual peak extraction of the Doppler shift is f},,, & us;

Then, according to Eq. (1), the synthesized uncertainty
is:According to the rule of uncertainty propagation, when
the function v is a function of variable x;, the synthetic
uncertainty u, is:

u, = (Qu >2+(d_vu >2+ d_vu 2
v 04! 00"? of, °) "

2 N 0 2 2
f, D COS 2 A
u, = Dme u, | + 22142 + s | (6)
2sin-=2 - O 2sin—=
2 4 sin=x 2

From this we have modeled the uncertainty of the
proposed LDV speed measurement method. For practical
use, the specific values of the corresponding uncertainties
can be obtained according to the instruments used and
the measurement results. An accurate uncertainty model
is essential when conducting research on the velocimetry
methods of Laser Doppler Velocimetry (LDV). The
uncertainty model can help us understand the various
sources of errors that may be encountered during the
measurement process and evaluate the impact of these
errors on the final measurement results, which helps to
evaluate and optimize the performance metrics of the
LDV system, such as the measurement range, resolution,
and repeatability, and ensures that the system can provide
reliable data under different conditions.

We conducted two experimental tests to assess the
performance and practicality of the proposed axial
multipoint LDV method. The first test was aimed at
measuring the tangential velocity of a rotating disk, which
allowed us to evaluate the accuracy of the test system.
The second test was designed to measure the velocity of
the water flow through a pipe, which helped us assess the
performance of the test system in a real-world setting.
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3 Experiments and results

A single-frequency helium-neon (He-Ne) laser (Thorlabs,
HNL100L) with a power of 10 mW and a wavelength of
632.8 nm was used as the light source. The laser output
from the light source was divided into two paths by a
50/50 beam splitter. Each laser path was diffracted by a
600 lines/mm reflective grating (Edmund Optics, #15-
763) to produce three levels of diffracted light, namely,
zero, negative one, and negative two levels of light. Two
diffracted light paths of the same magnitude intersect to
form independent measurement points (A, B, C, shown in
Fig. 2), and the distances between the measurement points
are 96.8 mm and 30.8 mm, respectively. In this study, we
measured the measured volumes of three measurement
bodies A, B and C. The measured volume at point A has a
thickness L_ZOV=0.22433 mm and a length 2 a,=1.154 mm.
The measured volume at point B has a thickness c_ilv
=0.34718 mm and a length 2 @,;=0.72878 mm. The
measured volume at point C has a thickness ZZQV
=0.38476 mm and a length 2 a,=0.50864 mm. The
target is placed at each of the three measurement points,
and the scattered light from the target is converged by a
combination lens with a focal length of 75 mm and a lens
with a focal length of 50 mm and is received by the photo-
detector (Thorlabs, Inc., APD430A2). The interference
signals received by the APD were recorded and displayed
by a digital oscilloscope (Rohde and Schwarz, RTB2002).

3.1 Rotating disk speed verification experiment

The disk is successively placed at measurement points A,
B, and C, and its Doppler spectrum at different rotational
speeds is recorded. The disk’s rotational speed is monitored
by a built-in counter and manually adjusted to 8 gears rang-
ing from 20 to 55 rps, with a 5 rps increment. The rotational
frequency drift of the selection disk used is <0.5%. For each
rotational speed of the disk, measure the Doppler spectrum
10 times. The distance between the measuring point and the
center of rotation of the disc R=39.5 mm. Figure 3 illus-
trates the measurement results of the Doppler spectrum at
point A as a function of rotational speed. Due to the low
signal-to-noise ratio of the raw interference signal captured
by the oscilloscope, we used the wavelet-based denoising
threshold algorithm the sliding average filtering algorithm
for noise reduction, and the short-time discrete Fourier
transform (STFT) for spectral analysis. At different rota-
tional speeds, the Doppler frequency rises with the increase
in rotational speed, and the signal amplitude is steady. The
spectra are separated from each other without overlapping
and have a single peak. At high rotational speeds, some spec-
tra will show a slight broadening, which may lead to errors
in peak extraction. However, these errors can be minimized
by extracting the peaks several times and averaging them,
while ensuring single-peakability. The spectral variations
of the other measurement points are consistent with point A
and are not shown here.

Figure 4 illustrates the velocity measurement results at
different positions and under various rotational speeds. The
results of subplots (a), (b), and (c) of Fig. 4 show that the

Fig.3 Spectrogram of the Point T d
A measuring body at different
speeds
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measured values of all measurement points increase linearly
with increasing rotational speed, which indicates that the
system has the ability to measure the axial velocity distribu-
tion. For comparative analysis, the velocity measurements
at the three measurement points were compared with the
theoretical values of the disk's rotational speed(v = 2Rzf,
R is the distance between the center of the measuring body
and the center of the disc, and f is the rotation frequency
of the rotating disk.). Within the range of rotational speeds,
the average error values between the measured values and
theoretical values at points A, B, and C are 0.2482 m/s,
— 0.2548 m/s, and — 0.3088 m/s, respectively, with direc-
tional relative error (DRE) of 2.80%, — 3.21%, and — 3.35%.
With the increase of rotational speed, the relative error has
no obvious upward or downward trend, and the error at some
points shows small fluctuations, which may be caused by
slight changes in experimental conditions or measurement
noise, such as rotational speed pulsation, environmental
instability, and other factors. Overall, the measured and the-
oretical values of rotational speeds are in good agreement at
different axial positions, and the error levels are comparable
to the results of similar studies [3, 25-27]. For the compari-
son of the measurement results at different positions in the
axial direction, it can be found that the measurement results
at point A have the smallest relative error. This is because
point A, as the target with the farthest measurement distance,
has the smallest angle between the two beams of light, which

reduces the error caused by the detector aperture size and
improves the accuracy of the measurement results [28].

3.2 Experiment on the measurement of water
velocity

Flow velocity in the circulating water tank pipeline was
measured using a constructed laser Doppler velocimetry
system, and the schematic diagram of the experimental setup
is shown in Fig. 5. The circulating water tank used (Beijing
Changliu Company, Lx-1000) has a circulation flow range of
0-45 L/min, with the experimental water temperature con-
trolled at 21 +1 °C. To simulate real-world applications, a
transparent quartz square pipe measuring 8 X 8 X 60 mm?® was
fabricated as the measurement section. Apart from the meas-
urement section, all the circulating water pipes have an outer
diameter of 10 mm and an inner diameter of 9 mm. Down-
stream of the measurement section, a standard electronic
flowmeter (ZMB Company, ZS-WL) with a precision of 2%
was connected to the pipeline. The flow meter used can dis-
play both instantaneous and total flow rates, and the basic
principle of measurement is to determine the volume flow
rate of a fluid by measuring the number of times the fluid
drives a gear to rotate. At the start of the experiment, the
circulating water tank is activated, and testing commences
once the flowmeter's instantaneous flow reading stabilizes at
a fixed value. Following the conclusion of the test, the corre-
sponding velocity is obtained based on the flowmeter's flow
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Fig.4 Comparison of the measured and calculated values of disc speed at points A, B, and C
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Fig.5 Schematic diagram of liquid flow rate measurement experiment

readings. The flow rate measurement value of the standard
flowmeter serves as a reference for the LDV. In the circula-
tion system, water flows sequentially from the outlet of the
water tank through the pipeline, transparent quartz square
pipe, and the standard electronic flowmeter, before returning
to the tank, forming a complete closed-loop flow. Prior to
the measurement, the center of the square pipe was marked

with a marker pen on the upper surface and on the incident
side with a positioning accuracy of approximately +0.5 mm.
The measurement section is placed in the optical path of the
constructed LDV, and negative first-order diffraction light is
used for velocity measurement.

The average flow rate of the electronic flowme-
ter is recorded over one minute. At the same time, 12
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measurements were made with the LDV. The LDV measure-
ments were compared with those of the standard electronic
flowmeter and the results are shown in Fig. 6. The average
velocity of the water flow measured by the electronic flow-
meter was 0.5305 m/s. The maximum, minimum, and aver-
age values of the 12 LDV measurements were 0.5573 m/s,
0.5072 m/s, and 0.5346 m/s, respectively, with a standard
deviation of 0.0162. The relative error of the average flow
velocity measured by the LDV to the electronic flowmeter
was 0.77%. The water velocity measured by the LDV system
shows some fluctuation, which is affected by several factors.
First, the LDV has a high temporal resolution and can meas-
ure instantaneous velocities, whereas the fluctuations reflect
the possibility of unstable flow rates in the water tank pipe,
which is a characteristic that cannot be captured by an elec-
tronic flowmeter. Secondly, the fluctuations also reflect the
effects of inaccuracies in the measurement process, mainly
in measurement inaccuracies and imperfections in the opti-
cal components as well as inaccuracies in Doppler shift peak
extraction. By gaining a deeper understanding of these influ-
ences, we can comprehensively evaluate and improve the
performance of measuring LDVs.

4 Conclusion

This paper presents a raster-guided axial multipoint
laser Doppler velocimetry method, fully leveraging the
advantages of the dual-beam laser Doppler velocimetry
mode. By utilizing the multi-level diffraction of the
reflective grating, multiple measurement points distributed
along the axial direction are constructed, enabling velocity
distribution measurement along the axis. A three-channel
LDV testing system was constructed, successfully validating
the experimental measurement of axial velocity distribution,
with a maximum relative error not exceeding 4%. Comparing
LDV measurements with those of a standard electronic
flowmeter for pipe flow velocity, the relative error between
the two was 0.77%. Future research will focus on optimizing
the diffraction efficiency of the grating, improving signal
processing, and considering the integration of spatial
encoding techniques to achieve synchronous multipoint
velocity measurement, thereby fully realizing the potential
of multipoint LDV methods and advancing their application
in fields such as fluid dynamics.
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