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Abstract: Laser remote sensing of earthquake waves has the potential to be used in many applications.
This article shows a Doppler model for laser remote sensing of seismic waves based on a wavefront
sensor. The longitudinal vibration wave is analyzed using remote sensing, guided by theoretical
principles. To determine the magnitude of ground vibration, we employ the method of wavefront
phase change analysis, utilizing a continuous laser emitting light with a wavelength of 635 nm to
illuminate the ground target. The ground vibration amplitude within the range of 0.12-1.18 mm was
examined, confirming the reasonableness of the Doppler model. Simultaneously, the experimental
findings indicate that the system exhibits a certain enhancement in detection accuracy compared
to the conventional laser remote sensing detection technique. This approach can detect vibration
signals at a sub-millimeter scale level, with an accuracy of 1% to 2%. The approach can fulfill the
requirements for detecting seismic waves with low frequencies.

Keywords: seismic waves; laser remote sensing; wavefront sensors; doppler modeling

1. Introduction

Seismic waves interact with different types of geological bodies when they propagate
underground, providing information about underground geological structures and rock
properties. Different types of ores and surrounding rocks have different physical properties,
such as density, elastic modulus, and wave velocity. When seismic waves propagate under-
ground, reflection, refraction, and scattering will occur in these different types of geology,
which will affect the propagation path and velocity of seismic waves [1-3]. Laser remote
sensing of seismic wave detection is a laser-based technology that allows for the precise and
sensitive detection of ground vibration waveforms without physical touch. The magnitude
of ground vibration in seismic investigation is around 1 millimeter. When seismic waves
propagate through the subsurface, geological feature variations cause wave velocity alter-
ations [4]. Hence, there is a requirement for an optical remote sensing technique that can
effectively identify ground micro-vibration and provide a comprehensive understanding of
the associated waveform properties. Recently, researchers have employed high-resolution
optical remote sensing data to examine ground vibration waveforms [5] and achieved dis-
tant identification of seismic waves and subterranean formations. Optical remote sensing
technology can identify minute vibrations, such as those caused by landmines [6] and tiny
seismic waves [7].

To address the issue of remote laser echo signal attenuation and vibration waveform
analysis, researchers employed the He-Ne laser interferometer [8] and Michelson interfer-
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ometer [9]. Nevertheless, these methods are constrained by limitations such as the need to
establish a reference and measurement arm and the presence of a complex optical system.
Hence, Silvio Bianchi [10] introduced a technique that does not require an interferometer
to detect vibration signals over distances of several hundred meters. This method utilizes
the scattering speckle pattern created when a laser irradiates a rough surface to detect the
surface’s vibration. Optical technology is crucial for monitoring surface deformation and
catastrophe prevention [11]. Several scholars have implemented laser telemetry devices on
uncrewed aerial vehicles (UAVs) to monitor ground vibration signals remotely, including
lidar [12,13] and synthetic aperture radar [14]. By utilizing optical detection, ranging re-
mote sensing technology, and ground displacement monitoring technology [15], we can
examine the vibration signals produced by occurrences like earthquakes [16] and land-
slides [17] and determine parameters such as Doppler frequency change [18], energy, and
magnitude [19]. Furthermore, ground vibration signals can be detected using high-altitude
global navigation satellite systems [20] and high-altitude balloons [21,22]. However, the
process of recycling the detectors takes much work.

Wavefront sensors offer numerous advantages over traditional seismic wave laser
remote sensing for detecting ground vibration signals. No additional reference arm is
required, and the volume is compact and straightforward to deploy. The precise measure-
ment of mechanical vibration information can be accomplished by detecting the alteration
in the wavefront phase, enabling the detection of arrays. Wavefront sensors have been
extensively employed for detecting vibration signals at the micron level [23-28]. Never-
theless, more quantitative analysis of vibration signals at the millimeter level still needs
to be performed. In this study, we build a sub-millimeter and millimeter-scale seismic
wave Doppler model using the wavefront sensor laser remote sensing of seismic waves
detection system. Theoretical analysis is conducted to examine the correlation between
target vibration and detector output, and experimental results confirm the rationality of
the model.

2. Seismic Wave Laser Remote Sensing Detection System and Working Mechanism

The generation of longitudinal waves occurs on the surface when the seismic source is
excited. The Doppler effect is seen when a laser is incident in the direction of ground vibra-
tion, resulting in the backscattering light of the laser carrying characteristic information
related to seismic waves. This study employs laser Doppler technology to provide depend-
able data assistance for earthquake disaster monitoring, subsurface structural analysis, and
seismic source parameter inversion based on research conducted on laser remote sensing of
seismic waves. The present study introduces a Doppler model for laser remote sensing of
seismic waves that effectively acquires ground vibration data via a change in the Doppler
frequency of laser signals and the phase of the wavefront sensor.

The present study utilizes a laser remote sensing system for seismic wave detection
founded on the Shack-Hartmann wavefront sensor. As seen in Figure 1, the system com-
prises a steady laser source, a collimating lens, an optical corrector, a filter, a telescope
system, and a wavefront sensor. The use of laser Doppler technology in detecting seismic
waves is a result of the study conducted on laser remote sensing detection of seismic waves.
The laser source creates a beam that maintains a consistent output, while the collimating
lens is responsible for aligning and concentrating the laser beam. An optical corrector
positioned at the source regulates the laser’s direction. Subsequently, the laser undergoes
reflection and scattering upon interaction with the seismic source. A filter is precisely
placed along the reflection path of the laser in order to effectively separate and isolate the
interference caused by ambient stray light. The telescope system is designed to gather the
faint light echo signal and concentrate it onto the wavefront sensor, forming a spot surface
after passing through the collimating lens. Upon receiving the reflected laser signal, the
wavefront sensor will calculate and record the real-time phase change in the beam at each
microlens using the data acquisition system.
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Figure 1. Seismic wave laser remote sensing detection system; 1: collimating lens; 2: optical corrector;
3: ground target; 4: filter; 5: telescope system; 6: Shack-Hartmann wavefront sensor.

3. Theoretical Analysis of Seismic Wave Laser Remote Sensing Detection System
3.1. Wavefront Sensor Phase

The Shack-Hartmann wavefront sensor comprises a complementary metal-oxide-
semiconductor (CMOS) camera and an array of microlenses. Determining the offset of
spot displacement involves the calculation of the center coordinates of all observable spots,
followed by subtracting the associated reference coordinates. When the incident wavefront
experiences distortion, the resulting array image of the microlens will likewise exhibit
distortion, causing it to deviate from the focal point of the ideal wavefront, as depicted
in Figure 2. The wavefront reconstruction technique can rebuild the wavefront’s phase
distribution based on this slope [28-32].
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Figure 2. A schematic diagram of the phase change corresponding to the target vibration.

The wavefront slope is the partial derivative of the wavefront phase to the offset,
divided into horizontal (d¢/du) and vertical (d¢/dv) directions. x. and y. represent the
sub-aperture centroid coordinates of the distorted wavefront in the horizontal and vertical
directions [33], respectively, as shown in Figure 2. The image slope of each sub-aperture
of the wavefront sensor is calculated using the gray average approach [34]. W(x,y) is the
weighting factor applied to the gray value of a pixel during the calculation of centroid
coordinates. o denotes the root mean square error. xy and y( denotes the reference centroid
coordinates. Sy is the aggregate of the weighted total of the points on the receiver of
the Shack-Hartmann wavefront sensor. The weighting factor W(x, y) is utilized to assign
a weight to the spot intensity to consider the pixels” contribution. The comprehensive
intensity of the spot on the entire wavefront sensor can be derived by calculating the
weighted sum of each pixel point. Considering the weight factor and spot intensity, the
centroid’s position information in the x direction can be produced by multiplying the
horizontal centroid coordinate x with the weight factor W(x,y) and the spot intensity
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I(x,y) and then summing them. Considering the weight factor and spot intensity, the
position information of the centroid in the y direction can be calculated by multiplying the
vertical centroid coordinate y with the weight factor W(x, y) and the spot intensity I(x, y)
and then summing them. The horizontal and vertical coordinates of the centroid position
are based on the product of the coordinate value of the point and the spot intensity, and the
sum of the product of the centroid coordinates of the point is divided by the cumulative
sum of the spot intensity. Hence, the sub-aperture mass abundance centric coordinates
in the horizontal direction may be denoted as x. = Sy /Sy, while the sub-aperture mass
abundance centric coordinates in the vertical direction can be denoted as y. = Sy /Sy. To
determine the phase of the distorted wavefront, we employ the mode approach outlined
in [33,35-40].

W(x,y) = ﬁe—ﬁw—xo)zz%e—ﬁw—yo)z (1)
Sw = ny)I (x, )W (x,y) (2)
Sy = %xl (x, y)W(x,y) (3)
Sy = ;yl (5, )W(x,y) @)

3.2. Laser Echo Signal Doppler Effect

When the source is excited, the laser echo signal will produce a Doppler frequency
shift with time so that its phase will also change, and the wavefront sensor can detect the
change. Despite the laser comprising many frequency components, it will undergo integral
modulation due to seismic waves when the ground vibrates. Simultaneously, the laser
phase will undergo a collective alteration. The wavefront sensor can detect the overall
change in the time domain, which differs from the common detection in the frequency
domain. Hence, the Doppler frequency shift can be derived by analyzing the phase of the
laser echo signal, enabling the detection and identification of ground vibration features.

Equation (5) can mathematically represent the laser emission signal when the emission
frequency, denoted as fj, originates from a stationary and steady laser source.

P(t) — Aoef(ZHfOf) (5)

The laser echo signal can be represented mathematically as Equation (6).
S(t) = A, ell2tfo(t=T)] (6)

The amplitudes of the laser emission and echo signals are indicated as Ag and A,,
respectively.

Given the initial distance between the seismic source and the wavefront sensor, denoted
as r9. The velocity of the seismic source is represented by v, and the distance between the
wavefront sensor and the source at any given time can be denoted as R(t) = ro + [ v(t)dt.
Additionally, the round-trip time is denoted as T = &C(t), as depicted in Figure 3. The laser
echo signal can be expressed as follows:

R(1)

S(t) = Aref‘l’(t) — Aref[Zﬂfo(f—ZT)] 7)
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The frequency change value of the laser echo signal, denoted as Af = - () _ fo=

= 2x ot
2 . .
— UTfO, may be observed from Equation (7). This value corresponds to the Doppler frequency

shift, referred to as f;. The laser echo signal exhibits a maximum phase change.

4 4
Ag = 27T/fddt =2 [oydr = Ta ®)
A A
Among the variables, variable t denotes the duration from the lowest point to the
highest point in the seismic source. In contrast, variable d signifies the utmost amplitude of
the seismic source.

Lasers

Seismic source

Figure 3. Variations in the wavefront gradient in detecting seismic waves.

3.3. Laser Echo Signal Aliasing Noise

In practical cases, it is expected to encounter additional noise signals alongside the
target signal in an echo. These noise signals pose challenges in accurately measuring or
isolating the Doppler frequency shift of the seismic source within the laser echo signal.
Unlike the known signal, noise is a stochastic signal that lacks a deterministic time func-
tion—the random nature of noise results in varying properties at different time instances.
Consequently, the laser echo signal becomes susceptible to multiple burrs and spikes, as
depicted in Figure 4, due to the superposition of diverse noise sources.
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Figure 4. Noise response to laser echo signals.

4. Experiment and Result Analysis of Seismic Wave Laser Remote Sensing
Detection System

We experimented with a 67 mW laser at a distance of twenty meters. Due to the
implemented automatic shutter control of the wavefront sensor cameras, they can han-
dle optical input power values over a wide dynamic range. The sensitivity is strongly
wavelength-dependent. The WFS-20-5C Shack-Hartmann wavefront sensor produced by
Thorlabs in Newtown, New Jersey, USA, has the characteristics of high frame rate sampling
and wavefront accuracy of A/30RMS @633 nm. Therefore, this experiment uses this sensor
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to analyze the Doppler characteristics of seismic longitudinal waves. The ground seismic
wave detection experiment employs a controlled shaking table as a seismic source to create
the needed seismic waves. The shaking table can simulate the properties of longitudinal
waves seen in natural phenomena by modifying various frequencies and amplitudes. A
laser irradiates the seismic source, and a wavefront sensor captures the reflected laser
echo signal. Through an analysis of the Doppler frequency shift exhibited by the laser
echo signal across varying amplitudes and the phase alteration observed in the wavefront
sensor, in-depth analysis may be conducted on the pertinent attributes of the longitudinal
wave within the seismic wave. By employing the experimental seismic wave laser remote
sensing detection method, essential parameters of seismic waves, including amplitude and
frequency, may be acquired without physical touch.

As shown in Figure 5, when the seismic source generates a seismic wave, the longi-
tudinal motion of the wave causes changes in the frequency and phase of the laser echo
signal. Because the vibration distance of the source will change in real time, the Doppler
effect caused by the vibration of the source is to modulate the frequency of the laser echo
signal, which leads to the phase change in the laser echo signal. The phase modulation
of the laser echo signal affects the measured value of the wavefront sensor. In order to
observe the change in the incident wavefront of the wavefront sensor in real-time, we use
the Wavefront Sensor software (version number 18183-D03) to record the wavefront change
after the microlens. At the same time, we also calculate and display the change in one
of the microlenses on the software platform, which can further analyze the change in the
wavefront sensor when the seismic source is excited. The calculation process flow is shown
in Figure A1 (see Appendix A for details). By utilizing the system configuration and record-
ing approaches above, it is possible to effectively observe and analyze subtle variations in
the laser remote sensing detection of seismic wave systems generated by vibrations caused
by the seismic source. This enables the calculation of the Doppler frequency shift of the
laser echo signal and the phase of the wavefront sensor, thereby enabling the acquisition of
pertinent characteristics associated with the seismic wave.

" ~ Parallel light 2

Parallel light 1

g

Object surface position 2 -----------3--- -“— ——————————————
(Vibration position) I IDirection of vibration

Object surface position 1
(Position without vibration)

Figure 5. Longitudinal motion of seismic wave.

Figure 6 shows how the seismic source vibrations caused the wavefront sensor’s
spot centroid to move. This displacement exhibits changes in both the horizontal and
vertical directions.

Figure 7 illustrates the spot centroid offset of a microlens in the wavefront sensor at
various amplitudes, as observed on the software platform. As the amplitude of vibration
increases, there is a corresponding increase in the offset of the spot centroid. The recon-
struction of the wavefront phase change in microlens in the wavefront sensor is achieved
through the utilization of the wavefront slope. The graphic illustrates that the longitu-
dinal motion of the seismic wave leads to a phase change in the wavefront sensor. This
phenomenon can be attributed to the Doppler frequency shift induced by the laser light.
By thoroughly examining the data presented in the figure, it becomes possible to gain a
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quantitative understanding of the extent of phase shift exhibited by the wavefront sensor
across varying amplitudes. Subsequently, this analysis enables the investigation of the
impact of longitudinal waves on the wavefront sensor within the context of a laser remote
sensing system for seismic waves. The findings above provide a significant experimental
basis for improving our understanding of the subtle variations in the phase of the wavefront
sensor and the Doppler effect caused by longitudinal waves.
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Figure 6. The response to seismic source vibration on the wavefront sensor. (a) The velocity of the
seismic source vibration. (b) The centroid displacement in the horizontal direction. (c) Centroid
displacement in the vertical direction.

The mode approach is used in this study to find the phase change in the wavefront
sensor for various amplitudes of seismic sources. The mode method can be classified
as a wavefront reconstruction technique. This approach’s fundamental premise involves
decomposing the wavefront phase throughout the entire aperture into a series of orthogonal
modes. By utilizing the observed data, the coefficients of each mode can be determined,
resulting in an entire expression for the wavefront. Figure 8 shows the relationship between
the wavefront sensor’s phase and the vibration’s amplitude. It shows that as the amplitude
grows, so does the phase of the sensor. The equation below can be utilized to characterize
the seismic source amplitude and phase alterations through data fitting.

d = kAg,k = 0.00032 (mm/rad) 9)

The provided formula exhibits conformity with Equation (8) in terms of its form, and
it is employed to compute the vibration amplitude of the source. The relative error of the
vibration amplitude of the source ranges from 1% to 2% when compared to the actual value.
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Figure 7. Wavefront sensor data corresponding to vibration amplitudes of (a) 0.12 mm; (b) 0.81 mm;

(c) 1.00 mm; (d) 1.18 mm. In this context, the abscissa corresponds to the time, while the ordinate in

each upper sub-plot reflects the change in position of the spot centroid and each lower sub-plot gives

the calculated phase.
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Figure 8. Vibration amplitude and sensor’s phase change.

1.2

Additionally, the robustness of this approach was assessed. The collected data in
the experiment is subject to interference from multiple sources, including internal noise
inside the wavefront sensor and external influences such as ambient light, temperature
disturbances, and environmental vibrations. The introduction of extra-phase variations in
the detection system will lead to aliasing noise in the signal outputted by the laser. These
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noisy disturbances will result in variability in the linear correlation between amplitude and
phase. The experiments were conducted in two settings, one with external environmental
light interference and the other without. The outcomes of these trials are visually depicted
in Figure 8. The resemblance between the amplitude and phase data is evident in the
absence of any external disturbance. In the presence of external interference, it is observed
that the deviation increases. However, it is noteworthy that the linear relationship remains
intact. Furthermore, the relative error increases from 1.63% to 10.69%. This experiment
enhances our comprehension of the signal disruption and noise properties induced by
external elements, thereby offering a significant point of reference for investigating and
implementing seismic wave laser remote sensing detection.

Furthermore, according to the study’s findings on laser remote sensing detection of
seismic waves, laser Doppler technology can detect seismic waves of low frequencies. This
observation is depicted in Figure 9. The wavefront sensor possesses exceptional precision
and resolution, enabling it to effectively detect seismic waves over a range of frequencies.
Various frequencies of seismic waves are applied to the vibration table. As the frequency of
vibration gradually increases, the density of the image also increases.
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Figure 9. Response of wavefront sensors to seismic waves of different frequencies. (a) 0.01 Hz;
(b) 0.1 Hz; (c) 0.5 Hz; (d) 1 Hz.

5. Conclusions

This work presents a Doppler model used for laser remote sensing of seismic waves,
utilizing a Shack-Hartmann wavefront sensor, as supported by existing research. The
model employs laser Doppler technology for the detection of seismic waves. The detec-
tion methodology employs a laser as the medium for information acquisition, leveraging
the attributes of a wavefront sensor with high precision and resolution. Additionally, it
capitalizes on the benefits of a short laser wavelength, high detection sensitivity, high
measurement resolution, and a substantial Doppler frequency shift. These features enable
the acquisition of data about the Doppler characteristics and vibration properties of ground
targets. This study aims to explore the high-precision and high-resolution laser remote sens-
ing detection of seismic wave technologies. The present study introduces a laser-acquisition
technique for detecting high-resolution ground vibration signals from seismic waves. This
technique involves inducing a Doppler frequency shift utilizing the longitudinal motion of
the seismic wave, resulting in a corresponding change in the phase of the laser echo signal.
The modulation of the phase in the laser echo signal results in a corresponding alteration of
the phase in the wavefront sensor. The ground vibration information analysis is conducted
by analyzing the phase change exhibited by the wavefront sensor. The ground vibration
amplitude has been verified to be within the range of 0.12-1.18 mm. The experimental
findings indicate a positive correlation between the wavefront sensor’s phase and the
vibration’s magnitude. This linear relationship provides evidence supporting the validity
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of the Doppler model. In contrast to the conventional seismic wave laser remote sensing
detection method, the system exhibits a certain enhancement in detection accuracy. The
system can detect vibration signals at the millimeter level, with a relative accuracy of 1%
to 2%. Furthermore, the proposed methodology can continuously monitor and accurately
measure minute ground vibrations, enabling the acquisition of ground vibration data with
a sub-millimeter resolution. This facilitates the sensitive identification of low-frequency
seismic waves. A preliminary study was also undertaken to assess the noise robustness
of the approach. The findings indicate that the method can detect seismic waves despite
several sources of interference, including internal noise from the wavefront sensor, external
environmental vibrations, thermal disturbances, and ambient light. Suppose a filter is incor-
porated into the entire process to optimize wavefront sensor data processing and increase
the wavefront sensor’s sampling rate. This approach will yield more precise seismic wave
remote sensing detection in that case. The proposed method exhibits potential applications
in seismic exploration, resource exploration, and seismic remote sensing.
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