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ABSTRACT 
According to the principle, characteristics and use of CCD, this paper designs a laser beam quality 
measurement program using CCD as a beacon light capture detector and proposes a laser spot 
detection method based on CCD. The experimental steps and calculation steps for laser beam width 
measurement and laser power measurement by CCD camera are proposed respectively. The beacon 
light is used as a light source, and the spot image is processed according to the principle of gray-scale 
image thresholding to capture the beacon light and present it in the form of a spot on the CCD image 
sensor. Then, through binarization processing, the spot of the beacon light is distinguished from the 
background, so as to realize the spot position detection of the beacon light beam. The image data are 
collected to experimentally detect the laser spot position detection algorithm based on CCD image 
sensor proposed in this paper, respectively. In the fine-tracking spot position detection, the spot is 
adjusted in the range of ±9.25mrad, and the solution value 1min   is set to be determined every 
0.78mrad. The spot center is kept in the range of ±9.05mrad, and centering is carried out every 
0.003mrad according to the fine-centering algorithm. The experimental results show that the spots 
after fine centering are all within the range of ±0.78mrad, and the change trend is consistent with the 
simulation results, so the laser spot position detection algorithm proposed in this paper is feasible in 
fine tracking spot position detection. 
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1. Introduction 

Lasers are another important new technology that has developed rapidly in this century, following 
atomic energy and semiconductors. The development of laser types and quality is still on the rise. With 
the increasing maturity of laser technology, lasers have been widely used in the fields of 
communication, military, aerospace, and medicine [1-4]. In practical applications, the measurement of 
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laser parameters is a basic work of laser technology, but also an important aspect, in which the fast 
and accurate detection of laser spot is one of the key links. The detection of laser spot is mainly applied 
to two aspects. On the one hand, by detecting the position of the laser spot for high-precision 
displacement measurement. The main idea of this technology is that when the target to be detected 
moves, the spot captured by the detector will also change, and the change of the spot center 
coordinates is calculated by algorithm to evaluate the displacement, which is widely used in laser 
manufacturing, bridge, tunneling and other fields [5-7]. On the other hand, by detecting whether there 
is a laser spot in the field or tracking the spot for off-target uploading, the technology is mainly used 
in laser warning, laser guidance and other military fields [8-10]. Whether it is for displacement 
measurement or tracking the spot, first of all, we need to use a good method to detect the spot and 
calculate its center coordinates. 

Multi-channel sensor fusion is a technology that utilizes information from two or more sensors and 
processes the data through fusion algorithms to improve the sensors' performance, accuracy and 
robustness to the environment [11-12]. This technology can obtain more accurate data through the 
comprehensive analysis of multiple information measured, which is of great significance for 
automation control, machine generation, intelligent transportation, security monitoring and other 
application areas [13-16]. Generally speaking, multi-channel sensor fusion technology includes three 
aspects: information fusion, data fusion and feature fusion [17-19]. Among them, information fusion 
combines sensor information according to a certain law to obtain new information; data fusion is to 
fuse the raw data collected by sensors to obtain more accurate data, thus improving the accuracy of 
environmental perception; and feature fusion combines feature information extracted from different 
sensors to obtain more detailed and complex feature information, thus improving the ability to analyze 
the environment. The feature fusion is to merge the feature information extracted from different 
sensors to obtain more detailed and complex feature information, thus improving the analyzing ability 
of the environment. 

At present, the detection of laser spot has become a research field of great concern, and its detection 
accuracy has a significant impact on the improvement of lasers, laser diagnosis and medical treatment, 
and monitoring of special targets. There have been collaborative applications in multi-channel sensor 
fusion with lasers [20-22]. 

This paper analyzes the working principle of CCD image sensor, assembles laser parameters and 
CCD characteristic parameters, and designs a laser beam quality measurement scheme (including 
beam beamwidth measurement and laser power measurement) to prepare for the subsequent laser 
spot detection experiments. The CCD is used as the beacon light capture detector, and the gray-scale 
image thresholding is used to separate the background region from the target region. The threshold 
value is obtained from the “valley” and “peak” elements in the grayscale histogram. The threshold 
value is binarized to obtain the spatial information of the beacon light and the spot position. Set the 
experimental parameters of laser beam detection, and carry out fine-tracking spot position detection 
and coarse-tracking spot position detection respectively. 

2. Laser spot detection program design 

2.1. Laser parameters 

The fundamental properties of laser beams are of great importance for the development of laser optics 
as well as for the measurement of laser beam parameters. 

Among the forms of laser beams, the fundamental mode is the most important and typical one. 
Different resonant cavity structures have different mode structures and mode-limiting properties, 

and the frequencies and directions that may occur in a resonant cavity are called eigenmodes. 
Transverse and longitudinal modes are distinguished by direction and frequency, but they are not 
mutually exclusive. Typically, mnTEM  is used to characterize the laser light field propagating in the 
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direction of the laser's optical axis, where m   and n   denote the number of wave segments 
perpendicular to the beam cross-section and perpendicular to the direction of propagation, 
respectively. 00TEM  is called the fundamental mode, also called the single-phase mode, which has the 

widest range of applications. The energy distribution of the fundamental mode laser beam is highly 
concentrated, and the center of curvature changes with the propagation process. Within the cross-
section along the laser propagation direction, the luminous flux density exhibits an ideal Gaussian 
distribution shape. Therefore, the fundamental mode laser beam is also called a Gaussian beam. 

As an example, a Gaussian beam output in a stable resonant cavity and a homogeneous medium is 
explored in the 00TEM th lowest order transverse mode. 

All optical fields follow Maxwell's system of equations, so the mode field of the stabilized resonant 
cavity should also be a solution of this system of equations. Setting the z -axis as the propagation 
direction of the laser beam, the Gaussian beam can be expressed as follows: 
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where the beam parameters are introduced: 
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In Eq. (2), ( , , )A x y z   denotes the amplitude term and ( , , )x y z   denotes the phase term. The 
formula represents a solution of the fluctuation equation in a homogeneous medium, called the 
fundamental Gaussian beam solution. The transverse properties of this solution are only related to the 
spatial position. 

The purpose of this section is to describe the laser parameters, including beam beamwidth, beam 
waist position, beam scattering angle, and laser beam quality 2M   factor, which will help in the 
subsequent laser parameter detection. 

Beamwidth, also known as beam diameter, is the diameter of the beam cross-section perpendicular 
to the z -axis when the laser beam is traveling along the z -axis. Since the laser spot has the highest 
intensity in the center and decreases in intensity along the perimeter, there is no clear edge to 
characterize the spot size. Therefore, the beam width can be defined in a number of ways. Commonly 
used, including the definition of the full width of the half-peak, the definition of the second-order 
moments. 

Beam dispersion angle: Define the z -axis as the direction of propagation of the laser beam, then 
the far-field dispersion angle   is defined as: 
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In equation (3), ( )z  is the beamwidth. 
When performing practical measurements, the position of the laser's beam waist is inconvenient to 

measure directly and is usually located in the cavity or in the front section of the laser. Therefore, a 
phase-independent optical system is usually used to adjust the position of the artificial laser beam 
waist to make it easy to observe. A plano-convex lens is usually chosen to converge the laser and the 
far-field divergence angle of the artificial beam waist is measured. 

The laser beam quality 2M  factor is defined as: 
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In Equation (4),    is the beamwidth of the measured laser beam, and    is the far-field 
divergence angle of the measured laser beam. 0  represents the beamwidth of the ideal laser beam, 
and 0  represents the far-field divergence angle of the ideal laser beam. The 2M  factor takes into 
account both the effect of changes in the near field (beam waist width) on the quality of the laser beam 
and the effect of the far field (divergence angle). When the laser beam passes through an ideal 
diffraction-free, aberration-free optical system, the 2M   factor is an invariant, which avoids the 
uncertainty associated with evaluating the beam quality using only the focused spot size or the far-
field divergence angle. 

2.2. CCD Image Sensor 

CCD is called charge-coupled device, also called image sensor [23]. It is a semiconductor device that 
converts optical signals into electrical signals, and in the design of various CCDs, there must be a CCD 
driver circuit. 

2.2.1. Principle of CCD operation. CCD image sensor working principle, can be divided into four steps: 

1) Photoelectric conversion (optical signal is converted to signal charge). Photoelectric conversion is 
the existence of electrons in the material due to light after the energy, then only need to apply a small 
electric ϐield, the electrons can produce a free movement of the state. This means that a signal charge 
is generated according to the intensity of light irradiated onto the light-sensitive surface, and the signal 
charge generated is proportional to the intensity of light irradiation. From a physical point of view, the 
action can be divided into two cases. One is the internal photoelectric effect, in which electrons within 
a solid can be divided into several energy levels according to the energy they possess. The lower energy 
electrons in the energy levels are excited into higher energy electrons due to the energy of the photons. 
The other is the external photoelectric effect, where electrons absorbing the energy of photons on the 
surface of a solid are excited into a vacuum. And the CCD image sensor utilizes the internal 
photoelectric effect to complete the photoelectric conversion. 

In the CCD image sensor, there are two energy levels of electrons, valence band and conduction band. 
When the valence band of electrons absorbed into the photon energy is released to the conduction 
band, at this time, only need to apply a small voltage to the substrate, the electrons will be able to move, 
so according to the strength of the light will be able to get the corresponding signal charge. 

2) Charge storage (storage of signal charge). Charge storage is the action of storing the signal charge 
obtained after photoelectric conversion. However, CCD photoelectric conversion after the signal 
charge can not be stored in the potential well for a long time, but only temporary storage of the signal 
charge. 
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3) Charge transfer (transfer signal charge). Can be summarized in one sentence to the CCD charge 
transfer principle, that is, to move the signal charge stored in the potential well. 

4) Charge detection (signal charge is converted to a voltage signal and then output). Charge detection 
is the transfer over the charge signal is converted to an electrical signal, that is, the transfer over the 
signal charge is converted to a change in the voltage at the ends of the capacitor. 

2.2.2. CCD Characterization Parameters: 
1) Sensitivity: sensitivity indicates the image acquisition environment in what degree of darkness, 

the CCD can capture images. 
Several important factors affecting sensitivity are as follows: 
(1) Quantum efficiency of the photodiode. 
(2) Micro lens. 
(3) The conversion efficiency of the FD. 
2) Dynamic range: It is defined as the ratio of the maximum amount of signal stored in the potential 

well to the minimum amount of signal from noise. 
3) Resolution: Simply put, resolution refers to the degree of clarity presented by the image captured 

by the CCD. The greater the number of pixels of the CCD, the clearer the image presented, so the higher 
the resolution proved. Therefore, often use the number of CCD pixels to replace the resolution. 

4) Sensitivity: it is one of the important parameters of the CCD. It has two meanings, one meaning is 
that it represents the ability of the CCD to complete the photoelectric conversion. Another meaning is 
that the CCD sensor can sense the minimum illumination, the unit is lux (lx) or watt (W). 

2.3. Laser beam quality measurement program design 

2.3.1. CCD Camera-Based Beamwidth Measurement 

1) CCD camera-based beamwidth measurement scheme. In this paper, we use the CCD camera-based 
beamwidth measurement scheme, which uses hardware including a laser with a wavelength of 532 
nm and a power of 50 m W, an attenuator set, a phase-independent lens, a Hikvision grayscale camera, 
a sliding platform and a computer. 

2) Experimental steps for beamwidth measurement. Adjust the position of the laser and CCD camera 
before the start of the experiment. First of all, make the optical axis center and CCD camera lens center 
in the same horizontal axis. Place the attenuator so that the laser beam through the attenuator 
attenuation of optical power, placed without aberration lens to focus the beam to form a simulated 
beam waist. Then slide the platform along the direction of the optical axis, so that the camera in the 
simulation of the beam waist near the left and right movement, in order to capture different positions 
at the spot image. 

The beamwidth size at each position was calculated, and finally the spot transverse diameter  x z  

and spot longitudinal diameter  y z  data at different positions were recorded by computer. Fit the 

Gaussian laser beam hyperbolic model according to the least squares method. 

3) Beamwidth Calculation Steps. In practice, the acquired spot data, after image denoising, will still 
have a small amount of noise. Due to the effect of noise so that all the beamwidth points obtained does 
not enclose an ideal circle, but ϐluctuates around the circle. 

If only select a picture of the marker points to calculate the beamwidth size will produce errors, so 
this paper uses the average value of the beamwidth size, the method can reduce the noise-induced 
errors, the specific steps of the algorithm are as follows: 

Step1: Iterate through all the pixel points on the denoised light spot image, find out all the points 
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whose gray value is 21 / e   times of the maximum gray value (the brightest point), and mark these 
points as red. 

Step2: Calculate the horizontal and vertical distance between the center of mass of the spot and each 
marked point. 

Step3: Add up the distances and take the average value, and this horizontal and vertical average 
value is regarded as the width of the spot. 

Step4: At the same position, take 10 pictures, use Step1 to Step3 to calculate the beam width value 
of 10 pictures, and take the average value as the beam width value of this position. 

2.3.2. Measuring laser power based on CCD camera: 

1) CCD Camera Laser Power Measurement Experiment. In this chapter, the CCD camera measurement 
of laser power experiment is designed to verify the feasibility of using a CCD camera and diffuse 
reϐlective plate instead of the function of the surface array detector.CCD camera measurement of laser 
power system consists of the wavelength of 532nm, power 50m W laser, attenuator group, Hikvision 
grayscale camera, optical power meter, diffuse reϐlective plate and the computer components. 

2) CCD camera measurement of laser power experiment steps. Fix the position of the laser and the 
CCD camera so that the angle between the laser and the CCD camera is as small as possible  . An 
increase in   will cause distortion of the spot image captured by the CCD camera. Adjust the focal 
length of the CCD camera so that the diffuse reϐlector plate is completely in the ϐield of view of the 
camera, and align the CCD camera with the center of the diffuse reϐlector plate. Place the attenuator in 
front of the emitting end of the laser, and adjust the attenuation degree of the attenuator so that the 
maximum gray value of the spot image captured by the CCD camera is around 230. A 5mm round hole 
is made in the center of the diffuse reϐlecting plate, and an optical power meter is placed behind the 
hole to monitor the laser power through the aperture. Combined with the gray scale distribution of 
the spot image, the total spot power is calculated. 

3) Calculation steps for laser power measurement by CCD camera. After the laser beam is irradiated 
to the diffuse reϐlector plate, it is known from the diffuse reϐlector plate characteristics that the 
reϐlected light intensity is equal in all directions. Therefore, regions with equal gray values within the 
laser spot have the same energy distribution law. The power level displayed by this optical power 
meter is recorded at the same time as the spot image is acquired. Assuming that the power of the laser 
beam through the circular hole measured by the power meter is xmW  , the power magnitude 
corresponding to the unit gray value is calculated, and thus the power magnitude of the entire spot is 
calculated. 

The aperture on the diffuse reflecting plate is a circle, assuming that the diameter of the circle is r  
pixel lengths, and a square with side length r , the intersection of the diagonals of the square coincides 
with the center of the circle, then the number of pixels accounted for by the square is 2r . Theoretically, 
the number of pixels accounted for by the circle is 2 / 4x . The total power of the spot is calculated as 
follows, assuming that the total gray value of pixels in the square is xy , and the total gray value of the 
spot is sum: 

The total gray value inside the circular hole ry  is: 

 / 4r sy y  (5) 

The total power in the square is: 

 4 /k x   (6) 

Then the power corresponding to the unit gray value is: 

 0 4 / se x y  (7) 
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The total power of the spot image is: 

 0E sum e   (8) 

2.4. CCD-based laser spot detection method 

2.4.1. Beacon Light Capture Determination. Beacon light, as a light source, should have a higher 
average gray level than the background light. According to the principle of gray-scale image 
thresholding, if a suitable gray level is selected as the threshold, the pixels below the threshold indicate 
the background, and the pixels above the threshold indicate the beacon light. 

The specific beacon light capturing decision process is as follows: 
Let the captured gray-scale image be  ,I x y  , determine a threshold T   by the algorithm, and 

threshold  ,I x y  to get: 
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The number of pixels in image  ,I x y  that satisfy highg  is then counted and obtained: 
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Take the number of normalized pixels: 
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In Eq. (11) S  is the spot size. N  is the total number of pixels in the image, and it is easy to know 
n N  and 0 1C  . 

So the judgment condition of capture depends on the threshold value T  and the corresponding 
normalized pixel number C . How to determine whether the beacon light is captured is shown in Eq. 
(12): 
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For the normalized pixel number C , as it relates to the size of the spot, it can generally be chosen 
flexibly for different environmental conditions by means of measured empirical values, and the key 
lies in the selection of the threshold value T . 

2.4.2. Algorithm for obtaining thresholds. Looking at the "peaks" in the grayscale histogram, we can 
see that the "peaks" should have a certain height in the ϐirst place, and the heights within a certain 
width around the "peaks" are lower than the height of the "peaks" [24]. If you deϐine an integer array 
zhiFANG, the value of the zhiFANG element in the array is equal to the number of pixels in the grayscale 
graph with a grayscale value equal to i . The above two features correspond to the fact that the value 
of the element in the array corresponding to the "peak" should be greater than a given value of H . 
And the values of a certain number of elements around it are less than it. 

The "valley" in the grayscale histogram should correspond to the element with the smallest value 
between the two "peak" elements in the array, and the grayscale value corresponding to that element 
is the T  to be obtained. According to the above description, the procedure flow for obtaining the 
threshold is shown in Figure 1. 

In the figure, H   is the variable representing the height of the peak, and kuan is the variable 
representing the minimum width of the peak. The variables fengZhiS and fengZhiS are used to store 
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the grayscale values where the two peaks are located. 
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in the histogram array zhi Fang[i]

Centered on the i+1th
 element of the histogram, the values of the 
kuan elements on its left and right sides are 

less than zhiFang[i]?

num=0?

Assign the grayscale value 
corresponding to the element 

with the smallest value between 
zhiFang[fengZhiF] and 

zhiFang[fengZhiS] in the 
histogram array to T

Returns T

Returns a value 
greater than 255 
to indicate that 
the threshold 
value was not 

captured

End

Y

N

N
N

Y

fengZhiS=i
fengZhiF=1,

num++

zhi Fang[i]>H? i- i<0?

N

Y

Y

 

Fig. 1. Process of obtaining the valve value 

2.4.3. Beacon light spot image extraction. The captured beacon light forms a spot on the CCD, and 
that part is the beacon light portion of the image. The spot image extraction of the beacon light is to 
separate the spot part of the whole image. Through the previous analysis, it is known that using the 
grayscale histogram to represent the image does not obtain the spatial information of the image, and 
it is necessary to ϐind other representation methods. One of the most important conditions for capture 
determination is the boundary threshold T . By T  the gray scale histogram is distinguished into two 
parts, the beacon light and the background, so the boundary threshold can be applied to the image and 
the image can be binarized to get the spatial information of the beacon light [25]. 

According to equation (13), the binarized image is obtained if 1highg  , 0lowg   are taken: 
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After binarization, the spot of the beacon light can be clearly distinguished from the background 
from the image. 

The selection of the threshold value determines the size of the spot after binarization, and according 
to the maximum variance criterion, the optimal queue value should maximize the total variance of the 
spot (target) and the background. By dividing the image into two regions, spot S  and background 
B , with threshold T , the probability of gray level occurrence is respectively: 
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The average gray scale is respectively: 
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where   is the average gray level of the whole graph, the total variance is: 
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Binarization of the image by appropriate thresholding is mainly to simplify the post-processing 
work. While preserving the original image, only the copied image is binarized, and finally the binarized 
image is multiplied with the original image, so that only the image containing the spot information will 
be obtained, and the value of pixels other than the spot will be 0. Operations such as median filtering 
on this image will be much more efficient than that on the original image, which will greatly save time. 

2.4.4. Center of gravity extraction algorithm for light spots. Through the position of the center of 
gravity of the incident spot of the beacon light in the CCD image, the current position relationship 
between the transmitter and receiver of the beacon light can be learned. To provide a basis for the 
antenna orientation adjustment, so in the selection of the algorithm to try to make the calculation 
results accurate and reliable. 

The center of gravity algorithm has high accuracy, good stability, fast calculation and processing, and 
is an effective algorithm for spot position extraction and localization in beacon light capture technology. 

The center of gravity algorithm is based on the principle of seeking the center of gravity in plane 
geometry.CCD is an array image sensor device with pixel as unit. When using a CCD to determine the 
position of the spot imaged on the CCD image plane, it is important to consider that the spot is not a 
geometric point, and the distribution of spot light intensity is often close to a Gaussian distribution. If 
a spot consists of m  pixel, each pixel corresponds to a defined spatial coordinate ( , )x y  and a gray 
value ( , )G x y , then the center of gravity of the spot is: 
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In Eq. (19)  ,i i i i iG x y s n   is the gray value of the ind pixel point, is  and in  are the original 

image gray value and image noise respectively. ix  and iy  are the coordinates of the pixel point in 

the image in pixels, respectively. 
From the previous conditions for the establishment of the formula, it can be seen that in order to 

use Eq. (19) to directly extract the center of gravity of the spot on the original image captured by the 
CCD for spot extraction, it is necessary to first obtain the coordinates of all the pixel points occupied 
by the spot in the image and store them first. By using Eq. (19) and combining it with the binarization 
method, the extraction of the center of gravity of the spot can be easily achieved. 

3. Experimental preparation for laser spot detection 

In this paper, according to the design principle of CCD image sensor, we design the structure of laser 
spot detection system and write relevant software and hardware processing programs to realize spot 
center detection. The design focuses on three modules of image acquisition, storage and processing. 
In order to verify the correctness of the system function, the system image acquisition and processing 
process is verified on the PCB circuit board, and the experimental results are analyzed. 

3.1. Image data acquisition and transmission experiment 

The main equipments for the experiment are: laser light source, spot receiving screen, CMOS camera, 
PCB circuit board, USB upload module, standard dot matrix sample board for experiment and 
computer. 

The laser light source sends out a laser beam at a certain distance, hitting the glass receiving screen 
pasted with sulfuric acid paper. By adjusting the thickness of the sulfate paper and the angle of the 
receiving screen, a circular spot with uniform illumination and shape can be obtained. The imaging 
role of the receiving screen is very important, if the laser beam directly irradiated to the CCD image 
sensor will cause brightness saturation and chip damage. 

3.2. Configuration of experimental parameters 

After the system is powered up, the FPGA performs I2C configuration of the CCD camera, including 
image pixel size and acquisition clock configuration. 

The default size of the image sensor for this system is 2048*1024, and the maximum acquisition 
rate at this pixel is 13fps (frames per second). The image size can be changed by configuring the 
registers and deciding to output an image of any area on the entire photosensitive surface. 

In this system, it is not necessary to acquire an image of size 2048*1024. The higher the image pixels, 
the lower the acquisition rate. The subsequent processing speed is also slower, which will greatly 
reduce the system real-time requirements. At the same time, the acquisition of large-area images is 
not easy to ensure the uniformity of light, which is easy to bring about system errors. 

Through experiments, this paper will CCD output image is set to 512 * 512 size, in the complete 
acquisition of the target spot area under the premise of reducing the image pixels to facilitate 
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subsequent processing. 
The maximum output pixel clock frequency of the CCD sensor is 52MHz, which can be changed 

through the configuration register. Under 512*512 image size. The relationship between acquisition 
rate and output pixel clock is shown in Table 1. 

It is found that the faster the image acquisition rate, the lower the image quality. Under the premise 
of ensuring the real-time nature of the system, the pixel clock of 6MHz is selected in this paper to 
obtain higher quality images. 

Table 1. The relationship between the gathering rate and the output pixel clock 

Pixel clock 52MHz 24 MHz 12 MHz 6 MHz 

Frame rate 93FPS 54FPS 25FPS 13 FPS 

4. Laser spot detection results and analysis 

In this paper, the laser spot detection algorithm for CCD image sensor based laser spot detection is 
performed for fine tracking spot position detection and coarse tracking spot position detection 
respectively. 

4.1. Validation of Precision Tracking Spot Position Detection Algorithm 

Precision tracking servo unit is mainly composed of the following parts: precision tracking spot 
detection components, two-dimensional precision fast tilt galvanometer galvanometer, spot off-target 
volume processing unit. 

The board components of the fine-tracking detection spot image processing unit include Cameralink 
interface, interface chip, FPGA main chip, SRAM, ADV7125, high-speed serial chip, power supply and 
VGA interface, composite video output interface. 

The Cameralink interface receives digital spot image information and sends it to the FPGA through 
the interface chip to complete the level conversion; the FPGA processes the spot image to get the off-
target amount and buffers the image to the off-chip RAM for the VGA controller to use. The off-target 
quantity is converted into differential signal by high-speed serial chip and sent to the next level servo 
unit, and the image to be displayed by VGA controller is sent to the external video D/A chip, which is 
converted into analog VGA signal or CVBS composite video signal, and then sent to monitor to display 
the spot image. 

After the communication beam is suppressed by the coarse tracking servo system, its tracking 
residual is smaller than the fine tracking field of view. The coarse tracking residual sequence is shown 
in Fig. 2, which shows the off-target amount of the spot when the fine tracking system is not activated, 
and the amplitude of the coarse tracking residual sequence is controlled at [-45,35]. 
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Fig. 2. Coarse trace suppression of the residues 

After suppression by the coarse tracking servo system, the fine tracking servo system is turned on. 
The time-domain curves of the spot off-shift volume before and after the fine-tracking suppression are 
shown in Fig. 3, which shows that the off-target volume suppression effect is obvious, and the 
suppression of the residual sequence occurs after 3100s, and the residual sequence is kept at [-40,35]. 

 

Fig. 3. The time domain curve of the spot removal class 

The time-domain curve of the fine-tracking residuals and its histogram statistics are shown in Fig. 
4, and the histogram shows that the fine-tracking residuals are mainly distributed in [-0.2,0.2], and the 
tracking accuracy 3 rad  is realized according to the statistics. 
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(a) Precision tracking domain residue (b) Statistical histogram of residual difference 

Fig. 4. Precision trace residual difference time domain curve and histogram result 

Spectral analysis of the data after fine-tracking suppression, the fine-tracking residual vibration 
power spectrum is shown in Fig. 5. It can be found that there are two peak regions, one is the 2~80Hz 
region. It is the low-frequency envelope of the fine-tracking suppressed residual corresponding to the 
fine-tracking residual. The other is 100~200Hz region. It is the fine tracking bandwidth matching 
corresponding to the high frequency random noise of the fine tracking residuals. 

 

Fig. 5. Finishing track residual vibration power spectrum 

4.2. Coarse tracking spot position detection algorithm validation 

On a built-up coarse tracking test bed, the laser is controlled to output a laser beam of 30 W . The 
laser beam is shaped by a parallel light pipe and adjusted to approximate a parallel beam. The beam is 
reflected by a fast deflector that controls the direction of the laser beam, and then focused behind a 
lens controlled by an electrically moved stage. The radius of the spot projected on the array detector 
is adjusted to r  =3.74mm by controlling the focal length maxL   of the lens behind the electrically 
moving platform.The array detector unit outputs photocurrent based on the photoelectric effect, 
which is converted into an analog voltage signal by the amplification circuit and the data acquisition 
circuit. The voltage signal is converted into a digital signal by the data acquisition system and 
transmitted to the multipoint control unit. The centering algorithm is used to calculate the centering 
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step, and the signal is transmitted to the fast deflector mirror to control the incident direction of the 
spot and then make the spot centered, and the accuracy of the fast deflector mirror is 2 rad . 

First, the angle of the fast deflector is adjusted to move the center of mass of the light spot to 
 6.4 ,0mm , i.e.,   5 3 ,0w d , and the current value of the detection unit in the second row and the 

second column is recorded to be set as the threshold value. And the precision and deflection angle of 
the fast deflector mirror are known, and its deflection angle can be taken as the actual position of the 
light spot. 

4.2.1. Coarse centering test validation. The fast deϐlector was allowed to move over a range of ±37.15 
at 0.5mrad spacing and the angle of deϐlection was recorded at each moment. Threshold judgment was 
performed at each point and centered according to the coarse centering algorithm, and the spot 
position after centering was recorded. The experimental results of the coarse centering algorithm are 
shown in Fig. 6, with the horizontal coordinate X representing the detected spot position and the Y-
axis representing the coordinate position after coarse centering. The shifted spots are all within the 
range of ±8.50mrad, and the trend is also the same as the simulation results. 

 

Fig. 6. The results of the results of the crude regression algorithm 

4.2.2. Experimental Validation of Algorithms for Precision Centering. The ϐine homing algorithm 
uses a database query method, where the spot is ϐirst adjusted within ±9.25mrad. A spot was selected 
every 0.78mrad to determine the solution value 1min  and establish the data relationship between each 

spot angle and the settlement value 1min . Next, let the spot center within the range of ±9.05mrad, every 
0.003mrad according to the ϐine centering algorithm for centering, after centering to adjust the spot 
size of minD . 

The spot position after fine centering is shown in Fig. 7, because the database query method is used, 
which is divided into 26 intervals, and the results of each interval are similar, so only the results of the 
spot position in the range of 9.25mrad to 9.98mrad are given in the figure. The horizontal coordinate 
represents the angle of the light spot after coarse centering, and the vertical coordinate represents the 
angle after fine centering, and the experimental results show that the light spots after fine centering 
are all within the range of ±0.78mrad, and the change trend is consistent with the simulation results, 
so the laser spot position detection algorithm proposed in this paper has the feasibility in fine-tracking 
light spot position detection. 
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Fig. 7. The location of the light spot after the return of the essence 

4.3. Experimental validation of the integration of roughness and precision tracking 

The integration of coarse and fine tracking is verified on a testbed for verifying coarse normalization. 
The feasibility of coarse and fine tracking integration was first verified by combining the edge 
threshold judgment centering algorithm and the polynomial infinite integration algorithm. The spot 
was adjusted to a range of ±37.15 angles and moved at 0.5mrad spacing. At each test point, the 
polynomial infinite integral method was used to track after centering using the edge threshold 
judgment centering algorithm, and the centered spot position was obtained. The coarse and fine 
tracking integration errors are shown in Fig. 8. The horizontal coordinate 0x   represents the true 
position of the light spot, and the vertical coordinate represents the position after centering. From the 
figure, it can be seen that the difference between the position of the spot after centering and the origin 
is within 18.5 rad , which meets the experimental requirements of laser spot position detection. 

 

Fig. 8. Coarse, precision tracking integration error 

5. Conclusion 

In this paper, we propose a laser spot detection method based on CCD image sensor, which adopts the 
gray scale histogram method to obtain the beacon light, and performs image extraction on the beacon 
light to get the spot position. The laser spot detection environment is set up, and the laser spot is 
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verified by fine-tracking spot position detection and coarse-tracking spot position detection 
respectively. 

According to the fine-tracking detection spot image processing unit board, simulate its workflow to 
get the spot off-target amount when the fine-tracking system is not activated, and the amplitude of the 
coarse-tracking residual sequence is controlled at [-45,35]. The time-domain curve of the fine tracking 
residuals is densely distributed in [-0.05,0.05], and the histogram data of the fine tracking residuals 
are mainly distributed in [-0.2,0.2], and the tracking accuracy 3 rad  is realized. 

Controlling the laser output on the coarse tracking test platform, the fast deflector mirror was kept 
moving in the range of ±37.15 with 0.5mrad spacing in the coarse centering test, and the spot after the 
coarse movement was in the range of ±8.50mrad, and the trend was also the same as that of the 
simulation results. 

Observe the results of the spot position in the range of 9.25mrad to 9.98mrad for the fine centering 
algorithm test. The spots after fine centering are all within the range of ±0.78mrad, and the trend is 
consistent with the simulation results. It proves the feasibility of the laser spot position detection 
algorithm proposed in this paper in fine-tracking spot position detection. 
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