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Abstract: Owing to the special working systems of streak tube imaging lidar (STIL), the time and
space dimensions are coupled together on the streak images. This coupling can cause measurement
errors in 3D point clouds and can make measurement results more complicated to calibrate than
other kinds of lidars. This paper presents a method to generate a time calibration array and an angle
calibration array to separate the offset of the streak into time dimension and space dimension. The
time and space information of the signal at any position on the streak image can be indexed through
these two arrays. A validation experiment on aircraft was carried out, and the range error of the 3D
point cloud was improved from 0.41 m to 0.27 m using the proposed calibration method. Thus, using
the proposed calibration method can improve the accuracy of the point cloud produced by STIL.
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1. Introduction

With the development of different types of lidar, the three-dimensional (3D) lidar
technique has been widely used in a variety of fields, including city construction, topo-
graphic mapping, underwater detection, and robotics [1-5]. Streak tube imaging lidar
(STIL) has attracted great interest in recent years because of its wide field of view and fast
data rate [6-9], which can be attributed to the detection system’s ability to obtain hundreds
of returns in one laser pulse.

A typical schematic of the STIL system is shown in Figure 1. The laser is shaped into a
fan beam by a cylindrical lens and forms a thin strip footprint on the target. The returned
optical signal from the target is collected by the receiving optical system and imaged on the
photocathode of the streak tube, and then the optical signal is converted into electrons. When
the electron beam is accelerated toward the phosphor screen by a high voltage between the
two ends of the streak tube, it is deflected by a pair of linear sweep voltages. Finally, the
electrons hit the screen of the streak tube and form a streak image [10]. The signature position
in a time-resolved channel on the screen is relative to the arrival time of the signal; that is,
we can obtain the target distance from the image [11-13]. Usually, images are intensified by
a microchannel plate(MCP) and recorded by a charge-coupled device (CCD) [14,15]. The
horizontal position represents the spatial information of the target, while the vertical position
represents the distance information in Figure 1.

However, certain problems can occur in practice. For example, it is difficult to decon-
struct the offset of a streak on the CCD into time and space dimensions because of the diffu-
sion of the optical imaging system and electronic imaging system [16,17], non-parallelism
between the direction of the sweep electric field and the direction of time-resolved channels,
the installation angle difference of the CCD and streak tube, and other factors.
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Figure 1. The schematic of the STIL system. (a) Schematic diagram of the data collection process.
(b) The work principle of the streak array detector. (c) The streak image on the CCD.

Thus, improving the temporal and spatial resolution of streak tubes has remained a
topic of concern to researchers [18-20]. This work presents a method to generate a time
calibration array and an angle calibration array to separate the offset of a streak into a time
dimension and a space dimension. The method aims to improve the range accuracy of the
point cloud produced by STIL through the correction of the two calibration arrays.

2. Coupling Mechanism

Different from other types of lidars, our approach features detection data (i.e., streak
images) containing both time and space information. Ideally, the streak contains some
illuminated pixels on the CCD. The position of the streak on the time axis is used to calculate
the time when the echo signal reaches the detector, and the distance of the target can be
calculated based on the propagation speed of light in the air. Generally, we obtain the
position of the streak by calculating its centroid on the time axis [10]:

Zzil(i x I;)
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where x; is the centroid of the pixels of the jth row, N is the number of pixels in the time
dimension of the CCD, and I; is the gray value of the ith pixel. Afterward, we obtain the
distance of the point on the target by

1
Rj = EC(DCXJ' +t;+ tinh) 2)

where R; is the distance of the point corresponding to the pixels of the jth row, a is a
coefficient used to indicate the time represented by one pixel, {; is the gate delay of the
detection system, and ¢;,;, is the inherent delay of the lidar.

However, in practice, coordinates on both axes have components on the time axis and
space axis. Two main reasons for this result are (1) the angle difference of the direction of
the sweep electric field and the direction of the time-resolved channels on the CCD and
(2) the diffusion of the optical imaging system and electronic imaging system.

The effect process of the first reason is shown in Figure 2. When there is an angle
difference between the direction of the sweep electric field and the direction of the time-
resolved channels on the CCD, a deviation of the dynamic streak occurs, which is shown in
Figure 2a. The streak image recorded by the CCD is shown in Figure 2b.
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Figure 2. The coupling caused by angle difference. (a) The angle difference of the direction of the
sweep electric field. (b) The streak image on the CCD.

Without the action of sweeping voltage, the position of the streak (called static streak)
is as shown in Figure 2a. While the sweeping voltage is applied, the streak (called dynamic
streak) is displaced along the opposite direction of the electric field. If the direction of the
electric field is parallel to the time-resolved channels of the CCD, the dynamic streak is as
shown in the thin green line in Figure 2a. If, however, a deflection of the direction of the
electric field occurs, the dynamic streak shifts not only in the time-resolved direction but
also in the space-resolved direction. As shown in Figure 2b, one pixel of the static streak is
marked with a darker color and moved to the position of the pixels marked with the color
red or green under the influence of the electric field. The green pixel corresponds to the
black pixel when the electric field is parallel to the time-resolved channel, and the red pixel
corresponds to the black pixel when there is an electric field angle. We find that when the
red pixel is displaced on both the time-resolved and space-resolved channels, difficulties
arise when deconstructing the position of the streak into time and space information.

Another factor leading to components on the time axis and space axis is the diffusion of
the optical imaging system and electronic imaging system. An experiment was conducted
to demonstrate the impact process. A laser beam with upright incidence was directed at a
flat target, and the laser spot on the target could be transformed into a small point with a
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size of 1 mm x 1 mm by adjusting the optical emission unit. We detected the laser spot by
a CCD, and the detection result is shown in Figure 3.

Figure 3. The streak image of STIL under the influence of diffusion.

According to imaging principles, it is theoretically possible for only one pixel of the
CCD can be lit, disregarding the diffusion of the optical imaging system and electronic
imaging system. This occurrence is contingent upon factors such as the size of the laser spot,
the distance between the CCD and the target, the size of a CCD pixel, and the focal length
of the receiving lens. However, more than 100 pixels were actually lit up with different
intensities, as shown in Figure 3.

Since the two factors work together, the deconstruction of two components on the
time axis and space axis is more complex. If this problem cannot be solved, the range and
spatial accuracy of STIL will be reduced.

3. Calibration Method

In this section, we will use the method of calibrating time and angle separately. The
first step is time calibration, and the second step is angle calibration. Moreover, each step
includes two parts: calibration experiments and data processing.

3.1. Time Calibration
3.1.1. Time Calibration Experiment

For the convenience of later expression, the time calibration experiment is referred to
as Experiment L.

The effect of time calibration directly affects the range accuracy of the lidar. This paper
proposes a method of gradually changing the delay of sweeping voltage to calibrate the
time information corresponding to the position of the signal on the CCD. The process of
the time calibration experiment is shown in Figure 4: (1) we chose a suitable experimental
target, like a tall building with a height greater than the size of the light spot; the building
has a flat part without windows to obtain a smooth streak signal on the CCD that is not
affected by changes in the target distance; (2) we turned on the lidar to start working and
adjusted the delay time of the sweeping voltage so that the streak signal would be on one
edge of the image; and (3) we adjusted the delay time of the sweeping voltage step by
step to move the streak to the other edge of the image. Every time a step was changed,
2000 images were recorded.

In this experiment, one step of the delay was 10 ns; more intensive detection was
also possible, but overly sparse detection was not feasible. Later on, we aimed to achieve
a calibration resolution of 0.1 ns through interpolation, but sparse data would affect the
accuracy of interpolation results. Thus, 2000 images were recorded with the same delay
to take the average and reduce the impact of the jitters from the detection system, time-
sequence control unit, atmospheric disturbances, etc. After data processing, we could
obtain the corresponding time information of the signal based on its position on the image.
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Because the streak image of the building was smooth, except for the known angles at both
ends of the stripe image, the absence of angle information at other positions is uncertain.
Based solely on this experiment, we were still unable to achieve angle calibration.
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Figure 4. Time calibration experiment.

3.1.2. Data Processing for Time Calibration

In Experiment I, the data were only used for time calibration, and angle calibration
was not considered. For each streak image, the centroid of the streak signal in every row
could be obtained by Equation (1). The data processing results are shown in Figure 5, where
the red line is composed of the centroids of each row.

Figure 5. The centroids of streak image.

By taking the average of all centroids (2000 in this work) in the same row under the
same delay, we could obtain a more accurate delay centroid relationship of lidar, as shown
in Figure 6.

1 s
Xj =5 Yot Xis @3)

In Equation (3), x; is the average of the centroids in the jth row; S is the number of
streak images with the same delay time of sweeping voltage; S = 2000 here; and x; s is the
centroid in the jth row of the sth image.
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Figure 6. The average of all centroids under the same delay.

As shown in Figure 6, we can find that the accidental error of the centroid of the
measurement results was still relatively large, with a standard deviation of 0.84 ns, so it
was necessary to reduce the error by calculating the average value.

After taking all of the average values under every delay, we could obtain a series of
curves under different delays, as shown in Figure 7.
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Figure 7. The centroid curves under different delays.

In Figure 7, one curve represents the position of the streak signal on the image under
one delay value. These curves were used as a time calibration array for lidar data calibration.
However, the points on adjacent curves were separated by 10 ns, and the resolution was not
high enough. Therefore, we had to interpolate these curves so that the points on adjacent
curves could be separated by 0.1 ns in this work.

From Figure 7, it can be found that the curvature of the rightmost curve differs greatly
from other curves because the highest sweeping voltage was not high enough and because
the distortion of the electronic focusing system was more serious at the edges than at other
positions. Fortunately, the streak signal hardly appeared at the edge of the image, so the
distorted curvature had little effect on the experimental results.

3.2. Angle Calibration Experiment
3.2.1. Angle Calibration Experiment

For the convenience of later expression, the angle calibration experiment was later
referred to as Experiment II, and the process of Experiment II is shown in Figure 8.

A Leica Nova MS60 multistation was used to record the angles at both ends of the
laser footprint on the building in the last experiment. To obtain spot-shaped light more
conveniently, we needed an auxiliary laser to perform the experiment, and the laser of lidar
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was not turned on. Afterward, the laser beam was formed into a point shape and reflected
onto the target by a mirror fixed on a rotating platform. The path of laser is shown by the
green arrows in the figure; the red arrows indicate the direction of rotation of the mirror,
the direction of light spot movement caused by rotation, and the order of streak pattern
generation; while the yellow arrows indicate the change of the delay of sweeping voltage
and the resulting position change of the streak signals in the images. The laser spot was
moved from top to bottom, step by step, on the building along the lineation of the laser
footprint of the last experiment by rotating the reflecting mirror, and during this process,
the Leica Nova MS60 was used to record the current angle of the laser spot for each step
of angle change. In every rotation, the delay time of sweeping voltage should be changed
step by step to move the point-shape streak signal from one edge of the image to another
edge. The angle change step in this experiment was 0.1 degrees, and the delay change step
was 10 ns.
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Figure 8. Angle calibration experiment.

In the experiment, relative to the distance of the building, the Leica Nova MS60
had to be close enough to the lidar so that the error introduced by different positions of
the multistation and lidar could be ignored; otherwise, it had to be eliminated through
coordinate transformation between the coordinate system of the total station and the
coordinate system of the lidar.

Under the same delay and angle, we recorded 2000 images to take the average and
reduce the influence of jitter. This jitter was mainly imaging jitter in the space dimension,
which was different from the previous experiment, where the jitter in the previous exper-
iment was mainly imaging jitter in the temporal dimension. We calculated the centroid
of every image and obtained the average value of the centroid under the same delay and
angle; thus, more accurate angle information of the signal could be obtained based on its
position on the image.

The time calibration information was also included in the data of Experiment II. The
purpose of conducting Experiment I was to show that the light source used in Experiment I
was the laser of lidar and that the coordination of the time sequential between the detector
and the laser was better than that between the detector and the auxiliary laser in Experiment
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II. Therefore, the time accuracy of Experiment I was better. If the data from Experiment II
had been used for time calibration, there would have been a significant error. As evidence,
we calculated the standard deviation of two experiments, with Experiment 1 being 0.84 ns
and Experiment 2 being 2.52 ns.

3.2.2. Data Processing for Angle Calibration

A calibration array is also needed, as with the time calibration. At first, we should
calculate the centroid coordinates of the laser-point streak detected in Experiment II. The
centroid coordinate is expressed by (x, v)

Zgzl(xpxlp)
Ty lp
4
y= 1 (ypxIp) @
Y1 lp

X =

where P is the number of all pixels of the CCD (655,360, i.e., 1280 x 512, in this work),
I, is the gray value of the pth pixel on the streak image, x; is the horizontal coordinate
of the pth pixel, and y,, is the vertical coordinate of the pth pixel. In this experiment, the
horizontal axis is the time axis, and the vertical axis is the spatial axis. The horizontal and
vertical coordinates are the sequence number of the pixel on the time-resolved axis and the
sequence number on the space-resolved axis. The calculation results are shown in Figure 9.
Different from Equation (1), which is the centroid of a row, Equation (4) is the centroid
of the whole image. Moreover, threshold denoising was required for the image before
extracting the centroid.

Centroid

Figure 9. The centroid of the streak of the laser point in Experiment II.

Similarly to Equation (3) and Figure 7, we took the average of the horizontal and
vertical coordinates of all centroids under the same delay and angle to reduce the calibration
error, and one of the averages is shown in Figure 10. The black points are the centroids,
and the green star is the average of the centroids.

After taking all of the average values under every delay and angle, we obtained a
series of points that filled the entire area of interest, as shown in Figure 11. We can find that
the arrangement of these points was not horizontal or vertical, and the spacing between
points was also different because of optical and electronic imaging diffusion and distortion.
This phenomenon explains why STIL requires calibration.

Figure 11 shows the result after thinning because an overly dense point array is not
conducive to observing the arrangement phenomenon described in the previous paragraph.
However, during the actual calibration process, we aimed to obtain a denser matrix by
two-dimensional interpolation, such that a point that falls at any position on CCD can be
indexed to its angle value. We found that these points had both angle and time information,
but we did not use these points for time calibration because the light source was an auxiliary
laser rather than the laser of the lidar. There is a time jitter that cannot be ignored between
the auxiliary laser and the lidar.
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Figure 11. The centroid points after thinning under different delays and angles.

4. Calibration Results

To verify the effectiveness of the calibration method proposed in this paper, we carried
out a 3D topographic mapping experiment by airborne STIL.

The aircraft flew at an altitude of about 2000 m and a speed of about 70 m/s; the
terrain was relatively flat, with an elevation of about 100 m, and the surveying area was a
small town in northern China. After the same data processing operation as below, filtering
noise, calibrating the installation angle of the inertial measurement unit and optical system,
and correcting the inherent error in distance measurement, we compared the data of the
3D point cloud before and after the time and angle calibration proposed in this paper. The
results are shown in Figures 12 and 13.

Differently from the push broom scanning used in traditional STIL, we used a pen-
dulum broom scanning method [21]. Due to the fact that the streak tube detection system
could be seen as a linear array detector, the point cloud was composed of individual bands.
From Figure 12, we can find that the overlapping effect of the two bands was better at
the profile lines after calibration. Before calibration, even if the measured ground was flat,
its streak signal was irregularly curved, and the curvature of streak targets at different
distances was also different. After calibration, the streak signal on the flat ground became
smooth, and the splicing parts of the 3D point cloud overlapped better.

To evaluate the measurement errors before and after calibration, we measured the
geographic coordinates of the 30 points listed in Figure 13 with a Leica Viva G516 GNSS
receiver. We took the measurement results of Leica Viva GS16 as the reference values
and compared the point cloud data with them. We found that the range error (here, the
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BESProfile line (a)

root mean square error) of the point cloud after calibration was reduced from 0.41 m to
0.27 m.

(a) Before (a) After

(B) (@]

(b) Before (b) After

S T e e L T E N T LT T

(D) (E)

Figure 12. (A) Three-dimensional point cloud of a town, (B) the section at profile line (a) before
calibration, (C) the section at profile line (a) after calibration, (D) the section at profile line (b) before
calibration, and (E) the section at profile line (b) after calibration.

Figure 13. Three-dimensional point cloud of the measuring area.

5. Conclusions

In conclusion, we proposed a calibration method for the time dimension and space
dimension of STIL. Through this method, we obtained two calibration arrays, and more
accurate time and angle information can be indexed through these two arrays. Finally, we
conducted a validation experiment. The experimental results indicate that the time and
angle calibration method proposed in this paper is effective. The overlapping effect and
the range accuracy are all improved, especially with a 34% reduction in the range error.
Higher-ranging accuracy is more conducive to improving the practicality of the 3D point
cloud, such as target recognition, plant growth status monitoring, vehicle quantity statistics,
etc. Therefore, reducing the error by 34% is of great significance for the application of STIL.
The correction method proposed in this article can effectively reduce the errors caused by



Appl. Sci. 2023, 13, 10042 11 0f12

the temporal and spatial coupling caused by the STIL special mechanism. The improvement
of detection accuracy will play a positive role in the promotion of STIL.
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