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Abstract: The aperture of space telescopes increases with their required resolution, and the transmis-
sion optical systems with long focal length and diffractive primary lens are becoming increasingly
popular. In space, the changes in the pose of the primary lens relative to the rear lens group have
a significant impact on the imaging performance of the telescope system. The measurement of the
pose of the primary lens in real-time and with high-precision is one of the important techniques
for a space telescope. In this paper, a high-precision real-time pose measurement method for the
primary lens of a space telescope in orbit based on laser ranging is proposed, and a verification system
is established. The pose change of the telescope’s primary lens can be easily calculated through
six high-precision laser distance changes. The measurement system can be installed freely, which
solves the problems of complex system structure and low measurement accuracy in traditional
pose measurement techniques. Analysis and experiments show that this method can accurately
obtain the pose of the primary lens in real-time. The rotation error of the measurement system
is 2 x 1072 degrees (0.072 arcsecs), and the translation error is 0.2 um. This study will provide a
scientific basis for high-quality imaging of a space telescope.
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1. Introduction

A membrane optical telescope is a new transmission-type imaging space telescope
based on special functional materials [1,2]. Theoretically, it overturns the traditional
imaging systems, which rely on the primary lens with a curved surface. Technically, it
breaks through the bottleneck of increasing the aperture, such as telescope weight, tolerance
control of primary lens surface, and envelope size of primary lens [3,4]. Similar projects,
such as the Membrane Optic Imager Real-Time Exploitation (MOIRE) program supported
by US Defense Advanced Research Projects Agency (DARPA) [5-8], have been called the
21st-century space disruptive imaging technology.

In space, the relative pose (positions and orientations) of the optical elements, espe-
cially between the primary lens and the rear lens group, will change due to the changes in
the thermal environment and the structure, which will seriously affect the imaging quality
of the telescope [9-11]. Furthermore, it is found that the tilt and decentration of the primary
lens will make the telescope imaging quality decrease obviously [12,13]. Therefore, the
pose measurement of the telescope primary lens has become difficult to overcome urgently
in membrane optical imaging technology [14,15].

Traditional pose measurement techniques usually adopt multiple sets of measuring
equipment and sensors, which are complicated in structure and require high installation
accuracy [16-18]. It is difficult to meet the pose measurement requirements of the primary
lens of a large aperture transmission space telescope, and the calculation process is relatively
cumbersome [19-21]. Due to excessive system devices and installation errors, more errors
will be introduced [22,23].
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This paper presents a high-precision real-time measurement method for the pose of
the primary lens of a telescope based on laser ranging. First, the high-precision distance
information can be obtained using the laser ranging method, and then the high-precision
pose information of the primary lens can be obtained by calculation. Finally, the pose of the
primary lens can be calculated by using six distances obtained by laser ranging, and the
measurement system can be installed freely, which solves the problems of complex system
structure and low measurement accuracy in traditional pose measurement techniques.
The system has the advantages of a simple structure, convenient installation, and high
measurement accuracy.

2. Telescope System Design

We take a long focal length diffraction imaging optical system as an example; the
schematic diagram of the telescope optical system is shown in Figure 1. The diameter of
the primary lens is 1 m, the primary lens is a plane, and there are annular microstructures
prepared on the surface so that the light can converge on the relay mirror. The relay mirror
is 300 mm in diameter, and the relay mirror and the rear lens group are fixed in a frame.
The relay mirror is used to fold the optical path and shorten the total length of the system.
The rear lens group is responsible for correcting aberrations and providing the final image.
The primary lens is extended to the right place by trusses, and the distance between the
primary lens and the relay mirror is about 3 m. In order to ensure the imaging quality of
the telescope, the Modulation Transfer Function (MTF) @62.5 Ip/mm should be up to 0.1.
To meet the MTF requirement, the system needs to have good optical quality in terms of
resolution, contrast, and uniformity. The MTF is a measure of the ability of the system to
transfer contrast from the object to the image, and it depends on many factors, such as the
aperture size, aberrations, and diffraction effects, which is a challenging requirement for
a system with such a long focal length. Defocus tolerance is important for maintaining
the focus of the system over time and under different environmental conditions. The
focal depth is proportional to the square of the aperture diameter and the wavelength and
inversely proportional to the focal length. Therefore, the defocus of the system should be
less than 1/4 focal depth during the whole life cycle [24]. In summary, the long focal length
diffraction imaging optical system requires careful design and manufacturing to achieve
high MTF and low defocus tolerance. The use of annular microstructures, relay mirrors,
and rear lens groups are effective ways to improve the optical performance of the system.
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Figure 1. Schematic diagram of the telescope optical system.

As we all know, MTF is a key index in the evaluation criteria of an optical system.
The index assigned by the telescope system to the MTF drop caused by the change of the
pose of the primary lens is 0.98; that is, the MTF drop caused by the change of the pose
of the primary lens is less than 2%. Optical analyses show that the decentration of the
primary lens is most sensitive to the telescope optical system. Therefore, a tolerance of 1%
is assigned to decentration for MTF drop, 0.5% for distance, and 0.5% for tilt. Through
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Monte Carlo simulation, it can be known that in order to ensure that decentration caused
MTF drop within 1%, decentration should be controlled within £0.02 mm. Similarly, the
distance should be controlled within +0.1 mm, and the tilt should be controlled within
£0.02°. According to Shannon’s sampling theorem, their corresponding measurement
accuracy requirements should be 1/5 of the control requirements. In order to achieve the
requirement that MTF drops not more than 2%, the control requirements and measurement
accuracy requirements of the pose of the primary lens are provided in Table 1.

Table 1. Influence of each degree of freedom of pose on imaging and measurement accuracy require-
ments.

Pose Tolerance of Primary Lens MTF Tolerance Meas.u rement
Influence Requirements
Distance (translation along the z-axis) 0.5% +0.1 mm 20 pm
Decentration (transl.atlon along the 1% 10,02 mm 4um
x/y axis)
Tilt (rotation around x/y axis) 0.5% +0.02° 0.004°

3. Principle of Measurement Method
3.1. Establishment of Optical Model of Measurement System

The method is derived from the principle of the Stewart Gough platform, where the
platform and base are connected by six legs at three points on the platform and six points
on the base to form a hexapod geometry platform, as shown in Figure 2. The Stewart
Gough platform is a mechanical system that uses actuators to drive changes in the length
of legs inducing changes in the pose of the platform. For the pose measurement system, the
platform legs are the laser optical paths, which constitute the laser optical paths between
the primary lens and the relay mirror. In traditional Stewart Gough platforms, forward
kinematics is used to map expected changes in platform pose to changes in leg length. For
the pose measurement system of the primary lens of the telescope, the laser ranging lengths
are known, and the pose of the primary lens must be determined. This is achieved by using
an inverse kinematics technique, which generated a sensitivity matrix used to calculate
primary lens pose changes from the laser ranging length changes.
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Figure 2. Hexapod geometry Stewart Gough platform.
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In this method, six laser collimators are fixed on the edge of the relay mirror, and
three retroreflectors are fixed on the edge of the primary lens. Each retroreflector provides
reflected light for the corresponding two collimators so that six laser distances can be
obtained. According to the changes in the six measured distances and the initial coordinates
of the collimators and retroreflectors, the pose of the primary lens can be calculated. The
schematic diagram of the measurement principle is shown in Figure 3, where C1~C6 are
the laser collimators and A1~A3 are the retroreflectors.

primary lens
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Figure 3. The schematic diagram of the pose measurement principle.

3.2. Pose Calculation Algorithm

The sensitivity matrix is the basis of the pose calculation technique. The sensitivity
matrix defines the sensitivity of the pose changes of the primary lens relative to the relay
mirror to changes in the laser length. The change in the laser length is defined as the
sensitivity matrix multiplied by the changes in the pose

—
Al=S7p 1)

—
where S is the sensitivity matrix, p is the pose vector which includes three translations and

three rotations, and Zl is the laser length change. This is a simple linear algebraic equation,
which is the basis of the Stewart Gough platform pose calculation.

The sensitivity matrix is formed using the coordinates data measured by a laser tracker.
The laser path direction vectors must be established first. The coordinates of retroreflectors
a;, and the coordinates of collimators ¢; are measured. The direction vectors ¢; of the laser

are created
C;—4a;

e —al’

(i=1,...,6) 2)
The sensitivity matrix S is created by cross-multiplying the coordinates of the laser
collimators c; with the direction vectors. The origin of coordinates is located in the center of
the primary lens.
1 Xer e
s=| ©)
Ce X € €4

The sensitivity matrix is a 6 X 6 matrix that defines the sensitivity of the system to the
six degrees of freedom of rotation around and translation along the x-, y-, and z-axis of the
primary lens.
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After the sensitivity matrix is established, we measure six distances from the retrore-
flectors to the laser collimators L0; in the initial state. Then, the six distances from the
retroreflectors to the laser collimators in real-time L; are measured. And the changes in
distance are calculated

Al =L;—L0;,(i=1,...,6) 4)

In forward kinematics, the sensitivity matrix is multiplied by the desired pose to
determine the changes in path length. The inverse of the sensitivity matrix is needed to
calculate the changes in the pose from the changes in laser path length. The changes in the

pose of the primary lens relative to the relay mirror _p> are calculated

—
p=5"1Al (5)
—
where S~ is the inverse of the sensitivity matrix, Al the changes of laser leg length, which
can be obtained by two laser rangefinders.

4. Experiments
4.1. Laser Rangefinders

Laser rangefinders are the key equipment in experiments; the stability of their mea-
sured data largely determines the accuracy of experimental results. In addition, they have
a long working distance range of up to 50 m, allowing for measurements to be taken over
large distances. The laser rangefinders used in the experiment are two sets of IDS3005
laser rangefinders from ATTOCUBE Company (Munich, Germany), and the measurement
principle is shown in Figure 4a. One rangefinder weighs less than 2 kg, which makes it a
significant advantage for use in space telescopes. With a resolution of 1 pm and a repetition
accuracy of 2 nm, one rangefinder has three laser channels and can measure three distances
of data simultaneously. When two rangefinders are connected to a computer by a switch,
six laser channels can be measured at the same time, which constitutes six laser paths of
the measurement system.
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Figure 4. Principle and accuracy test for the laser rangefinder. (a) Principle of the laser rangefinder,
which is based on Fabry-Perot interference. (b) Accuracy test for the laser rangefinder, the laser
ranging accuracy is +0.5 um.



Sensors 2023, 23, 4833

6 of 10

IDS3005 laser rangefinder adopts the principle of Fabry-Perot interference [25], which
has many advantages: The size of the laser collimators can be very small; the beam spacing
can be arranged freely; directly measuring the metal surface; directly measuring the Angle
by three beams; allowing a large target Angle deviation; little environmental impact; easy
installation and debugging; used in vacuum, low temperature, radiation environment.
These advantages make the measurement fairly simple. Each channel consists of a telecom
fiber that is coupled to a collimator that transmits a beam of laser to the retroreflector.
The backward reflection of the fiber tip is the reference arm of the rangefinder, and the
measuring arm is the path through the collimator to the retroreflector and back again. The
measured optical path difference (OPD) corresponds to the distance between the fiber tip
and the retroreflector.

The measurement accuracy of the laser rangefinder was tested. The test was carried
out in a standard laboratory environment, where the retroreflectors were fixed at about 3 m
away from the collimators of the laser rangefinder, three channels of one laser rangefinder
were measured in 5 min, and the measured distance data were recorded by a data recording
software, as shown in Figure 4b. According to the measured data, it was determined that
the laser rangefinder is accurate to within +0.5 pum in such experimental conditions, with
little variation between two separate rangefinders. This is consistent with the measurement
accuracy data given by the manufacturer. Therefore, the error is acceptable and can meet
the experimental requirements. Therefore, we can use these instruments for the pose
measurement experiment.

Then, in order to determine the pose measurement accuracy under such laser ranging
accuracy, the relationship between the laser ranging accuracy and the pose measurement
accuracy was calculated by 10,000 Monte Carlo simulations, and the results are shown in
Table 2. This experimental system is highly accurate and precise in terms of rotation around
the x and y-axes, rotation around the z-axis, and translation along the x-, y-, and z-axes.
For example, in the experimental system, when the laser ranging accuracy is 0.5 um, the
accuracy of rotation around the x and y axes (tilt) Rx/Ry is 0.03”, the accuracy of rotation
around the z-axis (roll) Rz is 0.07”, the accuracy of translation along the x and y axes
(decentration) is 0.35 um. The accuracy of translation along the z-axis (optical axis direction
of the telescope) is 0.15 um, respectively, indicating highly precise control of the optical axis
direction of the telescope. Overall, this experimental system is highly precise and would be
ideal for conducting experiments that require highly accurate measurements of position
and orientation.

Table 2. Analysis accuracy (o).

Degree of Freedom Accuracy
Rx,y 0.03”
Rz 0.07”

Xy 0.35 pm

z 0.15 um

4.2. Ground Test

In order to verify the pose measurement method and its accuracy, an experimental
system was built, as shown in Figure 5. For convenience, a frame was used instead of the
primary lens of the telescope and its center was aligned with the center of the relay mirror.
At the same time, the frame was fixed to a high-precision hexapod platform to provide an
accurate reference pose. Three retroreflectors were attached to the edge of the frame. In
addition, six laser collimators were fixed to the edge of the relay mirror and connected to
the laser rangefinders by six fibers. Each retroreflector and collimator weigh only about
20 g, which makes the overall measurement system very light and flexible.
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Figure 5. Test system. Three retroreflectors (red circles on the right of Figure 5) were attached to the
edge of the frame, and six laser collimators (red circles on the left of Figure 5) were fixed to the edge
of the relay mirror to verify the pose measurement method and its accuracy.

After the experimental equipment was installed, the frame was first adjusted to the
initial position by the hexapod platform, and the six laser collimators were aligned with the
corresponding retroreflectors. Six initial distances were recorded at the initial position, and
then the hexapod platform was controlled to drive the frame; the change values of the six
new distances were recorded, and the pose can be calculated by the algorithm described
above. The pose obtained by this measurement method can be compared with the reference
pose of the hexapod platform to verify the accuracy of this measurement system.

To determine the accuracy of rotation and translation of the pose measurement method,
the hexapod platform was driven to rotate around the x-axis for step movement every
1 x 10~* degree and move along the x-axis for step movement every 0.4 um. The pose data
were measured once a second in 5 min. Figure 6 shows the test results of 1 x 10~* degrees
and 0.4 um step test of the measurement system, respectively. The error of rotation is
2 x107° degrees (0.072 arcsec), and the error of translation is 0.2 pm. The spikes on the
curve are caused by the fact that the hexapod platform has not been stabilized during
the motion. The test results of rotation around the y/z-axis and translation along the
y/z-axis are almost the same. The experimental results show that the accuracy of the
measurement system for tilt reaches 1 x 10~° degree level, and the measuring accuracy
for decentration reaches 100 nanometers level, both of which are much better than the
measurement requirements. The measurement and calculation were carried out on an
ordinary laptop computer, and the single calculation time is 5~10 milliseconds, which
achieves the purpose of high-precision real-time measurement.
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Figure 6. Test results of 1 x 1074 degrees and 0.4 um step test of the measurement system. (a) The tilt
error of the measurement system is 2 x 107> degrees, (b) The decentration error of the measurement
system is 0.2 um.

4.3. Error Analysis

During the experiment, there were some errors introduced by the environment and
other factors. The analysis shows that the errors are about tens of nanometers. These error
sources can be divided into three categories, namely, random errors, systematic errors and
environmental errors.

The random errors include detector noise, optical noise, reading error, etc. For the
measurement system, the typical value of these noises is about a few nanometers and
can be further reduced by averaging the distance data. Systematic errors include some
nonlinear periodic errors, which may be caused by optical crosstalk in the light source and
electrical crosstalk between reference channels. These errors should be controlled by the
design of the rangefinder system, which has little influence on the measurement results.
Finally, the environmental errors are mainly caused by ambient temperature and humidity
changes and air disturbance, which affect the stability of ranging data. Fortunately, we can
reduce these errors caused by environmental factors through the environmental information
compensation module of the laser rangefinder and finally control the errors caused by
environmental factors within tens of nanometers.

Overall, the errors introduced by the environment and other factors can be mitigated
through careful design of the rangefinder system and the use of compensation modules to
reduce the impact of environmental factors. By minimizing these errors, the accuracy and
reliability of the laser rangefinder can be greatly improved, making it an essential tool for
a wide range of applications, from surveying and mapping to industrial positioning and
robotics.

5. Conclusions

In this paper, a reasonable solution for pose measurement of a long focal length optical
telescope in orbit is proposed. Considering the simplicity and accuracy, a measurement
system is provided to realize high-precision real-time measurement. The step test results
show that the rotation error of the measurement system is 2 x 10> degrees (0.072 arcsecs),
the translation error is 0.2 um, and the single calculation time is 5~10 milliseconds, achieving
the purpose of high-precision real-time measurement. This method has the advantages
of simple structure, flexible installation, lightweight, non-contact, high-precision and real-
time, which lays a technical foundation for the pose measurement of the primary lens of
the space telescope. This measurement method also can be applied to other optical systems
and other related systems.
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