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In-Situ Metrology of Large Segmented Detector
Based on Modified Optical Truss

Qichang An , Hanfu Zhang , Xiaoxia Wu, Jianli Wang , Tao Chen, Jingxu Zhang, and Hongwen Li

Abstract—To precisely map cosmic structures and capture time-
domain events, future large survey telescopes will be equipped
with segmented detectors that greatly expand their field of view.
Segment flatness and assembly accuracy will be essential for them
to make accurate observations. Instead of physically measuring
distances between adjacent mirror surfaces, our modified optical
truss enables the angle (slope) between them to be calculated.
Furthermore, we calculated the relative tilt and piston between
the segmented detectors. The modified optical truss can measure
the flatness of a mosaicked detector before and after it is assembled
into a telescope. We reduced the volume, weight, and power of
our device compared with earlier versions. Its angular accuracy is
now better than 0.1 arcsecs, and, at a maximum scope of 500 µm,
the linear accuracy of the new truss is better than 25 µm. In fact,
accuracy and testing ranges are comparable to instruments found
in optics labs.

Index Terms—Large survey telescope, active optics, optical truss.

I. INTRODUCTION

MAJOR scientific discoveries have been made through
multi-messenger observation of the universe, such as

the accelerating expansion of the universe and the existence of
gravitational waves and exoplanets, leading to Nobel Prizes in
2011, 2017, and 2019 [1], [2], [3], [4].

Time-domain astronomy, an important area of future astron-
omy, requires large survey telescopes having stronger light-
collecting ability, higher imaging resolution, and a broader
collection spectrum within a wide field of view.

Focal plane detectors of large survey telescopes are comprised
of multiple high-performance detectors mosaicked together.
Their performance is limited by detector scale and budget.
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Ground-based telescopes, such as the 2.5 m survey telescope
of the University of Science and Technology of China, the VLT
Survey Telescope (VST), the Visible and Infrared Survey Tele-
scope for Astronomy (VISTA) for the Southern Hemisphere,
the Space Surveillance Telescope (SST) of the USA, and the
Gaia Sky Survey Telescope of the ESA, are all equipped with
large-format mosaicked detector arrays, as is the China Space
Station Telescope (CSST) [5], [6], [7], [8].

Generally, if the field of an optical system is large, its depth of
field (ability to focus) is correspondingly small. When a detector
array at the focal plane significantly deviates from the flat, it
causes defocusing, thereby reducing energy concentration and
thus the highest stellar magnitude the telescope can detect [9].

In situ metrology of a large segmented detector is necessary
to confirm the flatness of its detector array after it has been
assembled into a telescope.

Flatness can be determined using:
� a three-coordinate measurement instrument (range: 100

mm; accuracy: 10 µm).
� white light interference methods (range: 100 mm; accu-

racy: 0.01 µm).
� geometric triangulation, limited by the reflectivity of the

detector surface and interference of microstructures (range:
10 mm; accuracy: 1 µm).

� confocal scanning, limited to the axial dispersion area
(range: 1 mm; accuracy: 0.1 µm) [10], [11], [12], [13],
[14].

No measurement method can simultaneously achieve excel-
lent range and accuracy. Moreover, because all such methods
require a Precision Linear Displacement Stage,they cannot be
used for real-time monitoring. Furthermore, in contrast to tradi-
tional flat detection of a continuous surface, the geometric error
of a mosaicked detector is higher owing to its discontinuous
steps.

In our experiment, we used the slope of wavefront to recon-
struct the figure of merit of the detector. Instead of setting the
pupil conversion optical path, we employed the simple, fast, and
large dynamic range of In-situ Metrology of Large Segmented
Detectors [15].

The flatness of a large mosaicked detector can be determined
using slope measurements combined with frequency reconstruc-
tion, allowing the system to be adjusted accordingly. However,
instead of measuring the distance between mirror surfaces, we
investigated the use of a modified optical truss to obtain the
angle (slope) of a multi-segment detector. Then, we determined
the relative tilt and piston between the segmented detectors [16].
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Fig. 1. Detection principle based on optical truss.

The remainder of this paper is organized as follows:
� Section II explains the principle and process of flatness

measurement.
� Section III explains how simulation data were used to verify

the accuracy of our measurement method.
� Section IV describes the experiments that we performed

for testing and precision traceability.
� Section V summarizes the results of this study.

II. EXPERIMENTAL PRINCIPLE

In this section, we explain the principle and process of our
measurements, including our flatness detection procedure and
data processing method.

We assumed that the detector surface was a Lambert radiator;
that is, the detected brightness was independent of the obser-
vation angle. Therefore, we assumed a detector placed at any
position where light can be received can produce an image with
high robustness. Thus, the distribution law of light intensity
remains Gaussian and is not affected by wavefront distortion.
Therefore, when extracting the position of the image point, we
used a Gaussian shape as the fitting template to determine the
center position of the light point. Then, we estimated the slope
based on the deviation of the position.

A laser metrology truss (Fig. 1) is a new measurement tech-
nique. It uses lasers to form a “truss” that combines geometric
position changes and absolute phase measurements to achieve
high-range measurements of the component pose.

This method, based on multiple -input and -output controls,
can manage the dynamic pose and boundary changes of mea-
sured components and solve problems associated with single
optical or electronic methods that are limited by communication
bandwidth and integration time.

To calibrate the initial position of a light point, a plane mirror
with an equal size aperture can be used in the laboratory, whereas
a plane mirror with a small aperture can be used in situ.

Our method has a large measurement range, fast response,
and large bandwidth (up to several kHz, if a high-speed detector
is used).

We first calculated pose information based on our geometric
configuration. Then, we physically constructed a uniformly split
spatial beam using a grating. Finally, we detected the light-spot
position using a photodetector that measured the reflection from
the surface whose flatness was being assessed.

From the perspective of geometric optics, the ideal location
of a detector matrix would be on a spherical surface. Otherwise,
displacement of the light spot caused by two-dimensional de-
flection and axial movement of mosaicked detectors will cause
the light spot to be off-center, reducing sensitivity.

Based on the calibration of a known precision flat, we ob-
tained the initial position of the image point on the detector.
Subsequently, we determined the focal plane using information
obtained by varying the light spot on the target surface of the
camera.

Light propagation can be modeled using point-slope-based
spatial light equations and light-reflection matrices. For exam-
ple, light starting from the origin point O(x0, y0, z0)

T (on the
grating) and moving in the direction of Xd = (xd, yd, zd)

T

can be expressed as: ⎧⎨
⎩
x = xd t+ x0

y = yd t+ y0
z = zd t+ z0

(1)

Here, the direction vector has been normalized, and t is
the distance the light beam travels from the origin point,
O(x0, y0, z0)

T . The equation of the plane on which the mirror
is located is:

ax+ by + cz + d = 0 (2)

So, the intersection of the light and plane can be expressed
as:

ts = −axo + byo + czo + d

axd + byd + czd
, (3)

where ts is the distance the light beam travels from the origin
point O(x0, y0, z0)

T .
We used the direction–transformation principle of light;

namely, incident, normal, and outgoing light are located on
the same plane, and incoming light and outgoing light are
symmetrical with respect to the normal. The direction of ray
propagation can be found through coordinate transformation.

The geometric position of a light spot on a target surface can
be obtained through spatial tracing of each light wave beginning
with the incident light of the system. Slope information is
obtained from the difference in light intensity. Moreover, the
exact position of the light spot on the target surface can be found
by cross-comparison with the position of the incident point of
the light, thereby reducing the effect of systematic errors.

Different stages of the adjustment process have different error
modes. Because of the long optical path of the system, tilt error
is most prevalent during preliminary adjustment. After initial
inclination adjustment, the target surface, that is, the whole
detector, may shift a short distance along the plane. The location
of the image point may also move because of the tilt. However,
tilt error can be reversed using geometry. When we adjust the tilt,
the target surface moves a small distance in the normal direction
of the mirror surface. That translation (or step) error shifts the
position of the image point.

A mosaicked detector moves in the plane as a whole and
encompasses the tilt of each sub-block detector. (See the red
arrow in the lower half of Fig. 2.) When tilt is fully corrected,
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Fig. 2. Schematic of the light propagation model with only the step error in
the detector.

any movement in the vertical direction must be wholly caused
by piston error. If no change occurs in the light spot when the
target surface is moved extremely slightly in the plane or normal
direction, that means the focal plane has been fully adjusted.
However, when we completed our adjustments, a small deviation
from the ideal position still existed. (This residual deviation is
called the mosaicked detector error.)

We obtained Fig. 2 using the slope-testing method, whereby
the slope of each light ray is found using the difference in
light intensity. For slope testing, we obtained detector surface
shape through frequency domain integration. Considering the
one-dimensional solution for light intensity as an example, (4)
expresses the discrete Fourier transform:

X (k) =

N−1∑
n=0

x (n) e−j 2π
N kn, (4)

where n and k are integers, N is the sequence length, and J is an
imaginary unit. We assumed that x(n) and y(n) originate from
the difference, as shown in (5):

x (n) = y (n+ 1)− y (n) (5)

Substituting (4) into (5), we obtain (6):

X (k) =
N−1∑
n=0

[y (n+ 1)− y (n)] e−j 2π
N kn

=

N−1∑
n=0

y (n+ 1) e−j 2π
N kn −

N−1∑
n = 0

y (n) e−j 2π
N kn

= ej
2π
N k

N−1∑
n = 0

y (n+ 1) e−j 2π
N k(n+1) + y (0)− y (0)

−
N−1∑
n = 0

y (n) e−j 2π
N kn (6)

Substituting Y (k) =
∑N−1

n=0 y(n)e−j 2π
N kn into (6) when k

> 1, we obtain:

X (k) =
[
ej

2π
N k − 1

]
Y (k) + ej

2π
N ky (n)− y (0) (7)

And when k = 0,

X (0) =

N−1∑
n=0

[y (n+ 1)− y (n)] = y (N)− y (0) (8)

An equivalent transformation can be obtained when k ≥ 1.

Y (k) =
X (k)

ej
2π
N k − 1

+
ej

2π
N ky (n)− y (0)

ej
2π
N k − 1

(9)

Assuming the initial value of the original signal is y(0) = 0,
and combining it with the inverse Fourier transform, we get

y (n) =
1

N

N−1∑
k = 0

Y (k) ej
2π
N nk

=
1

N

N−1∑
k = 1

[
X (k)

ej
2π
N k − 1

ej
2π
N nk +

ej
2π
N ky (N)

ej
2π
N k − 1

ej
2π
N nk

]

+
y (N)

N
=

1

N

N−1∑
k = 1

X (k)

ej
2π
N k − 1

ej
2π
N nk

+
1

N

[
y (N) +

N−1∑
k = 1

ej
2π
N ky (N)

ej
2π
N k − 1

ej
2π
N nk

]
, (10)

where n and k are integers, N is the sequence length, and J is
an imaginary unit. By considering the real part on both sides to
simplify the expression, we can obtain (11).

y (n) = real [y (n)] = real

[
1

N

N−1∑
k = 1

X (k)

ej
2π
N k − 1

ej
2π
N nk

]

+ real

[
1

N

N−1∑
k = 0

ej
2π
N ky (N)

ej
2π
N k − 1

ej
2π
N nk

]
(11)

Here, real[ 1N
∑N−1

k = 1
X(k)

e
j 2π

N
k−1

ej
2π
N nk] is the integral algo-

rithm expression, and

Δ = real

{
1

N

[
y (N) +

N−1∑
k = 1

ej
2π
N ky (N)

ej
2π
N k − 1

ej
2π
N nk

]}

is the error of the algorithm.
In addition to using slope information for wavefront recon-

struction, this method can be used to obtain the root mean
square of the slope and to analyze and evaluate system alignment
and wavefront information. The root mean square of the slope
can directly characterize wavefront quality and have a direct
relationship with the traditional root mean square through a
transformation. It also has a good mapping relationship with
traditional representation methods [17].

III. TEST SIMULATION

In this section, we show how we verified our method using
simulation and by performing targeted analyses at different
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Fig. 3. Wavefront slope sampling and reconstruction accuracy. (a) Simulation
of optical truss detection results under a small aberration. (b) Surface detection
results under a small aberration. (c) Optical truss detection results under a large
aberration. (d) Surface detection results under a large aberration.

spatial frequencies. In large-aperture telescope system engineer-
ing, the detector target can be considered a low-order surface.
Therefore, the comprehensive influence of piston/tip/tilt can be
considered from the perspective of the overall surface shape of
the multi-element detector. For the actual adjustment process,
only local high points of low-order shape-fitting results need to
be corrected. The low-order surface shape of the detector surface
is fitted and can be characterized by its PV value (piston/tip/tilt
comprehensive influence) because that value directly determines
whether final imaging will be within the depth of focus.

A. Detector Figure Reconstruction

Here, reconstruction accuracy is analyzed based on the slope
information obtained by combining the light point position
movement and light path length. We reconstructed the flatness
of the detector based on slope information. Fig. 3 shows our
simulation results. According to the cross-sectional information,
the main test errors are located at any edge, which means that
they have little influence on the final topography measurement
for adjusting the detector topography information of a large
target surface.

Using the ability of the Zernike polynomial to characterize
aberrations, we conducted a simulation. An accuracy better
than 0.1 wavelength for a testing range of one wavelength was
achieved. However, for a test range of 10 wavelengths, the
accuracy was better than one wavelength. Thus, the accuracy
of slope testing depends on the scope or range it covers.

It can be seen from Fig. 3 that this method can effectively
extract the required low-order surface shape (the data can be
used as a correction to the optical design model), whether it is
a complex spatial frequency component or a single dominant
spatial frequency. Specific adjustment of PV (piston/tip/tilt) can

Fig. 4. Higher-order surface shapes and their sampling. (a) Slope of the
reconstructed contour data compared with the original measured data. (b) Local
reconstruction accuracy.

be obtained by local plane fitting for areas that do not meet
depth-of-focus tolerance.

Fig. 4(a) shows the higher-order surface shapes and their
samplings. Fig. 4(b) shows the slope of the reconstructed contour
data compared with the original measured data for a typical
surface shape. The accuracy was better than 0.1 wavelength.
The figure shows that this method is well-suited for measuring
both flat and steep surfaces.

B. Error Analysis

The structure-function (SF) represents the total energy of
turbulent flow contained within a specific scale, which we later
introduced into the evaluation of the system wavefront. It was
intended to characterize surface undulations introduced by dif-
ferent processing or support methods at a specific scale. The
basic definition of the structural function of the wavefront is
given by:

SF (λf) =
〈
[W (u)−W (u+ λf)]2

〉
, (12)

where f is the spatial coordinate, u is the characteristic frequency
of the wavefront, W(u) is the complex amplitude after the pupil
mask, λ is the wavelength, and 〈•〉 is the average wavefront.
Through an analysis of the structural function, we observed that
the main characteristic spatial frequencies can all be reflected.
For different spatial frequencies, we observed certain changes in
the proportionality coefficients. Simultaneously, changes at the
largest evaluation scale were mainly due to edge-down sampling
(straight edges instead of round edges).

The CCD pixels were 10 µm on a side. Therefore, the detection
area was 100 µm2. Additionally, considering the geometric
relationship between the Vignetting and spot size, the maximum
detection range must have been greater than 10 mm.

At least two points are required in a single direction on each
mosaicked detector sub-segment block. Fig. 5 shows how re-
construction surface structure functions correspond to different
sampling rates. The actual introduced PV is 40 nm. The yellow-
colored area represents the difference between the original
surface structure function and the reconstructed wavefront. By
comparison, it can be seen that at a lower sampling rate, a better
characterization effect can be obtained. From the perspective of
structure function, due to the sawtooth boundary, there will be
additional offset near the aperture scale.
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Fig. 5. Sampling rate structure function and error analysis. (a) High-sampling-
rate structure function and error analysis. (b) Low-sampling-rate structure
function and error analysis. (c) Reconstruction figure of the low sampling rate.
(d) Reconstruction figure at a high sampling rate.

IV. EXPERIMENTAL VERIFICATION

We conducted experiments for testing and precision traceabil-
ity using deformable mirrors to generate specific aberrations and
existing algorithms to solve them.

Fig. 6(b) shows the simple optical system used for verification.
A Gaussian beam uniformly distributed in space is formed using
a laser and grating. The light-emitting position is above the axis
of rotation symmetry of the system, and the angle between them
is kept as small as possible (< 5°). The initial light spot position
is fixed by flattening the deformable mirror. After voltage is
applied, the surface shape of the deformable mirror changes,
causing the light spot position to deviate from its original posi-
tion. That offset, combined with the known distance information,
enables surface reconstruction to be performed.

The grating has low heat sensitivity owing to its small size
and low thermal inertia and can be used for in-situ detection
under different temperature loads. We projected the point light
source onto the deformable mirror after the light passed through
the beam expander system. The light then entered the target
surface of the detector through the lens group. When the system
was perfectly aligned, with no aberration, the light spots on the
detector were arranged evenly. In an actual system, because of
aberration, the final light spot deviates to a certain extent. A
deformation mirror can be used to detect the shape of the detector
surface. The slope of the wavefront and corresponding system-
pose information can be obtained by comparing the position of
the light spot with its standard position. Yellow boxes show the
light spot positions on the detector target.

In the actual detection process, due to inconsistency between
the middle and edge parts of the detector substrate and process-
ing error, the integrated effect of the system piston/tip/tilt was
mostly manifested in a basic mode, such as coma/trefoil. Desk-
top experiments were conducted to verify these basic models.

Fig. 6. Optical truss detection results. (a) Initial light point position detection
site and experimental optical path. (b) Verification experimental system and its
optical path diagram. (c) Light point intensity difference after adding a coma
aberration. (d) Wavefront solution after adding a coma aberration. (e) Light
point intensity difference after adding a coma aberration in the other direction.
(f) Wavefront solution after adding a coma aberration in the other direction. (g)
Light point intensity difference after adding a trefoil aberration. (h) Wavefront
solution after adding a trefoil aberration.

Fig. 6 shows coma aberration in two different directions with
the measured relative slope. As in [18], we used the Hartmann
sensor to calibrate the accuracy of the aberration generation
system. The precision traceability of detector flatness can be
realized by using the flattening precision of the deformable
mirror. The flattened shape precision of the deformable mirror
was 1/20 of the wavelength (633 nm).

We amplified coma aberrations in different directions and
generated trefoils with large amplitudes. The aberration type
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is consistent with the added type. The root-mean-square error
of the wavefront was within 0.1 wavelength for a wavelength of
633 nm.

According to precision-transfer principles, experimental mea-
surement precision combines the squares of the flattening and
measurement errors. This yields an accuracy of better than 0.1
wavelength in the 2-wavelength range. The focal length was
100 mm, and the angular accuracy was 0.1 arcsec. When the
maximum scope was 500 µm, the accuracy was better than 25
µm at a wavelength of 633 nm.

V. SUMMARY

Because of the small mass and high stability of our optical
truss, it can be used for on-site, in-situ calibration purposes.
Because the laser we used has good monochromaticity and
strong directionality, it can be used for the detection of system
spectral characteristics. Testing the flatness of large, mosaicked
detectors on a slope has many advantages, such as high ro-
bustness and stability, non-interference, and anti-interference
when compared with methods that use interference or wavefront
sensing.
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