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Abstract: A bent Cassergrain focus was used to connect a daytime imaging system to a 1.2 m aperture
vehicular telescope. The system employs a short-wavelength infrared waveband for precise tracking and
corrects the global atmospheric wavefront tilt at the same time. Double-pass imaging is applied to the
near-infrared waveband to produce the image, while the phase-diversity technique is used to restore the
image resolution. The system can detect and correct objects with a magnitude 5 or less at an image
resolution that is close to twice the diffraction limit. The observation time is 6 hours longer than that of
the adaptive system.
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0 Introduction

The imaging by an opticalsystem mainly depends on the reflection of sunlight and thermal radiation of

objects. Mainstream optical imaging systems with large apertures work in the visible or near-infrared
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region because this provides a higher optical resolution than the middle- and long-wavelength infrared
regions with the same aperture. However, the effects of the sky background and atmosphere mean that
these high-resolution imaging systems can only work when the observation station and target are at
suitable relative positions, which is during sunrise and sunset. Thus, these imaging systems can work 4 h/
day at most. New techniques and methods are needed for optical systems with large apertures to produce

[ To achieve short-exposure and high-resolution imaging,

[5-7]

high-resolution images in the daytime
American scientists have designed a GEMINI system that uses phase-diversity technology and is based
on a 1.6 m aperture telescope, while CIOMP of Chinese Academy of Sciences applied lucky imaging and

1519  However, these two methods do not correct for the

multi-band switching to achieve daytime imaging
atmospheric wavefront distortion, which decreases the image resolution.

In order to improve the image resolution of an optical system, we considered a daytime high-resolution
optical imaging system that is based on a bent Cassegrain focus and 1.2 m aperture telescope. The system
design includes relay optics, a precise tracking and tilt correction system, and a short-exposure imaging
system. High-resolution imaging in the daytime is achieved by correcting for the atmospheric wavefront tilt
in the short-wavelength infrared band, performing a double pass in the near-infrared waveband, and
applying phase-diversity technology for super-resolution on the wavefront. We verified the resolution
capacity to be near the diffraction limit for the 1.2 m daytime short-exposure high-resolution optical
imaging system. The working efficiency of the optical system was improved because the imaging period is

extended to 8 h during the daytime, and an image resolution of higher than 0.4” was achieved.

1 Bent Cassegrain system

Fig.1 shows the bent Cassegrain configuration
that was applied to the 1.2 m active optical system.
The light froman infinite target is reflected by the
mirrors M1 and M2 to the planar reflector
M3t12l - M3 then reflects the light to the bent
Cassegrain focus, which connects the telescope and
daytime high-resolution optical system. This
system can collect optical energy with a large
aperture and deliver the light beam in the optical
system. It also provides a wavefront beam with
good field quality. The bent Cassegrain-based Fig.1 Optical layout of the Cassegrain focal optical system
active optical system has the following advantages:

a short optical path, movable observation, and no image rotation. Table 1 presents the optical parameters

of the bent Cassegrain-based active optical system.

Table 1 Parameters of the active optical system

Optical parameters Required index
Aperture 1 200 mm
Focal length 15 mm
Field of view 6'
Obscuring ratio <5%
Spectral range 700~1 700 nm

2 Daytime high-resolution optical imaging system

2.1 Sky background analysis
As we know, sunlight and the radiation of the target are the light sources of the target image.
Therefore, the reflection luminance and radiation intensity of the target are determined by the orbital
height of the target!'*'*, location of the observation station, and relative positions of the target and Sun.
In the near-infrared visible waveband, sunlight is the main light source for imaging a space target. The
magnitude of a satellite, which depends on the orbital height, can be calculated as follows
0312003—2
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M?, :1_26.74_2.5 log]() [APF(¢>]+5.0 log]() (R ) (1)
where A is the cross—sectional area of the effective target reflection, p is the reflectivity of the target, R is
the observed slant distance of the target, and F (&) is the phase angle function. If the space target is

assumed to be a diffused cylinder, its phase angle function can be specified as
1
F(@):E{[(n*go)cos @+sin ¢] (2)

Thus, the magnitude of a target is influenced by the sky background and elevation angle. In this
work, the space target (i.e., a cabin with a length of 10 m and diameter of 3.5 m) is represented as a
diffused cylinder with a cross-sectional area of 35 m*. The elevation angle dependence of the magnitude is
shown in Fig.2, where the different line style corresponding to different phase angles. To obtain these
results, we set the observed distance of the space target from 340 km to 1 270 km and the surface
reflectivity to 0.6. We also considered the influence of the atmospheric transmittance. The luminance of the
space target had a magnitude of greater than 2.5 with a phase angle of less than 90° and elevation angle of
greater than 30°,

The atmosphere is the main factor that influences the transmitting path of photons because of the
background formed by atmospheric radiation, atmospheric extinction, atmospheric refraction, and

6] The atmospheric extinction is the reduction in brightness of the space target as

atmospheric turbulence
its photons pass through the atmosphere. The wavelength dependence of the atmospheric transmission is
shown in Fig.3, where the curves correspond to different zenith angles. Different atmosphere windows-
which include visible light, near-infrared light, short-wavelength infrared light, middle-wavelength
infrared light, and long-wavelength infrared light-are induced by atmospheric extinction. The I, J, H, L,
and M atmosphere windows were chosen to realize imaging space target with multiple wavebands. Because
the effect of atmospheric extinction decreases as the zenith angle increases, the signal-to-noise ratio of

imaging is obviously high at large elevation angles.

Fig.2 Relationship between the target's magnitude and Fig.3 Changes in the atmospheric transmittance with

elevation angles of the observation respect to the zenith angle

The AEOS telescope measured the sky background radiation and indicates that stray radiation changes
with time. This indicates that the influence of atmospheric scattering increases with the elevation angle.
Furthermore, wavebands less than 600 nm are significantly scattered. Therefore, the influence of
atmosphere on the background can be reduced by choosing a waveband larger than 600 nm for daytime tilt
correction and imaging.

2.2 Optical system layout

The daytime high-resolution optical imaging system is fixed on the bent Cassegrain focus of the 1.2 m
telescope. As shown in Fig.4, the gathered light beam, which is reflected from the planar reflector M3 (see
Fig.1), is collimated by the relay optical system, After split-spectrum processing, the light beam then
travels into the precise tracking and tilt correction system and high-resolution double-pass imaging system.
The relay optical system collimates the light gathered by the active optical system into parallel light, which
provides an exit pupil that matches the tip-tilt mirror in the tilt correction system" ", The short
wavelength infrared light (0.9~1.7 um) is reflected into the tilt correction system by CS1, which is a
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critical component for split-spectrum processing. At the same time, near-infrared light (0.7 ~0.9 pm)
passes through CS1 and is then split based on the energy by the spectroscope BS in the double-pass high-
resolution imaging system. Therefore, the daytime double-pass optical system realizes pupil relay,

atmospheric wavefront tilt correction, and high-resolution imaging with various wavebands.

Fig.4 Layout of the daytime resolution imaging system

2.3 Tilt detection and correction

The atmospheric turbulence influences the imaging quality of a telescope in two ways: the global
wavefront tilt and local wavefront distortion. According to the Kolmogorov atmospheric turbulence theory,
when 2.5 standard deviations of the normal distribution covers about 98.4% of the range, the global

atmospheric wavefront tilt can be expressed as

A=712.5/0.182 « (D/r,)"* « (A\/D)* rad (3)
For a 1.2 m telescope, when r, is 7 cm, the atmospheric tilt is
A,=+2.5./0.182« (D/r,)"" « (A/D)* rad=+2.5" (4

In addition to the atmospheric global wavefront tilt, the system also has residual tracking errors that
can show up in the wavefront tilt of the entrance pupil. Because the wavefront tilting caused by the residual
tracking errors of the 1.2 m telescope is less than 5", the correction of the global wavefront tilt at the
entrance pupil of the telescope is

s=+/(5*+2.77) ==£5.7 (5)

Therefore, the tilt detection and correction system mainly measures and corrects two kinds of tilt; the
global atmospheric wavefront tilt and wavefront tilt caused by residual tracking errors of the system. These
two functions are fulfilled by a closed loop of detection and correction that comprises the tip/tilt mirror,
CS1, T-lens, and detector. According to the object amplification relationship, the magnification of the tip/
tilt mirror is m =1200/40=230. Therefore, the distance of the tip/tilt mirror is

8 ==+5.7"X30==+171"=+2.85 (6)

The tip/tilt mirror and entrance pupil of the system should completely match each other conjugately.

Table 2 presents the parameters of the tilting mirror.

Table 2 Parameters of the tilting mirror

Tip/tilt mirror component type Plane mirror
Surface accuracy 10 nm (RMS)

Stroke +200"

Clear aperture 40 mm

The optical parameters of the tilt detection and correction system were obtained as follows: a pixel
sensitivity of 0.5"~1", working waveband of 0.9~1.7 um, field of view of 2’, and distance of the tip/tilt
mirror of =|3"|. In this tilt detection and correction system, the global wavefront tilt at the entrance pupil
is detected and corrected by splitting the spectrum.

2.4 Double-pass imaging system

The atmospheric turbulence influences the imaging quality of a telescope in two ways: the global

wavefront tilt and local wavefront distortion. According near-diffraction-limited high-resolution imaging is
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achieved with the double-pass imaging system, which is where the light beam corrected by the tilt

correction system. According to the Rayleigh criterion, the diffraction-limited angular resolution for the
waveband of 700~900 nm using the 1.2 m telescope is

A 0.8 ”

e=1.22 B:l.ZZXﬁ:O.lfﬁ 7

Therefore, the imaging system should be an optical system with a large F number. Table 3 presents

the parameters of the high-resolution imaging system. The Full Width at Half Maximum (FWHM) was

used to measure the resolution of the near-diffraction-limited optical systems. The Root Mean Square

(RMS) wave aberration of the system in the field range was better than A /60.

Table 3 Optical parameters of the imaging system

Optical parameters Required index
Clear aperture 1 200 mm
Focus length 70 m
Field of view 40"

FWHM Superior to 0.2"

Wavelength region 700~900 nm

3 Phase-diversity speckle technique

Fig.5 illustrates the main principle of the Phase-Diverse Speckle (PDS) technique. Two Charge-
Coupled Device (CCD) cameras (of the same model) are placed on the focal and off-focus planes,
respectively, while a beam splitter is set on the original light path to generate a known defocusing
distance®™, Multi-frame data of the object are collected in pairs at the same time, while the collection
time is controlled by the same external trigger pulse. In order to clarify the image, the information of the
instantaneous optical wavefront is estimated with the Fourier optical principle, and the closest solution to

the real image is obtained by applying the inverse filtering and optimization method.

Fig.5 Principle of the phase-diversity technique

The principle of PSD image restoration is based on the assumption that the noise distribution of the
camera follows a Gaussian distribution. An evaluation function is built to express the relationship between
the actual target and ideal target. Then, an evaluation function unrelated to the target is obtained by using
the maximum likelihood to estimate a separate target as an independent intermediate step from phase
estimation. Thus, image restoration can be described as a nonlinear optimization process for seeking
extrema. Wavefront information and the ideal image can be obtained by applying various optimization

0312003—5



methods, including the limited-memory quasi-Newton code for bound-constrained optimization (L-BFGS-
B).

The basic mathematical model for PSD restoration assumes that the atmosphere and telescope are a
linear and space-invariant system. With an incoherent light source, imaging with the Gaussian noise model
is given by

d(x)=f(x)*s(x)+n(zx) (8)
where d is the target image collected from CCD, f is the ideal image of the target, s is the point spread
function, n is the Gaussian noise, and x is the image coordinate. Under the near-field condition, the point
spread function can be expressed as

s(x)=|F "{P(v)e¥}|* (9
where F ! is the inverse Fourier transform, v is the pupil surface coordinate, and P is the pupil function.

Here, ¢ is the wavefront phase that can be decomposed into a group of the sum of Zernike polynomials

M
o(0) =0(0) + Dla,z, (v) (10)

m=4

where a,, is the polynomial coefficient, z, is the base of Zernike polynomials, and 0 is a known constant
corresponding to the defocus phase.

Based on the Gaussian noise model, the mean square of the target and multi-channel image can be used
as the following likelihood function for the frequency domain

1 5 A A
L(f,{a},>:ﬁ2(22 | D, (u) —FSt . (u) |*+7 | FGuw) |9 (1D

t=1 c¢=1

where u is the coordinate in the frequency domain; T is the number of frames; C is the number of
channels; N is the total number of pixels in a single image; {a}, is the Zernike polynomial coefficients of ¢
frame that needs to be solved; and D (u), F(u), and S (u) correspond to the actual target image,
idealistic target image, and point spread function, respectively, for the frequency domain after the Fourier
transform. The second term in brackets is the Tikhonov canonical term, which improves the stability and
convergence speed of the algorithm, while ¥ is a non—negative coefficient.

According to the maximum likelihood estimation, the target estimation can be separated as an

[23-24]

independent intermediate step from the phase estimation . By differentiating Eq. (9) with respect to
the Fourier transform of the ideal target image F (u) and evaluating it at 0, we can obtain an evaluation
function that is unrelated to the target, as shown in Eq. (11). With this evaluation function, image
restoration can be described as a nonlinear optimization process for seeking extremum. This process can be
used to obtain the optimum Zernike polynomial coefficients with an appropriate searching algorithm and

then estimate a clear ideal image.

4 System integration testing and imaging

4.1 System integration testing

As shown in Fig. 6, the daytime optical
imaging system was integrated and tested in lab.
The test included wave aberrations, simulated
imaging with white light, and aberration of the
phase diversity.

The precise tracking and tilt correction system
employed a short-wavelength infrared camera with
the following parameters: a waveband of 0.9~
1.7 pm, resolution of 640 pixel X 512 pixel, and
pixel size of 20 pum. The double-pass high
resolution imaging system employed a DV887
camera with the following parameters: a waveband

of 0.7~0.9 pm, resolution of 512 pixel X Fig.6 Indoor integrated daytime imaging system
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512 pixel, and pixel size of 16 pm. As shown in Fig.7, we used a dynamic interferometer to test the auto-
collimation of the wave aberrations of the relay optical system, precise tracking and tilt correction system,

and double-pass imaging system.

Fig.7 Testing results for wave aberrations of systems

4.2 Stellar object imaging

In order to test the ability of the daytime imaging system on the telescope, we used a completely
tested 1.2 m telescope-based daytime imaging system during the daytime to observe stars.
4.2.1 Imaging of a stellar object

At 10 : 03 am on August 14, 2016, we imaged a stellar object with a magnitude of 4.32. Fig.8 shows
the original image taken by a camera and the image restored with the phase-diversity technique. The
comparison of the two images shows that most of the atmospheric wavefront distortion was corrected. The
imaging FWHM was 0.352", and the resolution was close to twice the diffraction limit when the precise

tracking and tilt correction system was used with wavefront phase-diversity restoration.

Fig.8 Images of the stellar object with the phase-diversity technique

4.2.2 Imaging of a double star

At 15 ¢ 22 pm on April 11, 2016, a double star was imaged with the precise tracking and tilt
correction system and wavefront phase-diversity restoration. Fig.9 shows the results. The magnitudes of
the two stars were 5.33 and 5.62, respectively, while the distance between them was 0.4' . The resolution

of the restored image was close to twice the diffraction limit.

Fig.9 Images of the double star with the phase-diversity

4.3 Imaging of the international space station

At 10 ¢ 55 am on October 22, 2015, precise tracking, tilt correction, and phase-diversity imaging
restoration were applied to imaging the International Space Station. The elevation angle of observation was
28.5°. As shown in Fig. 10, the image resolution was significantly improved.

0312003—7



Fig.10 Images of the ISS (left) before and (right) after restoration with the PD technique

4.4 Imaging results andanalysis
The residual aberration of the optical system can be calculated by using the resolution of the system,
which is represented as
a:ijgo (12
where a is the wave aberration of the system in radians and ¢ is the wave aberration of the system in terms
of the wavelength. The Strehl ratio of the system is given by
exp(—¢s?) 0<s"<C0.059 rad*
0.99689—0.94515" +0.57655" —0.212485" +0.041625°
Strehl= f , ) (13
—0.00328" 0.059 rad*<<s?<4 rad®
0.5712¢° 4 rad*<s’
Therefore, the angular resolution of the system is

resolution=1.22 (i

D)m

Under the influence of general atmospheric distortion, the resolution is 1”. According to Eqs. (12) and
(13), the Strehl ratio is 0.023, and the rms wave aberration of the system is 0.366 A. And the resolution of

(14)

single stellar is 0.352", So the Strehl ratio is 0.27, and the rms wave aberration of the system is 0.175A.

It is proved that the resolution of 1.2m vehicular daytime imaging system(VDIS) has been improved
from 1” to 0.352", which is near 3 times. And the rms wavelront error has been corrected from 0.3661 to
0.175), which is near 2.2 times.

Now, there are also some factors that influence the image resolution of 1.2 m VDIS: Firstly,
atmospheric wavefront distortion includes global wavefront distortion and high-order wavefront distortion.
Tilt correction system only corrects global wavefront distortion. The remaining high-order wavefront
distortion needs adaptive optical system to correct. Secondly, even with the stray light suppression design,
the daytime solar stray light still has a great impact on the imaging signal-to-noise ratio, which makes the
imaging resolution of the system reduced and the detection ability decreased. Finally, 1.2 m vehicle-borne
telescope is located in the strongest position of atmospheric turbulence on the surface, which has a great

influence on imaging resolution.

5 Conclusion

The daytime imaging system can reduce the atmospheric wavefront distortion by over 50% and
significantly improve the image resolution. Considering the practical results of the integration testing and
imaging of the vehicular daytime imaging system based on a 1.2 m optical telescope, we conclude the
following: 1)Up to 50% of the atmospheric wavefront distortion can be corrected with the precise tracking
and atmospheric global wavefront correction, while using the phase-diversity technique for imaging the
near-infrared waveband results in a resolution close to twice the diffraction limit; 2) Because the daytime
imaging system can be moved with telescope, high-resolution imaging can be achieved at different
observation stations, longitudes, latitudes, and atmospheric visibility; 3) The work efficiency is improved
because the daytime imaging system can work from 8 am to 11 am and from 1 pm to 5 pm., which extends
the daytime working time by 6 h.
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