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Abstract: In order to further explore the technical difficulties involved in orienting the sparse-aperture
imaging system towards practical applications, this paper proposes an optical-mechanical structure
design scheme and performance simulation, as well as actual alignment on the beam steering and
adjustment structure, which is the core component of the Golay3 sparse-aperture imaging system.
The beam steering and adjustment structure corrects the cophasing error by using a combination of
mechanical rough adjustment and piezoelectric ceramic precision adjustment. The beam adjustment
capability of the beam steering and adjustment structure is analyzed by simulation when the system
contains the piston error and the tilt error. The piston error is controlled within 12 pm and the tilt
error is controlled within 1200 urad through the mechanical rough adjustment light path using a
large-diameter collimation as the point light source, which realizes the confocality of three beams
and mutual interference between two beams. With the USAF1951 resolution test panel display
in the distance as the surface target, the adjustable piezoelectric ceramics control the piston error
within 55 nm and the tilt error within 0.25 prad, obtaining the surface target imaging result of the
sparse aperture.

Keywords: Golay3; sparse aperture; optical-mechanical design; system alignment

1. Introduction

A sparse-aperture imaging system collects beams through multiple small-diameter
subapertures, and the beams interfere with each other to achieve high-resolution imaging,
thus obtaining a spatial resolution equivalent to that of a large-aperture optical system [1].
However, due to the discrete subapertures and the complex light path structure, the
alignment of a sparse-aperture system needs to be conducted at a nanoscale, which brings
great challenges to the beam adjustment structure design and the specific alignment [2].

The Golay3 array structure was first proposed by Marcel J. E. Golay in 1970 [3]. In
the actual system development, the detection and correction of the phase error between
subapertures are important for optical synthetic-aperture telescope systems that have
separate mirror structures. One of the important reasons why the six-subaperture synthetic
telescope—MMT (Multiple Mirror Telescope) established by the University of Alexandria
in 1978—was forced to be replaced with a single-aperture telescope was that the cophasing
problem was not being well addressed [4]. A three-aperture test platform Phasar was
developed by the Air Force Research Laboratory in 1988. Each sub-telescope in the system
has an optical path difference adjuster (OPDA) consisting of a fast steering mirror, and each
OPDA has four actuators for the correction of the two-dimensional tilt error and piston
error. The four actuators are driven by the signals of the wavefront piston and the tilt
sensor [5], enabling the system to realize the cophasing control between the subapertures.
However, the system structure is too complex. In 2004, Lockheed Martin developed a
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Subapertures

novel and adaptable optical telescope comprising an array of nine identical afocal sub-
telescopes, which was named the multiple instrument distributed aperture sensor (MIDAS).
The light path of each sub-telescope, which consists of five plane mirrors, is an integrated
component. A retro-reflecting roof mirror is used to precisely control the optical path
length without introducing beam tilt, and can be used to correct small image rotation
errors [6,7]. This scheme contains many sub-mirrors, as the processes of beam alignment
and cophasing error adjustment are complicated. Salvaggio et al., from the Rochester
Institute of Technology, improved the sparse-aperture design framework by the genetic
aperture method in 2015 [8,9]. They experimented with a 4f optical system with a sparse-
aperture mask plate and introduced the wavefront error into the system, conducting a lot of
research on imaging quality [10]. They did not, however, make independent cophasing error
adjustments for each aperture. It can be seen that a stable and reliable phase adjustment
device is critical to the coefficient aperture system, and the extremely complex design will
make it difficult to adjust and control [11]. According to the existing report, it is found
that the structure design of the beam control scheme is either too complicated or does not
consider the adjustment function. Therefore, it is necessary to design a concise, stable, and
practical cophasing error control structure.

Considering that the sparse-aperture imaging system realizes simultaneous imaging
by steering in multiple light paths, this paper systematically analyzes the core component—
beam steering structure. An integrated design has been achieved for steering and phase
control. The mechanical and optical structure and properties are optimized and realize an
efficient and stable beam steering and adjustment structure.

2. Requirements for Overall Structure and Beam Adjustment Accuracy of the
Golay3 System

2.1. Structure and the Optical Path of the Golay3 System

In order to meet the actual engineering applications, a three-aperture imaging system
(Golay3 system) is developed using a modular design scheme. The side view of the
light path structure and the three-dimensional model (in CATIA software) are shown
in Figure 1a,b, respectively. The system is divided into three main structural modules,
namely the subaperture system, the beam steering and adjustment structure, and the
synthetic imaging system [12]. The fast steering mirror (FSM) is the core component of the
beam steering and adjustment structure. The main system parameters and experimental
requirements of the Golay3 system are shown in Table 1.

Subapertures

Beam Beam ad justment
ad justment Synthetic

imaging ——y
ynthetic

(a) (b)

Figure 1. Golay3 system: (a) side view of the light path structure; (b) three-dimensional model.



Appl. Sci. 2022,12, 4003 30f13
Table 1. Main system parameters and experimental requirements.
Item Parameters
Subaperture size 200 mm
Equivalent aperture 570 mm
Focal length 6000 mm
Field of view angle 0.2°
FSM mirror 40 mm
Point source experiment Three-beam interference
Image source experiment The piston error < 55 nm, The tilt error < 0.25 prad

As shown in Figure 1a, if there is position error between the subapertures, then the
phase of the beams with different passing light paths will be different. It will influence
the imaging quality directly. We define the phase error of the beams passing through
different subapertures as the cophasing error. The key to the high-resolution observation
of the Golay3 sparse-aperture imaging system is the ability to control the cophasing error
on the imaging surface within the allowable value range after steering the incident light
field between several discrete subapertures. Therefore, the beam steering and adjustment
structure must meet the stability of light path steering. Meanwhile, the high accuracy
and flexibility of light field adjustment should be achieved. This puts forward higher
requirements for the integrated design of the steering and adjusting of the beam steering
and adjustment structure [13].

2.2. Theoretical Analyses and Numerical Calculation of the Cophasing Errors

Cophasing errors are mainly piston errors and tilt errors [14], which will cause a
serious decline in the image quality. To control the cophasing errors of the sparse-aperture
imaging system, we must specifically analyze the influence of the errors.

MTF is a good method to specify the image quality of an optical system and we can
start from the pupil function. The total pupil of the sparse-aperture system is a combination
of multiple sub-pupils. If the pupil function is expressed with P(x,y), when there is no
cophasing error, the total pupil can be expressed as:

Py(x,y) = Y _ Pi(x —x,y —yi) = P(x,y) * }_ 6(x — x;,y — y;) 1)
i=1

n
i—1

where P(x,y) = circ(2y/x2 + y2)d~! is the entrance pupil, d is the pupil diameter, circ(-) is
the circular domain function, (x;,y;) is the central coordinate of the subaperture, n is the
total number of subapertures, * represents the convolution operation, Py (x,y) is the total
pupil, P;(x — x;,y — y;) is a pupil that contains position information, §(x — x;, ¥ — y;) is the
position function of the pupil, and (x;,y;) is the central coordinates of the ith sub-pupil.
According to the Fourier transform, the relationship between the point spread function
(PSF), the complex amplitude A(¢, ) and pupil function P(x, y) is described as follows:

. 2
PSF(x,y) = |A (&) = [F{P(x,y) ; 6(x —xi,y — yi) }| )

The modulation transfer function (MTF) of the sparse-aperture system can be derived
from the PSF:

MTE(E, 1) = |F {PSF(x,y)}| = MTFy + @ *22‘5(‘3— Xi—% _y].> o
L

Af T TAf
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When the system contains both piston and tilt errors, the pupil function can be ex-
pressed as:

n

Pui(x,y) = P(x,y) * ) 8(x = xi,y —yi) exp %{Pn +lan(x —xi) + Buly —yi)l} (4
i=1
where exp %{ P+ [an(x — x;) + Bu(y — y;)]} represents cophasing errors and p,, is the
piston error of the nth subaperture relative to the reference subaperture. a;, and B, are the
slope of the nth subaperture along the X-axis and Y-axis of the ideal plane, respectively.
Using the above relationship, the MTF of the system can be calculated through a numerical
calculation, as shown in Figure 2.

P(x.y) TF(En) MTF
F(o) F(e)
AEn L PSF(xy)

Figure 2. The calculation flow chart.

For the Golay3 three-aperture system, the change in the MTF of one subaperture is
assigned different cophasing errors, which can be simulated in MATLAB [15]. In numerical
calculations, the subaperture size is d = 200 mm and the working wavelength is A = 535 nm.
The coordinate positions (x, y) of the three subapertures can be calculated by the designed
filling factor of 0.369. The MTF of the system can be obtained after the piston error of the
subaperture is successively loaded with 0A, 0.25A, 0.5A, 0.75A and 1A, as shown in Figure 3.

>
) - u":\- E. If- Ir.
Fx Fx Fx Fx Fx
) 0.254

04 2 0.54 0.754 14

Figure 3. MTF for different piston errors.

When tilt errors loaded with 0.25 prad, 0.50 prad, 0.75 purad, and 1 prad are assigned
to one subaperture, the MTFs are shown in Figure 4.

Fx Fx Fx
0.25urad 0.50 1 rad 0.75urad 1urad

Figure 4. MTF for different tilt errors.

When both the piston error (0.5A) and the tilt error are applied to one subaperture,
Figure 5 shows the MTF changing rule.
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Figure 5. MTF with both piston error and tilt error.

The piston error is mainly caused by the optical path difference along the exit pupil
plane axis and is only related to each sub-beam. The excessive piston error reduces the
system resolution to a single-aperture level. The maximum allowable piston error is about
A/10, and it will be 55 nm if the operating wavelength is 550 nm. The tilt error is mainly
caused by the rotation of the pupil surface in the x- and y-axes, which upsets the parallelism
of the sub-beam wave surface. The maximum allowable value of the tilt error is 0.25 urad.

In addition to the point source, the image source is also simulated and analyzed.
The objective image meets the convolution relationship, and the obtained image can be
expressed as [16]:

d(x,y) = o(x,y) *h(x,y) + n(x,y) ®)

where d(x, y) is the image acquired by the camera, o(x, y) is the ideal image, * represents the
convolution, h(x,y) is the point spread function of the sparse-aperture system, and n(x, y)
is the noise distribution. The image without any error can be obtained by a convolution
operation using an object-image resolution test pattern in MATLAB software, as shown in
Figure 6 [17,18], in which we mark the spatial frequency of a group of lines.

.
—
— -
-
p— n=
—

Figure 6. Simulated imaging without cophasing error.

The imaging results, when the piston errors of one aperture are 0, A/4, A/2, A3/4
and A, respectively, are shown in Figure 7.

LU L

p=A/4 p=Al2

Figure 7. Simulated imaging with different piston errors.

When the piston error is 0, the imaging result is the same as the ideal imaging result.
The imaging result becomes increasingly blurred when the piston error increases from 0 to
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A/2. The imaging result gradually becomes clear when the piston error increases from A /2
to A, therefore, the piston error is periodic.

Similarly, the imaging results when the tilt errors of one aperture are respectively
0.2 purad, 0.4 prad, 0.6 prad, 0.8 prad and 1.0 prad, are shown in Figure 8.

a = 0.2urad a = 0.4urad a = 0.6urad a = 0.8urad a =1.0urad

Figure 8. Simulated imaging with different tilt errors.

It can be seen from the figures that the larger the tilt error is, the farther the image of
the subaperture deviates from the initial position.

According to the analysis result, cophasing error control is the key to system design.
The steering control structure of the beam in this system undertakes the steering conver-
gence of beams received by subapertures and the relative phase adjustment between the
beams, so it is a key part of the design and assembly of the entire system.

3. Design of Beam Steering and Adjustment Structure
3.1. Structure Design Scheme

Based on the three-aperture layout, a 45° inclined planar mirror and a 45° triangular
cone mirror are used to realize the steering of the light path, as shown in Figure 9. The
triangular cone mirror is mounted on a fine-adjusting precision platform adjustable for
3 degrees of freedom (XY0) to ensure that the triangular cone is at the center of the three
subapertures. The planar mirror is mounted on a piezoelectric ceramic (PZT) micro-
displacement actuator and fixed with a bracket, which together constitutes a fast steering
mirror (FSM) structure to adjust the piston error and tilt error of the light path.

Pyramidal

Mirror

Figure 9. Three-dimensional model of the beam steering and adjustment structure.

The key issue considered in the design is the adjustment accuracy of the structure,
which is also the guarantee of the system imaging quality. The entire adjustment structure
is divided into rough adjustment and precision adjustment; rough adjustment meets the
adjustment range of the light path, and precision adjustment meets the cophasing error
control requirement. The mechanical adjustment structure of “three screws for pull and
three screws for push” is adopted for the FSM rough adjustment, as shown in Figure 10.

The FSM precision adjustment is driven by a PZT (PI S316) with a Z-direction transla-
tion stroke of 12 um, a closed-loop resolution of 0.4 nm, a tilt angle stroke of 1200 yrad, and
a resolution of 0.1 urad.
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Figure 10. FSM structure.

In order to ensure that the FSM does not jitter or vibrate during the motion of the
piezoelectric ceramics, we analyzed the first- and tenth-order vibration modes of the FSM
structure by using ANSYS Workbench software, as shown in Figure 11a,b. In addition, the
harmonic response analysis results of the FSM structure are supplemented, as shown in
Figure 11c,d. The vibration frequency of piezoelectric ceramics is known to be 3400 Hz
from the product presentation. Therefore, the FSM structure will not resonate during the
motion of the piezoelectric ceramics, and the dynamic stiffness of the system meets the
operating requirements [19].

6831
6000
£ 5000
>
2 4000
s
= 3000
8
= 2000
1000 | |
0" 1 |
1 2 3 4 {7} 6 7 8 9 10
Mode
(b)
7.23x10%
_ l62x10°
£ 361x10°°
z 8.08x107
2 1.81x107
2404x10%
< 9.05x107°
2.02x10°
453x1010
114 1000 2000 3000 4000 5000 6000 7000

56! @6rm Frequency(Hz)

(d)

Figure 11. Vibration analysis of the FSM structure: (a) 7th order vibration mode, (b) 1st-10th order
mode natural frequency, (c) strain analysis of harmonic response in 7000 Hz, and (d) frequency-
displacement curve of harmonic response.

3.2. Analysis of Beam Adjustment Capability

According to the design scheme of the beam steering and adjustment structure, the
sub-light path piston error is controlled at 12 pm and the tilt error is controlled at 1200 prad
through the “Three Screws for Pull and Three Screws for Push” structure of the FSM
rough adjustment. The piston error and tilt error are then precisely adjusted by the FSM
piezoelectric ceramics. This section will simulate the correction of the piston error and tilt
error of the system.
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3.2.1. Piston Error Correction Simulation

The Power UMAC programmable multi-axis motion controller from Delta Tau Data
System Inc. is adopted as the system controller module. In the control software system,
each piece of piezoelectric ceramic corresponds to three commands: displacement in the
Z-axis, rotation around the X-axis, and rotation around the Y-axis. The Z-axis displacement
command is used to adjust the piston error; the X-axis and Y-axis rotation commands are
used to adjust the tilt error.

When there is no piston error in the subaperture, the light path is abcd, as shown by
the solid lines in Figure 12. When there is a piston error p in the subaperture, the light
path is a’bed, as shown by the dotted lines in Figure 12, and the optical path difference is
aa’. Corresponding adjustments are made by the FSM to compensate for the piston error
p and ensure a constant optical path length. The piston motion of the FSM is driven by
piezoelectric ceramics, and the compensation is set as p’ . As can be seen from the figure,
regardless of the value of p/, there is still bed = b'c’d’. Therefore, the piston error p of the
subaperture can be compensated for when the motion of p’ enables ab = a’b’ or aa’ = bb'.
In order to realize ab = a'l’, there shall be p’ = p x cos45°, i.e., when the compensation is
p' = p x cos45°, there is abcd = a'b’c’d’. Therefore, when there is a piston error p in the
subaperture, the Z-axis motion p’ that the piezoelectric ceramics can compensate for in the
piston error is:

P=-5p (6)
P r
: “< FSM
e } \\rb'
al a' b I\™
: Synthetic
imaging

Figure 12. Comparison of optical paths when 0 piston error and p piston error.

With the piston error p’ = A/2 image as the correction object, according to Formula
(1), the piezoelectric ceramic motion for correcting the piston error is:

V2 V2 A
/

== 7

The piston error correction commissioning is carried out by gradually adjusting the

Z-axis displacement of the piezoelectric ceramics from p’ = 0 to p’ = A, and the corrected

image is shown in Figure 13.

Figure 13. Simulated imaging of piston error correction.
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It can be seen from Figure 11 that the imaging effect is equivalent to the ideal situation
when p’ =2A/5.

3.2.2. Tilt Error Correction Simulation

When there is no tilt error in the subaperture, the light path is abcd, as shown by the
solid lines in Figure 14. When there is a tilt error a in the subaperture, the light path is
a'bc’d’, as shown by the dotted lines in Figure 14. B1B2 is an FSM, and its tilting motion is
driven by piezoelectric ceramics, with a compensation of «’.

Sub—aperture tilt error

e alff B, '
N B, . FSM
e L
4 | El'z
f 1Bs S
| \ Svnthetic imaging

Figure 14. Comparison of optical paths with 0 tilt error and « tilt error.

According to the relationship in the figure, ZcbB,’ + ZB;'bB, = 45°, we can derive
45° —ax + o' + o' = 45°, ie., o' = a/2. Therefore, when there is a tilt error « in the
subaperture, the tilt angle stroke a’ that the piezoelectric ceramics can compensate for in
the tilt error is:

;1

o= sz (8)

With the tilt error « = 1 prad image as the correction object, according to Formula (8),
the piezoelectric ceramic motion for correcting the tilt error is:

1
o = 0= 0.5 purad 9)

The tilt error correction commissioning is carried out by gradually adjusting the tilt of
piezoelectric ceramics from &’ = 0 prad to &’ = 0.5 urad, and the corrected image is shown
in Figure 15. It can be seen from Figure 14 that the tilt error is corrected when a’ = 0.5 prad.

ms
— — =
— L = —_— oy ME
— “| . —|“ el ns
— ]
—_ - T
= =

a'=0.lurad a'=02urad «a'=03urad o' =0.4urad «a'=0.5urad

Figure 15. Tilt error correction simulation.

4. Alignment Experiment

After confirming the effectiveness of the design scheme in cophasing error adjustment
by simulation, this scheme is applied to the actual Golay3 sparse-aperture imaging system.
The fact that the three sub-light paths have their own optic axes is the biggest difficulty
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Reflecting
mirror

Pyramid mirror ‘

in the alignment. In order to ensure the accuracy requirements of the system, the entire
alignment process can be divided into three steps: alignment of the single-beam FSM
structure, confocality of the three-beam steering structure, and correction of the cophasing
error of the system.

During alignment, manual rough adjustment is used to match with the PZT precision
adjustment. The alignment principle and process are shown in Figure 16a,b. After repeated
iteration until the interference detection results meet the theoretical design requirements,
the alignment results of the three light paths of the beam steering are shown in Figure 16c.
In the light path where the subaperture 1 is located: RMS = 0.08A, and PV = 0.55A. In
the light path where the subaperture 2 is located: RMS = 0.10A, and PV = 0.67A. In the
light path where the subaperture 3 is located: RMS = 0.08A, and PV = 0.54A (A = 633 nm).
The wave aberration RMS is superior to A/8 for all three subapertures, and the alignment
results meet the theoretical design requirements.

Reflecting mirror

4D dynamic
interferometer

[ —

(a) !

RA RA RA

+0.318 , +0.369 ’ +0.299
+0.148 : 40185 . ‘ +0.153

+0.032 ' +0.034 +0.032
/

-0084 & ,{; ? -0.116 -0.088

-0.227 -0.301 -0.235
0 10mm 0 10mm 0 10mm
| S— —J —_—
Subaperturel Subaperture2 Subaperture3

()

Figure 16. Interferometric testing: (a) the principle, (b) the alignment process, and (c) alignment
results displayed in the interferometer through PZT precision adjustment.

After the beam alignment is determined through the wave aberration analysis with
the interferometer, the next step is to make the three subaperture beams converge to a
point on the CCD through the synthetic imaging system by coarse adjustment, so that the
three beams can be confocal. Through rough adjustment of the cophasing error, the piston
error is controlled within 12 um and the tilt error is controlled within 1200 prad. After the
alignment detection is performed for the subapertures, synthetic imaging system, beam
steering, and adjustment structure, respectively, the three subapertures and the synthetic
imaging system are installed on the connecting plate of the beam steering and adjustment
structure. The system is installed on a pitchable 2D rotating frame. The physical prototype
of the entire sparse-aperture imaging system is assembled, as shown in Figure 17a.

The infinite point target is simulated using a large-diameter collimation, and the CCD
image surface interference diagram is used as the detection object [20]. Rough adjustment
is made for the FSM mechanical structure of the three beams, so that the light spots
of subaperture 1, subaperture 2, and subaperture 3 can interfere with each other. The
interference pattern is shown in Figure 17b.
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Figure 17. Rough adjustment of cophasing error: (a) Golay3 physical prototype; (b) point
source experiment.

Since the field of view of the subaperture is 0.2°, the center distance of the three
subapertures is 320 mm. When the object distance is infinite, the fields of view of the
three subapertures nearly coincide exactly with each other. When the object distance is
finite, the field of view of the three subapertures can only overlap locally. The USAF1951
resolution test panel display 70 m away from the system is used as the surface target. The
superimposed image of the field of view of the three subapertures is shown in Figure 17a.
This synthetic image contains relatively large piston errors and tilt errors. By referring
to the image of subaperture 1 in CCD, the PZTs of subaperture 2 and subaperture 3 are
adjusted, respectively, and the piston error and tilt error of subaperture 2 and subaperture 3
are corrected. The synthetic image obtained after correction of the cophasing error is shown
in Figure 18b.

(a) (b)

Figure 18. Results of image source experiment: (a) synthetic image with cophasing error; (b) synthetic
image after correction of cophasing error.

It can be seen from the test results that the tilt error and piston error of the system
are corrected through adjustments by the beam steering and adjustment structure. By
comparing the simulation results, it can be judged that the system piston error is A /10,
namely within 55 nm, and that the tilt error is within 0.25 purad. As the target is small
and far from the three-aperture system, the light intensity on the CCD is weak and the
brightness of the resulting synthetic image is low. Due to the residual surface error of each
mirror, the imaging resolution decreases, leading to a certain gap between the final image
and the theoretical simulation.
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5. Conclusions

This paper presents a Golay3 sparse-aperture system for practical engineering appli-
cations. The design scheme of the beam steering and adjustment structure is described
in detail and the actual adjustment capability is simulated. Wave aberration detection is
carried out on the three light paths of the beam steering and adjustment structure. The
RMS of the three light paths reaches 0.08A, 0.10A, and 0.08A, respectively. After the overall
system assembly is completed, the infinite point target is simulated with a large-diameter
collimation, and the CCD image surface imaging diagram is used as the detection object.
Through rough adjustment, point target imaging is achieved, and the converged beams
of the three subapertures interfere with each other on the CCD image surface. With the
USAF1951 resolution test panel display 70 m away from the system as the surface target
and the image of subaperture 1 on the CCD as the reference, the PZTs of subaperture 2 and
subaperture 3 are adjusted, respectively, to obtain the synthetic image after the correction
of the cophasing error. The beam steering and adjustment structure proposed in this paper
is the first time it is applied to the sparse aperture system, and it can effectively control
the piston error within 55 nm and the tilt error within 0.25 prad. Compared with other
alternatives, it has the advantages of simple structure, convenient operation, and high
precision. Furthermore, this design can be applied to other sparse-aperture systems.
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