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Fig.1 Configuration of Golay3 sparse aperture system
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Table 1 Field coordinates of Golay3 sparse aperture imaging system

Number Field of view Number Field of view
1 (0%, 07) 10 (0.1%, 0%
2 (0.05%, 0°) 11 (0.071°, 0.071%)
3 (0.035°%, 0.035%) 12 (0%, 0.1°)
4 (0°, 0.05%) 13 (—0.071%, 0.071%)
5 (—0.035%, 0.035%) 14 (—0.1°, 0%
6 (—0.05%, 0°) 15 (—0.071°, —0.071°)
7 (—0.035%, —0.035%) 16 (0%, —0.1%)
8 (0%, —0.05°%) 17 (0.071°, —0.071°)
9 (—0.035%, 0.035%)
x2 THEIMDZIPREKC,, WA
Table 2 Fitting results of DZP coefficients for sub-mirror 1 unit: A
j Ci,, Ci . Ci s C,. C,: Cis C s Ci s Cijo Cij Cin Cn  Cis
j=1 0.853 0.528 0.659  0.650 0.347  0.369 0.110 0.438  0.406 0.635 0. 306 0.482 0.515
j=2 0.052 —10.230 0.031 0.065 0.011 0.072  0.074 —3.589  0.009 —0.005 —0.006 0.003 0.018
j=3 0.539 0.003 —10.820 0.3662 0.005 —0.191 —3.723  0.003  0.055 0.000 0.085 —0.051 0.026
j=4 0. 150 0.460 —0.259  0.365 0.302 —0.033 —0.225 0.381 0.415 . 553 . 385 0.361 0.448
j=5 0.584 0.236 0.766  0.242 0.775  2.839  2.247  0.643  0.656 . 540 . 348 L7740 0.954
j=6 0.674 0.968 0.463 0.634 0.447 0.936 0.966 0.307 0.607 0. 586 0.621 0.227 0.699
j=7 0.017  —0.008 0.011  0.023 0.004 0.026  0.026  0.002  0.003 —0.002 —0.002 0.001 0.006
j=38 0.192 0.001 —0.219 0.130 0.002 —0.068 —0.045  0.001 0.020 0.000 0.030 —0.018 0.009
7=9 0.000  —0.009 0.000  0.000 0.011  0.000  0.000  0.000  0.000 0.000 0.000 0.000 0.000
j=10 —0.084 0.003 0.110 —0.057 0.001  0.044  0.033  0.000 —0.006 0.000 —0.008 0.006 0.000
j=11 —0.592 0.120  —0.067 —0.268 0.079 —0.009 —0.059  0.099  0.109 0.144 0.102 0.095 0.117
j=12  0.147 0.061 0.208 0.060 0.202 0.640  0.590  0.168  0.171 0.141 0.091 0.203 0.250
j=13 0.176 0.253 0.121 0.166 0.011  0.245 0.253 0.081  0.159 0.153 0.163 0.059 0.183
j=14  0.884 0.076 —1.065 0.596 0.120 —0.458 —0.343  0.005  0.069 0.000 0.088 —0.060 0.000
j=15  0.582 0.99%4 0.696  0.755 0.822 0.834 0.534 0.815 0.121 0.147 0.209 0.738 0.333
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Table 3 Fitting results of DZP coefficients for sub-mirror 2 unit: A
j Cojn Cyyo Cors Co Co Cors Copi Cys Copo Copro Coyn Cops Coys
j=1 0.928 0.279  0.133  0.607 0.295 0.347 0.817 0.354 0.206 0.270  0.475 0.342  0.220
j=2 —0.017 —10.250 —0.007 —0.001 —0.003 —0.018 —0.041 —3.619 —0.014 0.003  0.010 0.008 —0.017
j=3 0.000  —0.003 —10.20 —0.002 —0.003 0.002 —3.582 —0.005 0.006 0.002 —0.002 0.006 —0.004
j=4 0.238 0.994  0.536  0.343 0. 569 0.493 0.872 0.594 0.242 0.237  0.534 0.329 0.243
j=5 0.775 0. 364 0.762 0.536 0.559 0. 855 0.376 0.284 0.687 0.207  0.2780 0.941 0.328
j=6 0.163 1.001 0.693  0.504 1.018 0.361 0. 848 0. 860 0.587 0.149  0.425 0.491 0.625
j=7 —0.002 —0.013 0.000  0.003 0.001 —0.006 —0.014 —0.007 —0.005 0.001  0.004 0.003 —0.006
j=38 0.002 0.001  0.002  0.001 0.000 0.001 0.005 —0.001 0.002 0.001 —0.001 0.002 —0.001
7=9 0. 000 0.006  0.000 0.016 —0.004 —0.006 —0.005 —0.006 0.000 0.001  0.001 0.000 —0.009
j=10  0.000 0.007  0.000  0.007 0.001 0.002 0.011 —0.004 0.000 0.000 —0.001 0.000 —0.003
j=11 —0.569 0.260  0.140 —0.273 0.148 0.128 0.228 0.155 0.063 0.062  0.140 0.086 0.063
j=12  0.203 0.095  0.199  0.140 0.146 0.117 0.098 0.074 0.180 0.054  0.073 0.247  0.085
j=13  0.043 0.261 0.181  0.131 0. 160 0.094 0.221 0. 225 0.154 0.039  0.111 0.129 0.163
j=14  0.000 0.137  0.002  0.089 0.076 0.078 0. 269 0.035 0.000 0.000  0.052 0.000  0.168
j=15  0.746 0.656 0.824 0.276  0.959  0.352 0.130  0.451  0.869 0.853 0.489 0.235 0.184
£4 TEIMDIP REC,, WAL
Table 4 Fitting results of DZP coefficients for sub-mirror 3 unit: A
j Cyia Csz Cijs Csju Csjs Csje Cy Cs s Csjo Cs 0 Com Gy Csns
=1 1. 055 0.736 0.232 0.619 0.608  0.803  0.417 0.396  0.252  0.610  0.597 0.560  0.1882
j=2 0.012 —10.210 0. 004 0.010 —0.011 0. 005 0.014 —3.604 —0.003 —0.015 —0.001 0.019 —0.0152
j=3 —0.019 0.005 —10.200 —0.038  0.002 —0.001 —3.590  0.034 —0.000 0.001  0.003 0.011  0.000
j=4 0.350 —0.109 0.622 0.354 0.217 0.890  0.524 0.059 0.282 0.529  0.640 0.519  0.113
j=5 0. 330 0.116 0.539 0.536 0.812  0.423 0.292 0.731  0.309 0.348 0.228 0.799  0.151
j=6 0. 985 0.047 0.486 1.014 0.403 0.871  0.852 0.600  0.243  0.474  0.828 0.492  0.253
Jj=7 0. 000 0.002 —0.001 0.001 —0.002 0.001 0.004 —0.002 —0.001 —0.005 —0.001 0.007 —0.005
j=8 —0.005 0.000 0.002 —0.012 —0.000  0.000  0.002  0.012  0.000 0.000  0.001 0.004  0.000
7=9 0.021 0.000 —0.003  0.002 —0.006  0.000 0.021  0.007 —0.003 —0.002 0.015 0.007  0.000
j=10  0.012 0.000 —0.001  0.001  0.000 —0.001  0.004 0.002 0.001 0.001  0.005 0.000  0.000
j=11 —0.539 —0.028 0.162 —0.270  0.057  0.233 0.137 0.015 0.074  0.138  0.168 0.135  0.029
j=12  0.086 0.030 0.141 0.140 0.212 0.005 0.076  0.191  0.081  0.091  0.059 0.209  0.040
j=13 0.257 0.012 0.127 0.265 —0.001 0.228 0.222 0.157 0.063 0.124 0.216 0.129 0.067
j=14  0.195 0.000 0.065 0.041  0.087 0.006 0.172 0.074  0.031  0.016  0.085 0.032  0.000
j=15  0.656 0.824 0.276  0.959  0.352 0.130 0.451 0.869 0.730 0.904 0.183 0.173  0.106
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#13  RHDZP IS AR 3815 1) Golay3 s fLAZ ¥ R G MTFE. (a) (0°, 0°); (b) (0.05%, 0°)5 (¢) (0°, 0.05%);
(d) (—0.05%, 0°); (e) (07, —0.05%); () (0.1°, 073 (g) (0°, 0.1°); (h) (—0.1°,0°); (i) (0", —0.1%)
Fig. 3 MTFs of Golay3 optical system under different field coordinates calculated by DZP. (a) (0°, 0°); (b) (0. 05°, 0%); (c) (0", 0.05°);
(d) (—0.05°, 0°); (e) (0°, —0.05%); () (0.1°, 0°); (g) (0°, 0.1%); (h) (—0.1°, 0°); (1) (0, —0.1%)
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B4 SR ZEMAX 8 H R R 37 35453 19 Golay 3 i i fLA2 Y622 R G MTF . (a) (0°, 07) ;5 (b) (0.05%, 0°); (¢) (0°, 0.05%);
(d) (—0.05%, 075 (e) (0°, —0.05%); (£) (0.1°, 075 (g) (0°, 0.17)5 (h) (—0.1%, 0°); (i) (0, —0.1°)
Fig.4 MTFs of Golay3 optical system under different field coordinates calculated by ZEMAX software. (a) (0°, 0°); (b) (0. 05°, 0°);
(c) (0°, 0.05%); (d) (—0.05°, 0°); (e) (07, —0.05); (1) (0.1°, 0°); (g) (0°, 0.1%); (h) (—0.1°, 0°); (1) (0°, —0.1°)
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UL R
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5

KI5 ORFEAL B BB AL ARG R G RN R 45 5 . (a) (07, 07); (b) (0.05%, 07); (c) (07, 0.057); (d) (—0.057, 0°); (e) (07,
—0.05%); (f) (0.1°, 075 (g) (0%, 0.17); (h) (—0.1%, 0°); (i) (0", —0.1°)
Fig.5 Simulated imaging results under different field coordinates of sparse aperture optical system. (a) (0°, 0°); (b) (0. 05°, 0°);
() (0%, 0.05%; (d) (—0.05", 0°); (e) (07, —0.05%); (f) (0.1°, 0%); (g) (0°, 0. 1°); (h) (—0.1%, 07); (i) (0°, —0.1°)
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Bl 6 ARG T 2R REBBLGLE R . (2) (07, 0°); (b) (0.05°, 0°); (¢) (07, 0.05°); (d) (—0.05%, 0°); (e) (07,
—0.05%); (f) (0.1%, 073 (g) (0°, 0.1°); (h) (—0.1°, 0%); (i) (0°, —0.1°)
Fig. 6 Simulated imaging results under different field coordinates of full aperture optical system. (a) (0°, 0%); (b) (0.05°, 0°); (c) (0°,
0.05%); (d) (—0. 05, 0°); (e) (0°, —0. 05 (N (0. 1°, 0°); (g) (0°, 0. 1°); (h) (—0. 1°, 0°); (i) (0°, —0.1°)

K7 AT W LR 2 R G0 R TR AN B I i RS2 RS 2R o () (07, 07)5 (b) (0.05%, 0°)5 (c) (0%, 0.05%); (d) (—0.05°,
0°); (e) (0%, —0.05%); (f) (0.1°, 075 (g) (0°, 0.1%); (h) (—0.1°, 0°); (i) (0%, —0.1%)
Fig. 7 Results of image restoration using Wiener filters under different field coordinates for sparse aperture optical system. (a) (07, 0°);

(b) (0. 05°, 0%); (¢) (0%, 0.05%); (d) (—0.05%, 0°); () (0", —0.05%; () (0.1%, 0°); (g) (0°, 0.1%); (h) (—0.1°, 07); (1) (0°, —0.1%)
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Fig.8 Results of image restoration using Wiener filters under different field coordinates for full aperture optical system. (a) (0", 0°);
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Fig. 9 Contrast curves before and after Wiener filtering under different field of view coordinates. (a) Field coordinate is (0°,0°); (b) field
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Abstract

Objective

The sparse aperture optical system employs multiple discrete sub-apertures to replace the full aperture and

achieves the resolution equivalent to that of the full aperture optical system while reducing the volume, quality, and costs.

The sub-aperture’s wavefront aberrations of the sparse aperture optical system exert impacts on the imaging performance of
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the whole system. In most studies, the system's field of view is not taken into account during the analysis of the imaging

performance and sub-apertures’ wavefronts of the sparse aperture optical system. Starting from the generalized pupil
function, this paper develops the sparse aperture imaging model considering the system's field of view, thereby providing a
theoretical basis for predicting the imaging performance and image restoration of the sparse aperture optical system under

different fields of view.

Methods The generalized pupil function of the sparse aperture optical system considering the field of view is derived on
the theoretical basis of double Zernike polynomials (DZPs). The modulation transfer function (MTF) of the system is
obtained by the Fourier transform. The Golay3 sparse aperture imaging system designed by the ZEMAX optical software
is taken as an example. According to the design results, the coefficients of double Zernike polynomials are fitted. The
theoretical calculation results and optical design results are compared to verify the sparse aperture imaging theory
considering the field of view. The Wiener filter is constructed according to the optical transfer function (OTF) for image

restoration to improve the imaging quality of the system under different fields of view.

Results and Discussions According to the theoretical model, the results show that when the field of view is 0°, the
imaging of the sparse aperture optical system approaches the diffraction limit as shown in Fig. 3(a). Figs. 3(b)-(e) indicate
that under the same field of view, the main lobe and side lobe of MTFs decrease rapidly, and the main lobe shows different
divergent directions corresponding to the directions of the incident light. As the field of view rises, the main lobe of MTFs
further narrows, and the imaging performance of the optical system decreases significantly. MTFs calculated by DZPs are
similar to those obtained by ZEMAX software.

The contrasts of each line pair in the image simulated by the sparse aperture optical system are calculated under
different fields of view. The images are processed by the Wiener filter, and the contrast curves are drawn, as shown in
Figs. 9 (a)-(d). The figures demonstrate that the image contrasts of each field of view in horizontal and vertical directions
can be greatly improved by the Wiener filter. Under the same field of view and different directions, the restored image has
different contrasts in the horizontal and vertical directions. As shown in Fig. 9(b), when the field of view is (0. 05", 0°),
the contrast ranges in the horizontal and vertical directions are 0.84-0.99 and 0.62-0. 99, respectively. In Fig. 9(c),
when the field of view is (07, 0.05°), the contrast ranges in the horizontal and vertical directions are 0. 44-0. 84 and 0. 89—
0.99, respectively. As the field of view further increases, the contrasts of the image processed by the Wiener filter
gradually decrease. In Fig. 9(d), when the field of view is (0.1°, 0°), the contrast range in the vertical direction of the

image before and after restoration is 0. 13-0. 26 and 0. 30-0. 43, respectively.

Conclusions  The sub-aperture’s wavefront of the sparse aperture optical system under a non-zero field of view is
represented by the DZP. When the generalized pupil function is constructed, the MTFs of the system under different fields
of view are calculated by the Fourier transform, and the optical design of the system is carried out by ZEMAX software.
Upon the fitting of the DZPs, the calculated MTFs of the system are proven to be consistent with those of the ZEMAX
software, which verifies the method of utilizing DZPs to describe the wavefront of the sparse aperture imaging system
under different fields of view. The Wiener filter related to the field of view is constructed on the basis of the OTF of the
optical system. The image restoration using the Wiener filter effectively improves the imaging quality of the sparse

aperture optical system under different fields of view.

Key words imaging systems; sparse aperture; double Zernike polynomials; field of view; Wiener filter
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