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Abstract: The novel rotating rectangular aperture (RRA) system provides a good solution for space-
based, large-aperture, high-resolution imaging tasks. Its imaging quality depends largely on the
image synthesis algorithm, and the mainstream multi-frame deblurring approach is sophisticated
and time-consuming. In this paper, we propose a novel full-aperture image synthesis algorithm
for the RRA system, based on Fourier spectrum restoration. First, a numerical simulation model is
established to analyze the RRA system’s characteristics and obtain the point spread functions (PSFs)
rapidly. Then, each image is used iteratively to calculate the increment size and update the final
restored Fourier spectrum. Both the simulation’s results and the practical experiment’s results show
that our algorithm performs well in terms of objective evaluation and time consumption.

Keywords: rotating rectangular aperture system; Fourier spectrum restoration; image synthesis;
numerical simulation

1. Introduction

In the field of remote sensing, a large-aperture optical system is needed to obtain
high-quality and high-spatial-resolution images [1]. However, the size, weight, and power
(SWaP) of traditional optical payloads cannot meet the launching requirements [2]. Re-
cently, several novel imaging principles have been proposed to solve this problem, such as
synthetic aperture (SA) imaging [3] and segmented planar interference (SPI) imaging [4].
However, due to the difficulty of phase matching between different apertures, SA technol-
ogy still cannot be applied in remote sensing [5,6]. The cutting-edge SPI imaging system
is still in the experimental verification stage, and the corresponding image restoration
method is also not mature [7–9].

Compared with the imaging principles mentioned above, a better solution is the
rotating rectangular aperture (RRA) imaging approach (see Figure 1a for a structure dia-
gram). It uses a rotating primary mirror with a large aspect ratio to obtain sequence images.
They contain complementary high-resolution information in different directions, as shown
in Figure 1b. By utilizing the image synthesis algorithm, the RRA system can achieve
almost the same imaging quality as an equivalent circular aperture system. In this way, the
system’s SwaP is greatly reduced. With improvements in the synthesis algorithm, the RRA
system will play an important role in future high-resolution remote sensing tasks. [10–12].

Due to the mechanism of rotational imaging, the whole image acquisition process of
the RRA system is time-consuming. Thus, an effective image synthesis method is necessary
to deal with the RRA sequence images. Since each frame contains part of the target’s
spectrum information, an intuitive approach is to take the maximum part in the Fourier
domain [13], but the result is not satisfactory. Existing image synthesis algorithms, such
as spatial domain algorithms (based on significance detection) and transform domain
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algorithms (based on wavelet decomposition and principal component analysis), are not
suitable for RRA image synthesis tasks, because most of them are designed to solve multi-
focus or multispectral image fusion problems [14–19]. Other studies used the RRA system
for star detection, and the Fourier domain matched filter algorithm was developed to maxi-
mize the signal-to-noise ratios (SNR) of the synthetic images and reach maximal contrast
when finding faint companions around bright stars [20–22]. However, the overall clarity
of the matched filter results is not satisfactory. Zhi [23] established an iterative restora-
tion method of RRA images, but it is time-consuming because each frame’s point spread
function (PSF) and gradient histogram need to be calculated. Zhou [24] synthesized RRA
images using the multi-frame blinding deconvolution principle with a hyper-Laplacian
prior, but the results showed few artifacts and the running time was also very long.

Figure 1. Overview of the RRA system. (a) Structural diagram and the imaging mechanism of the
RRA system. Sequence images with the aperture at different angles were captured and synthesized
together. (b) The acquired RRA sequence images with the aperture rotated 0◦, 45◦, 90◦, or 135◦,
respectively. The top right inset images are the corresponding apertures. (c) Synthesized result of
RRA sequence images. The top right inset image is the equivalent aperture pattern.

Multi-frame deblurring [25] methods can also be used to synthesize RRA images. They
estimate the expected clear image under a Bayesian probability or maximum a posteriori
probability framework. Optimization methods based on regularization priors are used, and
different regularization constraints were invented to optimize the deblurring result, such
as the total variation (TV) regularization, which preserves edges better [26], and sparse
representation (L0 or L1 norm, etc.) which suppress the ringing effect better [27,28]. In
addition, the hyper-Laplacian prior [29,30] and dark channel prior [31] have also been
proven to have excellent performance. However, because multiple iterations are needed to
solve for the PSFs and the latent clear image alternately, multi-frame deblurring algorithms
are time-consuming. Furthermore, the tuning of hyper-parameters is also empirical.

Fourier ptychography imaging [32] is much alike RRA imaging. They both capture
complementary sequence images and synthesize a high-resolution result. Inspired by
this, a Fourier domain image synthesis algorithm based on Fourier spectrum restoration
is proposed in this paper. First, a numerical simulation model is established to analyze
the RRA system’s imaging mechanism and acquire the system’s PSF. This can save time
for PSF estimation. Then, the sequence images are synthesized iteratively in the Fourier
domain to maintain texture details. The use of an adaptive updating step size can make
the image synthesis algorithm converge quickly. By introducing regularization constraints,
even sequence images with significant noise can have high-quality synthesis results. This
was the first time that the Fourier spectrum restoration method was applied to synthesize
RRA sequence images. The simulation and practical experimental results verified the effec-
tiveness of the proposed method and showed that our algorithm has excellent performance
in terms of both subjective and objective evaluations.
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The rest of the paper is organized as follows: Section 2 introduces the imaging mecha-
nism and characteristics of the RRA system. In Section 3, the numerical simulation model
and the proposed image synthesis algorithm based on Fourier spectrum restoration are
described in detail. In Section 4, the effectiveness of the proposed algorithm is shown
through both a simulation and practical experiments. Finally, we summarize the main
work in this paper and put forward a prospect of RRA imaging.

2. Imaging Mechanism of the Rotating Rectangular Aperture (RRA) System

The RRA system’s simplified imaging principle is shown in Figure 2. Its imaging
process can be modeled as the convolution of the PSF and the clear target:

I = T ∗ PSF + n (1)

where I stands for the captured image, T is the target, n represents additive noise, and ∗ is
the two-dimensional convolution operator.

Figure 2. Simplified imaging mechanism of RRA system.

The PSF determines the RRA system’s imaging characteristics. Differently from the
conventional circular aperture, the RRA system’s aperture P(ξ, η) is rectangular:

P(ξ, η) =

{
1, 0 ≤ ξ ≤ w and 0 ≤ η ≤ h
0, else

(2)

Here, (ξ, η) represents spatial coordinates; w and h represent the width and height
of the aperture, respectively. According to Fourier optics theory, the RRA system’s PSF
hR(x′, y′) is the energy of the aperture’s Fraunhofer diffraction pattern:

hR
(

x′, y′
)
=

∣∣∣∣∣eiϕ
x

D

P(ξ, η) exp
[
−i2π

(
x′

λl′
ξ +

y′

λl′
η

)]
dξdη

∣∣∣∣∣
2

= |F{P(ξ, η)}|2 (3)

Equation (1) is cited from [33]. Here, λ is the working wavelength, l′ is the imag-
ing distance, (x′, y′) represents spatial coordinates, and ϕ = iπ

(
x′2 + y′2

)
/λl′.F{} is the

Fourier transform operator.
Using the above derivation, the PSF of the RRA system can be obtained. Here, paraxial

optics theory is applied, and we assume the system’s PSFs are spatially-invariant. Figure 3
compares the PSF and optical transfer function (OTF, Fourier transform of PSF) of a 0.5 m
diameter circular aperture and a 5:1 aspect ratio, 0.5m long rectangular aperture:
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Figure 3. Comparison of circular and rectangular apertures. (a–c) A 0.5m circular aperture and its
PSF and OTF. (d–f) A 5:1 aspect ratio, 0.5m length rectangular aperture and its PSF and OTF. The
pixel size in (b) and € is 4.5 µm × 4.5 µm.

The circular aperture’s PSF is isotropic. In contrast, the PSF and OTF of the RRA
system share the same asymmetry of the aperture. Still, as long as enough images are
captured with the primary mirror at different angles, the RRA system can acquire sufficient
spectral information in every direction. In fact, the RRA system has a higher resolution than
the equivalent traditional system. Traditional circular aperture system’s angular resolution
θD depends on its diameter D:

θD = 1.22λ/D (4)

λ refers to the working wavelength. This is exactly the central bright spot’s angular radius
in the circular aperture’s Fraunhofer diffraction pattern. For the rectangular RRA system
with the aperture length X and width Y, the corresponding central bright spot’s angular
radii θx and θy are calculated as follows:{

θx = λ/X
θy = λ/Y

(5)

Comparing (2) and (3), if d equals D, the following equation can be derived:

θD = 1.22θx (6)

Thus, the RRA system’s PSF is 1.22 times sharper than the equivalent circular aper-
ture system’s PSF, as shown in Figure 4. By combining the image synthesis process, the
RRA system’s fundamental physical advantage is utilized, and it can achieve 1.22 times
higher resolution.
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Figure 4. Sections of the PSF of a 0.5 m circular aperture (blue curve) and the PSF of a 5:1 aspect ratio,
0.5 m long rectangular aperture (orange curve).
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In practice, the RRA system’s primary mirror can be long enough to increase the collect-
ing area and thus maintain high imaging SNR in a single frame. For example, a 20 × 2.5 m
rectangular aperture has the same single frame SNR as an 8 m circular aperture [10]. For
general random additive noise, the multi-frame synthesis operation can further improve
the SNR of the synthetic result by

√
N times, where N is the frame number.

Since each frame only contains part of the target’s information, a minimum number of
images should be captured to synthesize an image of high resolution. To sample enough
spatial frequency information in all directions, the angular interval of the adjacent frames
∆θ should be less than the threshold θT . Here, θT is the included angle of the diagonals of
the rectangular aperture, as shown in Figure 5a. d can be calculated using Equation (7):

θT = 2 · arctan
( a

b

)
(7)

Figure 5. The RRA system’s equivalent synthetic aperture at different angular intervals. (a) The
synthetic aperture when ∆θ = θT . The rectangular apertures form a complete regular hexadecimal.
(b) The synthetic aperture when ∆θ > θT . The synthetic aperture cannot cover the gray triangular
areas, and the spatial frequency information in these directions is missing.

Here, a and b are the width and length of the rectangular aperture, respectively.
Figure 5 shows the RRA system’s equivalent synthetic aperture when ∆θ = θT and ∆θ > θT .
It can be seen that in the former case (Figure 5a), the synthetic aperture forms complete
regular hexadecimal. However, in the latter case (Figure 5b), the synthetic aperture cannot
cover the gray triangular areas, and the spatial frequency information in these directions is
missing. This will lead to a degradation in the resolution of the final synthesized image.

Thus, to reconstruct a high-resolution synthesized image, at least Nmin images with
equal angular intervals should be captured:

Nmin = ceil
(

180◦

θT

)
= ceil

(
90◦

arctan(a/b)

)
(8)

Here, ceil is the round-up operator. For a 5:1 aspect ratio RRA system, Nmin = 8.

3. Full-Aperture Image Synthesis Algorithm Based on PSF Simulation and Fourier
Spectrum Restoration

According to the analysis in Section 2, different RRA sequence images contain different
parts of the target’s spectrum information. Inspired by this, we designed an image synthesis
algorithm for the RRA system, based on Fourier spectrum restoration. A flow chart of the
algorithm is shown in Figure 6.

In every iteration, each image is used successively to calculate the spectrum update
increment, and the current frame’s influence on the final spectrum is limited (area-wise)
by the corresponding OTF. To enhance high-frequency components and suppress noise,
the spectrum update increment is processed by the regularized least square (RLS) filter
and then added to the latent image’s spectrum. The reconstructed spectrum is obtained
when a specific number of iterations are finished. The proposed algorithm is a non-blind
method, and the OTF can be acquired quickly through a numerical simulation. The
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following sections explain the numerical simulation model of the RRA system and the
Fourier spectrum restoration algorithm in detail.

Figure 6. Flow chart of the proposed Fourier spectrum restoration algorithm.

3.1. PSF Acquirement Using the Numerical Simulation Model of the RRA System

The PSFs of RRA sequence images differ only in angle, so there is no need to estimate
each frame’s PSF using the deblurring approach. Given the aperture length X, width Y,
focal length f , working wavelength λ, sensor pixel size d, sensor pixel number m, and n,
the RRA system’s imaging characteristics can be determined. According to Fourier optics
theory, the system’s cutoff frequency in the length direction CFcutX and width direction d
can be calculated as follows: {

CFcutX = X
/

λ
√

X2 + 4 f 2

CFcutY = Y
/

λ
√

Y2 + 4 f 2 (9)

where λ is the system’s working wavelength. Then the coherent transfer function (CTF) is
a band-pass filter:

CTF(u, v) =
{

1, |u| ≤ CFcutX&|v| ≤ CFcutY
0, else

(10)

Here, (u, v) represents spatial frequency coordinates. Using the inverse Fourier trans-
form F−1{} and Equation (1), the system’s PSF can be calculated as follows:

PSF(x, y) =
(

F−1{CTF(u, v)}
)2

(11)

Using Equation (9), when the primary mirror rotates an angle ∆θ0, the corresponding
PSF∆θ0 can be acquired by rotating CTF(u, v) the same angle to get CTF∆θ0(u, v).

The numerical simulation model for the RRA system has been successfully established.
Given all the parameters needed, the simulation model will return the corresponding PSF.
Table 1 gives the structural parameters of the built RRA prototype:

Table 1. Structural parameters of the built RRA prototype.

System’s Structural Parameters Value

Rectangular aperture length X and width Y 0.1 m, 0.02 m
System’s focal length f 0.7m
Working wavelength λ 550 nm

Rotation angle interval ∆θ0 10◦

sensor pixel size d, row number m and column number n 3.45 µm, 3000, 4096
Sequence images frame number k 18

Figure 7 shows the CTF patterns and the corresponding PSF patterns with the primary
mirror rotations 0◦, 45◦, 90◦, and 135◦ clockwise. It can be seen that the rotation angles of
the PSF and the primary mirror are the same.
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Figure 7. Simulated CTFs and the corresponding PSF patterns. (a–d) CTF pattern when the primary
mirror is rotated 0◦, 45◦,90◦, and 135◦ clockwise. (e–h) PSF patterns corresponding to (a–d).

Algorithm 1 summarizes the main procedure of a PSF’s numerical simulation.

Algorithm 1 A PSF numerical simulation model for the RRA system.

required: Aperture length X and width Y, focal length f , rotation angle interval ∆θ0
required: working wavelength λ, sensor pixel size d and number m, n, frame number k
1: initialization X = 0.1m, Y = 0.02m, f = 0.7m, λ = 5.5× 10−7m, d = 3.45× 10−6m, m = 3000,
n = 4096
2: Calculate CFcutX , CFcutY using Equation (7), then calculate CTF1(u, v) using Equation (8)
3: Calculate PSF1(x, y) using Equation (9)
4: for j = 2 : k do

Given ∆θ0, calculate θj = (j− 1) · ∆θ0
Given CTF1(u, v), calculate CTFj(u, v) using the affine transformation
Given CTFj(u, v), calculate PSFj(x, y) using Equation (9)

end for
5: return the simulated PSF sequence PSFj(x, y), j = 1, 2, . . . k

3.2. Full-Aperture Image Synthesis Based on Fourier Spectrum Restoration

After the RRA sequence images IO
j and PSFj, j = 1, 2, . . . k are obtained, the image

synthesis algorithm is used to get the reconstructed spectrum FH
j,p and the synthesized

image IH
j,p. The subscripts j and p refer to the j th frame and p th iteration. An iteration

is completed when all the k frames are used once. First, IH
0,1 is initialized as the mean

value of IO
j , and the original spectrum FH

0,1 to be reconstructed is calculated using the
Fourier transform:

IH
0,1 =

k

∑
j=1

IO
j /k, FH

0,1 = F
{

IH
0,1

}
(12)

Next, an estimated image IE
j,p is derived by extracting the corresponding spectrum

from FH
j−1,p using the j th OTF. Usually, IE

j,p is in the plural form. Then, following the

intensity correction concepts [34], only the amplitude of IE
j,p is replaced by the j th frame

IO
j , and an updated image d is acquired:

IE
j,p= F−1

{
FH

j−1,p ·OTFj

}
, IU

j,p = IO
j · I

E
j,p/
∣∣∣IE

j,p

∣∣∣ (13)

Here, F−1{} is the inverse Fourier transform operator. To make the reconstructed
spectrum fully preserve high-resolution information in each frame, the difference between
IU
j,p and IE

j,p should be as small as possible. Thus, the cost function ε j,p for optimization uses

the spectra of IU
j,p and IE

j,p to calculate their mean square error:

ε j,p =
∣∣∣F{IU

j,p

}
− F

{
IE
j,p

}∣∣∣2 =
∣∣∣FU

j,p − FH
j−1,p ·OTFj,p

∣∣∣2 (14)
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Then, the first derivative of ε j,p for FH
j,p is calculated:

∇ε j,p =
∂ε j,p

∂FH
j,p

= −2 ·OTF∗j ·
(

FU
j,p − FH

j−1,p ·OTFj

)
(15)

Using the gradient descent method, the spectrum increment ∆FH
j,p equals the product

of the step size d, normalized OTF, and negative gradient −∇ε j,p: ∆FH
j,p = −α ·OTFj · ∇ε j,p.

Normally, α is a fixed value (for example,α = 1). The OTF term weights the spectrum
increment and limits its area of influence on FH

j,p. This weight operation is equivalent to a
low-pass filtering process, which can cause a loss of high-frequency components.

To recover the missing information, we adopt the RLS filter deconvolution method. To
suppress noise and ringing artifacts, our method uses the image’s second-order difference
as the regularization term, which is the convolution of the image and the Laplacian operator
l. Usually, l = [0,−1, 0;−1, 4,−1; 0,−1, 0]. In the frequency domain, given the degraded
image G, the system’s PSF H, and the restored image F̂, the term

∥∥G− H ∗ F̂
∥∥2 is expected

to be zero. Using the Lagrange multiplier method, the following optimization problem
is established:

min
F̂

C, where C =
∥∥LF̂

∥∥2
+

1
µ
·
(∥∥G− H · F̂

∥∥2
)

(16)

where L stands for the Fourier transform of l. Let the first derivative of C equal 0. Then,
F̂min that minimizes d is acquired:

F̂min =

[
H∗

‖H‖2 + µ‖L‖2

]
G (17)

where µ is the weight factor. By replacing G with ∆FH
j,p , we can use the RLS filter to process

the spectrum increment and get the final updating equation:

FH
j,p = FH

j−1,p + α ·
OTFj ·OTF∗j(∣∣OTFj

∣∣2 + µ|L|2
) · (FU

j,p − FH
j−1,p ·OTFj

)
(18)

To improve the stability of our algorithm and achieve a high convergence rate, α is

adaptively updated using the batch cost Ep of pth iteration: Ep =
k
∑

j=1
ε j,p. FH

j,p is close to the

optimal solution when the reduction rate of Ep is less than the threshold T. Hence, α is
reduced by half for a more precise searching:

αp+1 =

{
αp,

(
Ep−1 − EP

)
/
(
Ep−1 + δ

)
> T

αp/2, else
(19)

Here, δ is a very small constant. The algorithm stops when p reaches the preset number
s or αp < Tα. By applying the inverse Fourier transform to the reconstructed spectrum FH

k,s,
the final image IH

k,s is obtained. The entire image synthesis algorithm is summarized in
Algorithm 2.
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Algorithm 2 The image synthesis algorithm based on Fourier spectrum restoration for RRA
system.

required: Image sequence IO
i , PSF sequence PSFi, step size α1, iteration number s

required: sequence frame number k, regularization weight µ, loss threshold T
1: Calculate IH

0,1, FH
0,1 using Equation (10)

2: for p = 1 : s do
for j = 1 : k do

Calculate IU
j,p using Equation (11)

Calculate the updated FH
j,p using Equation (16)

end for
Update αp+1,iter using Equation (17), then FH

0,p+1 = FH
k,p

end for
3: return the final reconstructed synthetic image IH

k,s

4. Discussion of Simulation Results and Experimental Results

We tested the performance of our proposed algorithm through both a numerical
simulation and practical experiments. We ran algorithms on a computer with a Core i5 CPU
and 32GB RAM. The operating environment was MATLAB R2019a. The frequency-domain
maximum method, which is intuitive and widely used [21], and Zackay’s matched filter
algorithm, which can acquire the highest SNR [22], were used as comparison algorithms.
All the methods were non-blind. We believe Fourier spectrum restoration can achieve better
image clarity than the matched filter, and the RLS filter can solve the noise amplification
problem of the maximum operation. We selected the peak signal-to-noise ratio (PSNR) and
structural similarity (SSIM) as the results’ quality evaluation indicators and compared the
running time of different algorithms.

4.1. Numerical Simulation Results

RRA sequence images were obtained by convolving a target image with the simulated
PSFs. The structural parameters of the simulated system were the same as those of the
prototype. The focal length was 0.7m, and the aperture was 0.5m long and 0.1m wide.
A sequence of 18 images was obtained, and to each image was added 0 mean value,
0.01 variance Gaussian white noise. We also simulated the imaging result of an equivalent
circular aperture system.

Algorithm 2 was implemented to synthesize the images. The corresponding param-
eters were initialized as follows: α1 = 1, m = 6, n = 18, λ = 1000, T = 0.02, E0 = 0,
δ = 1× 10−10. The Fourier spectrum restoration procedure of our algorithm is shown in
Figure 8.

To make the results more convincing, the RLS filter was also used to process the
circular aperture system’s image. A comparison of different methods’ results is shown in
Figure 9.

The maximum method preserved details well but failed to suppress noise, because
the maximum operation fused not only the high-frequency information, but also the
high-frequency noise. Zackay’s method was designed to achieve the highest SNR in
the synthesized image by using the weighted summation in the Fourier domain, but
this operation limited the restoration of high-frequency information. Thus, the result of
Zackay’s method has a very low noise level, but the overall clarity is not satisfying. In
contrast, our result resulted in the best visual quality. Thanks to the designed multi-frame
method, both the sharpness and the noise level of our result are better than those of
the circular aperture image. This verifies the physical advantage of the RRA system in
resolution and multi-frame denoising. To quantitatively analyze the performance of our
method, the image evaluation indicators and the time costs of different methods under
different scene conditions were compared. Some experimental results are listed in Table 2,
and the best results are indicated in bold font.
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Figure 8. The Fourier spectrum restoration procedure of our algorithm. (a) The initial image and
spectrum. (b) The iterative reconstruction process. The top images are degraded RRA images. The
bottom images are the reconstructed spectra, and the top right inset images are the corresponding
aperture patterns. The red, green, and blue ellipses show the areas of influence of the corresponding
frames. (c) Iteratively reconstructed result.

Figure 9. Comparison of different reconstruction results. (a) Zoomed areas of different methods’
reconstruction results of the ISO12233 target; (b) Zoomed areas of different methods’ reconstruction
results of the wharf target; (c) Zoomed areas of different methods’ reconstruction results of the boat
target; Our algorithm synthesizes multiple frames to suppress noise and can reconstruct more details.
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Table 2. Comparison of different methods’ evaluation indicators and time costs.

Target Pixel Resolution Image Restoration
Method

Valuation Indicators
Running Time (s)

PSNR (dB) SSIM

ISO12233
(2000 lines) 1500 × 1500

Processed circular 30.23 0.760 –
Zackay’s 26.64 0.832 2.95

Frequency Maximum 27.33 0.692 6.29
Ours 33.78 0.872 4.52

Wharf 2250 × 2250

Processed circular 27.99 0.747 –
Zackay’s 25.67 0.814 6.11

Frequency Maximum 27.49 0.673 15.47
Ours 30.91 0.890 11.72

Boat 2736 × 2736

Processed circular 29.27 0.683 –
Zackay’s 25.07 0.794 12.65

Frequency Maximum 27.50 0.679 27.73
Ours 30.58 0.817 17.28

Our method achieved the highest PSNR and SSIM values for each target and con-
verged after only two iterations. Traditional methods got unsatisfying results because
of less consideration for the balance between high-frequency enhancement and noise
suppression. The running time was also significantly shorter than that of the frequency
maximum method. The MTF curves of different results and RRA frame 1 are displayed
in Figure 10. Although the MTF curve of RRA frame 1 is severely degraded and nonuni-
form in different directions, our method managed to get a synthesized image that has
almost the same MTF curve in each direction. The MTF of our result is also closest to that
of the ground truth and is a significant improvement over RRA frame 1 and the other
methods’ results. Complementary high-resolution information in different frames was
successfully synthesized.

We also experimented to test the relationship between the quality of the synthesized
image and the number of image frames. The same RRA system with the aspect ratio 5:1 was
used, and the ISO12233 image was selected as the target. The result is shown in Figure 11.
For numbers of image frames smaller than eight, the PSNR of the synthesized images
are low. This verifies the theoretical derivation in Section 2 that a 5:1 aspect ratio RRA
system should capture at least eight images to get a high-resolution synthesized image.
When the number of image frames was bigger than 18, the synthesized image’s PSNR was
maximized, and there was no need to further increase the frame number. Therefore, to
ensure the quality of the synthesized image and minimize the shooting time, we suggest
that a 5:1 aspect ratio RRA system should capture an image sequence of 18 frames.

4.2. Practical Experiments

To test the actual performance of our algorithm, a prototype was built to perform prac-
tical experiments with, as shown in Figure 12. This optical system has a 0.1m aperture and
a 0.7 m focal length. A 1.1 inch Sony imx253 monochrome CMOS sensor with 4096 × 3000
pixel resolution was used to capture images. Figure 12d shows the design drawing of a 5:1
aspect ratio rectangular aperture slice. The rotating aperture was achieved by fixing the
designed aperture slice on a Zolix RAK 200 electric rotating platform.

The ISO12233 target was placed 10 meters away from the rotating aperture. Eighteen
frames with a 10◦ angular interval are captured, and frame 1 is shown in Figure 13a. To
reduce the running time, we only cut a 1200 × 1200 pixel section, as shown in Figure 13b.
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Figure 12. (a,b) Structure of the RRA prototype. It consists of four parts: the CMOS sensor, the optical system, the rotating
aperture device, and the imaging target. The object’s distance is 10 meters. The target is illuminated with two LED linear
light sources. (c) A front view of the 1.1 inch CMOS sensor. (d) Design drawing of a 5:1 aspect ratio rectangular aperture
slice. (e) Zoomed rotating aperture device. (f) The ISO12233 imaging target.

Figure 13. (a) The captured RRA image, frame 1. (b) The reconstructed image of our algorithm. The
areas marked with the rectangles are zoomed and compared in Figure 14.

We used the same parameters as described in Section 4.1, and the threshold Tα was set
to 0.05. The acquired RRA sequence images were first aligned using image registration.
Then, the PSF sequence was acquired. Our simulation algorithm obtained all 18 PSFs
in 2.11 s. In contrast, Zhou’s [24] deblurring method took 241 seconds to complete the
estimation of 18 PSFs. Finally, different image synthesis algorithms were implemented.
Figure 13b shows our synthetic image, and Figure 14 compares the zoomed areas of
different methods’ results.

The visual quality of our result is significantly better than those of the other two
methods. The zoomed images in the green and blue boxes in Figure 13b show that our
method can improve the synthesized image’s resolution. In addition, the contents of the
orange boxes indicate that our synthesized image has almost the same resolution in each
direction, which means the complementary information of the image sequence is fully
utilized by our method. Quantitative analysis was also performed. Table 3 compares the
running time of each algorithm, and Figure 15 shows the MTF curves of different results.

Table 3. Each algorithm’s running time when processing practical images.

Real Shot Target Pixel Resolution Image Restoration Method Running Time (s)

ISO 12233
(4000 lines) 1200 × 1200

Zackay’s 2.75
Frequency maximum 4.78

Ours 4.06
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Figure 14. Visual comparison of different algorithms’ synthetic results. The areas marked with rectangles in Figure 13b are
zoomed and outlined with the corresponding colors.
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The MTF value of our result is larger than that of the equivalent circular aperture’s
diffraction limit when the spatial frequency is higher than 0.2 cycle/pixel. This is because
the RRA system has a sharper PSF, and the multi-frame sequence images can suppress
noise. Besides, our method can also enhance the target’s high-frequency component. To
make the comparison more intuitive, we cut through the wedge lines as marked in Figure
16a and obtained the profiles, as shown in Figure 16b,c. Assuming the average grayscale of
bright lines is Va, and the average grayscale of dark lines is Ba, the contrast of the wedge
lines is calculated as follows:

Contrast = (Va− Ba)/(Va + Ba) (20)

Figure 16. Sections of different lines. (a) The wedge lines area of our reconstructed result. (b) Profile
curves of the processed circular aperture image at lines marked in (a). (c) Profile curves of our result
at lines marked in (a).

The processed circular aperture image failed to distinguish all nine lines at line 18.
Only eight peaks could be found in the green curve of Figure 16b. Thus, the resolution of
the circular aperture was only to the level of line 17. Our method achieved a much higher
contrast, and the lines in line 20 were still separable. Thus, the resolution of our system
is about 1.2 times higher than an equivalent circular aperture system. We also compared
the final spectrum acquired by the two systems, as shown in Figure 17. Our algorithm
recovered more high-frequency information, which is consistent with the visual quality of
the synthetic results. This further verified the effectiveness of our method.

Figure 17. The logarithmic intensities of different results’ Fourier spectra. (a) The initialized spectrum.
(b) The processed circular aperture image’s spectrum. (c) Our reconstructed image’s spectrum.

5. Conclusions

In this paper, we proposed a novel full-aperture image synthesis algorithm for the
RRA system, based on Fourier spectrum restoration. First, a numerical simulation model
was established to analyze the RRA system’s characteristics and acquire the system’s
PSFs. Then, the Fourier spectrum restoration algorithm with the RLS filter was used
to get synthetic results. Both the simulation and the practical experiments verified the
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effectiveness of our proposed method. The results showed that our algorithm greatly
improved the image clarity, and had good performance in terms of objective evaluation
and time consumption. This work provides a new feasible approach for solving the RRA
system’s image synthesis problem, and can provide a theoretical basis and reference for
the practical use of the RRA system. Our work also found that to ensure the quality of
the synthesized image, 18 frames of an equal angular interval should be captured for a
5:1 aspect ratio RRA system. Further research is needed to get an appropriate aspect ratio
that can obtain the best balance between the quality of the synthesized image and the
sequence acquisition time. Future research should also focus on realizing multi-frame
super-resolution with the RRA system using the image synthesis algorithm based on
convolutional neural networks.

Author Contributions: Conceptualization, H.F., Z.X., and Q.L.; methodology, Y.C. and G.L.; software,
G.L. and H.X.; validation, G.L.; data curation, G.L. and H.Z.; writing—original draft preparation,
G.L. and H.X. All authors have read and agreed to the published version of the manuscript.

Funding: This work is supported by the Civil Aerospace Pre-Research Project (number D040104) and
the National Natural Science Foundation of China (number 61975175).

Data Availability Statement: Data underlying the results presented in this paper are available in the
Dota dataset https://captain-whu.github.io/DOTA/dataset.html (accessed on 1 October 2021).

Acknowledgments: We thank Bian meijuan from the facility platform of optical engineering of
Zhejiang University for instrument support.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Li, J.; Pei, Y.; Zhao, S.; Xiao, R.; Sang, X.; Zhang, C. A review of remote sensing for environmental monitoring in China. Remote

Sens. 2020, 12, 1130. [CrossRef]
2. Zhang, X.J.; Fan, Y.C.; Bao, H.; Xue, D.L. Applications and development of ultra large aperture space optical remote sensors. Opt.

Precis. Eng. 2016, 24, 2613–2626. [CrossRef]
3. Guo, L.; Xianghao, K. Overview and development trends of high-resolution optical imaging satellite at geostationary orbit.

Spacecr. Recovery Remote Sens. 2018, 39, 55. [CrossRef]
4. Kendrick, R.; Thurman, S.T.; Duncan, A.; Wilm, J.; Ogden, C. Segmented planar imaging detector for eo reconnaissance. In

Computational Optical Sensing and Imaging; Optical Society of America: Washington, DC, USA, 2013.
5. Chen, V.C.; Martorella, M. Inverse Synthetic Aperture Radar Imaging: Principles, Algorithms and Applications; SciTech: Edison, NJ,

USA, 2014.
6. Li, X.; Wang, W.; Shi, J.; Wang, C.; Zhao, H.; Fan, X. Design, analysis of self-configurable modular adjustable latch lock for

segmented space mirrors. Opt. Express 2018, 26, 18064–18081. [CrossRef]
7. Guo-mian, L.; Qi, L.; Yue-ting, C.; Hua-jun, F.; Zhi-hai, X.; Jingjing, M. An improved scheme and numerical simulation of

segmented planar imaging detector for electro-optical reconnaissance. Opt. Rev. 2019, 26, 664–675. [CrossRef]
8. Su, T.; Scott, R.P.; Ogden, C.; Thurman, S.T.; Kendrick, R.L.; Duncan, A.; Yu, R.; Yoo, S.J.B. Experimental demonstration of

interferometric imaging using photonic integrated circuits. Opt. Express 2017, 25, 12653–12665. [CrossRef] [PubMed]
9. Liu, G.; Wen, D.; Song, Z.; Jiang, T. System design of an optical interferometer based on compressive sensing: An update. Opt.

Express 2020, 28, 19349–19361. [CrossRef] [PubMed]
10. Rafanelli, G.; Cosner, C.; Spencer, S.; Wolfe, D.; Newman, A.; Polidan, R.; Chakrabarti, S. Revolutionary Astrophysics Using an

Incoherent Synthetic Optical Aperture; SPIE: San Diego, CA, USA, 2017. Available online: https://www.spiedigitallibrary.org/
conference-proceedings-of-spie/10398/103980P/Revolutionary-astrophysics-using-an-incoherent-synthetic-optical-aperture/
10.1117/12.2272782.short?sessionGUID=ad883c9d-902b-c999-3ced-268bead49a28&sessionGUID=ad883c9d-902b-c999-3ced-26
8bead49a28&webSyncID=a0ce46e9-e6ec-7a49-dab6-a0cbad059329&tab=ArticleLink (accessed on 1 October 2021).

11. Wu, P.; Zhang, Q.; Wang, F.; Wang, H.; Zhuang, J.; Han, S. Measuring transmitted wavefronts for non-circular apertures in broad
bandwidths using discrete points. Results Phys. 2020, 17, 103095. [CrossRef]

12. Nir, G.; Zackay, B.; Ofek, E.O. A Possible Advantage of Telescopes with a Noncircular Pupil. Astron. J. 2019, 158, 70. [CrossRef]
13. Hall, D.L.; Llinas, J. An introduction to multi-sensor data fusion, Sensors, Nanoscience, Biomedical Engineering, and Instruments,

Scopus, 2016, ISBN 142000316X, 0849373468, 9781420003161, 9780849373466. Available online: https://ieeexplore.ieee.org/
document/554205 (accessed on 1 October 2021).

14. Kulkarni, S.C.; Rege, P.P. Application of Taguchi method to improve land use land cover classification using PCA-DWT-based
SAR-multispectral image fusion. J. Appl. Remote. Sens. 2021, 15, 014509. [CrossRef]

https://captain-whu.github.io/DOTA/dataset.html
http://doi.org/10.3390/rs12071130
http://doi.org/10.3788/OPE.20162411.2613
http://doi.org/10.3390/rs11010055
http://doi.org/10.1364/OE.26.018064
http://doi.org/10.1007/s10043-019-00548-w
http://doi.org/10.1364/OE.25.012653
http://www.ncbi.nlm.nih.gov/pubmed/28786620
http://doi.org/10.1364/OE.394130
http://www.ncbi.nlm.nih.gov/pubmed/32672214
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/10398/103980P/Revolutionary-astrophysics-using-an-incoherent-synthetic-optical-aperture/10.1117/12.2272782.short?sessionGUID=ad883c9d-902b-c999-3ced-268bead49a28&sessionGUID=ad883c9d-902b-c999-3ced-268bead49a28&webSyncID=a0ce46e9-e6ec-7a49-dab6-a0cbad059329&tab=ArticleLink
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/10398/103980P/Revolutionary-astrophysics-using-an-incoherent-synthetic-optical-aperture/10.1117/12.2272782.short?sessionGUID=ad883c9d-902b-c999-3ced-268bead49a28&sessionGUID=ad883c9d-902b-c999-3ced-268bead49a28&webSyncID=a0ce46e9-e6ec-7a49-dab6-a0cbad059329&tab=ArticleLink
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/10398/103980P/Revolutionary-astrophysics-using-an-incoherent-synthetic-optical-aperture/10.1117/12.2272782.short?sessionGUID=ad883c9d-902b-c999-3ced-268bead49a28&sessionGUID=ad883c9d-902b-c999-3ced-268bead49a28&webSyncID=a0ce46e9-e6ec-7a49-dab6-a0cbad059329&tab=ArticleLink
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/10398/103980P/Revolutionary-astrophysics-using-an-incoherent-synthetic-optical-aperture/10.1117/12.2272782.short?sessionGUID=ad883c9d-902b-c999-3ced-268bead49a28&sessionGUID=ad883c9d-902b-c999-3ced-268bead49a28&webSyncID=a0ce46e9-e6ec-7a49-dab6-a0cbad059329&tab=ArticleLink
http://doi.org/10.1016/j.rinp.2020.103095
http://doi.org/10.3847/1538-3881/ab27c7
https://ieeexplore.ieee.org/document/554205
https://ieeexplore.ieee.org/document/554205
http://doi.org/10.1117/1.JRS.15.014509


Photonics 2021, 8, 522 17 of 17

15. Cheng, J.; Liu, H.; Liu, T.; Wang, F.; Li, H. Remote sensing image fusion via wavelet transform and sparse representation. ISPRS J.
Photogramm. Remote Sens. 2015, 104, 158–173. [CrossRef]

16. Lu, J.; Qiao, K.; Li, X.; Lu, Z.; Zou, Y. l(0)-minimization methods for image restoration problems based on wavelet frames. Inverse
Probl. 2019, 35, 064001. [CrossRef]

17. Yang, Y.; Ding, M.; Huang, S.; Que, Y.; Wan, W.; Yang, M.; Sun, J. Multi-Focus Image Fusion via Clustering PCA Based Joint
Dictionary Learning. IEEE Access 2017, 5, 16985–16997. [CrossRef]

18. Meher, B.; Agrawal, S.; Panda, R.; Abraham, A. A survey on region based image fusion methods. Inf. Fusion 2019, 48, 119–132.
[CrossRef]

19. Milgrom, B.; Avrahamy, R.; David, T.; Caspi, A.; Golovachev, Y.; Engelberg, S. Extended depth-of-field imaging employing
integrated binary phase pupil mask and principal component analysis image fusion. Opt. Express 2020, 28, 23862–23873.
[CrossRef] [PubMed]

20. Zackay, B.; Ofek, E.O.; Gal-Yam, A. Proper image subtraction-optimal transient detection, photometry, and hypothesis testing.
Astrophys. J. 2016, 830, 27.

21. Zackay, B.; Ofek, E.O. How to COAAD Images. I. Optimal Source Detection and Photometry of Point Sources Using Ensembles
of Images. Astrophys. J. 2017, 836, 187. [CrossRef]

22. Zackay, B.; Ofek, E.O. How to COAAD Images. II. A Coaddition Image that is Optimal for Any Purpose in the Background-
dominated Noise Limit. Astrophys. J. 2017, 836, 188. [CrossRef]

23. Zhi, X.; Jiang, S.; Zhang, L.; Hu, J.; Yu, L.; Song, X.; Gong, J. Multi-frame image restoration method for novel rotating synthetic
aperture imaging system. Results Phys. 2021, 23, 103991. [CrossRef]

24. Zhou, H.; Chen, Y.; Feng, H.; Lv, G.; Xu, Z.; Li, Q. Rotated rectangular aperture imaging through multi-frame blind deconvolution
with Hyper-Laplacian priors. Opt. Express 2021, 29, 12145–12459. [CrossRef]

25. Pena, F.A.G.; Fernández, P.D.M.; Ren, T.I.; Leandro, J.J.; Nishihara, R. Burst ranking for blind multi-image deblurring. IEEE Trans.
Image Process. 2018, 29, 947–958. [CrossRef]

26. Chan, T.F.; Wong, C.K. Total variation blind deconvolution. IEEE Trans. Image Process. 1998, 7, 370–375. [CrossRef]
27. Xu, L.; Zheng, S.; Jia, J. Unnatural L0 sparse representation for natural image deblurring. In Proceedings of the 2013 IEEE

Conference on Computer Vision and Pattern Recognition (CVPR), Portland, OR, USA, 23–28 June 2013; pp. 1107–1114.
28. Dong, W.; Zhang, L.; Shi, G.; Li, X. Nonlocally Centralized Sparse Representation for Image Restoration. IEEE Trans. Image Process.

2013, 22, 1620–1630. [CrossRef]
29. Hongbo, Z.; Liuyan, R.; Lingling, K.; Xujia, Q.; Meiyu, Z. Single image fast deblurring algorithm based on hyper-Laplacian model.

IET Image Process. 2019, 13, 483–490. [CrossRef]
30. Krishnan, D.; Fergus, R. Fast image deconvolution using hyper-laplacian priors. Adv. Neural Inf. Process. Syst. 2009, 22, 1033–1041.
31. Pan, J.; Sun, D.; Pfister, H.; Yang, M.H. Blind image deblurring using dark channel prior. In Proceedings of the IEEE Conference

on Computer Vision and Pattern Recognition, Las Vegas, NV, USA, 27–30 June 2016.
32. Holloway, J. Synthetic Apertures for Visible Imaging using Fourier Ptychography; Rice University (ProQuest Dissertations &

Theses, 2016), ISBN 978-0-355-38333-1. Available online: https://scholarship.rice.edu/handle/1911/95651 (accessed on 1 October
2021).

33. Goodman, J.W. Introduction to Fourier Optics, 3rd ed.; Roberts & Company Publishers: Greenwood Village, CO, USA, 2004,
ISBN 9780974707723. Available online: http://www.opticsjournal.net/post/ifo.pdf (accessed on 1 October 2021).

34. Fienup, J.R.; Fienup, J.R. Phase retrieval algorithms: A comparison. Appl. Opt. 1982, 21, 2758–2769. [CrossRef]

http://doi.org/10.1016/j.isprsjprs.2015.02.015
http://doi.org/10.1088/1361-6420/ab08de
http://doi.org/10.1109/ACCESS.2017.2741500
http://doi.org/10.1016/j.inffus.2018.07.010
http://doi.org/10.1364/OE.393037
http://www.ncbi.nlm.nih.gov/pubmed/32752376
http://doi.org/10.3847/1538-4357/836/2/187
http://doi.org/10.3847/1538-4357/836/2/188
http://doi.org/10.1016/j.rinp.2021.103991
http://doi.org/10.1364/OE.424129
http://doi.org/10.1109/TIP.2019.2936073
http://doi.org/10.1109/83.661187
http://doi.org/10.1109/TIP.2012.2235847
http://doi.org/10.1049/iet-ipr.2018.5890
https://scholarship.rice.edu/handle/1911/95651
http://www.opticsjournal.net/post/ifo.pdf
http://doi.org/10.1364/AO.21.002758

	Introduction 
	Imaging Mechanism of the Rotating Rectangular Aperture (RRA) System 
	Full-Aperture Image Synthesis Algorithm Based on PSF Simulation and Fourier Spectrum Restoration 
	PSF Acquirement Using the Numerical Simulation Model of the RRA System 
	Full-Aperture Image Synthesis Based on Fourier Spectrum Restoration 

	Discussion of Simulation Results and Experimental Results 
	Numerical Simulation Results 
	Practical Experiments 

	Conclusions 
	References

