‘1 remote sensing

Article

Full-Aperture Reflective Remote Fourier Ptychography with
Sample Matching

Dayong Wang 1209, Jiahao Meng !, Jie Zhao 1>*(), Renyuan Wang 34, Yunxin Wang 1200, Lu Rong /2{,
Shufeng Lin 1'2 and Ling Li 34

check for
updates

Citation: Wang, D.; Meng, ].; Zhao, J.;
Wang, R.; Wang, Y.; Rong, L.; Lin, S.;
Li, L. Full-Aperture Reflective Remote
Fourier Ptychography with Sample
Matching. Remote Sens. 2024, 16, 4276.
https:/ /doi.org/10.3390 /1516224276

Academic Editor: Carmine Serio

Received: 24 September 2024
Revised: 10 November 2024
Accepted: 15 November 2024
Published: 16 November 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

School of Physics and Optoelectronic Engineering, Beijing University of Technology, 100 Ping Le Yuan,
Beijing 100124, China; wdyong@bjut.edu.cn (D.W.); mengjiahao@emails.bjut.edu.cn (J.M.);
yxwang@bjut.edu.cn (Y.W.); ronglu@bjut.edu.cn (L.R.); sflin@bjut.edu.cn (S.L.)

Beijing Engineering Research Center of Precision Measurement Technology and Instruments,

Beijing University of Technology, Beijing 100124, China

3 Beijing Institute of Space Mechanics & Electricity, 104 YouYi Road, Beijing 100094, China;
renyuanwong@foxmail.com (R.W.); lilingalpha@163.com (L.L.)

Beijing Key Laboratory of Advanced Optical Remote Sensing Technology, 104 YouYi Road,

Beijing 100094, China

*  Correspondence: zhaojie@bjut.edu.cn; Tel.: +86-010-67391741

Abstract: Fourier ptychography (FP) can break through the limitations of existing optical systems
with a single aperture and realize large field-of-view (FOV) and high-resolution (HR) imaging
simultaneously by aperture synthesis in the frequency domain. The method has potential applications
for remote sensing and space-based imaging. However, the aperture stop of the imaging system
was generally set to be much smaller than the system with an adjustable diaphragm, so it failed to
make full use of the imaging capability of the system. In this paper, a reflective remote FP with full
aperture is proposed, and the optical aperture of the camera is set to be the maximum according
to the sample-matching condition, which can further improve the imaging resolution by exploring
the whole capability of the system. Firstly, the physical model of the remote FP is established using
oblique illumination of a convergent spherical wave. Then, the sampling characteristics of the low-
resolution (LR) intensity image are analyzed. Assuming diffraction-limited imaging, the size of
the aperture of the optical system needs to match the sampling of the detector. An experimental
setup with an imaging distance of 2.4 m is built, and a series of LR images is collected by moving
the camera for the diffused samples, including the USAF resolution test target and the banknote,
where the diameter of the single aperture is set to the maximum to match the size of the CCD pixel
under the practical minimum F* of the camera of 2.8. The high-resolution image is reconstructed by
applying the iterative phase retrieval algorithm. The experimental results show that the reconstructed
resolution is improved to 2.5x. This verifies that remote FP with full aperture can effectively improve
the imaging resolution using only the present single-aperture optical system.

Keywords: Fourier ptychography; remote imaging; full aperture; sample matching; high-resolution
imaging

1. Introduction

With the continuous progress of space exploration and remote sensing technology,
higher requirements for imaging resolution have been expected, and improving the spa-
tial resolution of space-based telescopes has become an urgent mission. According to
the angular resolution, § = 1.22A/D [1], where A is the center wavelength and D is the
diameter of the primary mirror. Increasing the diameter of a single aperture is one of the
ways to improve the spatial resolution. However, the manufacturing cost, the weight of
the lens, and the difficulty of manufacturing and launching severely limit the maximum
physical size of the single-aperture mirror [2]. In order to overcome the above limitations,
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spatial-domain optical synthesized-aperture imaging methods have been investigated,
such as segmented mirror technology [3,4] and optical synthetic-aperture interferometric
imaging [5]. However, this type of method requires a high degree of co-phase and con-
focal between subsystems and the complex system. With the development of advanced
computational optical imaging [6,7], many super-resolution imaging techniques have been
proposed [8-10] and provide new possibilities for the solution, among which Fourier
ptychography (FP) is one of the important typical techniques.

Fourier ptychography was first proposed based on a microscopic imaging system [11].
A series of low-resolution (LR) intensity images are recorded by illuminating the sample
with quasi-plane waves at different tilted angles by lighting up the lamp beads of the
LED arrays one by one [12,13]. Then, for the reconstruction, the Fourier spectrums of the
multiple low-resolution images are merged together in the frequency domain by an iterative
algorithm to recover the high-resolution (HR) complex-amplitude image. It overcomes
the physical limitation of the numerical aperture of the microscope objective and uses
non-mechanical scanning to realize the expansion of the spatial bandwidth product of the
imaging system [14,15].

Subsequently, remote FP was developed. In 2014, remote FP was first applied to the
macroscopic domain [16], where the Fourier spectrum plane of an object was obtained using
far-field Fraunhofer diffraction in free space. A series of low-resolution images was acquired
using camera scanning with a single aperture of approximately 3.1 mm and an overlapping
ratio of 61% with the adjacent sub-spectrum. In total, 7 X 7 locations were acquired
with a synthesized aperture of approximately 10 mm, enabling long-range imaging at
0.7 m. In order to further improve the imaging resolution, the multi-camera array scanning
scheme was proposed with a single aperture of 2.3 mm to acquire images at an imaging
distance of 1.5 m. In experiments, imaging resolution gains of 4x~7x for real scenes were
achieved [17]. In 2017, a reflective imaging setup was first built to acquire the Fourier
spectrum of a sample at a finite distance using convergent spherical wave illumination [18].
Imaging of a diffused object was achieved using camera scanning with a single aperture of
2.5 mm, where the overlapping ratio of the adjacent sub-spectrum was 76%, the synthetic
aperture was about 15.1 mm, and the imaging distance was 1 m. Then, the coherence of the
laser light field and the effect of different material surface properties on remote FP imaging
were analyzed [19]. A single-aperture lens with a diameter of 60 mm was used to realize the
coins and USAF resolution test target with a working distance of 3.31 m, and the resolution
improvement was 2. In order to increase the imaging field-of-view (FOV), a quasi-plane
wave illumination of the sample was proposed, and a spade-poker sample at a distance of
15 m was imaged [20]. The single-aperture diameter was about 0.7 mm, the overlapping
ratio of the sub-spectrum was 70%, and 27 x 27 positions were acquired, with a synthesized
aperture of about 18.4 mm. In addition to the camera scanning, a laser-scanning scheme for
reflective remote FP has been proposed [21]. Illumination of the sample at different tilted
angles was achieved by moving the illumination laser, similar to the FPM scheme. In 2023,
a diverging spherical wave was proposed to further extend the imaging FOV, realizing an
imaging distance of 10 m, an equivalent aperture of 31 mm, and a FOV of 1 m x 0.7 m [22].
With the rapid development of deep learning in recent years [23-25], the application of
it to the field of FP has achieved remarkable results, reducing the requirements for the
overlapping ratio while guaranteeing the quality of imaging. This advancement provides
new possibilities for improving imaging efficiency and reducing computational cost [26,27].
However, the diameters of the aperture used in remote FP are generally set to be small
nowadays without considering sample matching, thus it fails to fully utilize the imaging
capability of the system.

In order to adapt to the needs of remote sensing and fundamentally play to the
advantages of the FP method, this paper carries out research on remote FP with full
aperture. Firstly, the physical model under convergent spherical light illumination with
a little tilted angle is established. Then, the spatial-domain sampling characteristics are
analyzed. It is pointed out that the size of the diaphragm of the optical system needs
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to be matched with the sampling of the CCD detector, and the method of the spectrum
interception under the critical sampling condition is discussed. Finally, an experimental
system is designed and built, and the diameter of the single aperture is 35.71 mm. A
standard reflective diffused USAF resolution test target and a banknote are used as the
experimental samples to realize 2.4 m remote FP. On the basis of fully utilizing the whole
imaging capability of the existing system, the resolution is improved and the imaging
fidelity is enhanced.

2. Principle
2.1. Imaging Theory of FP

The single-imaging process of FP is generally regarded as a coherent imaging process.
When applying the method to far-field imaging, it is necessary to perform the scanning
acquisition on the Fourier spectrum plane of the object. From wave optics theory, when a
plane wave is incident on an object, its far-field Fraunhofer diffraction can be equivalent
to the Fourier transform of the object with a scale factor. The optical-field distribution
after long-distance free-space propagation of the object is denoted by the optical Fourier
transform of the object. Therefore, a camera can be utilized in this far-field plane to capture
different positions of the spectrum and record the corresponding LR intensity images.
Under the thin-lens approximation, assuming that the frame of the camera lens is assumed
to be the aperture. When the camera lens is located in the Fourier spectrum plane of the
object, the aperture of the camera lens determines the physical size of the sub-spectrum
that can be transmitted by a single exposure, and a series of LR intensity images is recorded
by the camera by moving the camera where the adjacent sub-spectrum needs to have a
certain overlapping ratio.

Considering that the proof of the principle is usually carried out in the laboratory, the
free-space diffraction distance is limited, and it is not easy to satisfy the condition of the
far-field Fraunhofer diffraction. Therefore, it is proposed to use the convergent spherical
wave to illuminate the object so that the Fourier transform spectrum of the object can be
obtained at a finite distance. Following is a schematic diagram of the reflective FP system
with oblique convergent spherical wave illumination in Figure 1.
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Figure 1. Schematic of the remote FP system under convergent spherical wave illumination with a
tilted angle «.

Assume that a spherical wave from a point source propagates a distance dy and is
incident on a focusing lens Li. Then, the optical wave passes through the lens to form a
convergent spherical wave. There is an angle between the optical axis of the spherical wave
and the normal direction of the sample, which is denoted as «. The image of the point
source is formed at a distance of d = d; + d after the lens, which has an offset of b with the
z axis in the negative direction of the yy. Here, d; is the distance between the center of the
object plane and the lens L, and d, is the distance between the center of the object plane
and the point image. Therefore, combining the complex-amplitude reflective function of
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the object with the oblique illumination of the convergent spherical wave, the optical-field
distribution immediately after the object plane can be expressed as follows:

U (x0,0) = 0(x0,y0)- expl (3 + 1)) exp(j2 220 ) <1>
20 /\ZQ
where o0(xg, o) is the complex-amplitude reflective function of the object, and A is the
wavelength of the incident wave. The linear phase term is introduced due to the incidence
of the tilted spherical wave, and b = d- sinw, zy = dp- cos a.

When this convergent spherical wave illuminates the sample, the reflected optical
wave carrying the information of the sample propagates a distance z to reach the camera
lens L,. Here, it is assumed that the aperture P of the camera is coincident with the
pupil plane. Then, the wave propagation from the object plane to the pupil plane can be
described by the Fresnel diffraction integral formula based on the single Fourier transform
form, where the quadratic-phase factor present inside the integral can cancel the quadratic-
phase factor produced by the focusing lens L; in Equation (1). The complex-amplitude
distribution on the optical pupil plane is thus obtained as:

xp(jk . . b
Up(xpyp) =© }]?)(\JZOZO)'QXP[]%(JC} +y})] X ]-"{o(xo,yo).exp(jZn%)}u:;i/v:ALf o
20 20
_ exp(jkzo) Xf yf*b)

jAzg exp[]%(xj% +y})] X O(Tzo’ 2o

where F represents the Fourier transform with a scale factor of 1/Azy, O represents the
Fourier spectrum of the object 0, and (1, v) is the frequency-domain coordinates on this
plane. From Equation (2), the complex-amplitude distribution of the optical field in the
(x4, yp) plane is the Fraunhofer diffraction pattern of the object, except the presence of the
quadratic-phase factor precedes the integral. Also, the oblique spherical illumination leads
the Fourier spectrum of the object to have a certain translation along the yy direction. Both
Equations (1) and (2) are different from previous work [18,19].

A diaphragm is applied to allow only part of the Fourier spectrum to pass through
and then experience phase modulation given by the lens L,. Then, through free-space
diffraction, the optical wave propagates a distance z; to the image plane, which is realized
by the Fresnel diffraction integral formula based on the single Fourier transform form. The
distances of zy and z; satisfy the object-image relation with respect to the lens L,, which is
% + le = ]17, where f is the focal length of the lens L, and the imaging magnification is M.
On the image plane, only the intensity information of the light field can be recorded. In the
case that the center of the lens L, coincides with the z axis, the distribution is obtained by
ignoring the constant phase factor as follows:

2

I(xj,y;) = ‘f‘l{O(u,v — i)oP(/\zou, Azgv)} 3)

/\ZO

where P(Azgu, Azgv) is the coherent transfer function (CTF) of the imaging system, and
P(xy,yy) is the pupil function determined by the diaphragm, which is a function of the
circular domain with diameter D and can be expressed as:

1, 2 2<DJ/2
P(xf'yf):{ V¥ typ=Db/ 4)

0, others

The optical cutoff frequency in the object space is fo = D/2Az,. At this time, the
optical field on the image plane is a LR intensity image of the object, which is formed by
the Fourier spectrum of the object corresponding to the limited aperture of L,. In order to
break through the limitation of the imaging lens to achieve high resolution, it is necessary
to collect a series of LR images formed by different Fourier spectrum components of the
object. It is realized by moving the mobile scanning module on the x—y plane to different
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positions. Each sub-spectrum, whose coordinates of each center position are denoted by
(uj, v;), needs to have a certain overlapping ratio so as to ensure that the collected data
have enough redundancy information. Then, in the frequency domain, by employing the
phase retrieval algorithm, the synthetic Fourier spectrum with phase information can be
retrieved, and finally the high-resolution complex-amplitude image can be obtained.

In practice, the two-dimensional CCD detector is used to record the LR intensity
images. Each pixel of the photosensitive cell has a certain size when finishing the integral
calculation to obtain the value, and it is assumed that the pixels are sampled at equal
intervals. Then, the process can be expressed as a process of convolution and sampling of
the LR intensity of I;(¢,#) [1]:

L(&n) = / / I(xi,yi)8ccp (& — xi, 1 _]/i)dxidyi]comb(f(,:)comb(;?) (5)

where gccp (€, 17) represents the impulse-response function of the CCD detector, and Ag, Ay
is the two-dimensional discrete sampling period of the detector.

2.2. Reconstruction Algorithm

The iterative phase retrieval algorithm of the remote FP is used for the recovery of
the high-resolution complex-amplitude information of the object based on the recorded
LR intensity images corresponding to different Fourier spectrums. The specific process is
shown in Figure 2 as follows:

- . . . . ..
g Low-resolution images acquired with ‘\‘

the camera at different locations \

. - Amplitude Amplitude
Interpolation | substitution substitution

Amplitude
estimate

Phase

estimate 5\ (® Iterative updating
\\

== - Phase

Figure 2. Flowchart of the reconstruction algorithm for remote FP.

Step 1: Initialization of the high-resolution Fourier spectrum. Using the intensity
image Iy acquired from the center FOV of the CCD detector, divide the magnification ratio
M to transform to the object plane. The amplitude is the square root of Iy. Then, bilinear
interpolating is applied to obtain an initial guess of the HR amplitude image. Set the initial
phase value of the HR image to a constant value ¢(xo,y0) = 0. Then, apply the Fourier
transform of the guessed HR complex-amplitude distribution to obtain the HR Fourier

spectrum O(u, v):
0(u,) = F{ Bly/ oG, o) exlig(x0, o) ©

where B represents the interpolation operation, and the interpolation magnification can be
estimated according to the number of LR intensity images and the overlapping ratio of the
adjacent sub-spectrum.
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Step 2: For the ith camera position, use the CTF P(Azgu, Azgv) to intercept the guessed
HR Fourier spectrum. Then, the inverse Fourier transform is applied to obtain the LR
complex amplitude of the optical field ¢™ (xo, yo):

" (u— uj,v —v;) = 0;(u,v)-P(Azo(u — u;), Azo (v — v;)) (7)

9" (x0,y0) = F " (u — uj, v — ;)] ®)

where m is the number of the iteration.

Step 3: Retain the phase information of the LR complex amplitude of the sample.
Replace the amplitude information with the square root of the intensity images collected
by the cameras at the different corresponding positions. Then, obtain the updated complex-
amplitude distribution ¢+ (xq, yo).

Step 4: Apply the Fourier transform to the updated complex-amplitude distribution as
¢ (u — w0 — v;) = F{¢"*(x0,0) }, and update the Fourier spectrum corresponding
to the sub-aperture according to the following equations:

[P (Azo (1) Az (0-0;))]"

O:n(u/ U) = O;n(u/ U) + 44 ‘Pm(/\Z(;(Mqu,AZu(vai))|2 (9)

% [aerl (u —u;,v — Uz‘) — 4)m(u — U, 0 — Uz’)]

- |6m(il*uirvai)|2 (10)
% [‘Perl (u—ujv—v;) — " (u — u;,0 — Ui)}

and P"T1(Azou, Azy0) = P™(Azou, Azo0) + B

where «, § is the searching step of the algorithm, usually set as 1, and * is the complex
conjugate operator.

Step 5: Repeat steps 2—4 until the Fourier spectrum information is updated for all
locations and an iterative process is completed.

Step 6: The Fourier spectrum obtained from the previous round is used as the initial
guess for the next iteration. The updating process of steps 2-5 is repeated until convergence
so as to obtain the optimized solution of the HR Fourier spectrum. Then, apply the inverse
Fourier transform to obtain the HR complex-amplitude image of the object. It is worth
noting that in step 2, applying the CTF to intercept the different Fourier spectrum of the
object is the one of the key steps.

3. Analysis of Sample-Matching Conditions

The FP system uses the two-dimensional area-array CCD detector to record the in-
tensity distribution on the image plane. While the sampling of the detector is discrete,
how to choose the sampling interval of the detector is an important issue. The principle is
to achieve neither under-sampling, leading to loss of the information, nor oversampling,
leading to a waste of the capability of the detector. A continuous band-limited function
can be accurately retrieved by a discrete sampling sequence without loss of information
only if the Nyquist sampling condition is satisfied. At the same time, the sampling of the
CCD needs to be matched with the diaphragm of the imaging system to fully utilize the
imaging capability of the optical system. For analytical convenience, it is assumed here that
gcep(E, ) in Equation (5) is a delta function of 5(&, 77), and only the discrete sampling has
an effect on the imaging.

3.1. Analysis of Sampling Conditions in the Spatial Domain

The single thin-lens imaging model is considered from the object plane to the image
plane, as shown in Figure 1. According to coherent imaging theory, for a diffraction-
limited coherent optical-imaging system, the radius of the Airy pattern can be expressed
as 0 = 1.22Az;/ D, where z; is the image distance and D is the diaphragm diameter of the
imaging lens. According to the Nyquist sampling theorem, the Airy-pattern radius has to
be larger than the pixel size of the detector in order to avoid under-sampling, otherwise the
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aliasing effect will occur in the frequency domain. Here, only the one-dimensional case is
analyzed as an example, and the following relation needs to be satisfied:

AE < 1.22/\% (11)

where A( is the pixel size of the detector in the horizontal direction.

In order to study the sampling relationship, the other parameters of the imaging
system are fixed and only the size of the diaphragm is changed to produce the different
Airy-pattern radius. The specific parameters are as follows: the illumination wavelength
A is 532 nm, the object distance is zgp = 2.4 m, the focal length of the camera lens L; is
100 mm, the image distance is z; ~ 104 mm, the imaging magnification M is 1/23, and
the pixel size of the detector is 1.67 pym x 1.67 pm. The USAF resolution test target is
employed as the simulated object, and its physical size is 5 mm. In the following, there are
two cases to be analyzed with different diaphragms of the camera. When the diameter of
the diaphragm is set to 50 mm, according to Equation (8), the radius of the Airy pattern
can be calculated to be 1.35 um. It is smaller than the detector’s pixel size, and this is an
under-sampling case. At this time, according to the diaphragm of the imaging system, the
theoretical resolution can be calculated to be dx = 1/2f. = Az;/D ~ 25.5 um in the object
plane, which corresponds to the group 6, element 4 (line width is 26.1 um) of the object,
as shown in Figure 3a. However, because of the under-sampling situation caused by the
sampling of the CCD, the smallest resolvable line pair is actually group 5, element 6 (line
width is 39.2 pm), as shown in Figure 3b. So, in this case, it is the pixel size of the camera
that determines the achievable imaging resolution. In another case, the diameter of the
diaphragm is set to be 25 mm, which leads to oversampling, and the theoretical resolution
is Azp/D = 52.1 um. It is verified in Figure 3b, where the resolvable linewidth is group 5,
element 4 (line width is 53.9 um). The actual imaging resolution is determined by the size
of the diaphragm of the imaging system. It should be noted that when the diameter of the
diaphragm is reduced, it can also result in a decrease of the light energy passing through
the optical system, and so in Figure 3b, the image plane becomes a little darker.

5 4 3
s W, = ||| ms = e

||||||§ 2 1] 55‘.”.

WEs 4 ="

— =i
= =m 1l

Figure 3. The simulated sample and the LR intensity images. (a) The simulated-amplitude image of
the sample, (b) the under-sampling case with a 50 mm diaphragm, and (c) the oversampling case
with a 25 mm diaphragm.

3.2. Interception of the Fourier Spectrum Under the Critical Sampling Condition

Assuming that the pixel shape of the CCD detector is square, using two-dimensional
equally spaced sampling and still using the simulation parameters in the previous Section 3.1,
the amplitude image and the phase image of the simulated object are as shown in
Figure 4(al,a2). According to the property of the discrete Fourier transform, the high-
est spatial frequency in the Fourier spectrum of an image with the sampling interval A¢ is
fmax = 0.5/A¢. This is the critical sampling case when an equal sign is used in Equation (8),
and the diameter of the diaphragm can be calculated to be D = 1.22Az;/A¢ ~ 40.4mm.
At this point, the CTF is a circle function, as shown in Figure 4(b1,b2), whose radius is
the optical cutoff frequency f. = 0.61/A¢. It can be seen that the radius of the CTF has
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exceeded the maximum spatial frequency determined by the pixel size of the CCD. For this
particular case, the following two ways are proposed to process the spectrum interception:

Ground truth Direct processing LR interpolation

(1) ——= (b2)

CTF \ /

160 X 160

Synthetic

spectrum

Reconstructed
amplitude

PSNR=22.3274 dB
SSIM=0.8570

PSNR=25.8731 dB
SSIM=0.9436

Phase image

Reconstructed
phase

PSNR=25.8365 dB

PSNR=25.8799 dB
SSIM=0.7259

SSIM=0.6693

Figure 4. Comparison of the results with direct processing and interpolation processing under
the critical sampling condition. (al,a2) Ground truth, (b1,b2) the CTF and the interception matrix,
(c1,c2) the synthetic Fourier spectrum, (d1,d2) the reconstructed amplitude images, (el,e2) the
reconstructed phase images.

(a) Ignoring the excess part of the CTF at four corners in the Fourier spectrum. The
Fourier spectrum is intercepted directly by using a 128 x 128 matrix with a bandwidth of
2 fmax, as shown in Figure 4(b1).

(b) Upsampling the LR intensity image by interpolation processing. The number of
sampling pixels is increased to 160 x 160. Then, the range of the corresponding Fourier
spectrum is enlarged, and it is intercepted using the CTF, as shown in Figure 4(b2).

To simulate the remote FD, a total of 5 x 5 LR images is acquired with an overlapping
ratio of 60%, and the phase retrieval algorithm is used for reconstruction. The simulated
results are shown in Figure 4(c1—e2). It can be seen that the synthesized Fourier spectrums
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obtained by the two processing methods shown in Figure 4(c1,c2) only have differences
in the boundary part. The result of the interpolation method has an extra “wave fluc-
tuate” spectrum at the boundary. The peak signal-to-noise ratio (PSNR) and structural
similarity index (SSIM) [28] are used as the evaluation parameters for the retrieved HR
complex-amplitude images shown in Figure 4(d1-e2). It can be seen that the result of the
interpolation method has slightly better PSNR and SSIM values, and this method will be
applied later. In conclusion, when we design the remote FP configuration by selecting the
camera lens and CCD detector, the matching between the diaphragm of the system and the
discrete sampling of the detector should be considered. The size of the diaphragm should
be as large as possible under the premise of satisfying the discrete sampling of the CCD
detector so as to give full play to the imaging capability of each optical-imaging module.

4. Simulation and Experimental Results of the Reflected Diffuse Samples
4.1. Simulation Results and Analysis

The simulation parameters are chosen as follows under consideration of the practical
experimental conditions. A laser with a 532 nm wavelength is passed through a lens L with
a focal length of 300 mm, and the focal length of the camera lens L, is 100 mm. The diameter
of the diaphragm is 35.71 mm according to the actual experimental parameter, and the
CCD detector pixel is 1.67 um x 1.67 um. It can be determined that the sample-matching
condition is satisfied. In order to generate a reflected diffuse sample, the amplitude is set
to be an airfield image, and the phase is set to be a distribution within the range [, 7]
with a resolution of 512 x 512. In order to ensure the reconstruction quality and reduce
the acquisition time, the moving step of the camera is selected to be 7.14 mm, and the
overlapping ratio in the frequency domain is calculated to be 80%. A total of 11 x 11 LR
intensity images are acquired, the object distance is 2.4 m, and the imaging magnification M
is still 1/23. At this time, the diameter of the CTF of the imaging system is larger than the
spectrum size determined by the sampling interval of the LR image, and the interpolation
method described in Section 3.2 is used for the spectrum interception process.

The simulation results are shown in Figure 5, where Figure 5a is the simulated sample,
and Figure 5b is the Fourier spectrum of the sample. Figure 5c shows the LR images
corresponding to the different parts of the region in the amplitude distribution of the
Fourier spectrum, denoted by blue, red, green, and yellow circles. It is seen that there is
speckle noise in the acquired LR image, but there is no obvious distinction between the
bright and the dark fields corresponding to different spectrum components. This is due
to the scattering of the rough surface of the object, whose microstructures in the concave
and convex are larger than the wavelength of the light. When the light irradiates to the
rough surface, due to the irregularity, the incident light will be reflected at different angles
and directions, then the reflected light in all directions shows a uniform distribution. The
reconstructed results are shown in Figure 5d, and the resolution has been improved, where
the profiles of the building and plane can be distinguished. The quantitative evaluation
using the correlation coefficient (c.c.) [29] shows an improvement in the quality of the
reconstructed HR amplitude image. The phase of the sample, as shown in Figure 5e, is
random due to the scattering effect of the diffused object. The simulation results reveal that
the remote FP based on camera scanning is able to image the reflected diffused object. By
acquiring a series of LR images, the image resolution can be improved, and the effect of
scattering noise can be suppressed to a certain extent.
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(b)

Figure 5. Simulation results of remote FP with a reflective diffused object. (a) The original amplitude
image of the sample, (b) the amplitude distribution of the Fourier spectrum of the sample, (c) four LR
intensity images corresponding to different sub-spectrums, (d) the reconstructed amplitude image,
(e) the reconstructed phase image.

4.2. The Experimental Results and Analysis

According to the imaging schematic shown in Figure 1, a reflective experimental setup
was built in the laboratory, as shown in Figure 6, where « = 13°. The experimental param-
eters are consistent with those in Section 4.1. A focusing lens L; converts the diverging
spherical wave into a convergent spherical wave and obtains the Fourier spectrum of the
object at a finite distance. The camera lens L; has a fixed focal length of 100 mm and F*
of 2.8~32, where F* = f /D, f is the focal length, and D is the diameter of the adjustable
diaphragm. The detector is an 8-bit CMOS camera (MER-1070-14U3C, 3840 x 2748 pixels,
1.67 um x 1.67 um pixel size). Based on the above parameters, the F# of the camera needs
to be set at 2.57 when the camera sampling interval satisfies the critical sampling condition.
Experimentally, F* is set to be a minimum value of 2.8, and then the camera aperture is
correspondingly set to be 35.71 mm, which is a little different from the sample-matching
condition with slight oversampling. The overall resolution of the imaging system at this
point is determined by the size of the diaphragm of the imaging system. Because the
camera has several lenses combined together to form the imaging lens, it is not easy to
measure the specific object distance and the image distance directly. So, a standard USAF
test target is applied as the object to calibrate the imaging system. Through adjusting the
focus of the camera, a focused image is obtained, and the pixel size of the CCD is known
and used as the standard ruler on the imaging plane. Then, the system magnification is
obtained by dividing the size of the particular bars by the truth value of the same bars of
the UASF test target, which is calibrated as 1/23. Because the focal length of the lens L,
is fixed to be 100 mm, by applying the Gaussian lens formula, the object distance and the
image distance can be calculated as 2.4 m and 104 mm, respectively. The object distance is
in good accordance with the value measured in the laboratory.

According to Equation (2), the oblique spherical wave illumination will cause the
Fourier spectrum of the sample to be shifted. In order to eliminate this shifting and thus
ensure that the camera aperture can intercept the spectrum at the correct location, during
the experiment, first a mirror-reflective object is used to find the position where the light
beam is reflected, obeying the law of reflection, and the camera is placed so that the image
falls exactly in the center of the FOV. Then, the camera is rotated so that the photosensitive
surface is perpendicular to the z axis, thereby keeping the sample parallel to the camera
sensor, which is the center of the Fourier spectrum of the object. Then, the mirror-reflective
object is replaced with a reflective diffused sample. It is noted that for the illumination-
scanning FP system, the relative positions of the sample and the imaging system are fixed,
so the position of the image on the camera is always the same. In comparison, for the
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camera-scanning remote FP system, the image is shifted in the FOV of the camera during
the image acquisition. So, image alignment processing is required before performing the
reconstruction algorithm [30], and the accuracy of the image alignment will seriously affect
the quality of the reconstructed image. At the same time, the available number of scanning
positions of the camera is limited by the size of the photosensitive surface of the CCD
detector and the FOV. If the imaging resolution needs to be further improved, a CCD with
a larger photosensitive area and higher sensitivity is needed, or the CCD and the imaging
lens could be moved separately.

Lens L, s5=
aY

¢ o

4 Camera and
Sy. j@‘?‘}k 3

\ Translation Stage

g e
Focusing § Spatial Neutral
Lens L, { Filter | Density Filter ;

- Laser

Figure 6. The experimental setup for the reflective remote FP using the camera-scanning mode.

In order to quantitatively characterize the resolution enhancement of the system, a
standard USAF resolution test target (Newport, RES-2) is applied. One of the low-resolution
images is shown in Figure 7(al). The reconstructed amplitude image is further denoised
using the Block Matching 3D Filter Algorithm (BM3D) [31], and the reconstructed result
is shown in Figure 7(a2). The three different regions in the LR intensity image and the
reconstructed image, represented by red, green, and blue rectangular boxes, are enlarged
for comparison. It can be seen that the LR intensity image has a very blurred target strip
and can hardly be resolved to group 1, element 1 (line width of 250 um). In contrast, the
reconstructed image is able to present the information of the target stripe clearly, as shown
by the blue box in Figure 7(a2), which approaches the resolvable capability of group 2,
element 3 (line width of 99 um). The reconstructed resolution has been increased to 2.5x,
and the image quality has been greatly improved. The contrast of each group of line pairs,
denoted as C, is calculated as follows when considering the effect of scattering:

w—b =
C S w-(1—-Db) (12)

where W and b are the average intensities of the white and black bars, respectively. The
contrast of each group of underlined regions is shown in Figure 7b, and the reconstructed
image has a higher contrast than the original captured LR image for all three regions.

(b) 10 LR
- 08 0.7238 ~——HR
w
] 0.5917
‘E 0.6
0.4068
Soa 0.3208 ~~-0-3688
- \l 588
0.0
Red line Green line Blue line

Figure 7. Experimental results of the USAF resolution test target. (al) One of the LR intensity images,
(a2) the reconstructed amplitude image, (b) the contrast curves for the underlined parts of (al,a2).

Then, the experiments are conducted with a sample of a reflective diffused ban-
knote that contains the pattern of a deer. One of the LR intensities captured is shown in
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Figure 8(al), where a whole dark-field phenomena appears. The reconstructed HR ampli-
tude is shown in Figure 8(a2). The pattern of the “deer eye” position in the original LR
image is very blurred, while the reconstructed HR image effectively improves the resolution
and image quality. Furthermore, it can be seen from the curves of the contrast C shown in
Figure 8b that the quality of the HR image is better than that of the LR image.

71 (b) 05
04 —— HR
>
g‘ 03 0.2346
g 0.2
Q 0.1319 0.1468
0.1011
01 \‘me
0.0
Red line Green line Blue line

Figure 8. Experimental results for the banknote. (al) One of the LR intensity images, (a2) the
recon-structed HR amplitude image, (b) the contrast curves for the underlined parts of (al,a2).

5. Conclusions and Discussion

In order to fully utilize the capability of the present optical-imaging system, for the
demand of large FOV and high resolution in far-field imaging, this paper carries out full-
aperture remote FP with sample matching. Firstly, the physical model under the oblique
convergent spherical wave illumination is established. A quantitative formula for the
shifting of the object spectrum is deduced. Then, the discrete sampling of the CCD detector
is taken into consideration. By varying the diameter of the diaphragm of the imaging
system, the resolution of LR images in both under-sampling and oversampling situations
are analyzed. It is illustrated that the parameters of each imaging module need to be
matched in order to fully utilize the imaging capability of the optical system, and the
spectrum interception methods under the critical sampling condition are presented. Finally,
a reflective remote FP system is designed and built. According to the sample-matching
condition with the full aperture, based on a CCD pixel size of 1.67 uym x 1.67 um and a
camera lens F* of 2.8, the diameter of the aperture stop is set to be 35.71 mm. HR imaging
with the diffused sample is successfully achieved, with the resolution being improved to
2.5%. The experimental results demonstrate that remote FP can improve imaging resolution
and quality. It has great potential applications for remote sensing.

With regard to applying the proposed method to remote sensing scenarios, the fol-
lowing issues should be considered in the system design. Firstly, after the long-distance
free-space propagation, the optical field distribution is right in the Fraunhofer diffraction
pattern, which represents the Fourier spectrum of the object. In this case, in order to obtain
the proper FOV, other illumination modes should be studied. Secondly, since the laser is
adopted to illuminate the object actively, the energy should be guaranteed after propagating
hundreds of kilometers. Then, the influence of atmospheric turbulence should be taken into
consideration. Additionally, it is worth noting that the camera may need to be moved along
a spherical surface under the non-paraxial approximation region if the spectrum acquisition
region is very large and higher-resolution improvement is required. The movement of the
camera set on the satellite should be accurately controlled to record LR images. Meanwhile,
samples with different surface characteristics (such as an oil painting, a leaf, composite
material, building material, etc.) should be employed to expand the application of the
proposed method. These improvements will enable the FP method to be practical for
remote sensing tasks.
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