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1. Introduction

Acquiring high-resolution images is essential in far-field
imaging application such as astronomy, remote sensing, and
geological exploration. Especially in astronomy, astronomers
attempted to increase the finite aperture size in detection

systems for higher spatial resolution
according to the Rayleigh criterion, yet,
with that comes higher costs, complex
aberrations, and tough manufacturing
processes, which have hindered the devel-
opment of far-field detection by larger
apertures. Synthetic aperture (SA) is a
remote sensing technique that combines
multiple subaperture images to form a
high-resolution image, exceeding the
diffraction limit of a single aperture.[1,2]

Over the last several decades, the SA
technique, as a powerful tool for detection
and imaging in a variety of complex scenar-
ios, has been widely applied in several
fields, e.g., SA radar (SAR),[3,4] inverse
SA radar (ISAR),[5] and SA sonar.[6] As their
antenna can record the full complex field
(amplitude and phase) of microwave, most
SA techniques are appropriate for radar,
but when they are used for visible imaging,
the phase information will be lost. In other
words, the SA technique applied to visible
imaging has for a long time been limited.

As a promising and elegant computa-
tional imaging approach, the Fourier ptychography (FP) tech-
nique has achieved the best of both worlds (high resolution
and wide field) with the characteristics of phase recovery and
the idea of SA.[7–11] It has been demonstrated for label-free imag-
ing of biological samples without the necessity of interferometric
methods to acquire phase.[12] In particular, various systems and
methods have been developed for high-precision Fourier ptycho-
graphic microscopy (FPM),[13–15] e.g., Fourier ptychographic dif-
fraction tomography for 3D microscopy,[16] high spatio-temporal
resolution imaging over a long-time scale,[17] UV Fourier ptycho-
graphic microscopy[18] to achieve higher spatial resolution, and
high-performance FP with deep learning.[19–21] The stability
and reconstruction quality may be significantly degraded with
non-negligible noise when the ptychographical iterative engine
(PIE) and extended ptychographic iterative engine (ePIE) are
used for phase recovery. Adaptive compensation[22] and simu-
lated annealing correction algorithms[23] have also been proposed
to tackle the artifact phenomenon in the reconstruction results,
providing fast convergence speed with few computational over-
heads. Owing to the rise of aperture scanning techniques[24] and
their flexibility for the spectrum recovery as a far-field detection
scheme,[25,26] many efforts to refine the macroscopic FP frame-
work have been made.[27–29] To satisfy the condition that the
illumination source and camera are placed on the same side
of the target, the reflective macroscopic FP has been applied
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Fourier ptychography (FP) technique is a promising super-resolution tool in
noninterferometric synthetic aperture research thanks to its unique capabilities
for circumventing the physical limitation of space bandwidth product. However,
FP imaging in the long-range scenario suffers from field-of-view (FOV) attenu-
ation due to spherical-wave imaging characteristics, and the speckle noise of
most targets further restricts the FP’s application in far-field detection. Herein, a
remote FP (R-FP) technique is proposed to address the issues by combining the
idea of quasi-plane wave illumination and the total variation-guided filtering
(TVGF) method. Compared with conventional macroscopic Fourier ptycho-
graphic imaging, R-FP overcomes the contradiction between FOV and detection
range and mitigates the effect of speckle noise by utilizing the TVGF method, as
demonstrated by high-resolution imaging of various targets (including United
States Air Force (USAF) resolution chart, spade poker, and fingerprint). In
particular, the long-range FP capability of the proposed approach is demon-
strated by the synthetic aperture imaging of a King poker card at 12 m away. To
the best of the authors’ knowledge, R-FP achieves the farthest detection range of
macroscopic Fourier ptychographic imaging up to date, demonstrating its
potential for application in far-field detection.
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to various types of targets at the range of 1 m,[30] promoting the
progress of macroscopic imaging techniques. Beyond the
increased spatial resolution and space bandwidth product
(SBP), the FP can achieve high precision and high-temporal
resolution by pose correction scheme,[31] sparse apertures
method,[32] and learning-based single-shot SA imaging
method.[33] In addition, FP techniques with few photons[34]

and single photon[35] are proposed to improve the sensitivity
in detection. Nevertheless, due to the complex spherical wave
propagation process involved, the field-of-view (FOV) of the
imaging system gradually decreases as the imaging range
increases, leaving the existing macroscopic FP imaging range
without further expansion. In other words, if the imaging
range is increased straightforwardly, the existing FP imaging sys-
tem would lead to a rapid attenuation of the FOV and would not
be able to obtain high-resolution imaging results over a wide
field. On the other hand, most far-field FP failed to consider
the optical coherence disturbance by the rough object,[36,37]

which may directly result in speckle noise intensification and
hinder the widespread adoption of FP in remote sensing.

In this work, we present a new noninterferometric SA tech-
nique, termed remote FP, which is capable of “regenerating”
the lost FOV and corresponding spectrum information with
the quasi-plane wave. Unlike the conventional macroscopic FP
that cannot achieve the wide-field recording of the detection tar-
get at a long range, our method, with the ability to avoid the FOV
attenuation, can be viewed as an advanced extension of the FP
technique for macroscopic imaging. Furthermore, speckles in
coherent imaging will obscure features on the order of diffrac-
tion limit size as it will not be possible to attribute intensity
variations to the underlying signal or to the speckles themselves,

we propose a total variation-guided filtering (TVGF) method
to mitigate the ill-posedness of speckle noise. The various
high-resolution results reconstructed by the remote FP (R-FP)
method are demonstrated, including the USAF resolution chart,
spades poker, and the fingerprint produced on the coverslip. We
further demonstrate super-resolution imaging of a king poker at
12m away, suggesting the developed R-FP can provide an effi-
cient wide-field and high-resolution imaging method for far-field
macroscopic reflectance observations.

2. Principles and Methods

To acquire high-resolution images at long range, the proposed
R-FP imaging system presents wide-field advantage over the
conventional macro FP system, and the corresponding diagram
of R-FP is shown in Figure 1. During the image acquisition pro-
cess, a quasi-plane wave is formed by the lens 1 and lens 2 to
illuminate the target with large FOV, and the reformulation of
the corresponding spectrum is performed with a pair of lenses
(paired lens 1 and paired lens 2). A detector on the same side of
the laser source records the scattered information from the
far-field target. We placed paired lenses in front of the aperture
to achieve spectrum reformation because the conventional mac-
roscopic FP system fails to record the spectrum information
directly on the reflected quasi-plane waves. Considering reform-
ing the spectrum in front of the aperture, the range between the
paired lenses is required to be less than the sum of the focal
lengths (f 3 þ f 4) of the paired lenses. As the quadratic phase
term in propagation is not eliminated by the modulation of
the paired lenses, the phase term ζe generated by unequal

Figure 1. Overview of the proposed R-FP framework. Lens 1 and lens 2 for generation of the quasi-plane wave. The object is illuminated by a fiber laser,
and the spectrum is formed behind the paired lens 2. The specific optical path tracing diagram is shown in the upper left-hand corner, and the aperture
scanning with the translation stage is shown in the upper right-hand corner.

www.advancedsciencenews.com www.adpr-journal.com

Adv. Photonics Res. 2023, 4, 2300180 2300180 (2 of 9) © 2023 The Authors. Advanced Photonics Research published by Wiley-VCH GmbH

 26999293, 2023, 10, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adpr.202300180, W

iley O
nline L

ibrary on [13/05/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.adpr-journal.com


distance has to be taken into account. The optical field of the
detector is expressed as

Oi ¼ F�1fPðkx, kyÞOðkx � kxi, ky � kyiÞζeg (1)

where Pðkx , kyÞ is the pupil function, i is the subaperture
position, and F�1 is the inverse Fourier transform.
Fortunately, the optical field information is ultimately captured
by the detector in the form of intensity, whichmeans the image is
not influenced by the phase term ζe. The recorded intensity is
demonstrated as

Ii ¼ jF�1fPðkx, kyÞOðkx � kxi, ky � kyiÞgj2 (2)

Figure 2 summarizes the differences between conventional
FP and proposed R-FP in imaging. For both approaches, an
object is placed in the spatial domain, and a detector is placed
in the far field for diffraction data recording. In general, the
FOV of both transmissive and reflective FP systems decreases
significantly as the imaging distance increases. For transmissive
systems, the farther the target is from the light source, the
reduced the imaging FOV. For the reflective system, as the
camera and the light source are on the same side, the farther
the target is from both, the imaging FOV decreases proportion-
ally. As the object shifts away, the FOV in the conventional FP
method decreases linearly until almost no image information is
available. Therefore, the conventional FP approach conducts
experiments within 1m alone to avoid the FOV reduction. In
contrast, the R-FP method adjusts the propagating beam to a
quasi-plane wave (using a convergence angle of the quasi-plane

beam to avoid power loss) for the target illumination, achieving
the nonvariable FOV acquisition possible despite the increased
range between the target and the detector. More precisely, to
obtain the equal FOV as the R-FP method, the lens f 1 must
be close to the object with the FP method, which restricts the
application of reflection imaging at long range. Theoretically,
the proposed R-FP method allows the extension of the detection
range to an arbitrary far field with laser power enhancement.

The reconstruction result of the conventional FP approach is
restricted in terms of FOV, which affects the imaging range in
far-field detection. In addition, diffuse complex targets contain-
ing rough surfaces may affect the signal-to-noise ratio of the
high-resolution reconstruction results. For most common tar-
gets, the diffuse reflective nature of rough surfaces evokes
speckle noise, resulting in degraded image quality. With the evo-
lution of image-denoising technology, numerous denoising
methods mitigate the speckle noise of rough objects,[38,39] though
the corresponding application, in reality, is not yet available as far
as we know. As a more general technique for inverse problems,
TV regularization methods have demonstrated promising
performance in the denoising field, by addressing optimization
problems to estimate complex amplitude distributions with less
speckle noise.[40] We attenuate the effect of speckle noise on the
reconstructed images by incorporating TV regularization into the
reconstructed process. However, the key problem is mainly to
separate the stripe noise and high-frequency components, which
is difficult due to the mixing and overlapping between them. In
particular, for speckle noise images, the noise will be more prom-
inent than the texture information at the edges of the image.[41]

Figure 2. Comparison between conventional FP and proposed R-FP. Conventional FP technique requires the inclusion of a focusing lens to satisfy the
far-field imaging conditions and acquire images in the spectrum plane. The detection target is behind the focusing lens, resulting in a sharp reduction in
the FOV when the detection range is increased. R-FP technique utilizes quasi-plane waves to avid the FOV attenuation.
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We further mitigate the effect of speckle noise by incorporating
the guided filter in the reconstruction process. The result of each
iteration is utilized as a guided image to obtain the final output
image with enhanced texture information, achieving high
signal-to-noise ratio SA imaging.

The flow chart of the reconstruction of the target utilizing
TVGF method in R-FP is shown in Figure 3, the spectrum is
sampled by a binary mask (corresponding to the pupil function
in FP), and the TV regularization solves the spectrum estimation
in a linear operator form

min
x

τkGxk1 þ
1
2

XN

i¼1

kjF�1ðP ⋅ KiFxÞj � bik22 (3)

where kGxk1 represents the anisotropic version of the TV
regularization term and G denotes the gradient operator. Ki is
the shifting operator; bi is the amplitude of the measurement.
Fx is the subaperture complex amplitude. The augmented
Lagrangian function of the problem is given by

LRTVðψ ,ω, ji, yi,wÞ ¼ τkωk1 þ 1
2

PN
i¼1 kjjij � bik22

þ μ
2

PN
i¼1 kFji � P ⋅ Kiψ þ 1

μ yik22
þ η

2

PN
i¼1 kω �GF�1ψ þ 1

ηwk22
(4)

where y and w are the Lagrangian multipliers, and μ, η are the
penalty parameters. ji is the complex amplitude to be updated. In
contrast to conventional FP, the TV regularization-based update
utilizes the alternating direction method (ADM) to achieve a
complete reconstruction of the spectrum. During the iteration,
the variables are updated sequentially. The update process is rep-
resented as

ji ¼
bi þ μjKij
1þ μ

sgnðkiÞ,Ki ¼ F�1ðP ⋅ KiψÞ � yi=μ (5)

ψ ¼
μ
PN

i¼1fKT
i ½P�oðFji þ 1

μ yiÞ�g þ ηFGT ðωþ 1
ηwÞ

μ
PN

i¼1ðKT
i jPj2 þ ηjHj2Þ (6)

ω ¼ sgnðGF�1ψ � 1
η
wÞ ⋅max

����GF�1ψ � 1
η
w
�����

τ

η
, 0

� �
(7)

Once the spectrum update is completed, the image is further
denoised by guided filter, and the formula defined between the
output image q and the guided image g is as follows

q ¼ algs þ cl, ∀s ∈ χ l (8)

where al and cl are the linear coefficient and bias coefficient in
window χ l, l and s are pixel indexes, g is the guide picture, and χ l
is the window. The amplitude image acquired by the last iteration
is selected as the initial image, and the amplitude image by
current iteration is selected as the guided image to achieve
the removal of speckle noise.

With the iterative process, the super-resolution image con-
stantly approaches the similarity with its corresponding speckle-
free image. In other words, the intervention of the TVGF method
minimizes the effect of speckle noise on the image.

3. Results and Discussion

To verify the imaging characteristics of R-FP with large FOV,
high resolution, and high signal-to-noise ratio, the R-FP system
shown in Figure 1 was set up, and the characteristics of R-FP
were demonstrated experimentally, respectively. The imaging

Figure 3. Flow chart of the rough target reconstructed with the proposed TVGF method.
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system consists of a 75mm FUJINON lens, a pair of 160mm
lenses to reform the Fourier domain on the aperture plane,
and an 8-bit CMOS camera (DMK33UX226, Imaging Source,
4000� 3000 pixels, 1.85 μm pixel size). A laser with 630 nm
wavelength passed through the lens with a 75mm focal length,
forming the quasi-plane wave and illuminating the target.

3.1. Validation of R-FP to Address the FOV Attenuation Issue

We first performed long-range super-resolution imaging of
spade poker with the R-FP system to validate the ability of the
proposed method to enlarge the FOV of the target. The poker
is placed at 1.2, 1.8, and 2.6 m from the imaging system (see
Visualization 1 for the whole video recording), respectively,
and fourfold resolution enhancement (11� 11 subaperture
images grid, recorded by 32 F-number lens) results of poker
are acquired utilizing the conventional FP method and proposed
R-FP method, respectively.

It is worth noting that the reconstruction results of either
method would change the magnification depending on the
range; for this purpose, we only focus on whether the FOV of
the target would vary. Figure 4a is an imaging schematic diagram
of the poker target utilizing the R-FP system at different imaging
ranges. Figure 4b1 is the low-resolution image acquired by the
FP imaging system at 1.2 m, Figure 4c1 is the corresponding
high-resolution result, Figure 4d1 is the low-resolution image
acquired by the R-FP imaging system at 1.2m, and
Figure 4e1 is the corresponding high-resolution result. The
imaging results at 1.2m demonstrated that the FOV of the FP
result would be smaller than the FOV of the R-FP result.
The distinction of FOV between FP and R-FP will be further

demonstrated in the more distant target detection, as shown
in Figure 4b2–e2; the poker is placed 1.8m away from the imag-
ing system. Despite the variation in magnification due to the
imaging range variation, the FOV of R-FP is essentially the same
as in the 1.2m case, while the FOV of FP at 1.8 m away decreases
rapidly. In Figure 4b3–e3, the poker is placed 2.6 m away to sim-
ulate a further far-field imaging scenario, and the FOV of the
R-FP remains the same at 1.2 and 1.8 m due to the characteristics
of quasi-plane wave. However, the reconstructed result of FP at
2.6m is barely able to express the information of the target any-
more. The FOV enlargement performance of the R-FP demon-
strates its ability to achieve wide field imaging at long range.

3.2. Resolution Enhancement of USAF Resolution Chart

To quantitatively analyze the effectiveness of the proposed
method, we selected the USAF resolution chart with a size of
15mm� 15mm as the target. In contrast to the FOV compari-
son experiment with poker, we increased the imaging range to
3.6m to achieve exact resolution improvement of the target.

Quantitative super-resolution experiment on targets contain-
ing rough surfaces requires consideration of the effect of speckle
noise on the imaging. Compared with the low-resolution image
of the smooth target, the spectrum generated from the rough
target is chaotic throughout the entire Fourier domain. The influ-
ence of speckle noise on imaging quality is quantitatively evalu-
ated utilizing USAF resolution chart. The rough USAF spatial
resolution suffering from speckle noise is 1.26 line pairs per mil-
limeter (lpmm�1) while the smooth one is 1.78 lpmm�1, as
shown in Figure 5a. With the R-FP system recording the scatter-
ing information of the target, which is demonstrated in

0

1

a.u.

LR image of FP HR image of FP LR image of R-FP HR image of R-FP

FOV

Sub-aperture image
(with attenuated FOV)

Super-resolution image
(with attenuated FOV)

Sub-aperture image
(with invariable FOV)

FOV of R-FP with quasi-plane wave

FOV of FP with spherical wave

Laser

LensPaired
Lens

Sensor

translation 
stage

Poker

Super-resolution image
(with invariable FOV)

2.6 m

1.8 m

1.2 m

Imaging schematic

(a) (b1)

(b2)

(b3)

(c1)

(c2)

(c3)

(d1)

(d2)

(d3)

(e1)

(e2)
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Figure 4. a) Imaging schematic of spade poker with R-FP. b,d) Low-resolution (LR) images with conventional FP and R-FP at 1.2, 1.8, and 2.6 m.
c–e) High-resolution (HR) images with conventional FP and R-FP at 1.2, 1.8, and 2.6 m.
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Figure 5b, we acquired a low-resolution image grid with aperture
scanning. Figure 5c illustrates the process of acquiring raw
images by different overlapping ratios to verify the relationship
of a higher overlapping ratio with reconstructed quality enhance-
ment. The spacing of the aperture is essential for reconstructing
high-resolution images, as it determines the overlapping ratio
between subapertures during spectrum information acquisition.
The effect of overlapping ratio on the reconstruction of binary
and grayscale images is available in Figure S1, Supporting
Information. A grid of 27� 27 images (70% overlapping ratio)
with 0.7mm aperture spacing between adjacent positions was
recorded, resulting in a SA with an 18.4mm diameter.
For the equivalent size of SA, a grid of 71� 71 images (90%
overlapping ratio) with 0.24 mm aperture spacing between
adjacent positions was recorded to reduce the speckle effect
of rough USAF target. The partial grids (5� 5) of smooth
USAF and rough USAF are shown at the bottom of
Figure 5c, where the left side is a raw image with a 70% over-
lapping ratio and the right side is a raw image with a 90%
overlapping ratio. Utilizing 27� 27 images grid and 71� 71
images grid, we reconstructed the super-resolution images via
the R-FP method, as shown at the top of Figure 5d, where
the reconstructed result with a 70% overlapping ratio is on
the left side, and the result with 90% overlapping ratio is on
the right side. In contrast to the raw image and cumulative aver-
aged result, the spatial resolution of R-FP reconstructed results
improved from 1.26 to 10.08 lp mm�1 (group 0 element 3 to
group 3 element 3), which demonstrates an eightfold improve-
ment in spatial resolution, as shown in the bottom left of
Figure 5d. The corresponding line profile across the group 3
element 3 is shown at the bottom right of Figure 5d, which dem-
onstrates the reconstructed result with data captured at a 90%
overlapping ratio is improved than the ones captured at a
70% overlapping ratio.

3.3. High Signal-To-Noise Ratio Imaging of Diffuse Complex
Targets with TVGF Method

The TVGF method was performed on the fingerprint specimen
to demonstrate its noise immunity when the height undulation
distribution is in the worst case (the related analysis of speckle
noise is available in Figure S2, Supporting Information.

One of the potential application scenarios of R-FP is the long-
range representation of target features, including on-the-fly
authentication and on-site investigation, which requires more
than simply high-resolution imaging. For instance, high-
resolution imaging of fingerprint images containing speckle
noise in a noncontact situation requires image denoising to
achieve a detailed recording of the target features. We recorded
the fingerprint image dataset by the finger on a coverslip, which
consists of 29� 29 (72% overlapping ratio) low-resolution
images with the same system setup as the USAF experiment.
The raw image and the reconstructed high-resolution result of
the R-FP approach (with TVGF method) were spliced together
to compare their imaging performance, as shown in
Figure 6a. Figure 6b1–d1 illustrates diffraction blur and speckle
noise of raw images in ROI1, ROI2, and ROI3. In Figure 6b2–d2,
the reconstructed results with the R-FP method in ROI1, ROI2,
and ROI3 present that the speckle noise still severely affects the
image quality despite its improved resolution. Results with
speckle noise are unacceptable in high-resolution reconstruction
because in applications such as noncontact investigations, the
speckle noise may still influence the judgment of the personnel
involved. Figure 6b3–d3 presents the reconstructed results utiliz-
ing the R-FP method with TVGF method in ROI1, ROI2, and
ROI3. In these regions, it is noticed that the resolution and image
quality are improved and the speckle noise diffused in some
regions is eliminated compared to those of the R-FP method
without TVGFmethod. Furthermore, we perform the line profile

Figure 5. a) Subaperture imaging result of the smooth USAF target and rough USAF target. b) Process of the aperture scanning by the R-FP imaging
system. c) Acquiring raw images by 70% overlapping ratio and 90% overlapping ratio, and the corresponding partial grids. d) Reconstructed results of the
rough USAF target (70% overlapping ratio and 90% overlapping ratio), the zoom area of group 3 element 3, and the corresponding line profile.

www.advancedsciencenews.com www.adpr-journal.com

Adv. Photonics Res. 2023, 4, 2300180 2300180 (6 of 9) © 2023 The Authors. Advanced Photonics Research published by Wiley-VCH GmbH

 26999293, 2023, 10, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adpr.202300180, W

iley O
nline L

ibrary on [13/05/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.adpr-journal.com


along the blue line (R-FP method) and the red line (R-FP method
with TVGF method), as indicated in Figure 6e. With TVGF, the
normalized intensity of the background noise in ROI1, ROI2,
and ROI3 is reduced by 0.2346, 0.2158, and 0.3832 in the maxi-
mum case, respectively. As one would expect, the robustness fol-
lowing the TVGF method is improved, and more texture
components of the image are reproduced.

3.4. Simultaneous Wide-Field, High-Resolution, and High
Signal-To-Noise Ratio Imaging at Remote Range with R-FP

Thanks to its noise immunity, wide field, and nonattenuating,
the R-FP method surpasses the limits of conventional FP by
detecting objects at further ranges with higher resolution.
Moreover, in practical applications such as remote sensing
detection, R-FP can provide characteristics of a wide field, high
resolution, and high signal-to-noise ratio at the same time.

To further validate the performance of the R-FP approach, a
king poker card is placed 12m away from the imaging system to
achieve the wide-field, super-resolution, and signal-to-noise ratio
result with the R-FP method. The experimental setup is illus-
trated in Figure 7a. Unlike fingerprint and USAF resolution
chart, the size of the poker is capable of reflecting the large
FOV of R-FP, and the detailed parts of the king poker card such
as the portrait and the hair are able to demonstrate the R-FP’s
high resolution and high signal-to-noise ratio. Figure 7b shows
the poker scenario at 12m away, and the poker was anchored to a
transparent board to minimize the effect of background light on
the image. In the imaging process, the detector recorded the
low-resolution images by aperture scanning (32F-number with
2.3mm aperture size), as shown in Figure 7c, and a total of
841 low-resolution images were recorded to achieve a SA of

18.4mm. Thanks to the R-FP’s utilization of quasi-plane waves
to illuminate the target, most of the information on the king
poker is able to record in the FOV. In Figure 7d, one of the
low-resolution images is demonstrated with diffraction blur
and speckle noise, which leads to indistinguishable features in
the poker target. With the data from multiple angles, the cumu-
lative averaging method is capable of suppressing the speckle
noise, as shown in Figure 7e. However, it can only increase
the resolution by a factor of 2 without texture information repro-
duction. The reconstructed result of the proposed method is pre-
sented in Figure 7f, and the resolution of the R-FP result has
been further improved compared to that of the cumulative
averaging method, which is more evident in the hair region
of the poker card. To visualize the reconstruction results, the cor-
responding line profile of intensity is on the right side of the hair
result. We got texture hair information by the corresponding
intensity peaks in the plot, while the central intensity peak is
aggravated by random speckle noise, which is more evident in
the raw image. It is indicated that the proposed R-FP method
can be applied to obtain texture information in areas heavily
affected by speckle noise. Compared with the conventional FP
approach, the reconstructed result at a range of 12m demon-
strate R-FP’s advantages of wide field, high resolution, and high
signal-to-noise ratio in far-field imaging.

4. Conclusion

In summary, we have developed a macroscopic FP approach based
on the quasi-plane wave. By switching from spherical to quasi-
plane waves for detecting targets in FP and reforming the spectrum
at the imaging lens, the imaging range and corresponding FOV can
be enhanced, leading to wide-field and high-resolution SA
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Figure 6. a) The raw image result and the R-FP result with TVGF method. b–d) Zoom comparison of the corresponding region of interest.
e) The normalized intensity distribution of the line profile in ROI1, ROI2, and ROI3.
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detection simply and efficiently. Compared with the state-of-the-art
macroscopic FP method, R-FP has demonstrated superior perfor-
mance in terms of imaging FOV and imaging range, also further
improving the resolution and signal-to-noise ratio of the far-field
SA. Based on R-FP, we implemented SA reconstruction in a com-
plex far-field scenario (12m). Experimental results suggest that the
R-FP approach holds the potential to achieve super-resolution
imaging for remote sensing and offers a catalyst for advancing
SA techniques.

Despite the promising R-FP approach, substantial challenges in
the process of full-scale R-FP. High-resolution detection ofmoving
targets continues to pose a challenge, as it requires fast imaging
speeds to achieve target recording. Single-exposure imaging with
camera arrays promises to achieve real-time high-resolution imag-
ing of moving targets in space. However, the lack of overlapping
ratio of camera arrays will inevitably introduce the underdeter-
mined inverse problems, so the resolution enhancement of the
image is undoubtedly diminished. Furthermore, we have been
looking for the theoretical groundwork that would clearly explain
the mechanisms and ways to the optimal selection of phase recov-
ery for a complex scenario, or to profoundly comprehend why a
particular denoising method is effective in a gray-scale target or
not. These are among the most critical issues that will continue
to attract the interest of macroscopic FP research in the SA detec-
tion community in the years to come.
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