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ABSTRACT

High-resolution imaging of distant, dynamic targets is fundamentally limited by finite-aperture diffraction. Unlike radar, optical
detectors record only intensity and lack the temporal resolution for direct phase measurement, hindering straightforward
extension of synthetic aperture techniques to the optical domain. While Macroscopic Fourier ptychography (FP) offers a promising
computational alternative, its reliance on mechanical scanning or engineered illumination restricts its use to cooperative, static
scenes. In this paper, we present Inverse Synthetic Aperture Macroscopic Fourier ptychography (ISAMFP), which, to the best of
our knowledge, is the first practical realization of inverse synthetic aperture imaging for diffusely reflecting targets within the
Fourier ptychography framework. By transforming the natural target motion from a detrimental factor into an effective source
of angular diversity, ISAMFP eliminates the need for mechanical scanning or illumination modulation and achieves resolution
enhancement far beyond the aperture limit using intensity-only measurements. Experimental validations on USAF resolution
targets, unmanned aerial vehicles, and complex multi-target scenes highlight both the robustness and versatility of ISAMFP,
establishing it as a powerful tool for non-interferometric synthetic aperture imaging of moving, non-cooperative targets, with
broad implications for surveillance, defense, and remote sensing.

the aperture size continues to grow, and the manufacturing com-
plexity and cost increase rapidly, becoming a major bottleneck to

1 | Introduction

The ability to achieve high-resolution imaging beyond the diffrac-
tion limit of a finite aperture has been of vital importance for
gaining new insight and understanding in astronomy, remote
sensing, and space science [1, 2]. Current high-resolution obser-
vations typically rely on a large single-aperture systems, such
as the Five-hundred-meter Aperture Spherical Radio Telescope
(FAST) [3], the Large Sky Area Multi-Object Fiber Spectroscopic
Telescope (LAMOST) [4], and the Hubble Space Telescope (HST)
[5], to acquire data at higher resolution and greater distances.
However, driven by the increasing demand for higher resolution,
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further improvements in detection capability.

With advances in radar technology and signal processing, we have
witnessed the continuous progress of synthetic aperture imaging
technologies over the past decades. As one of the most representa-
tive super-resolution approaches, synthetic aperture radar (SAR)
has been widely applied in the microwave and millimeter-wave
bands [6], where target or platform motion is exploited to form a
virtual large aperture and thereby significantly enhancing image
resolution. However, for super-resolution imaging in the near-
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infrared and even visible bands, the concept of synthetic aperture
continues to face a fundamental challenge: the limited temporal
response of optical detectors prevents direct phase measurement
[7, 8], thereby constraining the development of optical synthetic
aperture techniques.

Macroscopic Fourier ptychographic imaging is a super-resolution
method based on frequency-domain stitching [9-11], where sub-
aperture intensity images of the target are recorded from different
angles and combined through a ptychographic algorithm to
simultaneously achieve phase retrieval and synthetic aperture
formation [12, 13]. Notwithstanding the need for sub-aperture
image processing, it is well suited for long-term super-resolution
imaging of distant targets in astronomy, remote sensing, and
military observation due to its unique advantages of non-
interferometric technique, active illumination, controllable spec-
trum extension, and robustness to complex environments [14,
15].

Despite all the advantages, Macroscopic FP still suffers from
several technical challenges that hinder its practical application
and widespread adoption for real-time long-term high-resolution
imaging of distant targets. Generally, high-quality and robust
FP reconstructions rely heavily on sufficient spectrum overlap
to ensure stable phase retrieval [16-18]. Even minor deviations
in acquisition conditions may have an effect on the reconstruc-
tion results [19], leading to artifacts or resolution degradation.
On the other hand, Macroscopic FP often requires sequential
scanning to acquire a large number of low-resolution images,
which incurs time overhead and severely limits its applicability
to dynamic scenes [20]. Various strategies have been proposed
to improve the temporal resolution of Macroscopic FP, such
as total variation regularization [21], camera arrays [22, 23],
and learning-based approaches [24]. These methods involve
complex system configurations and lack validation in long-range
applications. Therefore, overcoming the limitations of acquisition
delay, temporal efficiency, and stability remains an open quest
for Macroscopic FP imaging of dynamic and non-cooperative
targets.

To this end, we present ISAMFP (Inverse Synthetic Aperture
Macroscopic Fourier ptychography), an efficient and robust
inverse synthetic aperture (ISA) imaging system embedded in
the Fourier ptychographic framework. Inverse synthetic aperture
radar (ISAR) exploits target displacement and attitude varia-
tions to synthesize an equivalent large aperture [25], with the
received echoes processed through range pulse compression,
phase history formation, motion compensation, and coherent
imaging algorithms to achieve high-resolution reconstruction.
While coherent phase retrieval via heterodyne detection enables
ISAR, heterodyne-based approaches impose stringent require-
ments on source stability, reference beam control, and long-
term coherence maintenance, thereby limiting their practicality
in long-range scenarios. Here, we introduce the concept of
“motion-driven synthetic aperture” from ISAR into Macroscopic
FP, where natural target motion replaces external scanning or
illumination modulation to provide multi-angle measurements,
and iterative ptychographic updates recover the complex field
from sub-aperture intensity recordings. By jointly applying a
frequency-domain and SIFT-flow registration strategy, frame-
wise translations, minor rotations, and slight magnification

variations are estimated to align each sub-aperture to the correct
position in the frequency domain. Leveraging motion trajectories,
ISAMFP achieves up to a four-fold resolution enhancement
beyond the diffraction limit of the single aperture. Quantitative
metrics including structural similarity index (SSIM), peak signal-
to-noise ratio (PSNR), contrast curves, and line profiles validate
the feasibility and robustness of ISAMFP in scenarios ranging
from programmed motion, video-rate UAV flights, to multi-
target experiments. As a result, we demonstrate the potential
of integrating inverse synthetic aperture concepts with Macro-
scopic FP to realize high-speed, high-resolution, and artifact-free
imaging, pushing the non-interferometric super-resolution imag-
ing application to non-cooperative dynamic targets in the far
field.

2 | Working Principle of ISAMFP

2.1 | Comparison of ISAMFP and Conventional
Macroscopic FP

To provide a clear illustration of the working principle of ISAMFP,
we compare ISAMFP with conventional scanning-based macro-
scopic Fourier ptychographic imaging techniques. As shown in
Figure 1a, beam scanning changes the illumination angle at the
source side to acquire sub-aperture images, whereas aperture
scanning varies the receiving angle to sample different spectral
components at the detector side. In contrast, ISAMFP keeps
the optical system fixed and adopts a transceiver configuration
similar to ISA, where angular diversity is introduced by the
inherent motion of the target.

The ISAMFP system, as shown in Figure 1b, employs a 650-
nm fiber laser and a Celestron 120EQ3M-R5 telescope to deliver
coherent illumination. The beam is expanded and collimated to
provide low-divergence illumination for long-range operation.
On the detection side, an Imaging Source DMK-33Ux183 sensor
(5472 x 3648, 2.4 um) is mounted on the telescope for stable
alignment and backscattered signal collection. As shown in
Figure Ic, the target motion naturally provides successive frames
for acquisition, while Figure 1d illustrates the subsequent high-
resolution reconstruction, where each frame is located in the
frequency plane, registered, and synthesized.

2.2 | ISAMFP Forward Imaging Model

The forward model of ISAMFP is based on a simplified optical
configuration: a laser beam is collimated and expanded by a
telescope to form an approximately planar illumination field over
the target region [11]. The complex amplitude of the illumination
can be expressed as: Uy(x,y) = A,0(x, y)e/*o?, where k, = 27 /1
denotes the wavenumber, A, is the amplitude, z represents the
corresponding propagation direction, and o(x,y) denotes the
spatial reflectivity function of the target. Due to the presence
of surface roughness, the reflected wavefront undergoes strong
phase modulation under diffuse reflection conditions. To model
the propagation modulation, a random scattering layer is intro-
duced to describe the surface scattering characteristics. Following
illumination at the initial target position and back-propagation
to the imaging plane, the resulting complex amplitude can be
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FIGURE 1 |

ISAMFP concept and system overview. (a) Schematics of beam-scanning, aperture-scanning, and ISA acquisition. (b) Optical layout of

the system. (c) Target motion trajectories with recorded frames. (d) Registration results and reconstructed high-resolution images.

written as:

UO(X,Y) = [AO O(xvy) C(x,J’)] * h‘zo(x’y) (1)

For a diffuse scattering surface, the multiplicative phase term can
be decomposed into a deterministic and a random component
(see Note S5). Specifically, the complex modulation can be
expressed as:

¢(x,y) = a(x, ) eiae()) gitran(xy) )

where a(x,y) denotes the surface reflectance amplitude,
@aet(x,y) represents the deterministic phase related to the
macroscopic object structure (e.g., geometry and curvature),
and ¢,,,(x,y) corresponds to the random phase induced by
microscopic surface roughness, which gives rise to diffuse
scattering. This decomposition allows the deterministic phase
to carry structural information, while the random phase
spreads the spectral content across both x and y directions,
enabling resolution gain in two dimensions even under
unidirectional motion. h, (x,y) is the coherent point-spread
function (PSF) from the object plane to the (x, y) plane. Previous
studies have suggested that without a scattering layer, the
frequency spectrum of the target remains approximately
invariant across positions. However, for rough surfaces

commonly encountered in practice, the illumination angle
continuously changes as the target moves. Due to random
surface variations, light reflected from different directions carries
distinct phase modulations [26], causing the spectral content
to vary with motion. The moving modulation breaks the strict

spectral invariance, and introduces additional frequency
components, which facilitate further frequency-domain
expansion.

An illumination angle corresponding to the initial position J; is
considered, where coherent light propagating through the simu-
lated scattering layer acquires a random phase ¢;,,;;;,;- Following
propagation through the imaging lens, the light reaches the
sensor plane, and the intensity is recorded as:

2

I(x, y) = ‘ P_l{ Pi(kxv ky) F[ O(x’ y) E1'nitial(x5 y)]} (3)

where P;(k,,k,) = P, ( . "
tion for the i-th frame, where (Akx,il, Ak, ;) is the center frequency
shift of the corresponding sub-aperture (set to O if absent), and
y; is the spectral scaling factor. In the forward model, y; accounts
for the equivalent change in aperture size induced by the spectral
scaling under longitudinal motion. However, during reconstruc-

w w) denotes the pupil func-
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tion, the pupil update is still performed using the physical (actual)
aperture size. This modulation uniformly redistributes the high-
and low-frequency components of the target, effectively encoding
high-frequency information across the entire spectral plane.
The recorded intensity I(x’,y’) is considered the first frame. If
the target moves with an instantaneous velocity along a given
direction, the position of the target in the subsequent frame J,
can be expressed as:

Iy =J1+ Ut frame v=(v,,0,)" 4)
Equivalently, X, = X; + Uy Lrrames Y2 = Y1 + Uy Errame- Lot Ax =
Uy L prame @nd Ay = Uy, £ 4. Under fixed-beam illumination, the
object-plane field at the new position is modeled as

UP(x,y) = 4 O(x — Ax, y — Ay)e;(x,y) ©)

where &,(x, y) = e/#2%) denotes the angle-dependent multiplica-
tive phase corresponding to the new position J,.

Notably, motion-induced changes in the viewing angle shift the
object spectrum relative to the pupil, so each frame contributes
a different portion of the synthetic aperture. Random phase
modulation provides additional diversity that stabilizes the recon-
struction. With irregular target motion, the recorded intensity
stack can be written as:

=[5 )], (6)

2

LGy = ‘ P Pk, k) OF e, — Ak e, = Bk, )} )

where Og,(k,, k,) = F{O(x, y) &,(x, y)}. By using intensity frames
that sample different spectral regions, the reconstruction pro-
ceeds with a Fourier ptychographic update scheme.

2.3 | ISAMFP Reconstruction Algorithm

Accurate and efficient target localization and registration are
crucial for effective reconstruction in the proposed method.
Previous studies have reported that for transmissive targets or
smooth reflective surfaces [27], translational motion only shifts
the target position in sub-aperture images without introducing
additional spectral components, thereby failing to achieve effec-
tive frequency extension. While target rotation can introduce
spectral rotation and a restricted degree of spectral extension
[28], the improvement remains limited. In contrast, diffuse targets
with rough surfaces, which constitute the majority of real-world
objects, act as dynamic scattering layers [29-32], where motion
effectively alters the illumination direction relative to the detector
and provides additional spectral components for aperture syn-
thesis (see Notes S1 and S2). In the application scenario, the
ISAMFP system continuously captured image sequences of a
moving UAYV, as shown in Figure 2a,b. The temporal evolution
of target positions is also reflected in the frequency domain,
necessitating registration (Figure 2c). Different types of motion
(rotation, translation, and magnification, the magnification and
3D motion see Note S6) affect the spectrum differently, as
illustrated in Figure 2d, thereby requiring distinct registration

strategies (see Note S3). Following precise registration [33, 34],
the dataset (Figure 2e) was subjected to ptychographic recon-
struction, where the spectral extension corresponds to the UAV’s
flight trajectory. From a spatial-domain perspective, the target’s
motion within the illumination region can be regarded as a
convolution process between the incident wavefront and the
target function. As shown in Figure 2g, the reconstruction
achieves improvements in both resolution and signal-to-noise
ratio (SNR) compared to the single-aperture image. We fur-
ther compared the reconstruction with multi-frame averaging
in terms of SSIM. While the SSIM of the averaging result
increases slowly with frame number and eventually levels off,
ISAMFP consistently achieves higher values and reveals finer
structural details, demonstrating the effectiveness of the proposed
method.

In the frequency domain, different target positions provide
access to spectral information under varying illumination angles.
The corresponding variation primarily arises from the angular
modulation induced by the laser interacting with the rough
surface. Therefore, under Macroscopic imaging conditions, we
adopt the field-recovery and spectral-sampling mechanisms of
ptychography to perform synthetic aperture, enabling high-
resolution reconstruction of the target. We initialize the object
amplitude O,,;;,; and the system aperture function P. Since
the raw sub-aperture frames contain speckle, a direct start of
reconstruction may converge to local minima. We therefore
first average the frames to suppress noise and then take the
square root as the initial amplitude. The result is upsam-
pled to the high-resolution grid to provide a stable starting
point.

Oinit (X', ¥") = TM- ®

N
1
SPILERY

where I;(x, y) denotes the recorded image of the i*" frame (with a
total of N frames), and T M represents the up sampling M factor.
For each recorded frame, the target complex amplitude function
is multiplied by the random phase modulation corresponding
to the illumination angle of that frame, yielding a modulated
complex wavefront. The resulting wavefront is then numerically
propagated according to the forward imaging model, producing
the observed low-resolution intensity image I¥ under the current
numerical aperture constraints:

1HGey) = [P B ) O el ©

The recorded sub-aperture images are used to update the
intensity of the corresponding generated sub-aperture complex
amplitudes:

VIi(x,y)
Y EE

where I,(x, ) is the i'" frame intensity image, I¥(x, y) represents
the high-resolution image initially estimated from the sub-
aperture image acquired at the current position, M denotes the

PP (x,y) = $i(x,y) (10)
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up sampling factor [35]. The complex amplitude recovery of the
target can be expressed as:

onew (kx’ky) — OOld(kX, ky)

P(kxa ky) [Lp?ew(kx’ ky) - lp?ld(k)w ky)]

1
(1 - ao) |P(erky)|2 +a, IICIIE;‘{X IP(kx’ky)lz ( )
xoKy

where (k. k,) denotes the predicted complex field in the
frequency plane for the i;, view before (U7 (k,, k) is after) the
amplitude replacement step of the current iteration. 0°M(k,, k,)
is the object estimates before (0"*V(k,, k,) is after) the update,
() denotes complex conjugation, «, € (0,1) is the weighting
parameter that balances local vs. global information in the
denominator.Equations (9)—(11) are applied sequentially to all
registered frames within each iteration, where the corresponding
sub-aperture parameters {(Ak,;,Ak,;), y;} are provided by the
motion-aware registration. After cycling through the full dataset,
the object estimate O is refined and used to initialize the next
iteration. The iterations terminate when the relative change of
O or the data-fidelity error falls below a preset threshold, or
when a maximum number of iterations is reached; the final high-
resolution reconstruction is obtained as O(x, y) = F~{O(k,, k)%,
whose resolution is determined by the synthesized frequency
coverage accumulated along the target trajectory.

3 | Result

3.1 | Structured Motion Validation

To quantitatively evaluate the super-resolution capability of
ISAMFP results, a USAF resolution target was mounted on a
translation stage to simulate target motion, as illustrated in
Figure 3a. The ISAMFP system was positioned 5.82 m away to
record the sub-aperture images, coupled with a 75 mm focal
length lens (F/16) for image acquisition. The USAF resolution
target was mounted on an XY dual-axis translation stage,
enabling a 13 x 13 array scan with 1.6 mm aperture spacing.
A circular translation stage was further employed to generate a
non-Cartesian trajectory, testing reconstruction capability under
more practical scanning conditions (Figure 3b). Due to the 0.005
mm repeatability precision of the used stage (HGTA04100), slight
positional errors may occur as the stage may not precisely reach
the target positions during scanning. As a solution, the joint
registration method was used to obtain the actual target positions
(orange triangles). Compared to the theoretical stage positions
(blue circles), the actual positions obtained through registration
exhibited higher accuracy, thereby eliminating the precision
errors introduced by the stage.

Due to the diffraction limit and coherent speckle effects, the
resolvable line pairs were reduced to Group -1, Element 6.
Figure 3d compares the PSNR and SSIM values for the single
aperture image, multi-frame image average (averaged over the
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number of images scanned by the XY dual-axis stage), XY dual-
axis stage scan reconstruction, and circular scan reconstruction
(with the ground truth selected as the reconstruction result of
aperture-scanning FP). Figure 3e provides a comparative imaging
result for different schemes.

The reconstructed results demonstrate that the multi-frame
averaging improves the resolvable line pairs to Group 0, Element
6 compared to the single-aperture result. The traditional FP using
Z-axis scanning for a stationary resolution target with a 13 x 13
array and BM3D denoising achieved a high-quality reconstruc-
tion, improving the resolvable line pairs to Group 1, Element
6. The Z-axis scan reconstruction result closely approximated
that of traditional FP, achieving a Group 1, Element 6 resolution
enhancement and a relative fourfold resolution improvement

over the single-aperture result, thus demonstrating the resolution
enhancement capability of ISAMFP. The circular scan’s spectrum
coverage is smaller than that of the Z-axis scan, leading to a reduc-
tion in the high-frequency information that can be reconstructed.
As aresult, the resolvable line pairs increased to Group 1, Element
3, achieving a threefold resolution improvement compared to
the single-aperture case, thereby validating the effectiveness and
advantages of the ISAMFP system in dynamic target imaging.

3.2 | Dynamic UAV Experiment

To further examine the robustness of ISAMFP, we evaluated the
imaging performance in scenarios involving irregularly moving
targets. A miniature UAV (DJI Tello) was selected as the irreg-
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ularly moving target, and continuous recordings were captured
at 48 fps (1920 x 1080 pixels) within the illuminated region, as
illustrated in Figure 4a. Following frame registration, the sub-
aperture images were aligned to the corresponding synthetic
aperture positions for reconstruction (Figure 4b). To quantita-
tively evaluate the reconstruction performance, we compute the

image contrast C from the bright and dark bars of the image. The
average intensity in the bright and dark regions is denoted by w
and b, respectively. The contrast is then defined as

&
(=]

C= w-(1-b) (12)

&
S

+
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The quantitative results in Figure 4c demonstrate that the
image contrast of a single frame (0.086) gradually improves
with increasing frame number, ultimately reaching 0.415. For
comparison, the simple average of 160 frames yields a contrast of
only 0.115 (orange bar), which is lower than the corresponding
ISAMFP reconstruction. Figure 4d presents representative sub-
aperture images of the marked pattern together with denoising
reconstruction. The corresponding line profiles are compared
with aperture-scanning FP (as shown in Figure 4e), which serves
as the benchmark. Figure 4f further presents the reconstruction
of another marked region, validating the consistency of ISAMFP
in resolving fine structural details across different areas. As the
number of recorded sub-aperture frames increases, the target res-
olution progressively improves, ultimately enabling recognition
of the QR code pattern. The dynamic imaging process and recon-
struction details are provided in Visualization 1. These results
confirm that ISAMFP can deliver high-resolution reconstructions
of a single dynamic target, laying the foundation for evaluating its
performance in more complex multi-target scenarios.

3.3 | Multi-Target Scenario

Finally, ISAMFP was applied to reconstruct a complex dynamic
scene involving two independently moving targets. Represen-
tative low-resolution frames acquired during the experiment
are shown in Figure 5a, while Figure 5b illustrates the motion
trajectories and relative distance variations of the two targets,
confirming independent motion along non-overlapping paths.
Figure 5c quantifies the contrast of the high-resolution recon-
structions as a function of frame count, showing a steady increase
with additional frames. The corresponding reconstruction results
of the two targets are presented in Figure 5d, where progressively
finer structural details become resolvable as the number of
frames increases. The multi-target imaging results demonstrate
that ISAMFP can effectively integrate multi-frame information in
complex scenarios, thereby enabling reconstruction of structural
details inaccessible to single-frame imaging. The random phase
introduced by diffuse scattering couples the high-frequency
information from uniaxial motion into the 2D spectrum, thereby
enabling lateral motion of the target to simultaneously enhance
the resolution along both horizontal and vertical directions (see
Notes S4 and S5). Notably, the reconstruction performance varies
with trajectory coverage and spectral redundancy. For the same
number of frames, the taxi target, with its narrower spectral cov-
erage, exhibits limited resolution improvement, and its contrast
saturates at 0.292 once the motion ceases. In contrast, the bus tar-
get, benefiting from broader trajectory coverage, achieves higher
detail resolution, with the contrast continuing to increase and
reaching 0.394 at 180 frames (provided in Visualization 2). This
comparison highlights the critical role of motion-induced spectral
coverage in determining the reconstruction quality of ISAMFP,
underscoring its adaptability and applicability in multi-target,
complex dynamic scenarios. In cases of target trajectory overlap
or occlusion, the proposed method can handle such scenarios by
temporarily excluding overlapping frames, effectively preventing
incorrect merging of spectral information. This approach aligns
with occlusion estimation strategies in multi-object tracking
(MOT), where occluded targets are either excluded or their
positions inferred during the occlusion [36-38], ensuring accurate
tracking and reconstruction without identity confusion.

4 | Discussion and Conclusion

To conclude, we have reported ISAMFP, a motion-driven
inverse synthetic aperture Fourier ptychographic imaging tech-
nique that achieves high-resolution imaging of dynamic and
non-cooperative targets directly from naturally acquired frame
sequences of target motion. ISAMFP employs the registration
strategy to precisely estimate motion parameters. The subse-
quent Fourier ptychographic reconstruction “regenerates” the
lost high-frequency components, resulting in up to four-fold
resolution enhancement beyond the single-aperture diffraction
limit without mechanical scanning. Moreover, owing to its non-
interferometric and intensity-based nature, the ISAMFP method
avoids the stringent requirements of heterodyne detection and
long-term phase stability that are typically necessary in inverse
synthetic aperture laser radar systems. Finally, by simply employ-
ing higher-frame-rate imaging sensors in conjunction with cam-
era arrays, the spectral coverage speed could, in principle, be
further increased to accommodate complex dynamic scenarios.
Experimental results suggest that ISAMFP is expected to offer
new insights for long-range, non-cooperative, high-resolution
imaging of dynamic targets, advancing the frontier of target
tracking and high-resolution remote sensing.

Nonetheless, several limitations warrant further investigation.
The maximum achievable resolution of our prototype is jointly
determined by the theoretical upper bound of the recoverable
bandwidth and the bandwidth that can be practically realized in
a given scenario. In principle, for a single acquisition (one sub-
aperture), the usable image-plane spatial frequencies are limited
by the coherent diffraction cutoff and sensor sampling, which
together define the single-frame baseline resolution. The reso-
lution gain after multi-frame synthesis arises from the enlarged
frequency-domain coverage, whose upper bound is governed by
the effective synthetic numerical aperture accumulated during
the observation (set by system geometry and target motion,
equivalently the angular-span coverage), as well as the spectral
overlap between adjacent measurements; insufficient angular
span or inadequate overlap weakens the constraints at high fre-
quencies and leads to saturation of the resolution improvement.
In practice, the realizable bandwidth can be further reduced
by several factors. First, errors in sub-aperture localization and
spectral-scaling estimation make frequency-domain stitching
increasingly sensitive to misregistration at high frequencies.
Second, illumination conditions and target scattering properties
jointly determine speckle contrast and signal-to-noise ratio, and
strong inter-frame decorrelation or low SNR can bury high-
frequency information, particularly for long-range imaging and
rough surfaces. Third, ISAMFP inherently depends on natural
motion and diffuse scattering to redistribute spectral content;
extreme motion irregularity, high-speed dynamics, or sparse
sampling may reduce spectral redundancy and induce phase
inconsistency between frames, degrading reconstruction robust-
ness. Introducing adaptive confidence-based fusion or local
spectral weighting could mitigate these effects. The current
implementation mainly targets rigid or quasi-rigid motion; for
large-field non-rigid or deformable targets [39, 40], local motion
inconsistencies and registration errors may accumulate and cause
spatially varying artifacts. Moreover, under multi-target occlusion
or overlapping trajectories, the registration accuracy—already
constrained by motion-estimation precision [41]—may further
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FIGURE 5 | ISAMFP imaging of two independently moving targets. (a) Typical low-resolution frames captured during the experiment. (b) Motion
trajectories and relative distance variations of two independent targets. (c) The contrast improvement of the reconstructed result with increasing frame
numbers. (d) Reconstructions of resolvable details on both targets as a function of frame count.

deteriorate. Finally, for highly complex [42], multi-plane, or
low-contrast targets, deviations from the assumed scattering
model, and limited illumination diversity can lead to incomplete
spectral recovery, motivating additional calibration, localized
windowing, or multi-polarization acquisition to better preserve
reconstruction fidelity.

Future directions will focus on enhancing the robustness and
scalability of ISAMFP through adaptive motion estimation and
learning-based registration [43], which can dynamically com-
pensate for irregular or non-rigid motion. Incorporating sliding-
window or block-wise reconstruction strategies [44] could
further alleviate drift accumulation and improve stability in large-
scale or deformable scenes. Hardware and software co-design,
such as integrating high-frame-rate sensors and synchronized
camera arrays [45], will enable faster spectral coverage and

near-real-time implementation. Beyond the current framework,
integration of coded illumination or spatial light modulation
with motion-driven sampling could further increase information
throughput and extend ISAMFP toward real-time, video-rate
super-resolution imaging. More broadly, the concept of convert-
ing uncontrolled target motion into an imaging advantage offers
a new avenue for developing passive synthetic aperture systems
in remote sensing, surveillance, astronomical observation, and
autonomous navigation, extending the scope of computational
imaging toward more adaptive and motion-aware paradigms.
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