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ABSTRACT

Reflective Fourier ptychographic microscopy (FPM) enables high-resolution, wide-field imaging of opaque surfaces, but its calibration
remains challenging due to the unique illumination geometry. Unlike transmissive FPM, which typically employs a regular planar LED array,
reflective systems use spatially separated bright-field and dark-field illuminations, with dark-field LEDs arranged around the outer periphery
of the objective lens. This non-coplanar, discontinuous configuration invalidates conventional LED calibration methods that generally rely on
array continuity or bright-field sub-aperture priors. Here, we propose a non-iterative dark-field misalignment correction method tailored for
reflective FPM, referred to as dmc-rFPM. This method formulates a residual cost function based on the structural similarity index between
the predicted and measured dark-field intensity images. Each dark-field sub-aperture is independently aligned via heuristic search, and global
geometric consistency is enforced using a RANSAC-based circular fitting strategy. This approach eliminates the need for object reconstruc-
tion or bright-field-based initialization, supports efficient parallel implementation, and significantly reduces correction time. Simulations
and experiments on resolution targets and semiconductor chips demonstrate that dmc-rFPM effectively and precisely corrects 72 dark-field
images (each with 400 000 pixels) within 0.5 s using GPU acceleration, achieving a lateral resolution of 583 nm with a 4x objective. dmc-rFPM
enables diffraction-limited imaging performance and provides a practical solution for high-throughput calibration in reflective FPM systems
for industrial inspection and precision metrology applications.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0297832

I. INTRODUCTION However, traditional optical systems are fundamentally constrained
by the Lagrange invariant, making it difficult to expand the
Wide field-of-view (FOV) and high resolution represent a space-bandwidth product (SBP), thereby limiting the amount of

critical imaging requirement in key areas such as life science information. This poses a significant bottleneck to high-throughput
research, clinical pathology, and industrial non-destructive test- screening and precision diagnostics. To overcome this physical lim-
ing, where comprehensive structural and functional informa- itation, spatial scanning stitching' ” and interferometric synthetic
tion must be captured without compromising fine spatial details. aperture’ © have been proposed to extend the SBP. Nonetheless, they
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typically rely on complex optical configurations and high-precision
mechanical control, resulting in increased system complexity and
cost—factors that hinder their applicability in practical scenarios
demanding both stability and efficiency.

Fourier ptychographic microscopy (FPM), as a groundbreak-
ing advancement in computational optics, provides a solution for
achieving high SBP imaging without significantly increasing hard-
ware complexity. By employing angle-varying plane wave illumi-
nation, FPM captures sub-aperture information encoded as lateral
shifts in the back focal plane of the objective lens. These multiplexed
frequency components are synthesized via alternating projections,
enabling the reconstruction of high-resolution images that surpass
the native numerical aperture (NA) limit of the objective lens. Since
it was proposed by Zheng et al.,’ this technique has undergone
continuous advancements in systematic error correction,” ! reso-
lution enhancement,'”"” reconstruction efﬁciency,”‘” and system
robustness.'”'” Consequently, FPM has been widely applied in crit-
ical fields such as biomedical imaging,'"'” pathological analysis,””
and industrial non-destructive testing.” *’

Depending on sample characteristics and application require-
ments, FPM systems can be classified into transmissive’* and reflec-
tive’> modalities. Transmissive FPM is optimized for transparent or
weakly absorbing specimens, while reflective FPM extends appli-
cability to opaque or highly reflective materials such as metals,
semiconductors, and ceramics, thus offering broader material com-
patibility. In contrast to transmissive FPM, which typically employs
densely packed, regularly arranged LED arrays to facilitate accurate
control of illumination angles and positions, reflective FPM relies
on two spatially separated light sources to generate bright-field and
dark-field illumination, respectively. This sparse configuration lacks
both spatial continuity and structural correlation between bright-
field and dark-field illumination, posing substantial challenges for
precise system correction. Consequently, illumination source mis-
alignments lead to incorrect sampling of spatial frequency com-
ponents, resulting in information mismatches during frequency-
domain stitching. These artifacts significantly degrade image recon-
struction quality and are especially detrimental in reflective FPM.
It has emerged as a critical bottleneck, limiting its high-resolution
imaging performance.

Although methods such as the pcFPM*° based on global geo-
metric optimization and the efficient self-calibration strategy’” based
on spectrum autocorrelation have demonstrated accurate LED posi-
tion estimation within the bright-field spectrum for transmissive
FPM, these approaches critically rely on the assumption of con-
tinuous illumination sources and thus are not readily applicable
to reflective imaging dominated by dark-field illumination with
discrete lighting configurations. Reported methods for correcting
dark-field aperture misalignment in reflective FPM remain relatively
limited.'”'" Although these approaches take into account the dis-
continuous arrangement of bright-field and dark-field illuminations
in reflective FPM systems, the correction strategies employed are
largely derived from methods originally designed for transmissive
FPM. Therefore, these techniques still require iterative reconstruc-
tion of the full object information. The aperture position corre-
sponds to the LED illumination angle, which is relatively stable and
less susceptible to the environment. Thus, treating its correction
as an independent preprocessing step can reduce the algorithm’s
complexity. In particular, reflective FPM faces four fundamental

APL Photon. 10, 106124 (2025); doi: 10.1063/5.0297832
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challenges in dark-field imaging. First, the spatial positions of dark-
field LEDs are largely uncorrelated with those of bright-field sources,
resulting in a significantly higher degree of freedom for calibration.
In addition, the sparse and discrete arrangement of LEDs prevents
the application of continuity-based constraints commonly used in
transmissive systems. Moreover, the dark-field spectral boundaries
in reflective FPM tend to be blurred, which necessitates computa-
tionally intensive iterative reconstruction of complex amplitudes in
traditional calibration approaches. Compounding these difficulties,
the inherently low signal-to-noise ratio of reflective imaging fur-
ther amplifies the sensitivity to sub-aperture misalignments in the
frequency domain, thereby severely compromising reconstruction
accuracy. Therefore, developing an efficient LED position correc-
tion method that does not require dark-field iterative reconstruction
and is suitable for discrete source structures is of great significance
for improving the imaging performance and practicality of reflective
FPM.

To address the aforementioned challenges, this paper proposes
a structural similarity (SSIM)?**-based fast dark-field aperture mis-
alignment correction method—dark-field misalignment correction
for reflective FPM (dmc-rFPM). By constructing a dark-field inten-
sity estimation model that incorporates the effects of aberrations,
noise, and positioning errors and by introducing the aberration
compensation strategy for annular illumination in transmissive FPM
into reflective imaging tasks for the first time, the intensity distor-
tion caused by aberrations is eliminated. Meanwhile, the wavelet
transform is employed to suppress the inherent noise interference
in dark-field images, while the structural similarity between the esti-
mated and measured images is evaluated using SSIM. Combined
with the random sample consensus* (RANSAC) spatial fitting algo-
rithm to robustly position sub-apertures in the Fourier domain,
the positioning parameters of each dark-field LED are accurately
deduced. This method eliminates the need for iterative reconstruc-
tion, significantly improving the positioning efficiency of dark-field
sub-apertures while maintaining high precision. Simulations and
experiments demonstrate that the dmc-rFPM enables stable and effi-
cient correction of dark-field sub-aperture positions in the Fourier
domain. Compared to existing strategies, the overall processing
speed is increased by approximately fivefold, with a minimum
requirement of only four sub-apertures, and achieves correction
times at the 0.5-s level under Graphics Processing Unit (GPU) paral-
lel acceleration. This method provides critical support for the rapid
deployment and robust operation of reflective FPM, extending its
application boundaries in complex material imaging and real-time
inspection.

Il. SYSTEMS AND METHODS
A. Reflective FPM system

The experimental system in this study was modified based
on an existing NEXCOPE NE950 microscope. The modification
involved only two LED modules and mounting brackets, transform-
ing the original fluorescence illumination path into a customized
metallographic bright-field illumination light path. As shown in
Fig. 1(a), the ring-shaped LED array is positioned at the aper-
ture plane and precisely aligned to achieve multi-angle oblique
illumination via discrete quasi-plane waves. The maximum illumi-
nation angle provided matches the NA angle of the objective lens
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FIG. 1. Experimental setup and image acquired. (a1) Experimental setup with bright-field/dark-field illumination. (b) Optical path diagram. (c) Calculation method for dark-field
illumination NA. (d) Acquired intensity images for bright-field vertical illumination (NA; = 0), oblique illumination (NA; = 0.1), and dark-field illumination (NAj = 0.2),

with the corresponding spectrum.

(NIS60, 4%, NA = 0.1), enabling bright-field spectrum reconstruc-
tion with a cutoff frequency of 2NA;/A using only a few captured
bright-field images.” The ring-shaped illumination configuration
effectively ensures high SNR acquisition of low-frequency infor-
mation while maintaining broad frequency coverage (up to 2NA).
The dark-field illumination module consists of 72 discrete LEDs
mounted on the outer cylindrical surface of the objective, provid-
ing dark-field illumination with a NA of 0.36. Specific illumination
parameters are provided in Table I. Thus, the system achieves a
synthetic NA of 0.46 by acquiring 80 images. This configuration
satisfies the minimum 40% spectrum overlap requirement, ensur-
ing sufficient overlap between dark-field and bright-field spectra
to guarantee both the convergence of iterative algorithms and the
accuracy of the reconstructed results.

Figure 1(b) illustrates the optical path of the system. Light
emitted from the bright-field LED (central wavelength: 522 nm,

TABLE 1. lllumination parameters.

Ring No. Radius (mm) Illumination (NA) Number of LEDs
Bright-field 5.5 0.10 8
Dark-field I 5.7 0.20 16
Dark-field II 8.7 0.30 24
Dark-field III 10.7 0.36 32

spectral bandwidth: 30 nm) is focused by relay lenses onto the back
focal plane of the objective, forming collimated illumination on the
sample. The reflected light is then converged through the objec-
tive and tube lens onto the detector (a monochrome CMOS, The
Imaging Source DMK 24UJ003, with 1.67 ym pixel size) to form
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bright-field images. Meanwhile, the dark-field LEDs illuminate the
sample directly, with scattered light being collected by the objective
and tube lens to form dark-field images. Figure 1(d) demonstrates
the intensity and spectrum characteristics of both bright-field and
dark-field images under different illumination NA. The results con-
firm that bright-field illumination angle matching the objective
NA achieves high-fidelity acquisition of low-frequency informa-
tion, while wide-angle dark-field illumination extends the spectrum
coverage range, supporting high-quality reconstruction in reflective
FPM.

B. Intensity model and algorithm principle

In FPM, the sample information is modulated by multi-angle
illumination and encoded in the acquired intensity images. The sys-
tem varies the illumination angles to shift the object spectrum O(k)
in the frequency domain using the illumination wavevector as the
displacement factor. The pupil function P(k) serves as a frequency-
domain probe, enabling the acquisition of multiple low-resolution
spectra that collectively cover the entire spectrum range. Here, m, n
represent the spatial index coordinates of the 2D LED array. The
captured spectrum undergoes an inverse Fourier transform .7~ y
and its modulus squared yields the corresponding low-resolution
intensity image, which is then matched with the acquired image.

Ideally, the acquisition intensity constraint should be accu-
rately applied to the sub-aperture spectrum corresponding to the
illumination angle. However, LED illumination angle positioning
errors can cause misalignment between the estimated sub-aperture
and the actual imaging sub-aperture, thereby introducing significant
reconstruction errors. Meanwhile, factors such as system aberra-
tions and detection noise can further exacerbate the inconsistency
between the estimated and acquired intensity images. To accurately
model the intensity image formation process in practical systems, a
comprehensive intensity model is introduced that accounts for sub-
aperture misalignment, system aberrations, and noise in an intensity
generation framework, expressed as follows:

1(r) = |7 [P(R)e* ™ Ok - km,ﬂ)”2 + Inoises (1)

where r denotes the spatial coordinate vector and ¢(k) represents
the system aberration term, expressed as a linear combination of
Zernike polynomials z§ + 2! + 25 + 252 + - - - + 2", which charac-
terizes the wavefront distortion in the actual pupil function. k»
denotes the illumination wavevector corresponding to the (m, n)-th
LED, and Iise represents the noise term.

To isolate the dominant effect of LED position errors in
intensity discrepancies, we first apply a sub-aperture registration
algorithm and the bright-field aberration correction method*””" to
eliminate fitting errors caused by system aberrations. Prior studies
have demonstrated that employing annular illumination matching
the objective’s NA in transmissive FPM provides sufficient infor-
mation for simultaneous object information reconstruction and
adaptive aberration estimation.’’ Building on this strategy, we intro-
duce NA-matched illumination to reflective FPM, enabling efficient
system aberration recovery and correction in the reflection pathway.
By incorporating the reconstructed system aberrations into the dark-
field intensity estimation model, we significantly enhance model
fitting accuracy while effectively suppressing aberration-induced
intensity discrepancies. Furthermore, to address the noise sensitivity

APL Photon. 10, 106124 (2025); doi: 10.1063/5.0297832
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of dark-field images, we introduce a wavelet-domain based denois-
ing and background suppression algorithm,*” which effectively elim-
inates errors from dark current and environmental interference. The
synergistic implementation of these strategies significantly enhances
the reliability of the intensity model, ensuring that cost function
residuals primarily reflect sub-aperture displacement errors, thereby
establishing a robust foundation for accurate LED position error
estimation.

To achieve precise aperture positioning, we introduce SSIM as
the optimization criterion for image error evaluation. SSIM com-
prehensively evaluates image similarity through analysis in three
dimensions of luminance, contrast, and structural features, with a
particular emphasis on local structure preservation capability. How-
ever, since dark-field images contain a large number of pixels with
values close to zero, invalid data may be generated. To mitigate this
effect, this paper optimizes the SSIM algorithm by excluding pixels
with near-zero values in both dark-field images from the calculation,
thereby expanding the dynamic range of SSIM values,

N
SSIM(x,y) =H(r— %Z I(xx =0V ye = 0))
k=1

(2uxpy + C1) (285 + C2)
(‘ui +y§ + Cl)(aﬁ + U; +G)

2

H (-) is the Heaviside-step function (H(a) = 1 when a > 0,
otherwise H(a) = 0); 7 is used as a threshold to exclude subsets
with an excessive number of near-zero pixels, thereby enhancing the
dynamic range of the global SSIM value. The specific value of 7 is
determined based on the statistical distribution of the proportion of
near-zero pixels across all subsets during the actual SSIM calculation
for the images. N is the total number of pixels; I(-) is the indicator
function (equal to 1 if the condition is satisfied, otherwise 0); and
xi and y, are the pixel values of the two images. When the propor-
tion of zero-valued pixels exceeds 7, the corresponding SSIM value
is discarded. Then, x,y denote two registered images; y,, 4, denote
the mean of the image vector; oy, 0y denote the standard deviation of
the image vector; and 8., denotes the covariance of the image vector.
To prevent division by zero, constants C; and C, are introduced.

Dark-field images typically exhibit high contrast, low SNR, and
prominent structural details, making their matching process rely
more on local structural features rather than absolute intensity val-
ues. Therefore, SSIM demonstrates higher robustness and sensitivity
in characterizing structural differences between dark-field images,
making it particularly suitable for the precise estimation of the
frequency-domain aperture position.”’ Consequently, the optimal
solution for dark-field aperture positioning should satisfy

rriikn LesIM = mAikn (1=SSIM(I,y-I(r;Ak))). 3)

Ak represents the spatial frequency position in the search. This
strategy achieves a high-precision inversion of the actual position
of the dark-field illumination aperture by maximizing the structural
similarity between the estimated image I(r; Ak) and the measured
image I, providing critical support for subsequent spectrum stitch-
ing and high-resolution reconstruction. It should be noted that
estimating the dark-field image using bright-field reconstruction
will suffer from missing frequency spectrum information, typically
resulting in an overall brightness lower than that of the measured

10, 106124-4
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image. To mitigate the influence of the luminance component on
SSIM evaluation, an intensity correction factor y is introduced, cal-
culated as the ratio of average intensities between the captured and
estimated images. In Figs. 4(b1)-4(b3), the distribution of SSIM
values under different levels of Gaussian noise with and without
intensity correction is simulated. This processing ensures that the
image structure becomes the dominant factor in the comparison,
leading to a more stable correction procedure.

C. dmc-rFPM method

By utilizing SSIM as an evaluation metric, dmc-rFPM can
accurately position the dark-field aperture without reconstructing
the dark-field spectrum of the object, eliminating iterative recon-
struction during the correction process. Figure 2 illustrates the
entire correction procedure, using the annular LED board as a
demonstration.

Prior to formally initiating the method, acquiring the accurate
bright-field spectrum is essential. Initially, sequentially activate the
eight LEDs located at the edge of the bright-field LED illumination

ring to acquire eight bright-field images. Subsequently, we use edge
detection”’ to identify the location of the bright-field sub-aperture
in the frequency domain. Then, we perform bright-field informa-
tion reconstruction and aberration correction.’’ The system’s pupil
function constitutes a bandpass function with a radius of NA/\. We
compute the initial estimation of the dark-field sub-aperture’s cen-
ter based on the LED ring’s physical dimensions and the objective
working distance. At this stage, the initialization process is com-
plete; we now shift to the positioning procedure. First, the initial
estimation is used as the center, and the aperture is simultaneously
translated in four directions (up, down, left, and right) by a predeter-
mined step size, as shown in Fig. 1 “aperture shift.” According to the
dark-field intensity estimation model in Eq. (1), five estimated inten-
sity images I,(r; Ak) (n=1,2,...,5) containing initial positions
can be obtained. After intensity correction of the estimated inten-
sity images, the true dark-field sub-aperture position corresponds
to the frequency-domain shift Ak that maximizes the SSIM value
between the estimated intensity I,(r; Ak) and the detector-captured
intensity I, using Eq. (3) as the cost function. Since the correction of
each sub-aperture is independent, all dark-field sub-apertures on a
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single ring can be corrected simultaneously. However, variations in
the quality of the acquired dark-field images may introduce outliers
in the results. To eliminate these outliers, the overall LED annular
light band can serve as a constraint. The RANSAC algorithm is then
employed to fit the centers of the dark-field apertures to a circle,
determining the radius and center of the circle where the first cir-
cle of dark-field aperture centers is located. The rotation angle of the
LED board is determined by tracking a fixed dark-field sub-aperture
center point throughout the circle fitting procedure. Calculate the
slope k; of the line connecting this point to the center of the fitted
circle. Simultaneously, determine the slope k; of the line extending
from this point to the theoretical (without positional errors) circle’s
center. The LED board’s actual rotation angle 0 then derives from
k2 — ki
0 = arctan kol (4)
Finally, following the LED arrangement rule, the central posi-
tions of the remaining dark-field sub-apertures are determined by
extrapolating those of the first circle of dark-field sub-apertures, thus
completing all correction steps. The component placement accu-
racy error in modern Surface Mounted Technology (SMT) typically

ranges from +50 to +100 ym. With consistent system parameters,
this error, on a 600 x 600 pixel* image, results in an offset of ~0.7
to 1.4 pixels in spectrum, exerting negligible influence on the final
correction outcome. However, outlier errors can induce frequency
spectral offsets far exceeding 1 pixel. Consequently, the sub-aperture
center corresponding to the LED trajectory in the frequency domain
can be treated as an ideal circle for fitting purposes in an ideal imag-
ing system, disregarding Printed Circuit Board (PCB) processing
errors.

lll. SIMULATIONS
A. Method effectiveness

The validity of dmc-rFPM must be assessed before its appli-
cation to actual experimental data. This section aims to evaluate
the characteristics of the residual distribution of the cost func-
tion through simulation. The simulated system data are the same
as the experimental system data presented in Sec. II A. The
simulated amplitude and phase correspond to “cameraman” and
“westconcordaerial.” The simulated image dimensions are 631 x 631
pixelz. The radius of the first circle of dark-field LEDs is 5.7 mm,

(@) Dark-field aperture (c) Residual distribution of the cost function
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FIG. 3. Residual distribution characteristics of the dme-rFPM cost function. (a) Dark-field aperture in the first circle. (b1) and (b2) Simulated amplitude and phase, respectively.
(c) Residual distribution of the cost function for eight sub-apertures in the integer pixel direction. (d1) Section lines of the cost function for aperture 1 in four orthogonal
directions. (d2) Section lines of the cost function for eight sub-apertures in (a).
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with a corresponding illumination NA of 0.2. The dark-field light
source is segmented into 16 equal parts along the circle to offer
adjustable illumination angles. Three errors can occur in the dark-
field LED board within a real system: (1) the height Ah of the light
source from the object; (2) the lateral translations Ax and Ay of
the LED board; and (3) the rotation angle 6 of the LED board.
These errors manifest as lateral translations of the sub-aperture
center in the frequency domain. Assuming that the 16 dark sub-
apertures with an illumination NA of 0.2 are actual sub-apertures,
and the aperture center is positioned at (0, 0) point, calculating
SSIM values between the estimated intensity images and the sim-
ulated real intensity images at various positions (£0.4NA,;;/A range
in x and y) consequently determines the residual distribution of the
cost function for a single sub-aperture. Eight representative sub-
apertures positioned at 45° intervals were chosen for analysis based
on the frequency spectral distribution characteristics, as depicted in
. The pseudo-color diagram in illustrates a grad-
ual decrease in residual error of the cost function from the central
highest point toward the periphery. Each individual sub-aperture
exhibits a unique global maximum value in the residual error dis-
tribution of the dmc-rFPM cost function, with this maximum value
corresponding to the true center position of the sub-aperture. This
distribution pattern ensures the precision of the dmc-rFPM correc-
tion. The dmc-rFPM provides a unique global solution, achievable
by using a straightforward search strategy for convergence.
and show that the section lines of aperture 1 in four
orthogonal directions each exhibit a unique global maximum, with
all maxima precisely coalescing at x = 0. Although the section lines
of the eight sub-apertures exhibit amplitude variations, their peak
positions remain consistently fixed at x = 0.

B. Noise effects

The absence of the zero-frequency diffraction signal renders
dark-field intensity images vulnerable to noise interference, thereby

(a) offset=0, 6=0.001

PSNRgenoise=54.61dB
W/ denoise

offset=0, 0=0.005

PSNRgenoise=50.70dB
W/ denoise

WI/O denoise
PSNR}se=52.550B

W/O denoise
PSNR,5i5e=39.87dB

undermining the precision of algorithmic corrections. To enhance
the signal-to-noise ratio during the acquisition of dark-field micro-
graphs, it is frequently imperative to shield from external light
sources by a light barrier, establishing a darkroom environment.
Specifically for metallographic samples, noise interference becomes
more obvious due to the varying reflectivity across the sample sur-
face. A simulation was conducted to assess the impact of noise on
the correction capability of dmc-rFPM. Aperture 1 in was
selected as an example for this analysis. The simulation maintained
complete consistency in system parameters, object information,
and the coordinates of residual distribution within the cost func-
tion. illustrates a comparison of dark-field intensity
images when introducing Gaussian noise of varying intensities and
threshold denoising,’ without any shift in the sub-aperture centers.
Increasing noise intensity can result in the threshold denoising fil-
tering out effective information in the image, as indicated by the
red arrow in , leading to inaccurate SSIM assessment out-
comes. The residual distributions of the cost function are compared
in three different noise levels to provide a more comprehensive
illustration of the impact of noise and intensity correction on the
correction results: (1) without intensity correction and threshold
denoising, as shown in ; (2) with intensity correction but
no threshold denoising, as shown in ; and (3) with both
intensity correction and threshold denoising, as shown in

These representations display the cost function’s section lines w1th1n
the range of £NA,;/A, centered on the true sub-aperture. Assum-
ing that Gaussian noise is the noise present during the acquisi-
tion of the dark-field intensity images, this noise is categorized
into ten levels, with the standard deviation ¢ ranging from 107°
to 1072, illustrates that when only intensity correc-
tion is applied, images with minimal noise exhibit a unique global
maximum value in the residual distribution of the cost function,
indicating the algorithm’s correction capability. Nevertheless, as the
noise intensity escalates, the cost function ceases to possess a global

offset=0, 0=0.010
PSNRyenoise=46.19dB

0.05

W/ denoise

FIG. 4. Effects of dark-field noise and
© intensity correction on the correction
capability of dme-rFPM. (a) Comparison

of dark-field intensity images with varying

Gaussian noise levels (o = 0.001, 0.005,

0 0.01) when the sub-aperture center is at
the edge of the bright-field spectrum (off-

(b1)  Intensity-uncorrected (b2)  Intensity-corrected (b3)  Intensity-corrected set = 0), alongside results after thresh-
& No threshold & No threshold denoising & threshold denoising old denoising. (b) Residual distribution
1.000 é% 0'980// 0.99 curves of the cost function under differ-
0.8001 / o 0.952 ) ent noise intensities and image process-
: 0940} ——— / 5 ing methods: (b1) intensity uncorrected
A 0.912 / s and no threshold denoising, (b2) inten-
0.600 0.900 1 7 7 \\\j&‘fa sity corrected and no threshold denois-
0.872// W ing, and (b3) intensity corrected and
0.400 0.860 JO 832 V\ﬂ threshold denoising.
-NA/A 0 NA/A -NA/A 0 NA/A -NA/A 0 NA/A
offset value offset value offset value
0=0.001 0=0.002 0=0.003 0=0.004 0=0.005
0=0.006 0=0.007 0=0.008 0=0.009 6=0.010
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unique maximum value starting at a Gaussian noise standard devi-
ation of ¢ = 0.004, leading to a loss of correction ability by the
algorithm. After threshold denoising and intensity correction of the
dark-field intensity image, all cost functions exhibit globally unique
maximum values, enabling the algorithm to acquire accurate results,
as shown in Fig. (b3). Conversely, as illustrated in Fig. 4(b1), when
no processing is applied to the estimated dark-field intensity images,
the cost function demonstrates monotonic behavior as the sub-
aperture approaches the center of the low-spectrum. However, as
the sub-aperture moves away from the center of the low-spectrum,
the cost function changes gradually, lacking a globally unique maxi-
mum value, thereby impeding the algorithm’s correction capability.
In addition, excessive noise in the dark-field image in FPM adversely
impacts reconstruction quality”” and compromises the correction
accuracy of dmc-rFPM. Therefore, dmc-rFPM requires the same
prerequisites as FPM reconstruction, ensuring that the system’s
robustness remains uncompromised.

C. Method stability and simplification

Due to the periodic arrangement of the LEDs, the position of
all dark-field sub-aperture centers can be determined by identifying
the circle on which they lie in the frequency domain. Mathemati-
cally, defining a circle requires a minimum of three non-collinear
points. Previous analysis has shown that dmc-rFPM effectively cor-
rects for eight sub-apertures positioned at 45° intervals (specifically
sub-apertures 1, 3, 5, 7, 9, 11, 13, and 15), offering complete direc-
tional and maintaining pixel-level accuracy. In addition, the number
of sub-apertures can be reduced to four (sub-apertures 1, 5, 9, and
13) to correspond to the cardinal directions, depending on spe-
cific needs. Increasing computational data processing throughput
positively correlates with the reduction in the number of aper-
tures. Therefore, reducing the number of apertures can conserve
computing resources, enhance correction speed, and improve

method adaptability across varying computational capacities. The
method can be categorized into three versions based on the num-
ber of sub-apertures: (1) 16 LEDs at 22.5° intervals, (2) 8 LEDs at
45° intervals, and (3) 4 LEDs at 90° intervals.

To simulate true application conditions, random errors are
introduced to the LED pose, and three versions of the correction
method are applied to assess the stability and robustness of dmc-
rFPM. Using actual system parameters as a benchmark, the rotation
angle range 6 € [0°,1°,3°,5° ], height error range Ah € [-5,5 mm],
and lateral translation range Ax € [-1,1 mm], Ay € [-1,1 mm] are
defined as error parameters. When the LED light source adjustment
error surpasses these ranges, the deviation becomes pronounced,
necessitating initial visual manual correction. This study utilizes
open datasets of metallographic samples’™”” for simulating real
objects to assess correction efficacy. These datasets comprise PCB
samples, semiconductor samples, and metal surface defects. We
selected 100 sets of random error parameters, which were ran-
domly applied to different samples. Three method versions were
executed to correct these samples, evaluating their correction per-
formance and determining their applicable ranges. Calculate the
Euclidean distance between the correction results and the ground
truths, examining the correction outcomes of the lateral translation

error \/ (Ax)* + (Ay)?, height error Ah, and angle error . The data
distribution is illustrated through box plots in Figs. 5(a)-5(c). Sta-
tistical analysis indicates that fewer LEDs used for correction result
in a larger overall rotation angle and diminished error suppres-
sion by the method. Despite some deviation, the error distribution
remains acceptable. In particular, the deviation in the final correc-
tion is maintained within 0.1 and 0.2 mm, rendering its impact on
the reconstruction results negligible.

D. Time consumption

For the absence of a universal correction method for dark-
field sub-aperture in reflective FPM systems, we compared the

APL Photon. 10, 106124 (2025); doi: 10.1063/5.0297832
© Author(s) 2025

—~ 400 — =
IS 116 LEDs - (a)
= 300 |E===8LEDs -
] 4 LEDs -
& ) pd
o 200 )
= e o e
S 400 -
(]
s . ;E
0 1° 3 & 0 1 3 5 00 10 3 &
— 500 =
E Lood [E2t61EDs . (b) FIG. 5. Correction capability of three
=1 :i tggz oo dmc-rFPM  versions measured by
@ 3004 ___ o @ ¢ ® ® the Euclidean distance between the
O 2004 ° 3 correction results and ground truths
2 100 using varying numbers of LEDs: (a) lat-
N‘F e EE — BEEs eral translation error v/ (Ax)? + (Ay)?,
- 0 ¢ 1 3 5 3 B 1T 3 5 (b) height error Ah, and (c) rotation
< angle error 6.
g 'O 116 LED e - -
S . . . - (c)
g 0.8 | (=8 LEDs ) . .
k=) I 4 LEDs R ° T
= 0.6 % oo 8 w o B
2] @ o o
S 047 c e T e : -
5 024 |:|
2> 0 i e =
E 00 10 30 50 Oc 10 30 50 Oc 10 30 50

10, 106124-8

¥€:€2:L 1 G20T 489010 82



TABLE II. Comparison of several correction methods.

Methods pcFPM Efficient self-cal ~ dmc-rFPM I
Time cost (s) 104.2 83.4 22.6
Methods dmc-rFPM 1T dmc-rFPM 11T

Time cost (s) 10.2 4.5

reconstruction times of two classical sub-aperture correction meth-
ods originally designed for transmissive FPM, referred to as
pcFPM?° and efficient self-calibration.”” The correction involves 8
bright-field LEDs and 72 dark-field LEDs, with all other system
parameters matching the previously mentioned simulation data.
The algorithms dmc-rFPM I, dmc-rFPM II, and dmc-rFPM III

=

&

3 nygp =16
1S 0.9
o ) o
z

=

o

=

N

Z

(b) Nasyn=0.46

in this study utilize correction methods with 16, 8, and 4 LEDs.
Simulations were conducted on a platform with an AMD Ryzen
7 6800HS processor (3.2 GHz, integrated Radeon 680M graphics)
and 16 GB DDR4 memory, using MATLAB R2023a for implemen-
tation. As shown in Table II, dmc-rFPM significantly reduces the
processing time compared to conventional methods. Fewer LEDs
further reduce the time required, and GPU acceleration allows the
correction time to reach as fast as 0.5 s.

IV. EXPERIMENTS
A. Resolution validation using USAF target

Compared to simulations, real system errors are more intri-
cate. Simulations only model the primary anticipated errors. There-
fore, it is imperative to validate the stability and robustness of the

0 =
1 (c3) Nasyn=0.46 (C4) Uncorrected @
3
©
0 0

(e) Reconstruction results after position processing with 16, 8, and 4 LEDs

npgp = Npgp =4

- ©
d
S
o 0
0 Positian(um) 12
(d4)
]
© \/\/\//\/\
o g
0 120 Position(um) 0 Position(um) 17

Position(um)

Position(um) 17

FIG. 6. Tested outcomes of the USAF target. (a) Reconstruction results for the USAF target using the corrected equivalent synthetic aperture NAsy, = 0.46. (b) Reconstructed
spectrum. (c) Intensity outcomes for the USAF target from group 8 to group 11 under varying conditions: (c1) reconstruction using only bright-field information (NAsy, = 0.2),
(c2) reconstruction using dark-field information from the first circle (NAsy, = 0.3), (c3) reconstruction using all dark-field information (NAsy, = 0.46), and (c4) reconstruction
result for dark-field sub-aperture without position processing. (d) Enlarged details from the white boxes in (c3) and (c4), and corresponding section lines (element 3—element
5in group 9). (e) Reconstruction results for groups 8 to 11 after position processing with 16, 8, and 4 LEDs, including section lines of local patterns.
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system and method presented in this study through real experi-
ments. The experiment utilized a microscope with bright-field and
dark-field illumination, depicted in Fig. 1, with system parameters
consistent with those outlined in Sec. IT A. To assess the imaging
reconstruction efficacy pre- and post-dmc-rFPM correction, FPM
reconstruction was conducted with and without dark-field aperture
calibration on the 6th to 11th fringe groups of the USAF target
during the experiments. The outcomes are illustrated in Figs. 6(c3)
and 6(c4), respectively. Notably, Fig. 6(c4) exhibits clear artifacts.
Figures 6(d1) and 6(d2) present the magnified views of the pat-
tern in group 9 from Figs. 6(c3) and 6(c4). Figures 6(d3) and
6(d4) present the section lines of transverse patterns from element
2 to element 5 in group 9, respectively. The contrast in the seg-
ment associated with the system’s limit resolution, indicated by the
curve in Fig. 6(d4), diminishes and fails to be fully resolved. Con-
sequently, if the dark-field aperture position in the reconstruction
model is incorrect, the quality of FPM reconstruction significantly

(I

deteriorates, markedly reducing the system’s limit resolution. Then,
we analyzed the enhancement of the system’s highest resolution
through dark-field imaging data. Figures 6(c1)-6(c3) display inten-
sity results for bright-field information reconstruction alone (NAsyx
= 0.2), incorporation of the first circle of dark-field information
(NAgy, = 0.3), and full dark-field information reconstruction (NAsy,
= 0.46). These correspond to the 8th to 11th patterns within the red
box of Fig. 6(a). The system’s resolution exhibits a positive correla-
tion with the illumination NA. The theoretical maximum resolution,
derived from actual system parameters, is 567 nm, aligning with
element 5 in group 9 (615 nm) of the USAF target, affirming the
nominal value.

In Sec. I11 C, it was noted that dark-field sub-aperture position-
ing can be achieved with a reduced number of LEDs. Figure 6(e)
illustrates the reconstruction results using 16, 8, and 4 LEDs. Cross-
sectional profiling reveals that the three correction methods con-
sistently resolve features down to element 5 in group 9 (615 nm),
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FIG. 7. Reconstruction results of the SMIC SM27 series chips’ intensity images. (a) Full field reconstruction (1.2 x 0.96 mm?), containing the comparison of the
reconstructed intensity results between bright-field (NAsy» = 0.2) and the addition of dark-field (NAs,» = 0.46). (b) Magnified view of ROI1: intensity comparison
(NAsyn = 0.2, NAsy, = 0.46, 10 x 0.25 NA) and section line comparison (NAsy, = 0.46 vs 10 x 0.25 NA). (c) and (e) Magnified views of ROI2 and ROI3: intensity comparison
(NAsyn = 0.2, NAsyn = 0.46, 10 x 0.25 NA). (d) Section line comparison (NAsy, = 0.46 vs 10 x 0.25 NA) from (c). (f) Imaging performance comparison.
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reaching their theoretical resolution. These results demonstrate that
for a USAF target, the simplified method’s correction does not com-
promise the system’s resolution limit. This outcome is linked to the
high-frequency distribution characteristics of the object’s spectrum.
This finding indicates that in reflective FPM systems, the USAF
target could be used first to correct LED positioning errors before
imaging complex industrial samples.

B. Chip inspection

Modern chip processing and manufacturing epitomize the pin-
nacle of industrial technology. The production process encompasses
a sequence of precise stages from pre-design, wafer preparation,
photolithography, etching, metallization to packaging and testing.
To guarantee chip performance and reliability, each manufactur-
ing step necessitates stringent control over process accuracy and
completion. This entails not only the utilization of manufacturing
equipment with exceptionally high processing precision but also the
incorporation of various advanced detection methods throughout
the entire production line to achieve comprehensive process qual-
ity control. To validate the correction capability of dmc-rFPM in
practical scenarios and the improvements in detection accuracy and
efficiency enabled by precise FPM reconstruction, this study investi-
gates SMIC’s SM27 series chips using dark-field-incorporated FPM
reconstruction. Through the dmc-rFPM correction of dark-field
sub-apertures, we successfully achieved high-throughput micro-
scopic imaging. Figure 7(a) presents the FOV for the 4x objective
and the 10x objective. The FOV of the 4x objective is divided
by a diagonal dotted line. The lower left portion shows the FPM-
reconstructed intensity with only bright-field data, while the upper
right portion presents reconstruction incorporating dark-field infor-
mation. Figures 7(bl), 7(c), and 7(e) provide magnified views
of ROII, ROI2, and ROI3, respectively, from Fig. 7(a), which
enable a direct comparison of resolution improvements achieved by
incorporating dark-field imaging.

Figure 7(b1) displays the structures of the polysilicon gate and
metal interconnects. The primary role of the polysilicon gate is
to establish a channel through electric field manipulation to regu-
late the opening and closing of the MOSFET, thereby controlling
the current flow. The metal interconnect line serves to facilitate
electrical connections among various components for signal trans-
mission. These structures are crucial in influencing the performance
and integration of the chip.’” ¥ Conventional manufacturing pro-
cesses impose stringent criteria regarding the dimensions (width
and length) and uniformity of both components. Adherence to
these specifications is imperative to ensure the electrical integrity
of the final product. Figure 7(bl) depicts the direct imaging of
the partial FOV shown in ROI1 using a 10x 0.25 NA microscope
objective. The width of the detected structure, as observed from
the intensity section line result in Fig. 7(b2), measures ~816 nm,
aligning closely with the nominal value of 800 nm. The results
obtained from FPM reconstruction were in agreement with those
from direct imaging using a 10 x 0.25 NA objective. In addition,
Fig. 7(c) illustrates the array arrangement structure, typically com-
prising memory cells, logic gates, or dummies for structural testing.
Such components require highly regular array configurations, which
directly impact the chip’s stability, operational performance, and
power consumption.” "' In addition, morphological defects in these
structures can lead to functional failures, such as localized hot spots
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or excessive resistance.””"” Conventional inspection methods strug-
gle to simultaneously observe large quantities of microstructures,
whereas FPM’s intrinsic properties are uniquely suited for high-
resolution imaging of fine structures across large FOVs. The section
lines in Fig. 7(d) indicate that by incorporating dark-field informa-
tion, FPM can resolve fine structural details and achieve resolution
comparable to that of high-magnification objectives. Figure 7(f)
shows the comparison of the imaging capabilities of three different
modes. The results indicate that the proposed system achieves an
SBP of up to 3.58 megapixels, representing a fivefold improvement
over traditional imaging modes. After system parameter calibra-
tion, FPM enables simultaneous observation of tens of thousands
of regularly arranged microstructures within the field of view of
a 4x0.1 NA objective, demonstrating a sixfold improvement in
imaging throughput compared to conventional imaging using a
10x 0.25 NA objective. For components needing synchronous
detection of appearance and positional arrangement, FPM’s high-
throughput capability significantly enhances detection efficiency.

V. SUMMARY AND DISCUSSION

This work proposes dmc-rFPM, a dark-field sub-aperture cor-
rection method based on reflective FPM, which uses SSIM as the
evaluation metric. This method resolves the critical limitation of
conventional transmissive FPM correction methods, which fail to
adapt to reflective FPM. The cost function, based on SSIM, exhibits
a residual distribution characteristic that ensures a globally unique
solution. Unlike conventional correction methods, the proposed
method eliminates the need for iterative reconstruction of dark-field
information during the correction process, resulting in significantly
reduced time consumption. Moreover, it reduces the required num-
ber of sub-apertures and leverages parallel processing with GPU
acceleration to further enhance correction speed. Simulations are
also employed to evaluate the correction capability of dmc-rFPM
under varying error magnitudes. The results demonstrate that the
deviation between the dmc-rFPM-corrected output and the ground
truth is negatively proportional to the number of LEDs used and
positively proportional to the rotation angle. Furthermore, the effec-
tiveness of dmc-rFPM is confirmed through FPM reconstruction
experiments conducted on the standard USAF target and SMIC
chip.

The high imaging throughput of FPM systems holds significant
potential for enhancing industrial detection efficiency. Moreover,
their simple structure can streamline production lines and reduce
manufacturing costs, making them highly promising for industrial
applications. The proposed method in this work decouples correc-
tion from reconstruction and establishes a stable sub-aperture error
cost function, thus enabling robust and rapid correction along with
high-throughput imaging during practical detection. This approach
effectively improves online detection efficiency. Particularly suited
for batch industrial detection, the method ensures imaging qual-
ity while reducing computational overhead, thereby meeting the
stringent real-time and stability requirements of production lines.

SUPPLEMENTARY MATERIAL

More details on visualizations are provided in the
supplementary materials.
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