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Abstract: Synthetic-aperture digital holographic microscope (SA-DHM) has received attention
in various fields due to its ability to achieve higher resolution images than single-shot optical
microscopes. In SA-DHM, the numerical aperture (NA) is enhanced by capturing high spatial
frequency information in the Fourier domain. This domain is divided into two regions based on
the system NA: the bright-field region and the dark-field region. Specifically, the synthetic NA
achievable with only bright-field measurements is limited to twice the system NA. Therefore,
precise measurement of the dark-field region is essential for overcoming the limitations of
conventional SA-DHMs. In most SA-DHMs, the illumination angle determines the position of
the measured field in the Fourier domain, and the precise control of the illumination angle is
important for high resolution. In this study, we developed a solid-state beam-steering optics
using a digital micromirror device (DMD), avoiding the vibrations associated with mechanical
steering optics such as galvano-mirrors. We also propose a calibration method to correct the
k-vector for high-angle illumination. With our SA-DHM system, both bright-field and dark-field
images are measured precisely, achieving high-resolution results with a synthetic NA that is 3.2
times larger than the system NA.

© 2026 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

The digital holographic microscope (DHM) has been actively researched as a significant metrology
method and it has a potential to obtain the three-dimensional (3D) optical information of the
object by measuring the interference between the reference wavefront and the object wavefront
from the sample [1-3]. In DHMs, a system numerical aperture (NA) characterizes the range of
angles over which the system can accept the optical information and it is typically equal to the
NA of an objective lens. The space-bandwidth product (SBP) of the system is determined by the
NA and the field of view (FOV), and there is a trade-off relationship between the NA and the
FOV for a given SBP [4-8]. Therefore, it is one of the most challenging problems to realize a
DHM with both high NA and wide FOV.

Synthetic-aperture (SA) technique is a popular method for obtaining high-resolution images
and has been suggested as a solution to overcome the limitations of SBP in DHM [9-11]. In
DHM, the SA method involves illuminating an object in multiple directions with beam-steering
optics. The measured complex wave is converted by Fourier transform into the spatial frequency
domain and its position is determined by the direction of the illumination. When the complex
wave is synthesized, the NA of the resultant images is called a synthetic NA which is higher
than the system NA [12]. The Fourier spectrum synthesized by the SA method is divided into
bright field and dark field whether the illumination light is directly accepted by the system or

#592479 https://doi.org/10.1364/OE.592479
Journal © 2026 Received 3 Feb 2026; revised 28 Mar 2026; accepted 12 Apr 2026; published 4 May 2026


https://orcid.org/0000-0003-3285-0651
mailto:yongjun@etri.re.kr
https://doi.org/10.1364/OA_License_v2#VOR-OA
https://crossmark.crossref.org/dialog/?doi=10.1364/OE.592479&amp;domain=pdf&amp;date_stamp=2026-05-05

Research Article Vol. 34, No. 10/18 May 2026 / Optics Express 17521 |
Optics EXPRESS A N \

not. In the bright field, the illumination light is directly captured by the focal plane array (FPA)
sensor. So, the spectrum of the bright field is intrinsically limited within twice the system NA
[13,14-16]. On the other hand, when the angle of the illumination light is larger than the system
NA of the DHM, the measured spectrum is called the dark field. In the dark field, the diffracted
light with high spatial frequency over twice the system numerical aperture is measured [17-19].
In the dark-field image, high-frequency edges are prominent, whereas low spatial frequencies are
suppressed in the bright field [20-23]. Therefore, in SA method, it is important to measure dark
field for high resolution since the synthetic NA of the bright field is limited up to only twice the
system NA.

In SA-DHMs, various beam-steering optical modules have been applied, which control
the angle of illumination light. The most popular beam-steering optical module consists of
galvano-mirrors and relay optics, where the galvano-mirrors rotate mechanically to change the
direction of the incident light [24—26]. Then, the relay optics deliver the beam to the specimen.
But galvano-mirrors have disadvantages which are sensitive to vibrations caused by mechanical
movements, and the visibility of the interference pattern decreases. Furthermore, the low
repeatability of galvano-mirrors leads to inaccuracies in measurement of the spectrum of object
wave. Mico et al. also propose a SA-DHM system based on a two-dimensional point-source
array and a corresponding pinhole array [27]. This method enables single-shot acquisition of
multiple spatial-frequency components without active beam steering. However, because the
finite pupil support is spatially partitioned by the pinhole array, the number of usable multiplexed
frequency slots is limited, and dense high-angle dark-field acquisition is difficult. On the other
hand, a digital micromirror device (DMD) is a solid-state modulation device [28,29] composed
of micro-electromechanical systems (MEMS) mirrors. So, the DMD is intrinsically robust to
vibration. In several cases, it has been used for steering the beam as a solid-state modulation
device generating the binary pattern [30]. In these systems, the DMD generates linear gratings
with variable period and diffracts the light in the designed direction. Additional 4f optics is
used to filtering out the residue resulting from imperfect binarized discrete linear grating. Ref.
[32] reports a DMD-based solid-state SA-DHM with a large SBP, but the use of a high-NA
oil-immersion objective constrains deployment in general-purpose microscopy [31].

In this paper, a SA-DHM with solid-state beam-steering optics is proposed, which is capable
to acquire both wide FOV and high NA. The proposed beam-steering optics comprises a DMD,
4f optics, a microlens array (MLA), and a condenser lens. A related DMD and MLA based
angle-scanning module has also been reported by Yang et al., where the DMD is used as a spatial
switch and the illumination angle is determined by the beam position at the MLA plane [32].
Although the optical configuration reported by Yang et al. is very similar to that used in this work,
the optical design target is different. Their system is a non-interferometric ODT configuration
in which the illumination and imaging NAs are nearly matched. In contrast, our SA-DHM is
intentionally designed with an illumination NA much larger than the system NA in order to
acquire high-angle dark-field data and extend the synthetic aperture beyond the bright-field limit.
This method has practical benefits to control the illumination angle of the beam in wide range,
since the DMD turn on the specific pixels for changing the position of the beam instead of
diffracting the beam. Because the illumination angle of the beam depends on the transverse
position at the MLA plane, there is no noise from the diffraction. In our previous research
[33], we proved the feasibility of our method from the optical simulation results. In this paper,
we implemented the SA-DHM with solid-state beam-steering optics and the synthetic NA is
experimentally achieved 3.2 times larger than the system NA by measuring both bright field and
dark field. For dark field measurement, the accuracy and reliability of the illumination angle
by beam-steering optics are very important. So, a new calibration method is proposed where
the linear grating is used as a specimen. Then, diffraction points are measured according to the
change of the rotation angle of the linear grating. After the curve-fitting these points, the direction
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of the steered beam is obtained. With the proposed SA-DHM, wide-field high-resolution object
images are successfully reconstructed.

2. Solid-state beam-steering optics for SA-DHM

In the proposed solid-state beam-steering optics, the direction of illumination is controlled by
beam positioning rather than diffraction from the binary grating on the DMD. So, the inaccuracy
of illumination angles caused by the imperfection of discrete binary gratings is reduced and it
is possible to generate the illumination beam with high inclination angle. Figure 1 shows the
schematic of the proposed SA-DHM system, where coherent 532-nm fiber-type laser is used
as the light source. The light source is divided into a reference arm and an object arm via a
fiber beam splitter. In the reference arm, the beam amplitude is tuned using a variable optical
attenuator (VOA). Then, after a collimator and a beam splitter, it enters the sensor in a direction
parallel to the optical axis. On the other hand, the beam of the object arm is modulated by the
DMD with the attached TIR prism. Then, it enters the MLA after passing through the 4f optics.
Because the MLA and condenser lens are in a 4f optical system relationship, the beam is also
collimated on the sample plane. The object wave diffracted by the sample passes through the
objective lens and the tube lens, then it is focused on the sensor. On the sensor plane, the object
wave interferes with the reference wave, and a fringe pattern is obtained. The VOA is used to
adjust the optical power of the reference wave in comparison with that of the object wave to
obtain highly visible interference patterns within the dynamic range of the sensor.

Fiber Reference arm VOA
BS L
Laser
(532nm) . ) .
\ Object MlcmlenSCondenser Object Collimator
h \a:'m — Lens array lens domain Fourier
Collimator I\I Filter Sampl domain Beam
vy ) P r ample y splitter

Sensor

Objective!  Tube lens
lens

Solid-state steering optics
Fig. 1. Schematic of the proposed SA-DHM.

The beam-steering optical system comprises two 4f optics in series. The first 4f optical system
delivers the wavefront from the DMD to the MLA. As shown in Fig. 2, the binary image on the
DMD is a hexagonal array with circular apertures. Each aperture corresponds to an individual
lens of ML A, where the beam modulated by the DMD is expressed as

2 2
(u — pn) ;(V_Qn) ) (1

Upmp.n(u,v) = circ

Here, the output of circ function is one if the argument is less than or equal to one. Elsewhere,
it becomes zero. So, the micromirrors of the DMD create a circular aperture with a radius, a,
which is centered at (p,, ¢,). n is the order of circular apertures assigned to each lens of the
MLA. In the first 4f optical system, the higher-order diffraction components of the DMD are
filtered out in the frequency domain. After the MLA, the beam is converged by the focal length
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Jfura of the lens of the MLA, and it is defined by

’ ’ u/ v, . k 7’ ’
Umran(u',v') = Upyp (1\71’ E) exp [—] T (@ = Mip,)* + (' = Mg}, (@

where M| is the magnification of the first 4f optics and is equal to the focal length ratio f> /f;.
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Fig. 2. Layout of the solid-state beam steering optics.

In the second 4f optics, the illumination angle increases as the center position of the beam
(Pn> qn) on the DMD moves further away from the optical axis. This angle is specified by the
k-vector, and its accuracy is important to place the spatial spectrum on the proper position of the
Fourier domain. The n-th lens at positions (M1p,,, M1q,) of the MLA and the condenser lens are
off-axis 4f optics. The beam passing through the n-th lens of the ML A propagates parallel to
the optical axis until it reaches the condenser lens. After passing through the condenser lens,
the beam becomes collimated and is directed toward the center of the back focal plane of the
condenser lens.

Figure 3(a) shows how to estimate the k-vector of the illumination wave based on the design
parameters of the optical system, where the illumination wave is represented as

X .
M1M2 + DPn» M]yMQ +qn exp[](ki,n,xx + ki,n,yy)], (3)

where M, is the focal length ratio f3 /fyr4 of the second 4f optics. f3 is the effective focal length
of the condenser lens and fy;4 is the focal length of the lens in MLA. The k-vector of the
illumination beam from the n-th lens of the MLA is calculated using the following equation:

Uin(x,y) = Upmp,n

— ksin 6; . .
k in = > l,n2 (PnX + qn). “
Pnt+ 4qn

Here, the illumination angle 6;, is determined by the position of the n-th lens of the MLA and
the focal length of the condenser, and it is represented as

Oin = tan”" (\/(Mlpn)2 +(M1ga)*/f3 - ®)
The diameter of the illumination beam is calculated as
D = 2aM M, (6)

Figure 3(b) shows the bright field-area composed of 19 circular apertures, where the red
hexagon represents the border of system NA. Figure 3(c) shows dark-field area outside of the
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bright field, consisting of 108 circular apertures. In this paper, the total of 127 images with
different spatial frequency components are obtained by sequentially turning on all circular
apertures in the hexagonal array on the DMD. Details of the aperture selection near the bright-,
dark-field boundary are provided in Supplement 1 Section 1.
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Fig. 3. (a) Relation between the object domain and the Fourier domain. (b) Regions
corresponding to the bright field in DMD. (c) Regions corresponding to the dark field in
DMD.

During the acquisition of the 127 spectra, the maximum illumination angle is denoted max
;. The illumination NA s defined by

NA; = sin[max(6;,)] @)

And each single-shot measurement is bounded by the system numerical aperture NAy,. In
SA-DHM, the spectrum is shifted in the Fourier domain by the k-vector of illumination, so the
synthetic NA extends by NA;. The synthetic NA is therefore given by

NAgyn = NAgys + NA; ®

3. Calibration of solid-state beam steering optics

In SA-DHM, the accuracy and reliability of the illumination angle by beam-steering optics are
very important. The error in the illumination angle deteriorates the quality of synthesized images.
In our solid-state beam-steering optics, the error mainly comes from positional deviation of the
MLA lens. So, we invented a calibration method by measuring the k-vector of illumination wave
by the diffraction of a linear grating as shown in Fig. 4. Similar studies on illumination-angle
or k-vector calibration have also been reported in Fourier ptychographic microscopy under
bright-field and dark-field conditions [34-36]. In the present work, a rotating linear grating is
used to calibrate the illumination k-vector in the interferometric SA-DHM system.

The illumination beam in a certain direction is diffracted by this linear grating sample, and
higher-order diffractions are generated. These diffractions are described as

2
Kaffnx = % cos @ + ksin 6, . ©)

2
kaiffny = % sing + ksinf;,, (10)
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Fig. 4. (a) Setup for the measurement of the k-vector of the illumination beam according to
the rotation of the linear grating. (b) Rotation geometry of the linear grating. (c) Locus of
the diffracted illumination beam in the Fourier domain.

Here, d is the period of the linear grating and ¢ is the rotation angle around the center of the
z-axis. m is the integer which represents the diffraction order.

The practical calibration procedure is illustrated in Fig. 5. Figure 5(a) shows calibration
interferograms acquired by measuring the linear grating at different rotation angles. The Fourier
transforms of these images are shown in Fig. 5(b), where the higher-order diffraction components
of the linear grating are observed. Then, as shown in Fig. 5(c), representative positions are
extracted in the Fourier domain from the selected higher-order diffraction components. For
diffraction components corresponding to high-angle dark-field illumination, the representative
position is defined as the local intensity maximum within the selected higher-order diffraction
region. Finally, circle fitting is applied to the extracted positions to determine the center, which is
used as the calibrated illumination k-vector. During calibration, the linear grating is mounted on
a manual rotation stage and rotated about the z-axis over a 180° range. Because manual rotation
is used, the angular intervals are not exactly uniform and are approximately 15°-22°. These
circular trajectories have a common center point which is equal to the k-vector of the illumination
wave. For each aperture, the illumination k-vector is determined from six or eight higher-order
diffraction positions in the Fourier domain.

Center (=k-vector of illumination)

(a) (b) (c) (d)

Fig. 5. Practical calibration procedure with linear grating. (a) Calibration images at multiple
grating angles. (b) Fourier transforms of the calibration images. (c) Extracted higher-order
diffraction positions. (d) Circle fitting for calibrated k-vector estimation.
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In the present experiment, this calibration procedure is applied only to apertures on one side
of shells O to 7 as shown in Fig. 6(a). The illumination k-vectors of the remaining apertures
are then determined computationally by using the point-symmetry relation with respect to the
Fourier-domain origin. This calibration method with a linear grating is practically useful because
the illumination k-vector cannot be measured directly in the dark field. It can be estimated
from the measurable higher-order diffraction components generated by a predetermined linear
grating. Figure 6(a) shows seven representative apertures in different hexagonal shells, and
Fig. 6(b) presents the extracted higher-order diffraction positions, the fitted circular trajectories,
and the corresponding k-vector centers. Here, the red square indicates the frequency domain
corresponding to the system NA, so only the grating diffraction components within this region
are experimentally measurable. The red circular marks denote the first-order diffractions, the
green circular marks denote the second-order diffractions, and the blue dots indicate the k-vector
centers obtained by circle fitting.
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Fig. 6. (a) Binary aperture array of the DMD used in the experiment. (b) Curve fitting
results of the higher-order diffraction components of the linear grating in the Fourier domain.

Figure 7 compares the simulated and experimentally calibrated illumination angles. The
black dots are the k-vector locations predicted in the Fourier domain by a Zemax simulation
that assumes an ideal objective lens. The red points are the measured k-vector distribution
obtained in our setup after rotating-grating calibration and thus reflect objective aberrations and
small alignment offsets. The two distributions nearly coincide in the bright field but diverge
toward the dark-field edge. The discrepancy grows as the paraxial approximation breaks down
and aberrations, alignment errors, and medium mismatch accumulate. Accordingly, for the
outermost k-vector in Fig. 7, the simulated illumination NA is approximately 0.41, whereas the
experimentally calibrated value obtained by the rotating-grating method is approximately 0.40.
Consequently, we regard the red distribution as the actual values. Based on this distribution, we
set the illumination angles and carry out the SA reconstruction accordingly. A comparison of SA
reconstructions obtained using the calculated and experimentally calibrated k-vector distributions
is provided in Supplement 1 Section 2. Although some residual aberrations may still remain
in the large-angle dark-field region, this reduces the propagation of large-angle errors into the
reconstruction image.
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Fig. 7. Comparison of simulation and experimental calibration results of the illumination
angles.

4. Synthesis of Fourier spectrum in SA-DHM

The synthesis algorithm for obtaining a large Fourier spectrum, including both bright field and
dark field components, needs to be developed according to the system’s characteristics. We
will briefly introduce the structure of our SA-DHM system and the process of synthesizing the
Fourier spectrum.

Figure 8(a) shows microscope part of the proposed SA-DHM system in detail. Since an infinity
corrected objective is used, the object wave diffracted by the illumination light is focused with
slightly diverging phase profile on the camera to record an image enlarged by the magnification
of the objective lens. We use a pixelated polarization camera with a 2 X2 micro-polarizer
superpixel at analyzer angles 0°, 45°, 90°, and 135°. A quarter-wave plate (QWP) is placed
immediately before the camera with its fast axis at 45°, which converts the two input linear states
into opposite circular states. Each analyzer then projects both states with equal amplitude, so
the four sub images provide phase steps of approximately 0°, 90°, 180°, and 270° in a single
exposure. This single-shot acquisition avoids temporal phase scanning and reduces sensitivity to
vibration and sample motion. The 45° QWP setting also balances the projections across the four
analyzer channels, which improves the conditioning of the four-step reconstruction. Figure 8(b)
shows the process of computing complex Fourier spectra of the object wave. In the first step,
the four interference patterns with different phase shifts are acquired by the micro-polarization
camera. The complex values of the object wave are calculated using the phase-shifting method
[37,38]. Representative raw phase maps from selected individual aperture holograms and the
corresponding phase maps after k-vector positioning are provided in Supplement 1 Section 3. In
the last step, the signal is masked with a circular aperture whose size is equal to the system NA

Figure 9 shows the way to position the Fourier spectra of the n-th aperture. In Fig. 9, the red
circle represents the Fourier spectrum of the on-axis illumination. The off-axis Fourier spectrum
from the n-th aperture is shifted in the Fourier domain according to the calculated k-vector,
E,n. Each Fourier spectrum image is sequentially added, and high-frequency components are
gradually filled via superposition with adjacent spectra. In this paper, the overlap ratio between
two adjacent Fourier spectra is set to 80%. Figure 9(b) shows the total synthesized Fourier
spectrum of the proposed SA-DHM system. Here, the resultant Fourier spectrum from both
bright field and dark field is 3.2 times larger than the system NA.

To illustrate how the experimentally measured object waves are positioned and synthesized
in the Fourier domain, representative bright-field and dark-field measurements are shown in


https://doi.org/10.6084/m9.figshare.32071809

Vol. 34, No. 10/18 May 2026/ Optics Express

Pol Collimator
ol
Condenser o Tube lens /\ -
lens Objective ube lens i ' 41> Camera
lens i} T T 7
i ligree | 45 dhegree
e _HF
S P
F\ - -._-»_A_A_
Sample plane Fourier spectrum Beam splitter 4 plate Pixclated
() 4 sensor
Captured raw images Remove DC & twin  — Fourier
Noise spectrum
| . . -
hl;om i Circle aperture
3 p FT masking NA=0.155

(b)
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Figs. 10 and 11. As a specimen, a negative United State Air Force (USAF) target is used.
The object waves from this specimen are measured by the micro-polarization camera. In our
SA-DHM, 19 apertures are assigned to the bright-field region, and Figs. 10(a—c) show three
representative binary apertures on the DMD. Figures 10(d—f) show the corresponding amplitude
profiles, while Figs. 10(g—i) display the Fourier spectra of the same profiles. The USAF target
consists of line pairs arranged in a rectangular shape, and the Fourier spectrum appears as a cross,
with the intersection of this cross representing the k-vector of illumination. Since Figs. 10(g—i)
correspond to the bright field, all the k-vectors of illumination are placed within a single-shot
Fourier spectrum.

(a) (b) (c)

@ (© ] ®

(2 (h) (i)

Fig. 10. Measurements of the object wave with respect to the directions of illumination.
(a—c) Binary apertures in the bright field on the DMD. (d—f) Amplitude profiles and (g—i)
Fourier spectra of the object wave corresponding to (a—c) under bright-field illumination,
respectively.

Figure 11 shows the measurements in the dark field. In our SA-DHM, there are 108 apertures
for the dark field and Figs. 11(a-c) show three of them. Figures 11(d-f) present dark-field
amplitude profiles, where the object edges are most prominent. Tilting the illumination along x
enhances vertical edges in Figs. 11(d) and 11(e), whereas tilting it along y enhances horizontal
edges in Fig. 11(f). Figures 11(g—i) show the Fourier spectra corresponding to the amplitude
profiles shown in Figs. 11(d—f), respectively. The k-vectors of the illumination are not observed
since they are placed outside the single-shot Fourier spectrum. Instead, the high-frequency
signals from the objects are captured, in contrast to those in the bright field. Therefore, as the
illumination angle increases in the dark field, the resolution of the object image is naturally
improved.
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Fig. 11. Measurements of the object wave with respect to the directions of illumination.
(a—c) Binary apertures in the dark field on the DMD. (d—f) Amplitude profiles and (g—i)
Fourier spectra of the object wave corresponding to (a—c) under dark-field illumination,
respectively.

5. Resolution enhancement by synthetic aperture

The entire optical system is composed of three main sections: the light source section, the
illumination section, and the microscope section. The experimental setup of the proposed
SA-DHM system is depicted in Fig. 12. The 532 nm, 200 mW laser output is delivered through a
polarization-maintaining single-mode fiber (PM-SMF). A Thorlabs PN530R2F1 1 x 2 PM fiber
coupler with a 10:90 split divides the power into the two arms. The reference arm receives ten
percent of the power and the object arm receives ninety percent. Both arms are routed with
Thorlabs P1-488PM-FC-2 PM patch cords to their respective fiber collimators. A V450 PA VOA
is inserted in the reference arm before the collimator to balance the intensities. ADAFCPM2
PM mating sleeves with a narrow precision key are used for interconnections. All fibers are
polarization-maintaining, and the PM slow axis is aligned with the laboratory horizontal so that
the downstream polarizing optics and the polarization camera operate with stable input states.
The illumination section contains solid-state beam-steering optics. The DMD has a resolution of
2,560 x 1,600 with a pixel pitch of 7.6 um. The magnification of 4f optical system is 1.5, where
an iris is inserted to remove undesirable high-order diffraction. The MLA has a total diameter of
25 mm, with an effective focal length of 3.26 mm and a lens pitch of 1.3 mm. The condenser lens
has a NA of 0.78 and its working distance is 6.6 mm. In the microscope section, the objective
lens manufactured by Navitar, Inc. has a magnification of 4 and a maximum NA of 0.2. The
effective focal length of a standard tube lens is 200 mm. A 4D camera, BFS-U3-51S5P-C, with
a CMOS-type FPA sensor has a resolution of 1,224 x 1,024 pixels. The native pixel pitch of
the sensor is 3.45 um, and the effective pixel pitch is 6.9 um when the single-shot four-step
phase-shifting scheme is considered. A quarter-wave plate QWP is placed in front of the
4D camera to measure the interference between the vertically polarized object wave and the
horizontally polarized reference wave.
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Fig. 12. Configuration of the proposed SA-DHM. (a) Schematic and (b) photo of the
experimental setup.

Figure 13 shows synthesized results using our SA-DHM system with single-shot, only bright-
field, and entire field. In Fig. 13(a), the system numerical aperture NA,y, with the single-shot
aperture is 0.155, represented by the red circle in the circular Fourier spectrum. Using the
effective pixel pitch of 6.9 um, a wavelength of 532 nm, and the 4x microscope magnification,
the sampling-limited NA is about 0.154, which is consistent with the observed Fourier-domain
cutoff of about 0.155. This value is slightly smaller than NA of the objective lens, since most
rectangular-shaped FPA sensors for the microscope are designed to be small size for fear of the
vignetting effect. And NA; that is numerical aperture of illumination is 0.41. In Fig. 13(b), the
Fourier spectrum is synthesized by using 19 apertures which are bright fields. Here, the red circle
is the maximum circle within the synthesized Fourier spectrum, whose NA is 0.262. In Fig. 13(c),
all 127 apertures are synthesized, which possesses both bright-field and dark-field. The effective
NA noted by the red circle reaches 0.495, which is approximately 3.2 times larger than the NA
of a single shot. In Figs. 13(d-f), the reconstructed images are presented from Figs. 13(a-c),
respectively. Regardless of the number of apertures, the FOV is 2.76 mm. Figures 13(g—i) show
magnified images of Figs. 13(d—f) with groups 6 in the USAF target. In this scale, the contrast
and sharpness of the patterns are well distinguishable for even single shot. However, the images
are magnified once more in Figs. 13(j-1). In Fig. 13(j), the background noise is severe, and it is
hard to distinguish the feature. In Fig. 13(k), the patterns in group 8 are significantly improved.
In Fig. 13(D), the fine patterns in group 9 become clearly distinguishable.

Figure 14 shows the profiles of three example patterns in the reconstructed images of Figs. 13(d-
f). For each case, the same mask size is applied to the selected USAF pattern in the reconstructed
image, and the profile is obtained by averaging the pixel values along the y direction within
the masked region. The black, blue, and red curves correspond to 1, 19, and 127 apertures,
respectively, and the green curve is the ground truth. Figure 14(a) shows the change of the
profiles for the pattern, element 2 in group 5 with a line width of 13.92 um. Compared with the
19-aperture image (blue curve), the 127-aperture image (red curve) looks slightly noisier. This
is because high-spatial-frequency speckles in the dark field is absent in the bright field. The
modulation transfer function (MTF) increases with the number of apertures, as summarized in
Table 1. The MTF is calculated from the contrast transfer function (CTF). Details are provided in
the Appendix. Figure 14(b) shows the profiles for the pattern of group 7, element 6 (line width
2.19 um). The period of the profiles is distinguishable for 1, 19, and 127 apertures. However,
compared with Fig. 14(a), the profile edges are rounded because the higher spatial-frequency
components of the periodic pattern are not transmitted through the apertures. The 127-aperture
case still yields an MTF of 0.49 in Table 1. Figure 14(c) shows the profiles for the pattern of



Research Article Vol. 34, No. 10/18 May 2026/ Optics Express 17532 |
Optics EXPRESS A N \

300 um
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Fig. 13. Synthesized results with (a) 1, (b) 19, and (c) 127 apertures. (d—f) Amplitude
profiles of the reconstructed object wave corresponding to (a—c). Enlarged reconstruction
images from (g—i) group 6 and (j—1) group 8 corresponding to the expanded Fourier spectra
in (a—c), respectively.

group 9, element 2 (line width 0.87 pm). In this case, only the 127-aperture profile exhibits the
periodic pattern, because the spatial frequency corresponding to 0.87 um is within the passband
only for the 127 apertures synthesis. In Table 1, the MTF from 127 apertures is far superior to
those from 1 and 19 apertures.

Table 1. MTF of USAF line widths of 13.92 ym, 2.19 um, and 0.87 um

Number of apertures

Line width [gem]

1 19 127
13.92 0.40 0.57 0.65
2.19 0.29 0.18 0.49
0.87 0.02 0.06 0.36

Figure 15 shows the MTFs with respect to the line width of USAF target from group 4 to
group 9. The black and blue lines are MTFs from single and 19 apertures, respectively. The red
line is MTF from 127 aperture of both bright field and dark field. The MTF from 19 apertures is
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Fig. 14. Line profile comparison for reconstructed images obtained with 1, 19, and 127
apertures for binary patterns with line widths of (a) 13.92 um (group 5, element 2), (b) 2.19
um (group 7, element 6), and (c) 0.87 um (group 9, element 2). Black: 1 aperture; Blue: 19
apertures; Red: 127 apertures; Green: ground truth.

slightly larger than that from a single aperture. This small difference should not be interpreted
solely as the synthesis quality, because the present MTF is obtained from the CTF of a finite
USAF rect pattern and may still be influenced by unexpected low-frequency components below
the frequency of interest. In contrast, the MTF from 127 apertures is clearly larger than those
from single and 19 apertures, which confirms the resolution enhancement by integrating both
bright-field and dark-field spectra. The synthetic NA of our system is 0.495, which corresponds
to a diffraction limit of 0.88 um, since the light passing through the USAF target used in this
experiment remains in-phase [39]. Our SA-DHM achieves excellent performance, achieving an
MTF of 0.36 at 0.87 um line width as shown in Fig. 14(c).

0.9r T T T T T T r T r T
‘ —6— 127 apertures
08 Y > ar —&— 19 apertures

—6—1 aperture
0.7 \f\

1) A VR

03f \

MTF
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Fig. 15. MTFs from 1, 19, and 127 apertures with respect to the line width of USAF target
from group 4 to group 9.
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6. Discussion

In this paper, we propose a SA-DHM that integrates bright-field and dark-field information in the
Fourier domain. This scheme extends the synthetic NA to more than twice that of the objective.
Although the micro-polarization camera removes the need for temporal phase stepping within
each aperture exposure, the full synthetic-aperture measurement still relies on 127 sequential
acquisitions. In addition, the present work focuses on reliable high-angle dark-field acquisition
by k-vector calibration using a rotating linear grating. To situate our approach relative to
representative SA-DHM implementations, key specifications are summarized in Table 2. Most
existing systems synthesize only bright-field data to improve resolution and typically employ
objectives with a narrow FOV. For comparison, the SBP of Zheng et al.’s system is comparable to
ours. They use an oil-immersion objective with a system NA of 1.3 and synthesize 39 bright-field
spectra, achieving a synthetic NA of 2.29 over a 0.576 mm FOV. In our system, the system
NA is 0.155 and 19 bright-field and 108 dark-field spectra are acquired to reach a synthetic
NA of 0.495 over a 2.76 mm FOV. In the present wide-field configuration, this experimentally
achieved NA is mainly limited by the usable illumination range required to maintain the 2.76
mm FOV and by the finite MLA diameter, rather than by the condenser NA alone. A schematic
explanation of this illumination-NA limitation in the present wide-field configuration is provided
in Supplement 1 Section 4. Refs. [25,26], and [31] also demonstrate their methods on cellular
phase imaging and other practical samples, whereas this work focuses on system implementation,
k-vector calibration, and resolution enhancement verified using a USAF target. Because the
full SA measurement requires 127 sequential acquisitions, the present system is better suited
to static or slowly varying samples than to rapidly changing live specimens. Based on the
camera specification, the minimum camera-limited acquisition time for 127 sequential frames is
approximately 1.7 s. The practical total acquisition time is longer because of additional overhead
such as DMD pattern updating, data transfer, and reference-intensity adjustment. In addition,
under dark-field conditions, the weak object signal requires balancing of the reference intensity to
avoid saturation of the interference pattern, which we adjust using a VOA in our setup. However,
increasing the number of apertures increases the acquisition time and introduces additional error
sources in angle estimation, including sample misalignment, fluctuations in illumination power,
speckle, and angle-calibration errors. Accordingly, single-exposure multiplexed SA approaches
remain more suitable for fast dynamic imaging.

Table 2. Comparison of key specifications between representative SA-DHM systems reported in
the literature and the proposed system (*Immersion objective lens)

Our system M. Kim [24] Z. Huang [25] C. Zheng [30]

Beam-steering device DMD Galvano scanner Galvano scanner DMD
Number of bright-field 19 36 4 39
Number of dark-field 108 0 0 0
Wavelength [nm] 532 632.8 632.8 532
FOV (Diameter) [mm] 2.76 0.2 0.59 0.576
NAgys 0.155 1.401* 0.419 1.3*
NAgyn 0.495 22 0.7 2.29
Ratio of NAgy, to NAgys 32 1.57 1.67 1.76
Product of FOV and NAgy, [mm] 1.37 0.44 0.413 1.32
SBP(x10%) 16.3 1.2 1.1 15.2

SBP is a dimensionless measure of spatial information capacity, equal to the number of
optically resolvable elements within the FOV [40-42]. Because SBP scales inversely with the
square of wavelength, the achromatic instruments such as microscopes show large SBP changes
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solely from wavelength selection, even when the underlying optical information capacity is
unchanged. We therefore introduce a wavelength-independent figure of merit, the product of
FOV and synthetic NA. For example, the systems in Refs. [25] and [26] operate at 632.8 nm. If
the wavelength were changed to 532 nm, their SBP would increase by a factor of 1.41 without any
optical modification. In contrast, the product of FOV and synthetic NA would remain unchanged.

7. Conclusion

In this study, we implemented a SA-DHM system with solid-state beam-steering optics to enhance
illumination control and improve resolution. The proposed system utilizes a DMD, an MLA,
and a condenser lens, where the DMD precisely adjusts the beam position without mechanical
vibrations. To ensure accurate illumination angles, particularly for dark-field measurements, we
introduced a calibration method using a linear diffraction grating. By analyzing the diffraction
points at different rotation angles and applying curve-fitting in the Fourier domain, the actual
k-vector position of the steered beam was estimated with high accuracy. Experimentally, by
capturing and processing 127 bright-field and dark-field images, a wide-field, high-resolution
object reconstruction was achieved. The synthetic NA of the system was experimentally verified
to be 3.2 times larger than the original system NA, demonstrating a significant enhancement in
the SBP. These results validate the effectiveness of the proposed SA-DHM system in achieving
high-resolution imaging over an extended FOV. In the future, we aim to further enhance the
quality of reconstructed images by directly compensating for the aperture-dependent aberrations
associated with each MLA lens. Such correction is expected to improve the high-angle dark-field
information and further enhance the ultimate resolution and image contrast of the reconstructed
image.

Appendix: calculation details of the MTF

The MTF is a standard metric for quantifying image quality whose value varies with spatial
frequency. It is typically evaluated at a specified frequency. The USAF target comprises three-bar
rectangular elements rather than sinusoids, so the recorded pattern equals the object convolved
with the system point-spread function. This convolution broadens the transitions, and the exterior
edges (bar-background) exhibit different blur from the interior edges (between adjacent bars).
Therefore, using the entire three-bar element introduces edge asymmetry and finite-window
effects such as boundary discontinuities and the attendant frequency-domain broadening. To
mitigate this, we define the region of interest to span exactly two central periods and exclude
the outermost edges. This symmetric window preserves the dominant fundamental component
while suppressing boundary artifacts, yielding a fair and reliable estimate of the CTF and the
corresponding MTF at the specified spatial frequency.

In the region of interest, the CTF is evaluated along the horizontal x direction that is transverse
to the bars. Let the region of interest r,,_, have size (Ny, N,). We first average the image samples
along the y direction to form a one-dimensional profile,

1S
7'n)( = 5 Tnen (11)

and then compute a one-dimensional DFT along x:

Ne—1
Ri= ) Fe WM (12)
n,=0
where u=0, ---, N, — 1. Bin u corresponds to the object-space spatial frequency
u
fe= (13)
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with M the microscope magnification and p the camera pixel pitch. The CTF at f; is obtained by
normalizing the harmonic by the DC component,

R,
Ru=0

cn%g: " ):2 (14)

NMp

As noted above, each region of interest spans exactly two periods of the bar pattern. Conse-
quently, the dominant harmonic appears at u# =2 and the next nonzero harmonic appears at u = 6.
That is because an ideal 50%-duty rectangular pattern exhibits odd symmetry which suppresses
even harmonics. Using the standard bar-to-sine conversion, the MTF at this test frequency is
given by
bd
4

The Eq. (15) is valid when the cut-off frequency is set to remain only the first term [43]. For
each element, we choose the two-period window so that the frequency f; = 2/(NMp) is dominant.
If we consider the dominant term only, it means that the cut-off frequency is set to be between
the dominant term and third harmonics. So, high-order harmonics are rejected by the optical
transfer and the only dominant term is left. In most imaging systems only intensity is recorded,
not the complex field. Because the phase is lost, an exact inverse mapping is not guaranteed, and
Fourier-domain filtering is generally non-invertible. The spatial-frequency spectrum of the image
is bounded by the system NA, but the exact boundary of the optical stop cannot be recovered
from the image alone. By contrast, digital holography reconstructs the complex field, allowing
the spatial-frequency spectrum to be further constrained by frequency-domain filters in digital
signal processing.

MTF = Cn%ﬂz 2 ) (15)

NMp
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