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In this work, we propose a structured-illumination lensless digital holographic
microscopy (SI-LDHM). SI-LDHM illuminates a sample with 24 structured
illuminations (8 orientations X 3 phase shifts) and records the defocused
interferogram formed by two copies of object waves along the +1st
diffraction orders of each Sl. The reconstructed object waves under different
illumination orientations are respectively propagated to the sample plane along
the +1st diffraction order and then averaged, thus yielding a clean image without
the artifact of twin images. Experimental results demonstrated that thanks to the
multi-oriented S| strategy, the twin image in SI-LDHM is sevenfold reduced
compared to conventional DHM, while the spatial resolution is 1.15 times higher.

KEYWORDS

quantitative phase microscopy (QPM), lensless digital holographic microscopy (LDHM),
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1 Introduction

Digital holographic microscopy (DHM), which combines interferometry with optical
microscopy and utilizes a digital camera to record the generated hologram, has been acting
as one of the most accurate quantitative phase microscopy techniques [1-3]. Different with
conventional optical microscopy that renders the contrast of samples utilizing the
absorption/reflection of light by the sample or fluorescence excitation/emission regime,
DHM is capable of recovering intrinsic contrast for transparent or translucent samples by
exploring the phase of the imaging light field. Meanwhile, DHM features another merit,
i.e., autofocusing, with which an in-focused image can be obtained by digitally propagating
an object wave from the hologram plane to the image plane [4]. So far, DHM has been
widely applied to various fields, including industrial inspection [5, 6], biomedical study
[7-11], and so on.

Often DHM employs independent object and reference waves that are separate in space,
and hence it is susceptible to environmental disturbances. To alleviate this dilemma,
researchers resort to vibration isolation [12], degenerative feedback [13], or common-path
configurations [14-18]. Among common-path DHM configurations, point-diffraction
DHM [15-17] utilizes a grating to split an object wave under investigation into two
copies, one of which is filtered with a pinhole into a plane wave acting as the reference wave,
and the other is retained as the object wave. This technique preserves the concept of DHM
(coding the phase into interference patterns) and its simple reconstruction regime. Yet, the
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contrast and consequently the signal-to-noise ratio (SNR), is
sample-dependent since the reference wave is generated by
pinhole fielding of the object wave spectrum. As a remedy, a
polarization-grating-based  point-diffraction DHM (PG-DPM)
utilizing a polarization diffraction grating for beam splitting was
proposed, where the fringe contrast can be adjusted by manipulating
the polarization of the illumination light [18]. To further upgrade,
structured illumination was incorporated into point-diffraction
DHM for both and 3D RI
imaging [19, 20].

resolution enhancement [4]

Another important issue in DHM is spatial bandwidth product
(SBP). Often, DHM employs a microscopic lens to magnify the
image of a sample. Yet, it often posts a limit on the imaging SBP, for
instance, a 20x/0.4 objective usually provides a spatial resolution § =
0.61 A/NA = 965 nm within a field of view (FOV) of 1 x 1 mm?,
yielding a valid SBP of 1.07 M pixels. Such SBP is around 1/
10 sampling power of the state-of-the-art cameras. For example,
an sCMOS camera [Basler boA6500-36cm, Basler Vision
Technology (Beijing) Co., Ltd., China] has 6560 x 4948 pixels
(32.5 M), which is tenfold higher than lens-based DHM.
Recently, Samsung electronics company recently developed a
CMOS image sensor with 200 M pixels and a pixel size of
0.56 pm [21]. To realize large-field DHM imaging, lens-based
DHM resorts to mechanical translating a sample multiple times,
capturing interferograms for each objective-FOV-covered region on
the specimen, and digitally stitching the reconstructed image
together. To alleviate this laborious process, on-chip quantitative
phase microscopy approaches based on illumination scanning [22],
wavelength scanning [23], and relative displacement between the
sample and the image sensor [24, 25] were reported to achieve
quantitative phase imaging with ultra-large spatial bandwidth
product (SBP) and pixel super-resolution.

Inspired by on-chip DHM, in this work, we present and
demonstrate a structured illumination lensless digital holographic
SI-LDHM). SI-LDHM utilizes
structured illumination (SI) to generate the interference of two

microscopy (abbreviated as

copies of the object waves along the *1st diffraction orders of
SIs, and
reconstructed object waves along different SIs. Compared to

suppresses the twin image by averaging the
conventional LDHM, SI-LDHM is immune to environmental
disturbances, and has a reduced speckle noise level and enhanced

spatial resolution, benefiting from the SIs.

2 Methods
2.1 Experimental setup of SI-LDHM

The schematic diagram of the SI-LDHM system is shown in
Figure 1. A 633-nm He-Ne laser is used as the illumination source.
The laser output is expanded by a telescope system L;-L,, and guided
to a phase-type spatial light modulator (SLM, 1920 x 1080 pixels,
pixel size 7.56 um, DLP F6500, UPO Labs Co., Ltd., China) after
passing through a cube beam splitter BS. A linear polarizer P with its
transmission polarization orientation along the horizontal direction
is located before the BS to optimize the modulation efficiency of the
SLM. Eight groups of binary fringe patterns (featuring a period of six
pixels and binary phases 0/m) with a grating vector azimuth 6, =
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mm/8 are loaded to the SLM sequentially, m = 1, 2 ... 8. The fringe
patterns are shifted three times for each orientation, yielding a phase
shift of 2n(n—1)/3 with n = 1, 2, 3. Then, the patterns displayed on
SLM are projected via a telescope system L;-L, to a sample, which is
located with a distance d = 27 mm above a CMOS camera (4,000 x
3,000, pixels size 1.85 um, DMK 33UX226, The Imaging Source Asia
Co., Ltd., China). In SI-LDHM, it is preferable to use a d within a
range of tens of millimeters to guarantee a millimeter-scale
separation between the +1 orders of SIs on the camera plane. In
the middle focal plane of the telescope system L;-L,, the spectrum of
the illumination wave is filtered by a mask having two circular holes,
allowing to pass only the +1st diffraction orders. Therefore,
sinusoidal structured illumination is generated on the sample
plane. Under such an illumination strategy, two copies of the
sample transmittance waves, which have a lateral shift of
2dsinby,m, interfere with each other on the CMOS camera. Here,
Oium denotes the angle of the +1st diffraction orders of the grating.
After 8 x 3 intensity patterns are recorded in sequence, both the
amplitude and phase images of a sample can be reconstructed using
the approach depicted in Section 2.2. In SI-LDHM, the maximal
frame rates of the SLM and the CMOS camera are 60 frames per
second (FPS) and 30 FPS. Considering SI-LDHM requests
24 interferogram recordings for one reconstruction, the imaging
speed of SI-LDHM is 1.25 FPS.

2.2 Numerical reconstruction of SI-LDHM

In this section, we briefly elaborate the reconstruction algorithm
of SI-LDHM. The structured illumination on the sample plane can
be written as Equation 1:

Amn Ao{exp(i?cm Py i¢n/z) N exp(—iiém Sy i¢n/z)} (1)
where A, denotes the amplitude magnitude of the structured
illumination. 7 = x 7 +y ] denotes the position vector; x and y are
the spatial coordinates in the sample plane. &,, is the grating vector
of the mth structured illumination with | &,, | = 27sin@y,m/\, where
sin (Bipum) = MA indicates the polar angle and 6,, = (m—1)n/8 the
azimuth angle with A is the phase grating period and m=1,2, ... 8.
Actually, ¢, = 2 (n—1)n/3 is the phase shift of the phase grating, with

m,n

n =1, 2, 3. When a specimen is illuminated with A} ,

two object
waves Oy, 1 and Oy, ,; are generated and propagate along the +1st
diffraction orders of the SI. The CMOS camera records the
interferogram between the two waves, of which the intensity

distribution can be written as Equation 2:
N
Im,n = |Om,—1 + Om,l CXP (l¢n)| (2)

Actually, the interferogram I,,, , is an off-axis interferogram, and
the carrier frequency 1/14.8 um™ is induced by the angle (that is
2.45°) between the *1st diffraction orders of the SI. Using the
reconstruction  algorithm  of  three-step  phase  shifting
interferometry (PSI), the complex amplitude of the real image

Om10m, 1* of the I,,,, can be obtained with Equation 3:

(Lny = Ln2) * [1 — exp(=i27/3)]
=Ly = In3) - [1 - exp(i27/3)]
5.196i

Om,lom,—l* = (3)
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FIGURE 1

Schematic diagram of SI-LDHM. BS, beamsplitter; CCD, charge-coupled device; L;-L4, achromatic lens; M, Mirror; P, polarizer; SLM, spatial light
modulator. The upper-left inset shows four phase gratings loaded to SLM sequentially, and the lower-right inset shows the schematics of interferogram

forming with structured illumination.

As shown in Figure 3A, Oy, 10y, 1* contains two copies of object
waves Oy, ; and Oy, 1*, which have the opposite defocusing distances
+d and —d, respectively. Digital refocusing of O, is performed by
propagating O,,,0,, ;* for a distance of d, using Equation 4:

Ol 0s o = IFT{FT{om,lom,,l*. exp(—ik’m 7/ 2)}
W (& 7)- exp[ikd\/l — 8~ (Ap)? ” 4)

where FT[-] and IFT[-] represent the Fourier transform and inverse
Fourier transform operators, respectively. The term exp(—i &, - #/2)
enforces the propagation along the reverse direction of the +1st
diffraction order of the SI. The refocusing yields the amplitude and
phase distribution of the refocused Oy, 1Oy, -1*, namely, O{n(ijji{ 0
In O% 0l 0o

def°, the image of O/ becomes focused and, is shifted
back to its original position on the CMOS camera (shown with the

black-dash circle in Figure 3A). By contrast, while the image of
defocy

Om,—l

for a distance of 2d-tanfy,, from the image of O{nof Therefore, a

fo defocy
m, m,—1

becomes further defocused by 24, and is laterally translated

clean image of O/ can be obtained by averaging O/ O under

eight groups of SIs.

O, = 1 iofocodefuc* 5)
ave M = m,1 ~m,~1

After the averaging operation in Equation 5, the contrast of the
twine image is reduced by a factor of eight. We also find that the
defocusing of 2d acts as another key factor in reducing the contrast
of the twine image O,, ;*. Meanwhile, the spatial resolution of the
reconstructed O,,. is enhanced since the *+1st diffraction orders of
the SIs shift the object wave spectrum in a way that some high-
frequency components of the object wave beyond the NA of the
system are downshifted and are finally recorded in the interference
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patterns. The final spatial resolution is determined by Az/
(L+2d-tanByy,,,), where 6y, is the oblique angle (the polar angle
with respect to the propagation direction) of the *1st diffraction
of the SIs, L size of the CMOS
camera,2d-tanBy,,, is the expansion of the hologram for each

orders is the lateral
lateral direction. It is worth mentioning that, in this work, three-
step phase shifting is used for each orientation of the phase grating in
order to achieve higher spatial resolution. Alternatively, off-axis
DHM reconstruction regime can be used to reconstruct Oy, ;0 1*
from a single SI-generated interferogram. In this case, the amplitude
and phase images can be reconstructed using only eight structured
illuminations (skipping the phase shifting operation). The pros and
cons of these two schemes lie in the following: The phase-shifting
scheme (as adopted in this study) can achieve the highest spatial
resolution twice the pixel size of the image sensor [26]. By contrast,
the latter one (off-axis DHM reconstruction) can only achieve the
highest spatial resolution that is four-fold the pixel size of the image
sensor due to the necessity of spectrum separation of different
frequency terms during the spectrum selection [27].

3 Experimental results

A micro-ruler surrounded by a ring etched on a glass plate was
used as the sample to test the feasibility of SI-LDHM. 8
(orientation)x3 (phase-shifting) fringe patterns with a period of
six pixels were loaded sequentially to the SLM, and the CMOS
camera recorded interferograms when the sample is illuminated by
each SIs. Figures 2A-C show the interferograms recorded under the
SIs of 8 orientations (along the Y direction) and 3 phase shifts (along
the X direction). It can be seen that under each SI, there are two
copies of object images, which are rotated with the SI orientation.
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FIGURE 2

The interferograms generated by loading different phase gratings onto the SLM. (A—C) The phase-shifted interferograms generated by SIs with
different phase shifts (along the X direction) and different orientations (along the Y direction). The insets in (C) show the magnified view of a

rectangular area.

The inset in Figure 2C shows the fringe patterns in the
interferogram, featuring a period of 22.6 um, sampled by
The of Op1Om.1* was
reconstructed using Equation 3, and Figure 3A illustrates the

12 pixels. complex amplitude
reconstructed amplitude image of the sample. The defocus
distances of the images O,,; and O, ;* from the sample plane
are 27 mm and —27 mm, respectively, resulting in similar intensity
distributions. Once Oy,10,, 1% was digitally propagated for a
defocusing distance of —27 mm to the sample plane along the
+1st diffraction order of the SI using Equation 4, the real image
of O, became focused, while the twin image O,, ;* became
increasingly defocused by 54 mm, shown in Figure 3B. After the
8 refocused images of O, ;0,,, 1* along different SIs were averaged,
the obtained amplitude of the sample is shown in Figure 3C. It can
be seen that both the micro-rule and the ring have sharp structures,
and the artifacts of twin images are well suppressed. The contrast of
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the twin image was evaluated quantitatively by analyzing the
intensity modulations along the short lines in (b) and (c) with
V:(Imax -
and minimal intensity of the line. The analysis turns out that V =

Inin)/(Imax + Imin)- Here, I, and I, are the maximal

0.43 for a single structured illumination and V = 0.06 after averaging
the reconstructions under eight groups of structured illuminations,
implying a sevenfold reduction of the twin image contrast. Despite
eight groups of SIs being demonstrated in this study, fewer
illumination numbers can be used to enhance the imaging speed
of SI-LDHM. While four illumination orientations are the minimum
for SI-DHM to guarantee that the contrast of the twin image is lower
than 25% of the signal.

In SI-LDHM, the lateral dimensions of the rectangular hologram
are 7.5 and 5.6 mm, respectively. The size of the hologram limits the
spatial resolution of conventional LDHM imaging mode to § = Az/
L = 3.0 um. The SI enhances effective hologram size by 2d-tan8,m
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FIGURE 3
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Reconstruction of SI-LDHM. The amplitude image of O, 10y, -1* before propagated to the image plane (A) and after propagated to the image plane
(B) along the +1 diffraction order of the structured illumination. The black-dash circle in (A) shows the original position of the sample upon being
illuminated with an on-axis plane wave. (C) The reconstructed amplitude image after the averaging operation in Equation 5. (D) The magnified close-up in

(C). (E) The intensity distribution along the dash-white line in (D).

for two orthogonal directions and consequently enhances the lateral
resolution to & = Az/(L+2d-tanf,,,) = 2.6 pm. It can be seen from
Figure 3D that the tiny ticks with a period of 10 um are well resolved.
The high-pitch width of the black line is 4 um, as is shown in
Figure 3E. The spatial bandwidth product (SBP) of SI-LDHM is
7.5 x 5.6x10%/2.6> = 6.2x10°, which is sixfold higher than that of
lens-based DHM equipped with a 20x/0.4 objective [the valid SBP:
1 x 1 x 10%(0.61AM/NA)? = 1.07 x 10°].

Eventually, SI-LDHM was applied to inspect waveguides
fabricated in a silica glass plate. With a single line scan of a
focused femtosecond laser over a crystal bulk, the structures with
channel geometry were produced [28]. Refractive index (RI)
distribution is one of the essential parameters of waveguides. Yet,
due to their transparency, conventional optical microscopy can not
visualize the waveguides’ structure, let alone quantitatively inspect
their 3D RI distribution. By contrast, SI-LDHM manages to provide
both the amplitude image and phase image of the waveguides.
Compared to the amplitude image in Figure 4A, the phase image
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in Figure 4B has higher contrast. Notably, it is found from the phase
image that the core of the waveguide has a higher RI than the
cladding. Such RI distribution was induced by silica expansion from
the center to the periphery of the scanned line due to the heating
effect. The average power, repetition rate, and scanning speed of the
femtosecond laser should be controlled delicately; otherwise, it will
lead to the failure of waveguide fabrication (the two black-dotted
lines in Figure 4A are failed waveguides due to over-burning of the
laser). The above investigation implies that SI-LDHM provides a
versatile way for high-throughput waveguide inspection.

4 Discussion

In summary, a structured-illumination lensless digital
holographic microscopy (SI-LDHM) for high-throughput QPM
imaging is presented. SI-LDHM utilizes a spatial light modulator
(SLM) to generate 24 groups of fringe patterns (8 orientations x
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e

SI-LDHM imaging of laser-fabricated waveguide in a glass plate. (A) Reconstructed amplitude image. (B) Reconstructed phase image. The insets in
(A) and (B) show a magnified subregion of the waveguide, indicated by the white boxes.

3 phase shifts) for illumination and records the self-interference
patterns of the object wave under different SIs. Utilizing the feature
that the real and twin images have an opposite defocusing distance, a
clean image reconstruction is obtained by refocusing each object
wave along the +1st diffraction order of the SI and averaging them
for all the orientations of SIs. In this study, SI-LDHM with eight
groups of SIs was demonstrated for DHM imaging of a micro-ruler.
Eight independent SI yield a reduction of speckle noise by a factor of
2.8 (i.e., V/8) and a sevenfold reduction of the twin-image contrast.
Furthermore, structured illumination with an oblique illumination
angle Oy, = 1.8° enhances the lateral resolution of LDHM from
3.0 ym to 2.6 um.

In the future, iterative projection methods [29] and unified
compressive phase retrieval frameworks with both physical
constraints and sparsity priors [30] can be further used for
SI-LDHM  with
Furthermore, 3D refractive index map can be achieved by
(ODT)

reconstruction  of resolution.

sub-pixel

incorporating the optical diffraction tomography

reconstruction concept [31] into SI-LDHM.
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