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Abstract: A novel lensless imaging approach based on ptychography and wavefront separation is
proposed in this paper, which was characterized by rapid convergence and high-quality imaging.
In this method, an amplitude modulator was inserted between the light source and the sample for
light wave modulation. By laterally translating this unknown modulator to different positions, we
acquired a sequence of modulated intensity images for quantitative object recovery. In addition, to
effectively separate the object and modulator wavefront, a couple of diffraction patterns without
modulation were recorded. Optical experiments were performed to verify the feasibility of our
approach by testing a resolution plate, a phase object, and an agaricus cell.

Keywords: ptychography; wavefront separation; phase retrieval

1. Introduction

Light detectors such as CCDs and CMOSs merely record the amplitude distribution of
light waves; the phase information is lost. Lensless imaging is a technique to recover the
complete wavefront based on single or multiple intensity measurements, which is essential
in various fields such as quantitative phase microscopy [1,2], biomedical imaging [3,4], and
three-dimensional imaging [5,6].

As a representative approach of the lensless imaging technique, ptychography [7-16]
records several tens of diffraction patterns by laterally scanning the object with a localized
coherent beam at several grid positions. However, for smooth or weakly scattered objects,
the reconstruction is hampered due to an inadequate intensity variation [17]. To address
this problem, Jiang et al. proposed the insertion of a thin diffuser between the object
and the image sensor and then blindly scanning the unknown diffuser to different x-y
positions [18]. Zhang et al. used Scotch tape and a galvo-scanner to achieve a compact,
cost-effective, and field-portable lensless imaging platform [19]. For many biomedical
applications, mechanical scanning is not desired [20]. Thus, Lu et al. employed a binary
mask and a light-emitting diode array for sample illumination [21]. Multiple intensity
patterns could be captured by illuminating the sample with different LED elements. In this
method, a diffuser and a binary mask were adopted to achieve significant intensity changes
to promote the algorithm convergence. However, hundreds of measurements are required,
which greatly increases the time for image acquisition as well as the computational load.

To reduce the number of measurements and improve the ability of fast imaging,
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Zhang et al. placed a phase plate between the object and the CCD, and shifted the plate
transversely [22]. The number of recordings could be reduced to three whereas the phase
plate needed to be precisely known in advance. Wen et al. combined the ptychographic
iterative engine (PIE) algorithm and the idea of one-dimensional scanning to recover an
object and a diffuser simultaneously with only ~15 patterns [23].

In this paper, we placed a binary amplitude mask upstream of the object and recorded
multiple intensity maps by laterally moving the mask in one dimension. Compared with a
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diffuser, pure amplitude modulation only requires amplitude reconstruction, which can
effectively reduce the unknown variables, thus reducing the number of measurements.
Inspired by the wavefront separation idea [24], diffraction patterns of the object at different
distances without the mask were recorded; thus, the modulating wavefront and the object
wavefront could be effectively separated to further accelerate the convergence.

2. Methods

The principle of our method is illustrated in Figure 1. The laser source passed through
the collimating lens to form a plane wave and then the collimated beam illuminated the
random binary amplitude mask and produced a speckle field on the sample. The scattered
wave carried the information of the sample and free propagates to the detector plane. The
mask was then moved perpendicular to the optical axis, resulting in a change in the captured
modulated intensity. Each time the mask moved, one diffraction pattern was recorded. In
addition, we removed the mask and acquired defocused diffraction patterns by translating
the detector along the optical axis, aiming to separate the object and modulator wavefront.
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Figure 1. The schematic diagram of the proposed method.

The specific calculation procedure to reconstruct the sample was as follows.

The distribution of the mask M(x,y) was initially set to be a constant matrix. Light
traveled through the mask and propagated to the sample, yielding a modulated wave
peoy):

p(x,y) = PSEa{M(x,y)}, 1)
where z1 is the distance between the mask and the sample and PSF{} denotes the point-
spread function operator. The exiting wave T(x,y) from the sample was given by

T(x,y) = p(x,y)o(x,y), 2)

where o(x,y) is the distribution of the sample. Its initial guess was defined as a constant
matrix. The wavefront T(x,y) then propagated to the detector plane, which could be
calculated as

D(x,y) = PSE2{T(x,y)}, ®)

where z2 is the distance between the sample and the detector. In the detector plane,
applying the magnitude constraint and the D(x,iy) was updated as

Bx,y) = \/1<x,y>m, @

where I(x,y) is the recorded intensity. The estimate field D(x,y) propagated back to the
sample plane and T(x,y) could be renewed as

T(x,y) = psp,zz{ﬁ(x, y) } )
The sample and the modulated light field were then calculated with updated functions [8]:

p(x,y)[T(x,y) - T(xy)] ©)

P Y) [ max

o(x,y) = o(x,y) +
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o(x,)[T(x,y) = T(x,y)]
132, 1) max

We applied the amplitude-only constrain; thus, the new mask distribution could be
written as

@)

p(x,y) =p(x,y) +

M(x,y) = [PSE-a{p(x,y)}|- ®)
The mask was then moved to the next position, and the function was given as
M(x,y) = M(x = Ay), ©)

where A is a random constant. The position (x — A, y) was calculated by a cross-correlation.
We repeated the above steps until all modulated diffraction intensities had been

processed. Several diffraction patterns of the sample without the mask were then used to

further update the object. The estimated field of the receiving plane could be written as

Dr(x,y) = PSF;{o(x,y)}, (10)

where 4 is the distance between the sample and the detector. D’(x,y) was then constrained

by the recorded intensity
Dr(x,
Dr(x,y) = /11 xy|D/x§j (11)

The distribution of the sample was updated by

0/(x,y) = PSF_4{D1(x,y)}. (12)

We re-ran Formula (10)—(12) until all the unmodulated images were processed. The
normalized cross-correlation (NCC) [25] and root mean square error (RMSE) [26] were used
to evaluate the quality of the reconstructed images.

3. Simulation

To investigate the performance of our method, a numerical simulation was carried
out. In the simulation, the wavelength of the laser source was 658 nm and the sampling
interval of the camera was 2.74 um. The distance between the mask and the sample
was 10 mm and the camera was placed 20 mm away from the sample. The amplitude

“sunflower” and phase “fruits” consisted of the simulated ground truth, as shown in

Figure 2(al,a2). The pixel number of the images was 256 x 256. The amplitude was
normalized and the phase was scaled in the range of [0, n]. Zeros were then padded
around the images; the total calculated area was up to 512 x 512 pixels. The random binary
amplitude mask was designed to be 512 x 1600 pixels and each small cell of the mask took
up 8 x 8 pixels. The mask moved 6 times with a random step between 5 and 15 pixels, and
7 modulated diffraction intensities were recorded. Thereafter, the mask was removed and
two unmodulated intensities were captured with the corresponding sample and camera
distances of 10 mm and 5 mm, respectively.

To verify the effectiveness of the proposed method, a comparison with the original
amplitude constraint-expended PIE (ac-ePIE) method [23] was also made. The number of
iterations was 100 for both methods. The retrieved results with ac-ePIE and our method
are shown in Figure 2c,d, respectively. Visually, the recovered patterns with ac-ePIE were
blurry; our method recovered clearer results. Numerically, the RMSE of the reconstructed
amplitude of ac-ePIE was 0.1337 and our result was 0.0207, which indicated that our method
recovered the objects with a higher accuracy.
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Figure 2. Numerical analysis of our method and ac-ePIE. (al) The amplitude of the ground truth.
(a2) The phase of the ground truth. (b) The collected modulated and unmodulated intensities.
(c1) The recovered amplitude with ac-ePIE. (c2) The recovered phase with ac-ePIE. (d1) The recovered
amplitude with our method. (d2) The recovered phase with our method.

Figure 3 shows the iterative convergence curve of the two methods. From the view of
the RMSE and NCC curves, our method jumped out of the stagnation stage much earlier
and converged faster to a smaller RMSE value and a higher NCC value. From the trend of
the NCC curve, our method converged after 25 iterations whereas ac-ePIE did not converge
before 100 iterations. The results proved that our method held a faster convergence speed
and a higher retrieval fidelity.

0.2 1-
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0.15 ac-ePIE 0.9
w 0.8
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g o4 5]
a4 = 0.7 H our method
ac-ePIE
0.05 06
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Figure 3. The RMSE and NCC amplitude convergence curves of our method and ac-ePIE.

The influence of the number of recorded diffraction intensities on the reconstruction
accuracy was analyzed and compared. Figure 4 shows the error of the retrieved amplitude
with the different numbers of captured diffraction patterns. The number of unmodulated
patterns was fixed to 2 and the number of modulated images was changed from 1 to 13. It
could be seen that when the number of total diffraction patterns was 7, our method was
capable of recovering high-precision results. With ac-ePIE, it seemed that at least 12 diffrac-
tion patterns were required for a satisfactory reconstruction. Therefore, our method was
superior to ac-ePIE in terms of the convergence speed, accuracy, and measurement time.
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Figure 4. The RMSE and NCC amplitude convergence curves with different numbers of recorded intensities.

4. Experiments

To further verify the effectiveness of the proposed method, experiments were car-
ried out; the experimental setup is shown in Figure 5. A collimating laser beam with a
wavelength of 658 nm was shaped by an aperture and was incident on the polarizer. The
combination of a polarizer and a polarizing beam splitter (PBS) enabled the SLM (HD-
SLMBS80R, UPOlabs; contrast better than 1000:1) to work in a pure amplitude modulation
mode. An SLM with a pixel size of 8 um x 8 um and a pixel number of 1920 x 1200 was
adopted to load the random mask distribution. The laser beam was then modulated by the
SLM and then illuminated the sample. The diffraction patterns were captured by a CCD
camera with a pixel size of 2.74 um x 2.74 pm and a pixel number of 4504 x 4504. One
random binary mask pattern with a pixel number of 1920 x 2000 was generated; the size
of the unit cell of the mask was 64 um x 64 um. The distance between the SLM and the
sample was 198.6 mm and the distance between the sample and the CCD was 17.6 mm.
The measurement of the distances could be achieved by the diffraction grating. Further
details of this method are referred to in [27]. After recording 8 modulated intensities, blank
images were loaded onto the SLM to record one unmodulated diffraction intensity. Another
unmodulated diffraction intensity was then recorded by changing the relative distance
between the sample and the CCD. The new distance between the sample and the CCD was
23.5 mm. There was a relative deviation between the two unmodulated intensities. To solve
this problem, we used a cross-correlation to calculate the position deviation, and then we
aligned the two images to perform the subsequent diffraction calculation [28].

Figure 5. The experimental setup.

A 2.5 inch USAF resolution target was first used as the amplitude sample. Figure 6a,c
are the raw images with ac-ePIE and our method, respectively. The recovered amplitude
distribution after 300 iterations employing the two methods is shown in Figure 6b,d,
respectively. It could be seen that there was a degree of residual noise in the ac-ePIE
reconstructed result; a line in group 5, element 5 (line width of 9.84 um) in the enlarged part
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of Figure 6b can be discerned. In our method, a line in group 6, element 6 (line width of
4.38 um)—marked with the red line in the enlarged part of Figure 6d—was clearly recovered.
The experimental resolution with our method was close to the theoretical diffraction limit
in the proposed imaging system, which was given by 8§ =4/NA~24z/l ~ 2.5 um, where [ is
the size of the sample. The experimental results showed that the reconstruction accuracy of
the proposed method was significantly improved compared with ac-ePIE.

Raw images with ac-ePIE Recovered results with ac-ePIE

Figure 6. The reconstruction results of the USAF 1951 resolution plate. (a) One of the raw images
with ac-ePIE. (b) The recovered result and its enlarged parts with ac-ePIE. (c) One of the raw images
with our method. (d) The recovered result and its enlarged parts with our method.

On the other hand, a binary phase object was used to evaluate the quantitative phase
imaging capability of the proposed method. The phase sample was processed on a silica
substrate by a reactive ion etching technique and consisted of many diverging fan shapes.
Figure 7a,b show the captured raw images with ac-ePIE and our method. Figure 7c,d
are the reconstructed results with ac-ePIE and our method, respectively. In our method,
the boundaries of the fan were clearly distinguishable and the phase variance was also
obvious. However, the result from ac-ePIE was unable to quantify the phase information.
The curves drawn in Figure 7e,f show the cross-sectional data plotted in Figure 7b,d. The
recovered phase was in good agreement with the ground truth height of the phase target
with our method.

An agaricus cell was used as a sample to further verify the capability of microscopic
imaging. Figure 8(b1,b2) are the reconstructed results with ac-ePIE and our method,
respectively. The reconstruction result of ac-ePIE had significant noise whereas the result of
the proposed method had a clean background. From the locally enlarged images shown in
Figure 8(al,a2) and Figure 8(c1,c2), we could see that the inner morphology was successfully
reconstructed with our method and in good agreement with the microscope images using
5% objectives, as shown in Figure 8(a3,c3). The images obtained both ways were identical
and showed similar microscopic details. In addition, our method achieved a field of view
size of 6 mm? whereas only 1.5 mm? could be observed under the 5x microscope objective.
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Recovered phase
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Figure 7. The reconstruction results of a binary phase object. (a) One of the captured raw images
with ac-ePIE. (b) The recovered phase with ac-ePIE. (c) One of the captured raw images with our
method. (d) The recovered phase with our method. (e) The height profiles along the black lines in (b);
the ground truth phase difference of the phase object was 1.94 rad. (f) The height profiles along the
red lines in (d); the ground truth height of the phase object was 442 nm.

Figure 8. The reconstruction results of the agaricus cell. (al,c1) are the enlarged parts of the retrieved
result with ac-ePIE. (a2,¢c2) are the enlarged parts of the retrieved result with our method. (b1) The

retrieved results of ac-ePIE. (b2) The retrieved results of our method. (a3,c3) are the microscope
images using 5X objectives.
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5. Discussion

In the coherent diffraction imaging technique, it is important to analyze the effect of
the unit size of the mask on the reconstruction performance. As the diffraction calculation
adopted the angular spectrum propagation, the smallest unit size of the mask was set to be
the same as the sampling interval step (6 = 2.74 um) of the CCD. The other parameters were
the same as in the simulation. Figure 9 shows the RMSE and NCC iteration convergence
curves with different unit sizes of the mask. A total of 5 masks of different cell sizes
were tested, which were 19, 29, 46, 85, and 160 (the coefficients should be divisible by
512), respectively. Under the modulation of the five different unit-size masks, both the
RMSE and NCC curves showed that the error of the amplitude reconstruction would
eventually converge to a stable value and the number of iterations required to achieve
stability was very similar. This showed that the unit size of the mask had little influence on
the reconstruction accuracy and speed of the target.

=

unit size=18
unit size=28
unit size=45 ||
unit size=86
unit size=168

unit size=18
unit size=2% ||
unit size=45
— unit size=8%
unit size=163| |

40 50 60 70 80
Iterations

10 20 30 40 50 60 70 80 90 100
Iterations

Figure 9. The RMSE and NCC curves with different unit-size masks using our method.

In the same way, Figure 10 shows the retrieved curves employing ac-ePIE with diverse
unit-size masks. A total of 16 diffraction intensities were used. However, the iteration
results indicated that as the unit size of the mask increased, the iteration converged faster.
When the cell size of the mask grew to 169, its convergence accuracy was slightly inferior
to the other situations. The reason could be interpreted from Figure 11. Figure 11a,b show
the real and corresponding recovered phase masks of the different cell sizes with ac-ePIE,
respectively. There was a lot of scatter noise in the small unit-size phase mask recovery
results; therefore, more iterations were needed to obtain the optimal solution of the phase
value. The larger unit-size mask had a higher, more accurate contour recovery, but the
phase value had a large deviation; thus, in this case, the convergence accuracy of the target
was poor. Figure 11c,d show the real and retrieved different unit-size amplitude mask
distributions in our method, respectively. It could be seen that the retrieved masks were
evenly distributed and closer to the true value; thus, the reconstruction of the target was
independent of the unit size of the amplitude mask. This also reflected that the amplitude
mask was more conducive to the stability of the algorithm than the phase mask. Selecting a
mask with a larger unit size in the experiment could effectively reduce the error caused by
the mismatch between the pixel size of the CCD and the SLM.

1

unit size=1%
— unit size=28
unit size=438
unit size=8%
unit size=165 | |

unit size=13
unit size=25 |
unit size=45
unit size=85 |

unit size=163
YV—

0.9
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NCC

““““““ 0.7 AnigbrrrterbEoey
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s st & =) =
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40
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Figure 10. The RMSE and NCC curves with different unit-size masks using ac-ePIE.



Photonics 2023, 10, 191

9o0f 11

(a)

Real phase mask with ac-ePIE Real amplitude mask with our method
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Figure 11. (a) Different unit-size real phase masks with ac-ePIE. (b) Different unit-size retrieved
phase masks with ac-ePIE. (c) Different unit-size real amplitude masks with our method. (d) Different
unit-size retrieved amplitude masks with our method.

Another problem with this imaging model was the necessity to move the mask instead
of moving the object. We believed that moving the modulator was equivalent to moving
the object, in theory. However, in the experiment, moving the modulator whilst keeping
the sample stationary kept the light field information of the sample at the same position
on the detector plane; moving the sample introduced translation errors. For example, the
position deviation between the first diffraction intensity and the second diffraction intensity
of an object was 10 pixels (27.4 pm) through the cross-correlation calculation, but the
accuracy of the cross-correlation calculation largely depended on the ability of the camera
to record the complete light field. The actual offset results had a deviation of £2 pixels
(££5.48 um), which indicated that the reconstructed result from the first diffraction intensity
could not exactly coexist with the results from the second diffraction intensity. This led to
the aliasing of finer linewidths, thus resulting in a decreased resolution. There was no such
problem when only moving the modulator. Compared with the complexity of the sample
distribution, the structure of the modulator was simpler, with only 0 and 1 values. The
light field was easier to recover and could effectively reduce the position error caused by
the translation.

In the proposed method, one of the factors affecting the imaging resolution was the
sampling interval of the camera. In general, the resolution of the imaging system was about
twice the sampling interval of the camera. When the diffraction limit was larger than twice
the sampling interval of the camera, the resolution of the system should have been equal
to the diffraction limit. When the diffraction limit was smaller than twice the sampling
interval of the camera, we believed that the resolution of the system could not exceed the
diffraction limit. In the experiment, the diffraction limit of the system was 2.5 um, the
sampling interval of the camera was 2.74 um, and the imaging resolution was 4.38 um,
which was consistent with the theory. One of the ways to break the diffraction limit was
to use the super-resolution imaging algorithm [29]. We introduced the super-resolution
algorithm into our imaging system and found that the resolution improved to 2.76 pm. The
results are shown in Figure 12. Figure 12a shows the recovered resolution plate without
super-resolution using our method; a line in group 6, element 6 (line width of 4.38 um)
marked with a white line in the enlarged part could be discerned. Combined with the
super-resolution algorithm, a line in group 7, element 4 (line width of 2.76 pm)—marked
with a red line in the enlarged part of Figure 12b—was clearly recovered.
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Recovered results without superresolution Recovered results with superresolution

4
=1l 4 | =Wz
=1l [ = = iS

Figure 12. (a) The recovered resolution plate without super-resolution using the proposed method.
(b) The recovered resolution plate with super-resolution using the proposed method.

6. Conclusions

In conclusion, a new lensless imaging method using a random binary amplitude mask
was proposed. With the aid of ptychography technology and the wavefront separation idea,
our method achieved a high reconstruction accuracy and fast convergence speed compared
with the original method. A numerical simulation and the experimental results indicated
the feasibility of this technique to recover amplitude, phase, and biological samples. The
proposed method was simple and did not require a complex algorithm, which has potential
applications in the field of lensless imaging.
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