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Resolution-Enhanced Ptychographic Modulation
Imaging via Divergent Illumination

Jun Lan"”, Cheng Xu

Abstract—By inserting a modulator in the imaging system and
scanning in different positions, ptychographic modulation imaging
can achieve higher quality reconstruction for smooth or weakly
scattered objects compared to conventional ptychography imaging.
However, its imaging resolution is still limited by the pixel size of
the detector. In this paper, divergent illumination is introduced to
enhance imaging resolution. Compared with the original planar
illumination scheme, our proposed method can achieve two-fold
resolution improvement with only the use of thirty diffraction pat-
terns for ten iterations. The quantitative phase imaging capability
of the proposed method is also demonstrated by testing the binary
phase sample. In the reconstruction, the divergent illumination
geometry is converted to planar illumination model. The equivalent
sampling intervals and diffraction distances of the modulator, ob-
ject, and detector planes are analyzed in detail. In addition, a new
high-accuracy distance calibration method for point light sources
is proposed and verified in experiments.

Index Terms—Coded coherent diffraction imaging, phase
retrieval, divergent illumination.

1. INTRODUCTION

HASE conveys crucial characteristic information of the
Pobject. Nevertheless, current detectors are only able to
record amplitude information since the frequency of light is
much higher than the detector’s response frequency, and thus
the phase information is missed. Coherent diffraction imaging
(CD]) is an excellent technique used to reconstruct complex
objects from recorded diffraction intensity patterns by utilizing
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the iterative phase retrieval algorithm. [1], [2], [3]. At present,
CDI has been successfully applied to materials science, crystal-
lography, biological sample observation, and other fields with
its compact and highly robust experimental setup [4], [5], [6].
Certainly, phase retrieval algorithms using multiple diffraction
patterns as constraints enable higher accuracy in reconstructing
complex objects than the pioneering work using only a single
diffracted light intensity [7]. In general, there are two most
common configurations. One strategy is to scan the detector
axially along the optical axis and record the diffraction patterns
over different locations. Through iterative diffraction calcula-
tions between the object plane and a series of measurement
planes, the complex wavefront of the object can be retrieved
without prior knowledge [8], [9], [10], [11], [12]. Ptychography
imaging with spatially confined illumination is another strategy
that captures hundreds of diffraction intensities by laterally
moving the object with a localized probe beam at several grid
positions [13], [14]. Since the neighboring illumination regions
overlap with each other, abundant redundant information is
generated and effectively solves the ambiguity problem in the
phase retrieval process. Nevertheless, these methods will be
hampered for smooth or weakly scattered objects because the
variation of the recorded diffraction patterns is not insufficient
[15]. To solve this problem, ptychographic modulation imaging
technology is proposed. Specifically, a thin unknown modulator
is inserted between the object and the detector, by laterally
shifting the modulator, a sequence of strongly varying modulated
intensity is recorded for the object reconstruction [16]. After-
ward, numerous studies were conducted about the optimization
of experimental setup layouts for simplified operation [17],
[18], [19], [20]. However, according to the Nyquist sampling
theorem, the inherent problem that the reconstruction resolu-
tion of the object is limited by the pixel size of the detector
used in the experiment still exists in the modulated imaging
system [21], [22].

Considering the intrinsic scalability of the spherical wave
illumination scheme [23], [24], [25]. In this paper, we intro-
duce divergent illumination into the ptychographic modulation
imaging to break through the limitation of the pixel size of the
detector used in the experiment on the image resolution. In the
reconstruction process, the divergent illumination is converted
to equivalent planar illumination scheme based on the scaling
theorem. The equivalent sampling intervals and diffraction dis-
tances of the modulator, object, and detector planes are analyzed
in detail. In addition, a new distance calibration method for point
light sources is proposed.
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Fig. 1. Comparison between the (a) planar illumination and (b) the divergent
illumination.
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Fig.2. Conversion of the divergent illumination model to the equivalent planar
illumination model.

II. METHODOLOGY

A. System Setup

The ptychographic modulation imaging experiments with
two different illumination schemes have been conducted in this
paper. Specifically, Fig. 1(a) shows the schematic diagram of
the planar illumination experimental configuration. A collimated
laser beam is modulated by a random binary amplitude mask and
yields a speckle field on the surface of the object. Afterward,
the complex exit wavefront from the object propagates for a
fixed distance and is recorded by the detector. By moving the
modulator laterally along the x-axis, variable speckle fields can
be generated on the object’s surface. Each time the mask moves,
the detector records a corresponding diffraction intensity which
carries the information about the object. Finally, combined with
the extended ptychographic iterative engine (ePIE) algorithm
[26], the complex amplitude of the object and speckle field can
be reconstructed simultaneously. It’s worth mentioning that it is
also feasible for the modulator to move both in the x-axis and
y-axis, and the reconstruction model established in this paper is
still applicable to this movement mode when the y-axis offset
is considered. The schematic diagram for the proposed method
of divergent illumination is shown in Fig. 1(b). Compared to
Fig. 1(a), the main difference lies in that the collimated plane
wave illumination is replaced by the divergent illumination from
a point light source.

B. Scaling Principle

The divergent illumination can be converted to equivalent
planar illumination model based on the Fresnel propagation
theorem. The schematic diagram of the conversion of the sam-
pling interval and diffraction distance is shown in Fig. 2. In the
divergent illumination scheme, the exiting wave of the object
plane will be magnified in the detector plane, which is equivalent
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to de-magnify the physical pixel size of the detector and can be
described as

Ag
M od ’

Ao = ey
where A, and A, represent the actual physical pixel size of the
detector and the equivalent sampling interval used in the object
reconstruction process, respectively, M, is the scaling factor of
the object plane in the detector plane and can be calculated as

Zsm + Zmo + Zod
Myg = , 2
Y o+ Zomo @

Where Z,,, is the distance between the source and modulator,
Zmols the distance between the modulator and object, and the
Zq 1s the distance between the object and detector.

Furthermore, the equivalent distance between the object plane
and the detector plane is shortened to

r Zod
d —_— .
° Mod

3

Particularly, in this work, the object is placed between the
modulator and the detector. Hence, by using the above parame-
ters combined with the ePIE algorithm, the complex amplitude
distribution of the object and speckle field at the object plane can
be recovered simultaneously. Then, by backward propagating
the speckle field from the object plane to the modulator plane,
the complex amplitude distribution of the modulator can be
retrieved. It is worth noting that the propagation of divergent
light between the modulator plane and the object plane can also
lead to scaling issues, and the corresponding equivalent pixel
size used in the modulator reconstruction process can be written
as

A,

Am = ;
Mo

“

where M,,, is the scaling factor of the modulator plane in the
object plane, which is determined by

Zsm + Zmo
Mmo = ) (5)
Zsm

Similarly, the effective backpropagation distance from the
object to the modulator can be described as

Zmo
M’mo '

Zno = (©6)

C. Reconstruction Algorithm

It is emphasized that the whole reconstruction process is
based on the equivalent planar illumination model. Suppose
the speckle field formed by the modulator in the object surface
isS(z1,y1), the complex amplitude distribution of the object is
O(z1,yl). At the beginning, both S(x1,y1) and O(z1,yl)are
initialized to all-one matrix. When the modulator moves to the
nth position along the x-axis, the corresponding speckle field on
the object plane is expressed as

Sn(xl,yl) = S(zl —dn,yl), )
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where n = 1,2, ..., N. The position (z1 — d,,,y1) can be deter-
mined through cross-correlation operation. The complex wave-
front that exits from the object plane can be denoted as

To(x1,yl) = O(z1,yl) - Sp(xl,yl). (8)

Subsequently, the exiting wavefront is free-space propagation
from the object to the detector, which can be written as

Up(22,y2) = A{T,(x1,y1), A, Zby}

= Fl{F [T}, (21, y1)] exp

[(ZQTT( Z)d) \/1 - )‘2f§o — A2 730:|} : (9)

where A{} denotes the angular spectrum method for calculating
the light propagation. F and F'~! represent the Fourier transform
and the inverse Fourier transform, respectively.

After that, the modulus of U, (22, y2)is replaced by the square
root of the recorded intensity. The new estimated wavefront is
given by

Ul (22,y2) = \/L,(22,y2) exp [it), (22, y2)] . (10)

where I,,(x2,y2) is the diffraction pattern recorded by the
detector which corresponds to the nth shift of the modulator,
¥, (22, y2) denote the phase of U, (22, y2). The modified wave-
front U/ (22, y2) then propagates back to the object plane, and
the new wavefront 7" (21, y1) can be calculated as

T’I/L('I:l) yl) =A {U’:L(:E2? y2)a Aoa 7Z:Jd} ’

! {F U1 (22, 2)] exp

K—ff gd) Jl—ﬂf%o—ﬂ 5}} (11)

By using the ePIE algorithm, both the complex object and
speckle field at the object plane can be updated simultaneously
as follows

f(zl,yl

Oupdate(l‘l,yl) = O(z1,y1) + Sy (xly 2)
|Sn(x17y1)|max
T (21,y1) = T, (21,91)],

O*(x1,yl
Szpdate<m17y1) _ Sn(xLyl) + (x—,y2)
10(21, Y1) [0

Then, the overall speckle field is revised by
S(x1 — d,, yl) = SHPete(z1,y1). (13)

After the recorded N diffraction patterns are processed as
above, it means a single iteration is completed. Further, dozens
of iterations are enough to reconstruct the complex object.

The above iterations have completed the recovery of complex
object and speckle field in the object plane. Thereafter, the
complex amplitude distribution of the modulator can be obtained
by backward propagation of the speckle field as follows

M (20,y0) = A{S(z1,y1), A, —Z).,},
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Fig. 3. Schematic diagram of the grating measuring distance.

= Fl{F [S(z1,yl)]exp

K—i%ﬁz;,w) \/1—A2f§m—A2 y2m” (14)

Generally, the advantage of divergent illumination configu-
ration is that it has the inherent characteristics of shortening
the effective distance between the object and the detector and
reducing the effective sampling intervals during reconstruction.
In other words, it can enhance the imaging resolution of the
system under the same configuration parameters. Actually, in
our scheme, the recovery of the modulator can be omitted, thus
not only reducing computation time but also eliminating the
need for measuring the distance between the modulator and
the object. Nevertheless, for some schemes where the object
is placed upstream of the modulator, that means the position
relationship between the object and the modulator is opposite
to our experimental setup. For this scheme, the complex object
distribution cannot be directly retrieved by using the ePIE algo-
rithm and the backward propagation step becomes necessary.

D. Distance Determination

In the phase retrieval technique, the measurement accuracy of
the object-to-detector distance is one of the most critical factors
affecting the reconstruction quality. In this study, a transmission
grating is used to measure this distance, and the corresponding
calculation principle is shown in Fig. 3. Specifically, a transmis-
sion grating with the known period is placed in the plane of the
object, and its corresponding diffraction intensity is recorded by
the detector. By computing the spacing between the zero-order
and first-order diffraction spots, the distance 7,4 can be easily
obtained by using the grating equation [27].

B L
~ tan(arcsin(A/P))’

Where L is half of the distance between the +1th and the —Ith
light spot, A is the wavelength of the laser source, and P is the
known grating period.

In addition, the determination of the distance between the
point light source and the object is also a critical step in the
divergent illumination experiment. Here, we propose a new and
more implementable approach than the previous study [28], and

Zod 15)
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Fig. 5. Experimental setup of the proposed ptychographic modulation
imaging.

the corresponding schematic is illustrated in Fig. 4. A specific
binary mask with two millimeter-sized holes separated with a
distance S, is placed on the object plane. Then, the spacing of
the diffraction pattern S; generated by these holes is determined
through cross-correlation [16]. Given the distance from the
object to the detector has been obtained by using the transmission
grating, the distance from the point light source to the object
plane can be solved according to the similar triangle relationship.

So_ _Zw (16)
Sd Z so T Z od

It should be noted that these two approaches are not limited
to measuring the distance between the above-mentioned planes.
Moreover, they hold significant application value in distance
calibration of the phase recovery technology domain.

III. EXPERIMENTAL RESULTS

The experiment setup shown in Fig. 5 is established to verify
the effectiveness of our proposed method. A collimated laser
beam with a wavelength of 650 nm is utilized. Besides, the binary
amplitude mask is adopted as a modulator, which is fabricated
on a chrome-faced glass substrate by using lithography and
installed on a motorized translation stage. A commercial CCD
camera with a pixel count of 4898 x 3248 and pixel size of 7.4 pm
x 7.4 pmis used to record the diffraction pattern. In the distance
determination operation, a grating with a periodicity of 10 pum is
employed, and the calculated distance is Z,q = 70.36 mm. Then
a specialized mask is utilized, which features two small holes
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Fig. 6. Comparing the reconstruction results of the USAF 1951 resolution
target. (al—a3) the reconstructed results by planar illumination, (b1-b3) the
reconstructed results by divergent illumination. The profile line and topography
of group 5, element 2 (c1), and group 6, element 2, and (c2) by using two different
methods. (c3) The reconstructed result of mask by divergent illumination.

with a diameter of 1 mm, positioned at a separation distance of
2 mm, and the determined distance is Z5, = 56.17 mm. What’s
more, when applying the planar illumination configuration, the
converging lens should be removed from the optical system.

The 1951 USAF resolution target is initially used as an
amplitude test sample. The modulator moves 30 times along
the x-direction, and the detector captures the corresponding
diffraction patterns. The central 1280 x 1280 pixels of these
patterns serve as amplitude constraints and are fed into the
reconstruction algorithm. The comparison of the reconstruction
results between two different schemes is illustrated in Fig. 6.
Fig. 6(al)—(a3) represents the results obtained using the original
planar illumination. It is shown that group 5, element 2 can be re-
solved and the corresponding resolution is 13.92 y/m (36 Ip/mm).
It can be further seen that there is a mosaic-like phenomenon
in Fig. 6(a3), which is actually caused by the limitation of the
detector pixel size on the imaging resolution. The results of the
proposed divergent illumination are shown in Fig. 6(b1)—(b3)
and (c3). It is evident that the lines in group 6, element 2 are
distinguishable, achieving aresolution of 6.96 ym (71.8 Ip/mm).
The profile line and topography of group 5, element 2, recovered
by two methods, are presented in Fig. 6(cl). In the same way,
Fig. 6(c2) displays the profile line and topography of group 6,
element 2. It is not difficult to find that the proposed method can
achieve enhanced contrast and high precision in reconstructing
amplitude object, and it obtains twice the resolution of the tradi-
tional method. What’s more, our method successfully overcomes
the constraint imposed by the detector’s pixel size (7.4 pm) on
imaging resolution.

The quantitative phase imaging capability of our proposed
method is also demonstrated and the experimental parameters
are same as the previous experiment. In this study, a phase
sample with the lotus pattern and fabrication on a silica substrate
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Fig. 7. Comparing the reconstruction results of the phase object. (a) The
captured raw image, (b) the reconstruction result, (c) the corresponding partial
enlargement with the original method, (e) the captured raw image, (f) the recon-
struction result, and (g) the corresponding partial enlargement with the proposed
method. The comparison of the phase profile lines is plotted in (d) and (h).

through lithography is adopted. Specifically, the pattern profile
depth measured by the step profiler is about 725 nm, so the true
phase delay is equal to 3.2 rad. Fig. 7(a)—(d) are the retrieved
results using planar illumination. Specifically, Fig. 7(a) shows
the captured raw image and Fig. 7(b) is the retrieved phase dis-
tribution of the object. Moreover, Fig. 7(c) is the magnification
of the green dashed box area in Fig. 7(b), and the phase profile of
the green line is shown in Fig. 7(d). Furthermore, Fig. 7(e)—(h)
represents the corresponding results by using divergent illumina-
tion. Both methods successfully recover the outline of the phase
object, but our proposed method yields more distinct and refined
results. Additionally, our configuration demonstrates a closer
alignment with the actual depth of the phase target, as indicated
by the blue lines in Fig. 7(d) and (h). This also highlights the
superior quantitative phase imaging ability of our method.

IV. SUMMARY

In conclusion, this study introduces divergent illumination
into the ptychographic modulation imaging and effectively
solves the limitation of detector pixel size on imaging resolution.
Experimental results show that compared with the original pla-
nar illumination scheme, the proposed method can reconstruct
both amplitude and phase objects with higher precision and
successfully breaks through the resolution limitation of detector
pixel size. We also comprehensively analyzed the scaling prin-
ciple of the multi-plane model and proposed a novel distance
calibration method for divergent illumination configuration. The
results of the proposed method can be further improved by
optimizing the experimental parameter settings or by using
detectors with smaller pixels. The suggested method possesses
the potential to become a simple means to achieve pixel super-
resolution in phase retrieval technique, holding great promise
for applications in coherent diffraction imaging.
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