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Abstract: Polarization-sensitive Fourier-ptychography microscopy (pFPM) allows for high
resolution imaging while maintaining a large field of view, and without mechanical movements of
optical-setup components. In contrast to ordinary light microscopes, pFPM provides quantitative
absorption and phase information, for complex and birefringent specimens, with high resolution
across a wide field of view. Using a semi-spherical home-built LED illumination array, a single
polarizer, and a 10x /0.28NA objective, we experimentally demonstrate high performance pFPM
with a synthesized NA of 1.1. Applying the standard quantitative method, a measured half-pitch
resolution of 244 nm is achieved for the 1951 USAF resolution test target. As application examples,
the polarimetric properties of a herbaceous flowering plant and the metastatic carcinoma of
human liver cells are analyzed and quantitatively imaged.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Polarization imaging methods, providing information on cellular structures, are beneficial in the
pathology and biology laboratories [1-5]. Observing the polarization-sensitive fringe pattern is a
challenging task in ordinary light microscopes. In [6], several methods have been discussed for
polarization information extraction in microscopic imaging such as using polarizing films for
circular dichroism, or strain birefringence measurements where the sample is positioned between
two polarizing plates and differential-interference contrast is visualized. By using a vector-based
representation of the polarization state, the effect of polarizers or retarders can be quantitatively
represented by matrices. Mueller calculus and Jones calculus are the most commonly used matrix
formalisms, for the partially coherent and fully coherent propagation of light, respectively [7].

Polarimetric analysis is useful for defect tracing in crystalline semiconductor components
[8,9], and for clinical pathology diagnosis [10,11] such as early-stage cancer detection [12]
in which the polarization technique allows to visualize the collagen and parasites changes
without the need for special preparations of the samples. When extracting birefringence maps
of anisotropic specimens, a high resolution (HR) and a large field of view (FoV) are desired.
Polarimetric imaging with simultaneous HR and wide FOV in conventional microscopes is not
yet feasible. Although multiple sub-images can be stitched together to create a wide FOV, this is
a labor-intensive and time-consuming process [13].

Alleviating these challenges, Fourier ptychography microscopy (FPM) is a powerful imaging
technique, achieving a HR recovered image while maintaining a large FOV by using a low
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magnification objective [14]. In FPM, a light-emitting diode (LED) array provides angularly-
varying coherent illumination on the sample which leads to a shift in the object’s spatial frequency
spectrum in the Fourier plane [15]. A digital camera records a series of images corresponding to
the central and off-axis LEDs. This method can be used in combination with polarization-sensitive
microscopy, here referred to as pFPM, where the incident light on the sample is fully polarized and
the employed digital camera is equipped with a polarization sensor [16,17]. Recently, researchers
have a developed interest in pFPM [16,17]. In their setups, planar LED boards with the size of
15 x 15 LEDs were used, providing illumination NA (NA ;) of 0.41. Compared to the planar
LED boards, dome-shaped LED arrays provide higher NA;;;,,,, and better signal-to-noise ratio
(SNR), especially for dark-field images. Because of the lower power falloff as a function of
incidence angle with the dome structure [18], an intensity falloff of ~ cos 6 is achieved whereas
the planar LED array gives an intensity drop ~ cos* 6 [19]. Furthermore, the dome geometry
allows for higher NA;,,, with fewer LEDs, contributing to faster capturing and post-processing.
In conventional FPMs, dome- [18,19] and quasi-dome shaped LED [20,21] configurations have
been used. However, dome-based polarimetric studies have not been reported yet.

In this work, we have developed a dome LED array that integrates into the pFPM setup yielding
NAium = 0.82, which is approximately twice what is practically achievable with a planar LED
board. We also used 217 LEDs, fewer than in previous studies [16,17]. This paper is organized
as follows: Using Jones vector calculation, described in Section 2, the basic mathematical theory
related to pFPM is outlined. Section 3 is devoted to the experimental implementation and we
verify the spatial resolution along with phase delay and phase retardation for a high resolution
USAF’s test target. It is followed by analysis of a herbaceous flowering plant sample and a human
liver tissue for interpretation of liver fibrosis stage, for the assessment of pFPM’s performance.
Finally, the conclusion and future research plans are discussed.

2. Mathematical description of pFPM

This section is devoted to the mathematical description of pFPM wherein Jones calculus is used
to quantitatively evaluate the polarization dependency of the reconstructed high resolution image.
A schematic of the pFPM optical setup is shown in Fig. 1. A home-built dome-shaped LED
array controlled by a programmed Arduino board is used to illuminate the sample. Assuming
that each LED is quasi-monochromatic and spatially coherent, the electric field plane wave
emitted by the n” LED within the array, can be described by E;, = Eg exp(i k, - r) in which
|k,| = 27/ and A is the operating wavelength. By utilizing a left-handed circular polarizer
(LHCP), a uniform un-polarized plane wave is transformed into a circularly-polarized wave that
falls on the sample plane. If the electric field in terms of amplitude and phase of the x and
y components are given as Eq, exp (i¢;) and Eo, exp (i¢,) with Ep, = Eo, and a corresponding
phase lag of ¢, = ¢, — n/2, the normalized Jones vector of the left circularly-polarized light can
be written in the form of J., = (1/\/5)[1; i]. The polarized wave goes through the thin specimen
with unknown electromagnetic properties, whereby the polarization is changed from circular to
elliptical to various degrees in each region of the sample. Anisotropic materials such as certain
crystals like calcite, and biological tissues, have varying refractive indices, corresponding to
different phase velocities in relation to the molecular orientation. As presented in Fig. 2, two
orthogonal eigen polarizations e; and e, are associated with the electric field vector E in which
the polarization is defined under the elliptical angle y and slope angle 6.
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Fig. 1. Schematic of the pFPM setup. Circularly-polarized light passes through the sample
and the polarization-sensitive camera captures images in four polarization angles 0°, 45°,
90°, 135°. The LED illumination sequences and LED positions along with their NA,,,,, are
presented in the table.
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Fig. 2. Circularly-polarized light incident on an anisotropic sample and elliptical polarization
coinciding planes are shown with the fast and slow axes. The light travels with different
phase velocities, for a general birefringent sample. Two orthogonal Eigen polarizations e
and ej are associated with the electric field vector E in which the polarization is defined
under the elliptical angle y and slope angle 6 .

Generally, the Jones matrix of an anisotropic medium without gain and dissipation is described
as [22]:

cos% - isin%cosZOcosZX — isin %(sinZQcosZX —isin2y)

M(6. 6, x) = ey
—isin g(sin2ecos2/\( +isin2y) cosg + isin % cos26cos2y

where ¢ and 6 respectively correspond to the phase retardation (in radians) and optic-axis
orientation. For linear birefringence, the elliptical angle y = arctan(g/h) is zero when the ratio
of the ellipse semi-axes g and i approaches 0, and y = /4 in the case of circular birefringence
characteristics.

The wave transmitted through the specimen is collected by a 10x /0.28NA infinity-conjugate
objective lens and a tube lens to focus the light on the digital camera. The optical system with
a limited optical cutoff frequency is simulated using a coherent transfer function (CTF), with
a circular pupil P(ky, k) in the frequency domain, behaving as a low-pass filter. The light is
scattered by the sample into the objective containing the optical aperture stop of the system.
Fourier ptychography method goes beyond the diffraction limit by spectrum shifting when
applying off-axis illumination angles. Here, the angular-varying illumination is carried out using
a dome-shaped LED array with LEDs arranged at specified angles and positions, as illustrated in
Fig. 1.

The image recording is provided by a CMOS camera equipped with a polarization-sensitive
sensor. The camera sensor array is grouped in blocks of 2 x 2 pixels, with each pixel sporting a
linear polarization filter of orientation ¢ € [0°, 45°,90°, 135°], having associated Jones matrix of
Ly = (cos>¢ singcosg; singcosd sin® @) [16]. The intensity of light passing through the
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LHCP, complex sample and camera sensor contains the necessary information for reconstructing
the polarization properties of the sample [23]. For each polarization state ¢ subject to the n”"
illumination angle, the pixel-by-pixel electric field on the camera sensor can be described as:

Eg = Lqﬁ M chp Ein (2)

2
and the imaged intensity is subsequently defined as I, = |E’;’ . The full-polarized image overlaid

from the camera sensor involves four polarized neighboring pixels. Therefore, to project the
raw image onto four separate polarization channels, a demosaicing technique is utilized. This
procedure is outlined in Fig. 3. The missing information between pixels is estimated through
bicubic interpolation, applied separately to each polarization orientation [24]. A pFPM recovery,
including the phase, is required to reconstruct a high resolution complex image from the low
resolution (LR) interpolated images. The process involves shifting the frequency within the
Fourier space, thereby extending the object spatial spectrum. Several iterations are needed
to accomplish a faithful recovery. This scheme is carried out by propagating the field to the
image plane where the the field amplitude is replaced by the square root of the LR captured
intensities. The field is then propagated back to the Fourier plane to substitute the appropriate
sub-spectrum. This cycle is repeated until the convergence error is minimized [25]. Additionally,
pFPM efficiently compensates any optical aberrations, such as defocus, by estimating and
digitally correcting the unknown pupil aberration of the utilized objective lens. Thus, each of
the digitally-refocused segments of the entire image are stitched together to reconstruct the HR
complex image for each polarization channel.

To avoid sampling artifacts and aliasing, the Nyquist criterion has to be satisfied. Therefore,
the maximum frequency of the calculated spectrum must be less than 1/(2 §r,) where the spatial
resolution is selected to be dr, in pFPM.

The LEDs are deployed densely in the center of the dome and get more sparsely towards the
outer edge, to maintain a sufficient spectrum overlap between adjacent illuminated LEDs and
having a better convergence rate for the image recovery. In addition, this scheme leads to less
recovery artifacts. To effectively increase the speed and accuracy of the recovery, it is important
that the object spectrum overlap between adjacent rings exceeds 50% [26]. As opposed to the
planar LED geometry, the dome facilitates keeping a constant spectrum overlap, resulting in a
minimum number of required LEDs to achieve a certain NA ..

It is worth mentioning that to increase the spectrum overlap in the planar LED board
configuration, larger incident angles are necessary, thus requiring a greater number of LEDs. In
addition, larger illumination angle with a planar LED array further reduces the light intensity
falling on the sample, resulting in a poor signal-to-noise ratio that adversely affects the recovery
of pFPM. The total number of LEDs, used by the designed dome, as well as the sequence of the
LED illumination and position coordinates, are presented in Fig. 1.

To quantitatively recover the polarimetric sample properties, the retardation and optic axis
orientation can be extracted from the measured intensities [27]. By using Eq. (2), the intensity
matrix of a linear birefringence can be written as:

Iy =1, +1,(1 —sindsin2(¢ — 0))/2 3)

in which I, can be explicitly added to the intensity expression [28], representing stray light
or background illumination. According to Eq. (3), there are four unknowns /,, I, 6, and 6.
Therefore, just four independent measurements, as provided by the four polarization channels
in this study (0°, 45°, 90°, 135°), are sufficient to assess these parameters. However, to more
accurately extract the Jones polarization parameters, it has been suggested to use at least six
optical channel arrangements [29]. The intensity distributions for the four polarization channels
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simplify as follows:

I, =1p-1I, =I,(1 +sin§ sin20)/2
I =I;5 -1, =1,(1 —sin 6 cos 260)/2
I; =Igp — I, = I,(1 —sin§ sin26)/2

Iy =35 = I, = I,(1 + sin § cos 26)/2

“

After subtracting the I, from each image and some mathematical simplifications, the phase
retardation ¢ (> 0) and optic axis orientation 8 (0 < 6 < m) can be derived as [16]:

2 2
— «in-l IL-Is L-IL
o= st (1) + () .

_1 -1 (L-13
0= 5 tan (14712>

(Please note that if we follow the notation of the P matrix in Song’s paper [16], there is a sign
error in his J; matrix. Please refer to the Appendix for more details).

3. pFPM experimental implementation, results and discussion

In this section, pFPM based on a high NA,,,;, = 1.1 is experimentally demonstrated. In order to
validate its performance, first, a USAF 1951 test target (from Ready Optics), exhibiting a standard
resolution chart, was investigated; followed by a polarimetric analysis of anisotropic herbaceous
flowering plant sample and human liver cancer tissue (both provided by Johannes Lieder GmbH).

The light coming from the LED array is polarized using a zero-order left-handed circular
polarizer (provided by Edmund Optics, CP42HE). The zero-order reduces the complications
associated with light at an oblique incidence through the polarizer. The circular polarization
is transformed into the elliptical polarization state after passing through the sample. We have
used a polarization sensitive camera to collect images through a 10x /0.28NA objective lens.
The CMOS camera (from LUCID vision lab, PHX050S, 2448 x 2048 pixels count and 3.45 um
pixel size) utilizes a polarization-sensitive front sensor to simultaneously capture images in four
different polarization channels, i.e., 0°, 45°, 90°, 135°; thereby eliminating the need to rotate
polarizers and/or variable retarders. There are no mechanical movements needed with our setup.
The dome LED array with a radius of 120 mm was positioned with its spherical center 16.6 mm
below the sample plane. There are 9 rings having 217 LEDs with the operation wavelength 1 =
525+20 nm in the dome used.

The sample was sequentially illuminated from various angles by LEDs to achieve a maximum
NAim = 0.82. With the demosaicing approach, raw images were separated into their respective
polarization states, and then a standard interpolation method was employed to fill in missing data
in empty pixels [24].

In the polarized CMOS camera, the Nyquist sampling requirement is: pixel size of LR image
of each channel < 1/4/NA,;;. This requirement is satisfied in our case (0.345 um pixel size on
the object plane vs 0.473 um Nyquist requirement). For the HR recovered object, the Nyquist
requirement is: pixel size of HR image < A/4/NAjy.,. This requirement is also satisfied as we
choose pixel size of HR to be 0.08625 um (4 times upscaling of LR image) while the Nyquist
requirement is 0.12 pm.

In order to have a sufficient signal-to noise-ratio, especially for dark-field images, the intensity
levels within the captured images have been adjusted by the output histogram’s shape [30]. An
optimum brightness and contrast in the objective image was achieved by adjusting the gain and
exposure time of the recording system based on the output of the histogram [31]; thereby avoiding
underexposed or overexposed captured images. The embedded pupil recovery (EPRY) algorithm
was applied to the phase retrieval iteration technique in order to improve the convergence and
achieve aberration correction [32]. In addition, the iteration loops, applied to the experimental
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data set of each channel, continued until convergence was reached and HR complex images for
all four polarization orientations were successfully recovered [25].

3.1.  Highly-resolved pFPM image of the USAF amplitude target

All the images of the USAF’s test target were captured with an exposure time of 400 ms and a
camera gain of 15 dB. HR images were obtained by selecting a region of interest from the LR
matrix of size 128 pixels by 128 pixels for each polarization channel and an upscaling ratio of 4.
By the van Cittert—Zernike theorem, the small patch ensures that the imaging can be considered
fully coherent. The performance of our pFPM imaging is shown in Fig. 4, for one channel only
at ¢ = 45°; the results of the other polarization channels are roughly the same. The cut-off
frequency of pFPM is slightly above the element 1 of group 11. It is clearly shown that the
resolved resolution of 244 nm was successfully obtained, which closely matches the theoretical
half-pitch resolution of A/(2 NAy,;) = 238 nm. Because the USAF target is deposited on an
isotropic glass substrate, the phase retardation and optic axis orientation values are close to zero.
Some non-zero values on the metal surface may be attributed to the structural stressed property
and/or inevitable numerical noise. This sample was used as standard metrology, estimating the
resolving capability of our pFPM setup under the achieved NA,y,,;,. Note that the USAF bars are
opaque, and hence the phase and other quantities at these locations may be inaccurate. To clarify
the advantages of the utilized dome LED illuminator, there have been provided a comparison
between the current work and previous studies in Table 1.

Some noise sources such as cross-polarization from camera filter, inter-channel correlation
and dead pixels of the camera are inevitable. The camera being out of focus because of
small movements between the camera and object can also distort the image. To improve the
reconstruction quality of the algorithm, wavelet-based noise removing techniques were applied
to the captured images [33,34].

Table 1. Comparison between the current work and previous studies.

Ref Number of LEDs  NA,,,;,  Half-pitch resolution polarization study

[16] 225 0.51 550 nm Yes

[17] 225 0.51 620 nm Yes

[18] 415 1.05 244 nm No

[19] 508 0.87 a few microns No
Current work 217 1.11 244 nm Yes

3.2. pFPM performance demonstrated on herbaceous flowering plant sample

In this section, the pFPM study of a prepared microscope slide from Lilium flower (through pistil
and stigma with pollen and pollen tubes) is presented in Fig. 5, which displays the achieved HR
microscopy image and birefringence properties. The quantitative birefringence map illustrates
cellular development. To visualize phase retardation and optic axis orientation clearly, a subregion
patch has been selected. The recovered results show the close-up of the intracellular spaces of
parenchymal cells in the gynoecium.

3.3. Liver fibrosis stage determination by pFPM

Liver fibrosis is clinically silent, but early diagnosis is essential in order to provide the patient
with specific therapy and thus prevent progression to liver cirrhosis. Determining the fibrosis
stage in patients with chronic liver diseases is of a high clinical relevance since it can guide
further diagnostic and therapeutic steps and estimate the patient’s prognosis.
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Fig. 4. pFPM recovery of USAF amplitude target. The recovered images shown correspond
to ¢ = 45°. (a) Raw image including four polarization channel information, (b) interpolated
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A semi-quantitative numerical scoring method is commonly used in the clinic to determine the
stage of liver fibrosis. This method requires both experienced and well-trained technicians who
can stain liver tissue well [12]. pFPM potentially facilitates diagnosis by removing these staining
requirements. Figure 6 shows a close-up of the dysplastic focus in the environment of an already
established malignant tumor. The closed-up square shows a cell with an abnormal number of
chromosomes arranged in a disorganized fashion.

Recovered phase (rad)

ey

Optic axis Orientation

Fig. 6. pFPM performance; determination of liver fibrosis stage: (a) low resolution
interpolated image, (b) pFPM recovered amplitude, (c) pFPM recovered phase, (d) phase
retardation (9), (e) optic axis rotation (6).

4. Conclusion and future works

Through polarization-sensitive high-NA Fourier ptychography and Jones matrix calculation, we
have presented highly-resolved quantitative birefringence patterns of complex samples, where no
mechanical motion of the optical setup is involved. As opposed to the previous pFPM that used
a planar LED board, this work has utilized a home-built dome-shaped LED illuminator with a
comparatively low number of LEDs. The hemispherical geometry of the dome contributes to the
achievement of the half-pitch resolution of 244 nm and NAy,,, of 1.1 in a large FOV and maintains
sufficient SNR for off-axis LEDs. It is worth mentioning that by decreasing the number of used
necessary LEDs, the computational time as well as capturing times decrease. This issue is more
pronounced in the case of polarization studies in which four different datasets, corresponding to
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different polarization states, should be measured and reconstructed. A flowering plant sample and
human liver cancer tissue have been investigated. Using polarization imaging-based quantitative
diagnostic methods, multiple staining processes can be reduced, which provides quantitative
information to facilitate the adequate staging of liver fibrosis. Due to the sufficient SNR in the
dark field images, this setup could be utilized for multilayer thick samples and 3D pFPM as
a future work. Furthermore, more step-phase shifting techniques (more than four steps) can
be implemented to evaluate polarimetric parameters with higher accuracy in the birefringence
mapping approach [29], considered as a future research topic.

Appendix

P represents a phase shift between orthogonal electric field components along with x and y axes.
One may split this phase shift into a phase advance of /2 assigned to the fast axis and a phase
retardation of —§/2 corresponding to the slow axis. Therefore, P with the wave propagator
(kz — wt) can be expressed as P = (¢7/2 0 ; 0 €*®/2). Using this matrix, the Jones matrix
of the thin specimen and Egs. (3)-5 can be obtained.

To evaluate birefringence from intensities according to Eq. (5), two auxiliary variables were

defined [16]:
11—13 I4_IZ
Vi = , V, = . 6
! (11+I3) : (I4+12) ©

The four-quadrant inverse tangent arctan2 (Vy, V;) yields —7 < 26 < &. Physically, 8 should be
in the range of [0, ]. Therefore, optic axis orientation can be calculated as follows:

® = arctan2 (V{, V)
if ©<0, O =0 +360; end @)
Finally 6 =0/2.
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