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Fourier Ptychographic Imaging Systems, Devices, and Methods

CROSS-REFERENCES TO RELATED APPLICATIONS

[0001] This 1s a non-provisional application of, and claims priority to, U.S. Provisional
Patent Application No. 61/720,258 entitled “Breaking the Spatial Product Barrier via Non-
Interferometric Aperture-Sythesizing Microscopy (NAM),” filed on Octobter 30, 2012 and to
U.S. Provisional Patent Application No. 61/847,472 entitled “Fourier Ptychographic
Microscopy,” filed on July 17, 2013. These provisional applications are hereby incorporated

by reference 1n their entirety for all purposes.
BACKGROUND OF THE INVENTION

[0002] Embodiments of the present disclosure generally relate to wide field-of-view, high-
resolution digital imaging techniques. More specifically, certain embodiments relate to
Fourier ptychographic imaging (FPI) devices, systems and methods for wide-field, high-

resolution 1maging.

[0003] The throughput of a conventional imaging platform (e.g., microscope) 1s generally
[imited by the space-bandwidth product defined by its optical system. The space-bandwidth
product refers to the number of degrees of freedom (e.g., number of resolvable pixels) that
the optical system can extract from an optical signal, as discussed in Lohmann, A. W.,
Dorsch, R. G., Mendlovic, D., Zalevsky, Z. & Ferreira, C., “Space—bandwidth product of
optical signals and systems,” J. Opt. Soc. Am. A 13, pages 470—473 (1996), which 1s herecby
incorporated by reference 1n 1ts entirety. A conventional microscope typically operates with a
space-bandwidth product on the order of 10 megapixels, regardless of the magnification
factor or numerical aperture (NA) of its objective lens. For example, a conventional
microscope with a x20, 0.40 NA objective lens has a resolution of 0.8mm and a field-of-view
of 1.1mm 1n diameter, which corresponds to a space-bandwidth product of about 7
megapixels. Prior attempts to increase space-bandwidth product of conventional microscopes
have been confounded by the scale-dependent geometric aberrations of their objective lenses,
which results 1n a compromise between image resolution and field-of-view. Increasing the
space-bandwidth product of conventional imaging platforms may be limited by: 1) scale-
dependent geometric aberrations of 1ts optical system, 2) constraints of the fixed mechanical
length of the relay optics and the fixed objective parfocal length, and/or 3) availability of

grgapixel digital recording devices.
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[0004] Some attempts to increase the spatial-bandwidth product using interferometric
synthetic aperture techniques are described 1in D1, J. ef al., “High resolution digital
holographic microscopy with a wide field of view based on a synthetic aperture technique
and use of lincar CCD scanning,” Appl. Opt. 47, pp. 5654-5659 (2008); Hillman, T. R.,
Gutzler, T., Alexandrov, S. A., and Sampson, D. D., “High-resolution, wide-field object
reconstruction with synthetic aperture Fourier holographic optical microscopy,” Opt. Express
17, pp. 7873-7892 (2009), Grancro, L., Mico, V., Zalevsky, Z., and Garcia, J., “Synthetic
aperture superresolved microscopy in digital lensless Fourier holography by time and angular
multiplexing of the object information,” Appl. Opt. 49, pp. 845-857 (2010); Kim, M. et al.,
“High-speed synthetic aperture microscopy for live cell imaging,” Opt. Lett. 36, pp. 148-150
(2011); Turpin, T., Gesell, L., Lapides, J., and Price, C., “Theory of the synthetic aperture
microscope,” pp. 230-240; Schwarz, C. J., Kuznetsova, Y., and Brueck, S., “Imaging
interferometric microscopy,”’ Optics letters 28, pp. 1424-1426 (2003); Feng, P., Wen, X., and
Lu, R., “Long-working-distance synthetic aperture Fresnel off-axis digital holography,”
Optics Express 17, pp. 5473-5480 (2009); Mico, V., Zalevsky, Z., Garcia-Martinez, P., and
Garcia, J., “Synthetic aperture superresolution with multiple off-axis holograms,” JOSA A 23,
pp.3162-3170 (2006); Yuan, C., Zhai, H., and Liu, H., “Angular multiplexing in pulsed
digital holography for aperture synthesis,” Optics Letters 33, pp. 2356-2358 (2008); Mico,
V., Zalevsky, Z., and Garcia, J., “Synthetic aperture microscopy using off-axis illumination
and polarization coding,” Optics Communications, pp. 276, 209-217 (2007); Alexandrov, S.,
and Sampson, D., “Spatial information transmission beyond a system's diffraction limit using
optical spectral encoding of the spatial frequency,” Journal of Optics A: Pure and Applied
Optics 10, 025304 (2008); Tippie, A.E., Kumar, A., and Fienup, J.R., “High-resolution
synthetic-aperture digital holography with digital phase and pupil correction,” Opt. Express
19, pp. 12027-12038 (2011); Gutzler, T., Hillman, T.R., Alexandrov, S.A., and Sampson,
D.D., “Coherent aperturc-synthesis, wide-field, high-resolution holographic microscopy of
biological tissue,” Opt. Lett. 35, pp. 1136-1138 (2010); and Alexandrov, S.A., Hillman, T .R.,
Gutzler, T., and Sampson, D.D., “Synthetic aperture Fourier holographic optical
microscopy,’ Phil. Trans. R. Soc. Lond. A 339, pp. 521-553 (1992), which are hereby
incorporated by reference in their entirety. Most of these attempts use setups that record both
intensity and phase information using interferometric holography approaches, such as off-line
holography and phase-shifting holography. The recorded data 1s then synthesized 1n the

Fourier domain 1n a deterministic manner.
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[0005] These previous attempts to increase spatial-bandwidth product using interferometric
synthetic aperture techniques have limitations. For example, interferometric holography
recordings typically used in these techniques require highly-coherent light sources. As such,
the reconstructed 1images tend to suffer from various coherent noise sources, such as speckle
noise, fixed pattern noise (induced by diffraction from dust particles and other optical
imperfections in the beam path), and multiple interferences between different optical
interfaces. The 1image quality 1s, therefore, not comparable to that of a conventional
microscope. On the other hand, the use of an off-axis holography approach sacrifices useful
spatial-bandwidth product (1.¢., the total pixel number) of the 1mage sensor, as can be found
in Schnars,U. and Juptner,W.P.O., “Digital recording and numerical reconstruction of
holograms,” Measurement Science and Technology, 13, R85 (2002), which 1s hereby
incorporated by reference 1n its entirety. Another limitation 1s that interferometric imaging
may be subjected to uncontrollable phase fluctuations between different measurements.
Hence, a prior1 and accurate knowledge of the specimen location may be needed for setting a
reference point 1in the 1image recovery process (also known as phase referring). Another
[imitation 1s that previously reported attempts require mechanical scanning, either for rotating
the sample or for changing the illumination angle. Therefore, precise optical alignments,
mechanical control at the sub-micron level, and associated maintenances are needed for these
systems. In terms of the spatial-bandwidth product, these systems present no advantage as
compared to a conventional microscope with sample scanning and image stitching. Another
[imitation 1s that previous interferometric synthetic aperture techniques are difficult to
incorporate 1nto most existing microscope platforms without substantial modifications.
Furthermore, color imaging capability has not been demonstrated on these platforms. Color

imaging capability has proven pivotal in pathology and histology applications.

[0006] In microscopy, a large spatial-bandwidth product 1s highly desirable for biomedical
applications such as digital pathology, haecmatology, phytotomy, immunohistochemaistry, and
neuroanatomy. A strong need in biomedicine and neuroscience to digitally image large
numbers of histology slides for analysis has prompted the development of sophisticated
mechanical scanning microscope systems and lensless microscopy set-ups. Typically, these
systems increase their spatial-bandwidth product using complex mechanical means that have
high precision and accurate components to control actuation, optical alignment and motion

tracking. These complex components can be expensive to fabricate and difficult to use.
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[0007] Previous lensless microscopy methods such as digital in-line holography and
contact-imaging microscopy also present certain drawbacks. For example, conventional
digital in-line holography does not work well for contiguous samples and contact-imaging
microscopy requires a sample to be 1n close proximity to the sensor. Examples of digital in-
line holography devices can be found 1n Denis, L., Lorenz, D., Thiebaut, E., Fournier, C. and
Trede, D., “Inline hologram reconstruction with sparsity constraints,” Opt. Lett. 34, pp. 3475—
3477 (2009), Xu, W., Jericho, M., Meinertzhagen, 1., and Kreuzer, H., “Digital in-line
holography for biological applications,” Proc. Natl Acad. Sci. USA 98, pp. 11301-11305
(2001); and Greenbaum, A. et al., “Increased space—bandwidth product in pixel super-
resolved lensfree on-chip microscopy,” Sci. Rep. 3, page 1717 (2013), which are hereby
incorporated by reference 1n their entirety. Examples of contact-imaging microscopy can be
found in Zheng, G., Lee, S. A., Antebi, Y., Elowitz, M. B. and Yang, C., ““The ¢Petr1 dish, an
on-chip cell imaging platform based on subpixel perspective sweeping microscopy (SPSM),”
Proc. Natl Acad. Sci. USA 108, pp. 16889—-16894 (2011); and Zheng, G., Lee, S. A., Yang, S.
& Yang, C., “Sub-pixel resolving optotluidic microscope for on-chip cell imaging,” Lab Chip

10, pages 3125-3129 (2010), which are hereby incorporated by reference in their entirety.
BRIEF SUMMARY OF THE INVENTION

[0008] Embodiments of the present disclosure provide Fourier ptychographic imaging
(FPI) methods, devices, and systems for wide-field, high-resolution imaging as used 1n
applications such as, for example, digital pathology, hacmatology, semiconductor wafer
inspection, and X-ray and electron imaging. An example of an FPI device 1s a Fourler
ptychographic microscope (FPM), which may also be referred to as employing non-

interferometric aperture-synthesizing microscopy (NAM).

[0009] In some embodiments, an FPI system includes a variable 1lluminator, optical
clement, radiation detector, and a processor. The variable 1lluminator 1lluminates a specimen
from a plurality of N different incidence angles at different sample times. The optical
clement filters light 1ssuing from the specimen. The radiation detector captures a plurality of
variably-1lluminated (perspective) low-resolution intensity images. The processor iteratively
stitches together the variably-i1lluminated, low-resolution 1mages of overlapping regions in
Fourier space to recover a wide-field, high-resolution image. In certain embodiments, the

FPI device may also correct for aberrations and digitally refocus the complex high-resolution
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image, which can digitally extend the depth of focus of the FPI system beyond the physical

[imitations of 1ts optical element.

[0010] One embodiment provides a Fourier ptychographic imaging device comprising a
variable 1lluminator for providing i1llumination to a specimen from a plurality of incidence
angles, an optical element for filtering 1llumination 1ssuing from the specimen, and a detector
for acquiring a plurality of variably-1lluminated, low-resolution intensity images of the
specimen based on light filtered by the optical element. The Fourier ptychographic imaging
device also comprises a processor for computationally reconstructing a high-resolution image
of the specimen by iteratively updating overlapping regions in Fourier space with the
variably-1lluminated, low-resolution intensity images. In one case, the variable illuminator 1s
a two-dimensional matrix of light elements (e.g., light-emitting diodes), each light element

providing 1llumination from one of the plurality of incidence angles.

[0011] Another embodiment provides a method of Fourier ptychographic imaging. The
method 1lluminates a specimen being imaged from a plurality of incidence angles using a
variable illuminator and filters light 1ssuing from (¢.g., scattered by) the specimen using an
optical element. The method also captures a plurality of variably-1lluminated, low-resolution
intensity images of the specimen using a detector. Also, the method computationally
reconstructs a high-resolution image of the specimen by iteratively updating overlapping
regions of variably-i1lluminated, low-resolution intensity images in Fourier space. In one case,
the method 1mmitializes a current high-resolution 1mage 1in Fourier space, filters an filtering an
overlapping region of the current high-resolution image in Fourier space to generate a low-
resolution 1mage for an incidence angle of the plurality of incidence angles, replaces the
intensity of the low-resolution image with an intensity measurement, and updates the
overlapping region 1in Fourier space with the low-resolution image with measured intensity.
In this case, the filtering, replacing, and updating steps may be performed for the plurality of
incidence angles. In another case, the method divides each variably-1lluminated, low-
resolution 1ntensity image into a plurality of variably-1lluminated, low-resolution intensity tile
1mages, recovers a high-resolution 1mage for each tile by iteratively updating overlapping
regions of variably-1lluminated, low-resolution intensity tile images 1n Fourier space, and
combines the high resolution images of the tiles to generate the high-resolution image of the

specimen.
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[0012] Another embodiment provides a method of Fourier ptychographic imaging that
recerves a plurality of variably-illuminated, low-resolution intensity images of a specimen
and computationally reconstructs a high-resolution image of the specimen by iteratively
updating overlapping regions of variably-1lluminated, low-resolution intensity images in
Fourier space. In one case, the method divides each variably-1lluminated, low-resolution
intensity image into a plurality of variably-1lluminated, low-resolution intensity tile 1mages,
recovers a high-resolution 1image for each tile by iteratively updating overlapping regions of
variably-1lluminated, low-resolution intensity tile images 1n Fourier space, and combines the
high-resolution 1images of the tiles. In another case, the method 1nitializes a current high-
resolution 1mage 1in Fourier space, filters an overlapping region of the current high-resolution
image 1n Fourier space to generate a low-resolution image for an incidence angle of the
plurality of incidence angles, replaces intensity of the low-resolution image with an intensity
measurement, and updates the overlapping region 1n Fourier space with the low-resolution
image with measured intensity. In this case, the filtering, replacing, and updating steps may

be performed for the plurality of incidence angles.

[0013] Certain embodiments provide FPI systems and devices for X-ray imaging and
methods of using FPI systems and devices for X-ray imaging. One embodiment provides a
Fourier ptychographic X-ray imaging device that comprises an assembly for capturing a
plurality of variably-i1lluminated, low-resolution intensity X-ray images of a specimen. The
Fourier ptychographic X-ray imaging device further comprise a processor for
computationally reconstructing a high-resolution X-ray image of the specimen by iteratively
updating overlapping regions in Fourier space with the variably-1lluminated, low-resolution
intensity X-ray images. In one case, the assembly comprises an X-ray optical element and an
X-ray radiation detector, which are rigidly movable together with the specimen. The X-ray
optical element 1s between the specimen and the X-ray radiation detector. The X-ray
radiation detector captures the plurality of low-resolution intensity images of the specimen
based on X-ray radiation projected by the X-ray optical element. In this case, the Fourier
ptychographic X-ray imaging device may also comprise a mechanism for moving the
assembly to direct X-ray radiation from a stationary X-ray radiation source to the specimen

from the plurality of incidence angles.

[0014] Another embodiment provides a method of Fourier ptychographic X-ray imaging.
This method acquires a plurality of variably-i1lluminated, low-resolution intensity X-ray

images of a specimen based on a plurality of incidence angles and computationally
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reconstructs a high-resolution X-ray image of the specimen by iteratively updating
overlapping regions of variably-i1lluminated, low-resolution intensity X-ray images in Fourier
space. In one case, the method further comprises moving an assembly comprising an X-ray
optical element and an X-ray radiation detector to provide X-ray radiation to the specimen
from a plurality of incidence angles. In this case, the method further comprises filtering the
X-ray radiation 1ssuing from the specimen using the X-ray optical element and capturing with
the X-ray radiation detector the plurality of variably-1lluminated, low-resolution intensity X-

ray images based on X-ray radiation projected by the X-ray optical element.
BRIEF DESCRIPTION OF THE DRAWINGS

[0015] FIG. 1A 1s a schematic diagram of components of an FPI system, according to

embodiments of the invention.

[0016] FIG. 1B 1s a schematic diagram of a side view of some components of the FPI

device of FIG. 1A.

[0017] FIG. 2A 1s a schematic diagram of a FPI device comprising a variable 1lluminator in
the form of a two-dimensional (10 x 10) matrix of 100 light elements, according to an

embodiment of the invention.

[0018] FIG. 2B 1s a photograph of an FPI system with components in modular form,

according to embodiments of the invention.

[0019] FIG.2C 1s a photograph of one of the light elements of the variable 1lluminator the
FPI device of FIG. 2B.

[0020] FIG. 3 1s a schematic diagram of a side view of components of an FPI device,

according to embodiments of the invention.

[0021] FIG. 4A 1s a schematic diagram of a side view of components of an FPI device,

according to embodiments of the invention.

[0022] FIG. 4B 1s a schematic diagram of a side view of components of an FPI device,

according to embodiments of the invention.

[0023] FIG. 5A includes a schematic representation of the measurement process (middle)

and a recovery process (right-hand side) of an FPI method, according to embodiments of the

1nvention.
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[0024] FIGS. 5B(1), 5B(2), 5B(3), 5B(4), 5B(5), 5B(6), 5B(7), 5B(8). and 5B(9) are nine

low-resolution measurements acquired by the FPI method introduced 1in FIG. SA.

[0025] FIG. 5B(12) are regions updated 1in Fourier space associated with low-resolution

measurements of FIGS. SB(1), 5B(2), 5B(3), 5B(4), SB(5), 5B(6), SB(7), SB(8), and 5SB(9).

[0026] FIGS. 5B(10) and SB(11) are the recovered high-resolution intensity and phase
images resulting from the updating of FIG. 5B(12).

[0027] FIG. 6A 1s a flowchart of an FPI method performed by an FPI system, according to

embodiments of the invention.

[0028] FIG. 6B 1s a flowchart of sub-steps of step 1500 of FIG. 6A, according to an

embodiment of the invention.

[0029] FIGS. 6C and 6D arc schematic diagrams of components of an FPI device with

light elements 1n the form of an LED matrix, according to embodiments of the invention.

[0030] FIG. 6E 1s an 1llustration of steps of the FPI method described with reference to
FIGS. 6A and 6B.

[0031] FIG. 6F 1s another 1llustration of steps of the FPI method described with reference
to FIGS. 6A and 6B.

[0032] FIGS. 7A(1), 7TA(2), TAQ3), 7TA(4), and 7A(S) arc 1images resulting from performing
the FPI method of FIGS. 6A and 6B.

[0033] FIGS. 7B(1), 7B(2), 7B(3), 7B(4), 7B(5) and 7B(6) arc images resulting from
performing the FPI method of FIGS. 6A and 6B with different N numbers (N =3, 64, and

137) of incidence angles.

[0034] FIG. 8A 1s a flowchart of an FPI method with tile imaging, according to an

embodiment of the invention.

[0035] FIG. 8B arc images resulting from preforming an FPI method with tile imaging

using 1mage blending, according to an embodiment of the invention.

[0036] FIG. 9A 1s an FPI method with digital wavefront correction, according to an

embodiment of the invention.

[0037] FIG. 9B is a schematic diagram of an FPI device implementing an FPI method with

digital wavefront correction, according to an embodiment of the invention.

8
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[0038] FIG. 10A arc images from a numerical simulation of an FPI system 10 using an FPI
method with and without digital refocusing for comparison, according to an embodiment of

the 1nvention.

[0039] FIGS. 10B(1)-(16) show experimental results from performing an FPI method with
5  digital refocusing, according to an embodiment of the invention, using the FPI device 100(a)

shown 1n FIG. 2B.

[0040] FIG. 10B(1) 1s a schematic diagram of the experimental setup of an FPI device

performing an FPI method with digital refocusing, according to an embodiment.

[0041] FIGS. 10B(2)-(16) arc images of the experimental results from performing the FPI
10  method with digital refocusing according the experimental setup 1n FIG. 10B(1).

[0042] FIGS. 10C(1)-(7) include more detailed results from the experiment described with
respect to FIGS. 10B(1)-10B(16).

[0043] FIGS. 10D(1)-(3) arc images of experimental results from performing the FPI
method with and without digital refocusing for comparison, according to an embodiment of

15 the invention.

[0044] FIGS. 10E(1), 10E(2), 10E(3), 10E(4), 10E(S), 10E(6), 10E(7), and 10E(8)
provides exemplary results from using an FPI system to perform an FPI method with digital
refocusing, according to an embodiment of the invention, that corrects for chromatic

aberration 1n a blood smear and 1n a pathology slide.

20 [0045] FIGS. 10F(1),10F(2),10F3), 10F(4), 10F(5), 10F(6), and 10F(7) include
experimental results from using an FPI system to perform an FPI method with digital

autofocusing, according to an embodiment of the invention.

[0046] FIG. 11A(1) 1s a photograph 1llustrating the ficlds-of-view of a pathology slide for

both 2X and 20X objective lenses of conventional microscopes, for comparison.

25 [0047] FIGS. 11A(2) and 11A(3) arc images 1llustrating the numerical aperture for the 2X

objective lens 1n a conventional microscope.

[0048] FIGS. 11A(4) and 11A(S) arc images 1llustrating the numerical aperture for the 20X

objective lens 1n a conventional microscope.
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[0049] FIGS. 11A(6) and FIG. 11A(7) are color images showing the field-of-view and

corresponding maximum NA of an FPI system, according to an embodiment of the invention.

[0050] FIGS. 11B(1)-(21) arc images resulting from using a color imaging FPI system,

according to an embodiment of the invention.

[0051] FIGS. 11C(1), 11C(2), 11C3), 11C(4), 11C(5) and 11C(6) arc 1mages showing a

comparison of image quality between the color imaging FPI system and different objective

lenses, according to embodiments of the invention.

[0052] FIGS. 11D(1)-(10) arc phase and color 1mages from using an FPI method with the

color imaging FPI system 10 both a pathology slide and blood smear, according to an

embodiment of the invention.

[0053] FIG. 12 1s a block diagram of subsystems that may be present in a FPI system 10,

according to embodiments.

DETAILED DESCRIPTION OF THE INVENTION

[0054] Embodiments of the present invention will be described below with reference to the
accompanying drawings. Although embodiments of FPI systems, devices, and methods may
be described herein with respect to illumination with visible light radiation, these FPI
systems, devices, and methods may also be used with other forms of radiation such as, for

example, acoustic waves, Terahertz waves, microwaves, and X-rays.

[0055] Some embodiments include an FPI system comprising a variable 1lluminator, optical
clement, radiation detector, and a processor. The variable 1lluminator successively
illuminates a specimen being imaged with plane waves at a plurality of N different incidence
angles. The optical element filters light 1ssuing from the specimen. The optical element may
be, for example, an objective lens that accepts light 1ssuing from the specimen based on 1ts
numerical aperture. In some cases, the optical element may be a low numerical aperture
objective lens that provides a corresponding narrow acceptance angle and increased depth of
field. The radiation detector detects light filtered by the optical element and captures a
plurality of N low-resolution intensity images corresponding to the N different incidence
angles. The processor iteratively stitches together overlapping low-resolution intensity
images 1n Fourier space to recover a wide-field, high-resolution image of the specimen. In
certain embodiments, the FPI device can also digitally refocus the complex high-resolution

image to accommodate for defocus and aberrations 1n 1ts optical element, which may digitally
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extend the depth of focus of the FPI system beyond the physical limitations of its optical

element.

[0056] In certain aspects, an FPI method, performed by the FPI system, comprises a
measurement process, a recovery process, and an optional display process. During the
measurement process, the specimen 1s successively illuminated from the plurality of N
incidence angles and corresponding low-resolution intensity images are acquired. During the
recovery process, one or more high-resolution, wide field-of-view 1mages are recovered
based on the low-resolution intensity measurements. During the optional display process, the

recovered 1images and other output 1s provided to the user of the FPI system on a display.
L. INTRODUCTION TO FPI SYSTEMS AND DEVICES

[0057] Although embodiments of FPI devices and systems are described herein with
respect to visible light radiation (1llumination), other forms of radiation (¢.g., X-ray) may be

used 1n certain cases.

[0058] FIG. 1A 1s a schematic diagram of components of an FPI system 10, according to
embodiments of the invention. The FPI system 10 comprises an FPI device 100 and a
computing device 200 1n electronic communication with FPI device 100. In certain
embodiments, such as the one illustrated in FIG. 1A, a specimen 20 is provided to the FPI
device 100 for imaging. The FPI device 100 comprises a variable illuminator 110 for
providing variable 1llumination to the specimen 20, an optical element 130 for filtering
illumination 1ssuing from the specimen 20, and a radiation detector 140 for detecting intensity
of 1llumination received. The computing device 200 comprises a processor 210 (e.g., a

microprocessor), a computer readable medium (CRM) 220, and a display 230.

[0059] During a measurement process, the variable illuminator 110 provides illumination
from a plurality of N incidence angles, (6, 8,'), i=1 to N to the specimen 20. Illumination
from variable 1lluminator 110 may be altered (e.g., blocked, reduced intensity, modified
wavelength/phase, modified polarization, etc.) by specimen 20 provided to the FPI device
100. The optical element can receive light from the variable 1lluminator, for example, as
issuing from the specimen 20 and can filter the light it receives. For example, the optical
clement 130 may be 1n the form of an objective lens, which accepts light within 1ts
acceptance angle to act as a filter. In some cases, the optical element 130 may be an
objective lens having a low numerical aperture (e.g., NA of about 0.08) to provide a

corresponding narrow acceptance angle and allow for an increased depth of field. The
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radiation detector 140 can recerve the filtered light from the optical element 130 and can
record an intensity distribution at the radiation detector 140 at N sample times, #—; 4 v, tO
capture a plurality of N low-resolution two-dimensional intensity images of the specimen

drcad.

[0060] In FIG. 1A, the processor 210 1s 1n electronic communication with radiation
detector 140 to recerve signal(s) with the image data corresponding to N low-resolution
intensity images of the specimen arca, which may include an image of at least a portion of the
specimen 20. During a recovery process, the processor 210 can iteratively “stitch” together
low-resolution intensity images in Fourier space to recover a wide-field, high-resolution
image. In certain embodiments, the processor 210 can also digitally refocus the high-
resolution 1mage to accommodate for any defocus of the specimen and/or chromatic
aberrations 1n 1ts optical element 130. This capability can digitally extend the depth of focus
of the FPI system 10 beyond the physical limitations of optical element 130.

[0061] Processor 210 1s 1n ¢lectronic communication with CRM 220 (¢.g., memory) to be
able to transmit signals with 1image data 1n order to store to and retrieve 1image data from the
CRM 220. Processor 210 1s shown 1n electronic communication with display 230 to be able
to send 1mage data and instructions to display the wide-field, high-resolution image of the
specimen arca and other output, for example, to a user of the FPI system 10. As shown by a
dotted line, variable illuminator 110 may optionally be 1n electronic communication with
processor 210 to send instructions for controlling variable 1lluminator 110. As used herein,
clectronic communication between components of FPI system 10 may be 1n wired or wireless

form.

[0062] FIG. 1B is a schematic diagram of a side view of some components of the FPI
device 100 of FIG. 1A. In FIG. 1B, the FPI device 100 comprises a variable illuminator 110
having an 1lluminator surface 111, an optical element 130, and a radiation detector 140
having a sensing surface 142. Although radiation detector 140 1s shown at a distance away
from optical element 130, radiation detector 140 may optionally be located at the optical

clement 130.

[0063] In certain embodiments, the FPI device comprises an in-focus plane 122 and a
sample plane 124. An in-focus plane 122 can refer to the focal plane of the optical element
of the corresponding FPI device. The FPI device includes an x-axis and a y-axis at the 1n-

focus plane 122, and a z-axis orthogonal to the in-focus plane 122. The in-focus plane 1s
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defined at an x-y plane at z= 0. A sample planc 124 can refer to the plane at which the FPI
device may computationally reconstruct the high-resolution wide field-of-view image. The
FPI device captures the low-resolution images at the in-focus plane 122. Generally, the
sample plane 124 1s parallel to the in-focus plane 122. In some embodiments, the sample
plane 124 may be coincident to the in-focus plane 122. In an autofocus embodiment, the FPI
system 10 may perform an FPI method that can determine the location of the specimen 20 to
locate the sample plane 124 at the specimen 20 1n order to focus the high-resolution wide

ficld-of-view 1image at the specimen 20.

[0064] In FIG. 1B, the FPI device 100 includes an in-focus plane 122 at z = 0 and a sample
plane at z = zy. The FPI device 100 includes an x-axis and a y-axis (not shown) 1n the in-
focus plane 122, and a z-axis orthogonal to the in-focus plane 122. The FPI device 100 also
includes a distance d between the variable illuminator 110 and the sample plane 124. In the
illustrated example, specimen 20 has been located at a specimen surface 126 for imaging. In

other embodiments, specimen 20 may be 1n other locations for imaging purposes.

[0065] In FIG. 1B, the FPI device 100 1s shown at a particular sample time, #;, in the

measurement process. At sample time, #;, variable 1lluminator 110 provides incident

1llumination at a wavevector kfc , kji, assoclated with an incidence angle of (Qxi, Qyi) at the

sample plane 124. Since the 1llustration 1s a side view 1n an x-z plane, only the x-component

A, of the incidence angle is shown.

[0066] In FIG. 1B, the optical element 130 receives and filters light 1ssuing from specimen
20. Light filtered by the optical element 130 1s received at the sensing surface 142 of the
radiation detector 140. The radiation detector 140 senses the intensity distribution of the
filtered light and captures a low-resolution intensity image of the specimen arca. Although
FPI device 100 1s shown at a sample time, ¢, the FPI device 100 can operate during a
plurality of N sample times, #,-1 v x to capture N low-resolution two-dimensional intensity

images associated with N incidence angles (0, 6,), i=1 to N.

[0067] A variable 1lluminator can refer to a device that provides incident radiation from a
plurality of N different incidence angles (0y, 0,)), i =1 to N, in succession. Suitable values of
N may range from 2 to 1000. In most embodiments, the variable 1lluminator includes a light
clement of one or more radiation sources providing 1llumination at a particular sample time.
In most cases, cach light element 1s approximated as providing plane wave 1llumination to the

specimen 20 from a single incidence angle. For example, the incidence angle 8, at reference
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point, P, in FIG. 2A may be the angle between a normal and a line between point, P and the
illuminated light element 112, which 1s based on a distance d between the variable

illuminator and the sample plane 124.

[0068] Although the radiation source or radiation sources are usually coherent radiation
sources, iIncoherent radiation source(s) may also be used and computational corrections may
be applied. In embodiments that use visible light radiation, each radiation source 1s a visible
light source. Some examples of a source of visible light include an LCD pixel and a pixel of
an LED display. In embodiments that use other forms of radiation, other sources of radiation
may be used. For example, in embodiments that use X-ray radiation, the radiation source
may comprise an X-ray tube and a metal target. As another example, 1n embodiments that
use microwave radiation, the radiation source may comprise a vacuum tube. As another
example, 1n embodiments that use acoustic radiation, the radiation source may be an acoustic
actuator. As another example, in embodiments that use Terahertz radiation, the radiation
source may be a Gunn diode. One skilled in the art would contemplate other sources of

radiation.

[0069] In many embodiments, the properties (¢.g., wavelength(s), frequency(ies), phase,
amplitude, polarity, etc.) of the radiation provided by the variable 1lluminator at different
incidence angles, (6, 6,), i=1 to N, is approximately uniform. In other embodiments, the
propertics may vary at the different incidence angles, for example, by providing » different
wavelengths A;,...,4, during the measurement process. In one embodiment, the variable
illuminator 110 may provide RGB 1llumination of three wavelengths 4;, 4>, and 43
corresponding to red, green, blue colors, respectively. In embodiments that use Terahertz
radiation, the frequencies of the radiation provided by the variable 1lluminator 110 may be 1n
the range of 0.3 to 3 THz. In embodiments that use microwave radiation, the frequencies of
the radiation provided by the variable illuminator may be in the range of 100 MHz to 300
GHz. In embodiments that use X-ray radiation, the wavelengths of the radiation provided by
the variable 1lluminator may be 1n the range of 0.01nm to 10nm. In embodiments that use

acoustic radiation, the frequencies of the radiation provided by the variable 1lluminator may

be 1n the range of 10Hz to 100MHz.

[0070] In some embodiments, the variable illuminator comprises a plurality of N stationary
light elements at different spatial locations (e.g., variable illuminator 110(a) in FIG. 2A).

These N stationary light elements 1lluminate at N sample times 1n succession to provide
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illumination from the plurality of N incidence angles, (6, 8,)), i=1 to N. In other
embodiments, the variable 1lluminator comprises a moving light element (¢.g., variable
illuminator 110(b) in FIG. 3). This moving light element moves relative to the optical
clement and radiation detector, which may be kept stationary. In these embodiments, the
moving light element may be moved to a plurality of N different spatial locations using a
mechanism such as a scanning mechanism. Based on this relative movement between the
stationary components and light element to the NV different spatial locations, the light element
can provide illumination from the plurality of N incidence angles, (8, 6,), i=1 to N. In other
embodiments, the variable 1lluminator comprises a stationary light element (e.g., variable
illuminator 110(c) in FIG. 4A) and the other components of the FPI device are moved to N
different spatial locations. Based on this relative movement between the stationary light
clement and the other components of the FPI device to the N different spatial locations, the

light element can provide illumination from the plurality of N incidence angles, (0., 0,)), i=1

fo N.

[0071] In embodiments having a variable 1lluminator comprising a plurality of N stationary
light elements, the light elements may be arranged 1n the form of a one-dimensional array, a
two-dimensional matrix, a hexagonal array, or other suitable arrangement capable of
providing the illumination from the plurality of incidence angles. Some examples of matrices
of stationary light elements are an LCD or an LED matrix. The light elements are designed
with the appropriate spacing and designed to i1lluminate as required to provide the plurality of
incidence angles. In some embodiments, the variable 1lluminator may be 1n the form of a
two-dimensional matrix having dimensions such as for example, 10 x 10, 32 x 32, 100 x 100,
50 x 10, 20 x 60, etc. As an 1llustration example, FIG. 2A 1s a schematic diagram of a FPI
device 100(a) comprising a variable 1lluminator 110(a) in the form of a two-dimensional (10
x 10) matrix of 100 stationary light elements 112, according to an embodiment of the

1nvention.

[0072] In embodiments having a variable 1lluminator comprising a moving light element,

the moving light element may be moved to a plurality of N positions. The spatial locations of
these NV positions may be 1n the form of a one-dimensional array, a two-dimensional matrix, a
hexagonal array, or other suitable arrangement capable of providing the illumination from the

plurality of incidence angles. Some examples of matrix dimensions may be 10 x 10, 32 x 32,

100 x 100, 50 x 10, 20 x 60, etc.
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[0073] The variable 1lluminator provides radiation incident to the specimen 20 at a plurality
of incidence angles (0, 6’;), i=1 to N. In one embodiment, the difference between two
neighboring incidence angles 1n the plurality of incidence angles has a value 1n the range
between 10% and 90% of the acceptance angle defined by the numerical aperture of the
optical element 1n the form of an objective lens. In one embodiment, the difference between
two adjacent incidence angles in the plurality of incidence angles has a value 1n the range
between 33% and 66% of the acceptance angle defined by the numerical aperture of the
optical element 1n the form of an objective lens. In one embodiment, the difference between
two adjacent incidence angles 1n the plurality of incidence angles has a value that 1s less than
76% of the acceptance angle defined by the numerical aperture of the optical element 1n the
form of an objective lens. In one embodiment, the difference between adjacent incidence
angles 1n the plurality of incidence angles 1s about 1/3 of the acceptance angle defined by the
numerical aperture of the optical element 1n the form of an objective lens. In one
embodiment, the range of incidence angles, defined by a difference between the largest and
smallest incidence angles, may be about equal to the effective numerical aperture consistent

with the spatial resolution of the final full field-of-view high-resolution image.

[0074] The light elements of the variable illuminator are illuminated 1n an order defined by
1llumination instructions. In one embodiment, the illumination instructions determine the
order of 1lluminating light elements 1n the form of a two-dimensional matrix of light
clements. In this embodiment, the 1llumination instructions may first define a center light
clement. The 1llumination mstructions may then instruct to illuminate the center light
clement (¢.g., LED) first, then 1lluminate the 8 light elements surrounding the center light
clement going counterclockwise, then 1lluminate the 16 light elements surrounding the
previous light element going counterclockwise, and so on until the N light elements have
been illuminated from the plurality of N incidence angles (0, 8,)), i=1 to N. In another
embodiment, the 1llumination instructions determine another order of illuminating light
clements 1n the form of a two-dimensional matrix of light elements. In this embodiment, the
variable 1llumination instructions may define a light element 1n the matrix that 1s closest to
the specimen. The 1llumination mstructions may then instruct to illuminate the light element
closest to the specimen, and then 1lluminate the light element next closest to the specimen,
and then 1lluminate the light element next closest, and so on until the N light elements have

been 1lluminated from the plurality of N incidence angles (8;, (9yi), i=1toN.
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[0075] In certain embodiments, the FPI device can image at least a portion of specimen 20
provided to the FPI device for imaging. In certain cases, the specimen 20 may comprise one
or more objects. Each object may be a biological or inorganic entity. Examples of biological
entitics include whole cells, cell components, microorganisms such as bacteria or viruses, cell
components such as proteins, thin tissue sections, etc. In some cases, the specimen 20 may
be provided to the FPI device 1n a medium such as a liquid. In most cases, the specimen 20 1s
a stationary specimen. The specimen 20 1s provided to the FPI device at a location capable of
receiving 1llumination from the variable illuminator and so that light 1ssuing from the

specimen 20 1s received by the optical element.

[0076] In certain embodiments, the FPI system 10 may comprise a receptacle for the
specimen 20 with a specimen surface 126 for receiving a specimen 20. The specimen surface
126 may be part of a component of the FPI device 100, such as, for example, a surface of the
variable illuminator 110. Alternatively, the specimen surface 126 may be a separate
component from the FPI device 100 and/or FPI system 10. For example, the specimen
surface 126 may a surface of a slide or a dish. This receptacle and specimen surface 126 may

not be included 1n other embodiments.

[0077] In certain embodiments, one or more of the full field-of-view low-resolution 1mages
captured by the FPI device may be divided into one or more low-resolution tile images. In
these cases, the processor can computationally reconstruct a high-resolution 1mage for each
tile independently, and then combine the tile images to generate the full field-of-view high-
resolution 1mage. This capability of independent processing of the tile images allows for
parallel computing. In these embodiments, cach tile may be represented by a two-
dimensional area. The FPI system 10 uses an FPI method that assumes plane wave
illumination over the area of each tile. In rectilinear spatial coordinates, cach tile may be
represented as a rectangular area (¢.g., square arca). In polar spatial coordinates, cach tile
may be a circular arca or an oval arca. In rectilinear spatial coordinates, the full field-of view
low resolution 1image may be divided up into a two-dimensional matrix of tiles. In some
embodiments, the dimensions of a two-dimensional square matrix of tiles may be 1n powers
of two when expressed in number of pixels of the radiation sensor such as, for example, a 256
by 256 matrix, a 64 x 64 matrix, etc. In most cases, the tiles in the matrix will have

approximately the same dimensions.
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[0078] The FPI device also comprises an optical element that acts a low-pass filter. For
example, the optical clement may be an objective lens that only accepts light within a range
of incidence angles based on 1ts numerical aperture (NA). In many embodiments, the optical
clement 1s 1n the form of a low NA objective lens to provide narrow acceptance angle and
high depth of ficld. In one embodiment, the optical element 1s a low NA objective lens has a
low NA of about 0.08. In another embodiment, the optical element 1s a low NA objective
lens has a low NA 1n the range between about 0.01 and about 0.1. In an embodiment of

certain 1llustrated examples, the optical element 1s a 2X objective lens with an NA of about

0.08.

[0079] In embodiments that use X-ray radiation, an X-ray optical element may be needed,
such as, for example, a grazing incidence mirror or zone plane. In embodiments that use
acoustic radiation, a particular optical element may be needed such as, for example, an
acoustic lens. In embodiments that use Terahertz radiation, a particular optical element may
be needed such as, for example, a Tetlon lens. In embodiments that use microwave radiation,

a particular optical element may be needed such as, for example, a microwave lens antenna.

[0080] In certain embodiments, the FPI device has an 1nitial depth of focus associated with
the inherent depth of ficld of 1ts optical element. A specimen provided to an FPI device of
embodiments may be considered 1n focus when the sample plane 1s within the 1nitial depth of
focus of the optical element. Conversely, the specimen may be considered out-of-focus when
the sample plane 124 1s located outside of the 1nitial depth of focus. Using an FPI method
with digital refocusing of embodiments, the depth of focus of the FPI device may be extended

beyond the limitations of the inherent depth of field of its optical element.

[0081] A radiation detector can refer to a device that can sense intensity of the radiation
incident upon the radiation detector and can record spatial images based on the intensity
pattern of the incident radiation. The radiation detector may record the 1images during a
measurement process with a duration that includes at least the plurality of N sample times, 7
o n. For an FPI device using visible light radiation, the radiation detector 140 may be, for
example, 1n the form of a charge coupled device (CCD), a CMOS 1maging sensor, an
avalanche photo-diode (APD) array, a photo-diode (PD) array, or a photomultiplier tube
(PMT) array. For an FPI device using THz radiation, the radiation detector may be, for
example, an imaging bolometer. For an FPI device using microwave radiation, the radiation

detector may be, for example, an antenna. For an FPI device using X-ray radiation, the
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radiation detector may be, for example, an x-ray sensitive CCD. For an FPI device using
acoustic radiation, the radiation detector may be, for example, a piezoclectric transducer
array. These radiation detectors and others are commercially available. In certain color
imaging embodiments, the radiation detector may be a color detector ¢.g. an RGB detector.
In other color imaging embodiments, the radiation detector need not be a color detector. In

certain embodiments, the radiation detector may be a monochromatic detector.

[0082] A sample time can refer to a time that the radiation detector can capture a low-
resolution image. In many embodiments, ecach sample time #;, and associated captured low-
resolution intensity image correspond to a particular incidence angle (9, ,’). The radiation
detector may capture any suitable number N (e.g., 10, 20, 30, 50, 100, 1000, 10000, ctc.) of
low-resolution intensity images. The radiation detector may have a sampling rate or may
have different sampling rates at which the radiation detector samples data. In some cases,
sampling may be at a constant rate. In other cases, sampling may be at a variable rate. Some

suitable examples of sample rates range from 0.1 to 1000 frames per second.

[0083] The radiation detector may have discrete radiation detecting elements (e.g., pixels).
The radiation detecting elements may be of any suitable size (e.g., 1-10 microns) and any
suitable shape (¢.g., circular, rectangular, square, etc.). For example, a CMOS or CCD
clement may be 1-10 microns and an APD or PMT light detecting element may be as large as
1-4 mm. In one embodiment, the radiation detecting element 18 a square pixel having a size

of 5.5um.

[0084] The radiation detector can determine intensity image data related to captured low-
resolution images. For example, the image data may include an intensity distribution. Image
data may also include the sample time that the light was captured, or other information

related to the intensity image.

[0085] Fourier space can refer to the mathematical space spanned by wavevectors i, and £,
being the coordinate space 1n which the two-dimensional Fourier transforms of the spatial
images created by the FPI reside. Fourier space also can refer to the mathematical space
spanned by wavevectors £, and &, in which the two-dimensional Fourier transforms of the

spatial images collected by the radiation sensor reside.

[0086] Each of the low-resolution images captured by the radiation detector 1s associated
with a region 1n Fourier space. This region in Fourier space can be defined by an

approximated optical transter function of the optical element and also by the incidence angle.
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If the optical element 1s an objective lens, for example, the low-resolution 1mage 1n Fourier
space may be the circular region defined by the approximated optical transfer function of the
objective lens as a circular pupil with a radius of N4 *ky, where &y equals 27/4 (the wave
number 1in vacuum). In this example, the region 1s centered about the wave vector (ky;, k)
associated with the corresponding incidence angle. In this example, the plurality of N low-
resolution 1mages are associated with a plurality of N regions centered about the plurality of

N incidence angles in Fourier space.

[0087] In Fourier space, neighboring regions may share an overlapping arca over which
they sample the same Fourier domain data. The overlapping arca between adjacent regions in
Fourier space may be determined based on the values of the corresponding incidence angles.
In most embodiments, the N incidence angles are designed so that the neighboring regions 1n
Fourier space overlap by a certain amount of overlapping arca. For example, the values of
the NV incidence angles may be designed to generate a certain amount of overlapping areca for
faster convergence to a high-resolution solution 1n the recovery process. In one embodiment,
the overlapping arca between neighboring regions may have an area that 1s in the range of 2%
to 99.5% of the arca of one of the regions. In another embodiment, the overlapping arca
between neighboring regions may have an area that 1s 1n the range of 65% to 75% the arca of
on¢ of the regions. In another embodiment, the overlapping arca between neighboring

regions may have an arca that 1s about 65% of the arca of one of the regions.

[0088] The FPI system 10 of FIG. 1A also includes a computing device 200 that comprises
a processor 210 (e.g., microprocessor), a CRM 220 (e.g., memory), and a display 230. The
image display 230 and the CRM 220 are communicatively coupled to the processor 210. In
other embodiments, the computing device 200 can be a separate device from the FPI system
10. The computing device 200 can be 1n various forms such as, for example, a smartphone,

laptop, desktop, tablet, etc. Various forms of computing devices would be contemplated by

one skilled 1n the art.

[0089] The processor 210 (¢.g., microprocessor) may execute istructions stored on the
CRM 220 to perform one or more functions of the FPI system 10. For example, the
processor 210 may execute mstructions to perform one or more steps of the recovery process
of the FPI method. As another example, the processor 210 may execute 1llumination
instructions for illuminating light elements of the variable 1lluminator. As another example,

the processor 210 may execute instructions stored on the CRM 220 to perform one or more
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other functions of the FPI system 10 such as, for example, 1) interpreting image data from the

plurality of low-resolution images, 2) gencrating a high-resolution image from the image

data, and 3) displaying one or more images or other output from the FPI method on the

display 230.

[0090] The CRM (e.g., memory) 220 can store instructions for performing some of the
functions of the FPI system 10. The instructions are executable by the processor 210 or other
processing components of the FPI system 10. The CRM 220 can also store the low-

resolution and high-resolution 1image, and other data produced by the FPI system 10.

[0091] The FPI system 10 also includes a display 230 1n ¢lectronic communication with the
processor 210 to receive data (e.g., image data) and provide output data (e.g., images) to an
operator of the FPI system 10. The image display 230 may be a color display or a black and
white display. In addition, the display 230 may be a two-dimensional display or a three-
dimensional display. In one embodiment, the display 230 may be capable of displaying

multiple views.

[0092] Modifications, additions, or omissions may be made to FPI system 10 or FPI device
100 without departing from the scope of the disclosure. In addition, the components of FPI
system 10 or the FPI device 100 may be integrated or separated according to particular needs.
For example, the computing device 200 or components thercof may be integrated into the FPI
device 100. In some embodiments, the processor 210 or other suitable processor may be part
of the FPI device 100. In some cases, the processor 210 may be integrated into the radiation
detector 140 so that the radiation detector 140 performs the functions of the processor 210.
As another example, the CRM 220 and/or display 230 may be omitted from the FPI system

10 1n certain cascs.

I/ FPI DEVICE CONFIGURATIONS

[0093] In certain embodiments, FPI devices (e.g., FPI device 100(a) of FIG. 2A and FPI
device 100(b) of FIG. 3) may be configured for use with particular types of radiation. For
example, FPI device 100(a) of FIG. 2A may be particularly suitable for use with visible light,
Terahertz, and/or microwave radiation. As another example, FPI device 100(¢) of FIG. 4A

may be particularly suitable for use with X-ray radiation.

[0094] FIG. 2A 1s a schematic diagram of a side view of components of an FPI device

100(a), according to embodiments of the invention. FPI device 100(a) comprises a variable
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illuminator 110(a) comprising a plurality of N stationary light elements, arranged 1n a two-
dimensional matrix format. In the illustrated example, the i" light element 112 provides
illumination from an incidence angle (8, 8,’). Although FIG. 2A shows the variable
illuminator 110(a) having a 10x10 matrix of light elements 112, other dimensions can be
used 1n other embodiments. In addition, although FIG. 2A shows equally spaced light
clements 112 other spacings may be used 1n other embodiments. Variable illuminator 110(a)
also comprises an x’-axis, y’-axis (not shown), and a z’-axis. As shown, the stationary light

clements 112 extend 1n the x’-direction and the y’-direction.

[0095] FPI device 100(a) further comprises an optical element 130(a) (¢.g., objective lens)
and a radiation detector 140(a) having a sensing surface 142. Although radiation detector
140 1s shown at a distance away from optical element 130(a), radiation detector 140 may
optionally be located at the optical element 130(a). The FPI device 100(a) also includes an
in-focus plane 122 at z = 0 and a sample plane 124 at z = zy. The FPI device 100(a) includes
an x-ax1s and a y-axis (not shown) at the in-focus plane 122, and a z-axis orthogonal to the 1n-
focus plane 122. The FPI device 100(a) also includes a distance d between the variable
illuminator 110(a) and the sample plane 124. In the 1llustrated example, specimen 20 has
been located at a specimen surface 126 for imaging. In other embodiments, specimen 20 may

be in other locations for imaging purposes.

[0096] In FIG. 2A, the FPI device 100(a) 1s shown at a particular sample time, #;, 1n the

measurement process. At sample time, #,, i light element 112 provides incident illumination
at a wavevector ki , kji, associated with an incidence angle of (9{, (9},3'). The optical element

130(a) receives and filters light 1ssuing from specimen 20. Light filtered by the optical
clement 130(a) is received at the sensing surface 142 of the radiation detector 140(a). The
radiation detector 140(a) senses the intensity distribution of the filtered light and captures a
low-resolution intensity image. Although FPI device 100(a) 1s shown at a single sample
time, ¢;, the FPI device 100(a) can operate at a plurality of N sample times, 71 - », associated
with N incidence angles (8, 8,)), i=1I to N to capture N low-resolution two-dimensional

intensity 1mages.

[0097] In certain embodiments, components of an FPI system 10 may be in modular form
to be placed in communication with components of a conventional microscope or other
conventional 1maging device to transform the conventional device into an FPI system 10.

FIG. 2B 1s a photograph of an FPI system 10 with components i1n modular form, according to
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an embodiment of the invention. FPI system 10 comprises an FPI device 100(a). In the top
photograph, the FPI device 100(a) comprises modular components that have been placed 1n
communication with components of an Olympus® BX 41 microscope to transform these
components of a conventional microscope into an FPI system 10. As an example of this
modular aspect, the FPI device 100(a) includes a programmable two-dimensional LED
matrix that has been placed under the specimen stage for illuminations. The programmable
two-dimensional LED matrix comprises the plurality of light elements 112. FIG.2C 1s a
photograph of one¢ of the light elements 112 of the variable 1lluminator 110(a) the FPI device
100(a) of FIG. 2B. This light element 112 1s an LED that can provide red, green, and blue
illuminations. As another example of the modular aspect of the illustrated example, the FPI
device 110(a) in FIG. 2B comprises a radiation detector 140(a) in the form of a CCD camera.
In FIG. 2B, the FPI device 100(a) further comprises an optical element 130(a) in the form of
a 2X, 0.08 NA objective lens with an Olympus® BX 41 microscope. The field number of the
2X objective lens 1s 26.5. The field-of-view of the FPI device 100(a) at the sample plane 1s
13.25 mm in diameter. A processor 210 may be in electronic communication with the

variable illuminator 110(a) and/or to radiation detector 140(a) through the wires 201.

[0098] In FIG. 2B, a specimen 20 has been provided to the FPI device 100(a) on a slide
202. Using red, green, and blue 1lluminations from the light elements 112, in this case LEDs,
of the variable i1lluminator 110(a), a radiation detector of the FPI device 100 can acquire red,
oreen, and blue low-resolution intensity images during a measurement process. The
computing device 200 can computationally reconstruct a high-resolution and wide tield-of-
view color image of the specimen area by iteratively combining low-resolution measurements
in Fourier space. In one case, the processor 210 may computationally reconstruct high-
resolution and wide field-of-view red, green, and blue 1images, and then combine the images

to generate a color image.

[0099] The FPI device 110(a) does not require a scanning mechanism for variable
illumination. Other embodiments may include a scanning mechanism. For example, the FPI
device 110(b) 1in FIG. 3 has a mechanism 150 that may be a scanning mechanism. As
another example, the FPI device 110(¢) in FIG. 4A has a mechanism 160 that may be a

scanning mechanism.

[0100] FIG. 3 1s a schematic diagram of a side view of components of an FPI device

100(b), according to an embodiment of the invention. FPI device 100(b) comprises a
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variable 1lluminator 110(b) comprising a light element 112 that 1s moved (¢.g., scanned) in
the x’-direction (direction on the x’-axis) and y’-direction (direction on the y’-axis) to a
plurality of N locations. Variable illuminator 110(b) also comprises an x’-axis, y’-axis, and
z’-ax18. In the 1llustration, the light element 112 has moved from a normal 1ncidence position
(0= 0, 8,/ = 0) in the x’-direction to a position that provides illumination at (6, =-h, 8,' =0).

The light element 112 1s moved using a mechanism 150 (e.g., a raster scanner).

[0101] FPI device 100(b) further comprises an optical element 130(b) and a radiation
detector 140(b) having a sensing surface 142. Although radiation detector 140(b) 1s shown at
a distance away from optical clement 130(b), radiation detector 140(b) may optionally be

located at the optical element 130(b). The FPI device 100(b) also includes an in-focus plane
122 at z = 0 and a sample plane 124 at z = zy. The FPI device 100(b) includes an x-axis and a

y-ax1s (not shown) at the in-focus plane 122, and a z-axis orthogonal to the 1n-focus plane

122. The FPI device 100(b) also includes a distance d between the variable 1lluminator
110(b) and the sample plane 124. In the 1llustrated example, specimen 20 has been located at
a specimen surface 126 for imaging. In other embodiments, specimen 20 may be in other

locations for imaging purposes.

[0102] In FIG. 3, the light element 112 1s shown providing illumination at sample time, ¢
in the measurement process. The optical element 130(b) filters light 1t receives. Light
filtered by the optical element 130(b) 1s received at the sensing surface 142 of the radiation
detector 140(b). The radiation detector 140(b) senses the intensity distribution of the filtered
light and captures a low-resolution intensity image of the specimen arca. Although FPI
device 100(b) 1s shown at a single sample time, ¢, the FPI device 100(b) can operate at a
plurality of N sample times, #-1 1 n, associated with N incidence angles (6’;, Qyi), i =1toNto
capture N low-resolution two-dimensional intensity images. In embodiments where the FPI
device 100(b) shown in FIG. 3 1s used with X-ray radiation, the light element 112 includes

an X-ray source.

[0103] FIG. 4A 1s a schematic diagram of a side view of components of an FPI device
100(c), according to embodiments of the invention. FPI device 100(¢) comprises a variable
illuminator 110(c¢) with a stationary light element 112, an optical element 130(¢), a radiation
detector 140(c¢) having a sensing surface 142, and a mechanism 160 (¢.g., scanning
mechanism). In the 1llustrated example, specimen 20 has been provided to the FPI device

100(c) for imaging.
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[0104] In FIG. 4A, the mechanism 160 moves an assembly 170 comprising the optical
clement 130(c¢), a radiation detector 140(b) and specimen 20 relative to the stationary light
clement 112 to provide illumination from a plurality of N incidence angles. The mechanism
160 may translate and/or rotate the assembly 170. For example, the assembly 170 may
mounted on a goniometer sate that would allow the assembly to be rotated as a whole relative
to the light element 112. The variable 1lluminator 110(¢) also comprises an x’-axis, y’-axis,

and z’-axis.

[0105]  Although radiation detector 140(c¢) 1s shown at a distance away from optical
clement 130(c¢), radiation detector 140(¢) may optionally be located at the optical element
130(¢). The FPI device 100(c¢) also includes an in-focus plane 122 at z = 0 and a sample
plane 124 at z = zy. The FPI device 100(c¢) includes an x-axis and a y-axis (not shown) at the
in-focus plane 122, and a z-axis orthogonal to the in-focus plane 122. The FPI device 100(c)

also 1ncludes a distance d between the variable 1lluminator 110(¢) and the sample plane 124.

[0106] In FIG. 4A, the light element 112 18 shown providing illumination at sample time, #;
in the measurement process. The optical element 130(c¢) receives and filters light 1ssuing
from specimen 20. Light filtered by the optical element 130(¢) 1s received at the sensing
surface 142 of the radiation detector 140(¢). The radiation detector 140(c¢) senses the
intensity distribution of the filtered light and captures a low-resolution 1ntensity image of the
arca. Although FPI device 100(c¢) 1s shown at a single sample time, ¢, the FPI device 100(c¢)
can operate at a plurality of N sample times, 7,1 1o n, associated with N incidence angles ((9;,

6’;), i=1 to N to capture N low-resolution two-dimensional intensity images.

[0107] FIG. 4B 1s a schematic diagram of a side view of components of an FPI device
100(d), according to embodiments of the invention. FPI device 100(d) comprises a variable
illuminator 110(d) with a light element 112 that 1s moved by rotating 1t, an optical element
130(b), and a radiation detector 140(b) having a sensing surface 142. Although not shown, a
mechanism may also be included to rotate the light element 112. In the illustrated example,
specimen 20 has been provided to the FPI device 100(d) for imaging. In some cases, the light

clement 112 may be a laser.

[0108] In FIG. 4B, the light clement 112 1s moved by rotating 1t, which provides
illumination at (¢, 8,"). In FIG. 4B, the light element 112 is shown providing illumination at
sample time, ¢, in the measurement process. The optical element 130(b) receives and filters

light 1ssuing from specimen 20. Light filtered by the optical element 130(b) 1s received at the
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sensing surface 142 of the radiation detector 140(b). The radiation detector 140(b) senses the
intensity distribution of the filtered light and captures a low-resolution 1ntensity image of the
arca. Although FPI device 100(d) 1s shown at a single sample time, ¢;, the FPI device 100(d)
can operate at a plurality of N sample times, 7,1 1o n, associated with N incidence angles (0;,

0,), i=1 to N to capture N low-resolution two-dimensional intensity images.
I Exemplary FPI methods

[0109] In embodiments, an FPI method comprises a measurement process, a recovery
process, and an optional display process. In the measurement process, the specimen 18
illuminated from a plurality of incidence angles using the variable illuminator, the optical
clement filters light 1ssuing from the specimen, and the radiation detector captures a plurality
of low resolution intensity images based on the filtered light. In the recovery process, the
intensity of each low resolution 1mage obtained by inverse Fourier transformation and
filtering of the high resolution reconstruction in Fourier space 1s replaced by the low-
resolution intensity measurement and the corresponding region of the high-resolution
reconstruction in Fourier space 1s 1teratively updated. In the recovery process, the high-
resolution 1mage of the specimen may be computationally reconstructed based on a plurality
of N low-resolution intensity images. In the optional display process, images and other

output 1s provided to a display 220.

[0110] FIG. 5A includes a schematic representation of the measurement process (middle)
and a recovery process (right-hand side) of an FPI method, according to embodiments of the
invention. During the measurement process, a specimen 18 illuminated from different
incidence angles, and low-resolution intensity images corresponding to these incidence
angles are acquired. The acquisition of multiple low-resolution intensity images 1s
represented by the arrangement of 1mages 1n the middle section of FIG. SA. During the
recovery process, one or more high-resolution, wide field-of-view images are recovered
based on the low-resolution intensity measurements from the measurement process. The
recovery process 1s represented by the two 1images at the right-hand side of FIG. SA, where
both high-resolution intensity and phase image data are recovered based on the low-
resolution intensity measurements. FIGS. 5SB(1), SB(2), SB(3), SB(4), SB(5), SB(6), 5SB(7),
S5B(8), and SB(9) arc nine low-resolution measurements of the 137 measurements acquired by
the FPI method introduced in FIG. SA. The corresponding regions associated with the low-

resolution 1images 1n Fourier space are shown 1n FIG. SB(12). During the recovery process,
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these regions are updated 1n Fourier space to reconstruct a full FOV high-resolution complex

image. Recovered high-resol