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(57) Abstract: A method of generating a color image of a sample includes obtaining a plurality of low resolution holographic images
of the sample using a color image sensor, the sample illuminated simultaneously by light from three or more distinct colors, wherein
the illuminated sample casts sample holograms on the image sensor and wherein the plurality of low resolution holographic images are
obtained by relative x, y, and z directional shifts between sample holograms and the image sensor. Pixel super-resolved holograms of the
sample are generated at each of the three or more distinct colors. De-multiplexed holograms are generated from the pixel super-resolved
holograms. Phase information is retrieved from the de-multiplexed holograms using a phase retrieval algorithm to obtain complex
holograms. The complex hologram for the three or more distinct colors is digitally combined and back-propagated to a sample plane
to generate the color image.

[Continued on next page]



WO 20177196995 A1 {10001 0 000

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

Published:
—  with international search report (Art. 21(3))



WO 2017/196995 PCT/US2017/031984

METHOD AND SYSTEM FOR PIXEL SUPER-RESOLUTION
OF MULTIPLEXED HOLOGRAPHIC COLOR IMAGES

Related Application

[0001]  This Application claims priority to U.S. Provisional Patent Application No.
62/334,671 filed on May 11, 2016, which is hereby incorporated by reference in its entirety.
Priority is claimed pursuant to 35 U.S.C. § 119 and any other applicable statute.

Technical Field

[0002]  The technical field generally relates methods and devices for obtaining colored,
microscopic images obtained from holographic images generated from multiple different
wavelengths. In particular, the technical field relates to using pixel super-resolution in

conjunction with color de-multiplexing for simultaneous multiplex illumination.

Background

[0003] Computational microscopy modalities are becoming more and more powerful
thanks to the rapid improvements in digital imaging chips, graphics processing units as well
as emerging image reconstruction methods that enable high-resolution imaging over large
sample areas and volumes. Among these different computational microscopy techniques,
digital holography is one of the most widely explored modalities as it permits high-
throughput 3D imaging of phase and amplitude information of specimen. Holographic
microscopy in general demands spatial and temporal coherence of illumination, although
partially-coherent or even incoherent sources can also be utilized in certain imaging designs.
To achieve color imaging in digital holography various methods have been employed. One
of the most commonly used approaches captures three holograms at different wavelengths
sequentially, at red (e.g., 610-650 nm), green (e.g., 520-560 nm) and blue (e.g., 450-480 nm)
parts of the spectrum, and then digitally cross-registers and combines these holograms to
reconstruct a color image of the specimen. The sequential illumination method requires
additional time to acquire images at the different wavelengths. In addition, each sequential
imaging operation generates data corresponding to the particular illumination wavelength;

making the sequential process data-intensive.
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[0004]  As an alternative to this sequential color illumination method, simultaneous multi-
wavelength illumination of the sample has also been utilized in combination with a color
image sensor chip (e.g., with a Bayer color-filter array, CFA) to digitize the resulting multi-
color hologram in one snap-shot. Using the known transmission spectra of the red (R), green
(G) and blue (B) filters of the Bayer CFA, three sets of holograms corresponding to three
unique wavelengths can be digitally retrieved through an inverse mapping (i.e., de-
multiplexing) algorithm. Compared to sequential color illumination, this simultaneous
illumination approach saves experimental time through digital de-multiplexing of color
channels; however, the reconstructed color images are lower resolution and exhibit color
artifacts. Unlike natural images, holograms contain rapidly changing oscillations/fringes and
because different channels of the color filters of a Bayer pattern are not exactly at the same
spatial location, the traditional Bayer demosaicing process, when dealing with the sharp
oscillations of a hologram, causes severe fringe artifacts, which become even more noticeable
for wide-field holographic imaging systems with large effective pixels or small
magnifications. To better handle such sampling artifacts, different Bayer demosaicing
approaches have also been proposed, however, these methods still suffer from the problem of
creating an artifact-free de-multiplexing of holographic high frequency fringes created by

multi-wavelength illumination.

Summary

[0005]  In one embodiment, to address the sampling and de-multiplexing related
challenges noted above in holographic color imaging, a new high-resolution color
microscopy technique is introduced that is termed Demosaiced Pixel Super-Resolution (D-
PSR). In this D-PSR approach, a plurality of raw holograms a first captured on a Bayer color
image sensor chip (or other color image sensor with CFA) using simultaneous or multiplexed
multi-wavelength illumination, where the sensor plane, the sample, or the light source is
shifted by small (sub-pixel) increments in the x and y directions (generally parallel to the
plane of the active surface of the color image sensor chip). Pixel super-resolution is then
performed based on these sub-pixel shifted raw holograms to digitally synthesize smaller
“effective” pixels (e.g., by a factor of ~3 fold) for each color element of the Bayer CFA.
Using the pre-calibrated spectral cross-talk matrix of each filter of the Bayer CFA at the
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selected illumination wavelengths, the three color channels are then de-multiplexed, each of
which is also pixel super-resolved. Complex projection images are digitally reconstructed
using an iterative phase recover process which can be used to back propagate to the object or
sample plane to generate the final color image. This D-PSR approach solves Bayer CFA
related spatial sampling limitations and color artifacts of previous color de-multiplexing
approaches, significantly improving the performance of holographic high-resolution color
imaging.

[0006] For experimental demonstration of the D-PSR approach lens-free holographic on-
chip imaging was selected, where the sample is placed on the top of or adjacent to a Bayer
color image sensor chip, typically at a distance of ~ 0.3-1 mm away from the chip surface. In
this unit magnification transmission imaging set-up on a chip, the sample field-of-view
(FOV) is equal to the active area of the color image sensor chip, which is typically ~20-30
mm’ using a state-of-the-art CMOS color image sensor chip. As a result of this unique
imaging configuration, the FOV and resolution are decoupled from each other and partially
coherent sources can be utilized to push the resolution of the reconstructed holograms to the
diffraction limit. Another important advantage of this on-chip holographic imaging approach
is the compactness and cost-effectiveness of its set-up, which makes it highly suitable for
telemedicine applications and field use. Since this is an in-line holographic imaging
geometry, the twin-image noise that is characteristic of an in-line set-up needs to be
eliminated; a multi-height based phase retrieval approach was used for this purpose. D-PSR
achieves a color imaging performance that is comparable to sequential illumination of the
sample at three distinct wavelengths (corresponding to R, G and B channels) and therefore
improves the overall speed of holographic color imaging. Finally, it should be emphasized
that this D-PSR technique is broadly applicable to any holographic microscopy application
(Iens-based or lens-free), where high-resolution imaging and simultaneous multi-wavelength
illumination are sought.

[0007] In one embodiment, a method of generating a color image of a sample includes the
operations of obtaining a plurality of low resolution holographic images of the sample using a
color image sensor that has a color filter array (CF A), the sample illuminated simultaneously
by electromagnetic radiation or light from three or more distinct colors, wherein the

illuminated sample casts sample holograms on the color image sensor and wherein the



WO 2017/196995 PCT/US2017/031984

plurality of low resolution holographic images are obtained by relative x, y, and z directional
shifts between sample holograms and the color image sensor. A pixel super-resolved
hologram of the sample is generated at each of the three or more distinct colors using the
plurality of low resolution holographic images obtained by simultaneous illumination of the
sample by light from the three or more distinct colors. De-multiplexed pixel super-resolved
holograms are then generated at each of the three or more distinct colors using the pixel
super-resolved hologram resulting from the simultaneous multi-color illumination. Phase
information is then retrieved from the de-multiplexed holograms at each of the three or more
distinct colors using a phase retrieval algorithm to obtain a complex hologram corresponding
at each of the three or more distinct colors. The complex hologram for the three or more
distinct colors is digitally back-propagated and reconstructed to a sample plane to generate
the color image of the sample by combining the reconstruction results of each of the three or
more distinct colors.

[0008] In another embodiment, a system for generating color images of a sample includes
an optically transparent sample holder configured to hold the sample thereon; one or more
light sources configured to simultaneously output at least three different colors at a distance
71 from the sample on a first side of the sample holder; a color image sensor having a color
filter array (CFA), the color image sensor disposed on a second side of the sample holder and
having an active surface thereof located at a distance z, from the sample, wherein z; is
significantly smaller than z; (i.e., 7, << than 7;); and one or more processors configured to
execute image processing software thereon.

[0009] The image processing software obtains a plurality of low resolution holographic
images of the sample using the color image sensor, wherein the simultaneously illuminated
sample casts sample holograms on the color image sensor and wherein the plurality of low
resolution holographic images are obtained by relative x, y, and z directional shifts between
sample holograms and the color image sensor. The software generates a pixel super-resolved
hologram of the sample using the plurality of low resolution holographic images obtained by
simultaneous illumination followed by generating de-multiplexed pixel super-resolved
holograms at each of the at least three different colors using the pixel super-resolved
hologram obtained from the multi-color, simultaneous illumination. Phase information is

then retrieved from the de-multiplexed holograms at each of the at least three different colors
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using a phase retrieval algorithm to obtain a complex hologram at each of the three or more
distinct colors. Finally, the image processing software digitally back-propagates and
reconstructs the complex hologram for each of the at least three different colors to a sample
plane to generate the color image of the sample by combining the reconstruction results of
each of the three or more distinct colors.

[0010] In one embodiment, the microscope imaging system is configured as a benchtop or
desktop device. In another embodiment, the microscope imaging system is configured as a
hand-held or portable device that uses a modular attachment in conjunction with a portable
electronic device such as a mobile phone (e.g., Smartphone), tablet computer, webcam,

laptop, or the like.

Brief Description of the Drawings

[0011] FIG. 1A illustrates one embodiment of a lens-free microscope system that is used
to simultaneously illuminate a sample with a plurality of different wavelengths (e.g., colors);
whereby a plurality of lens-free color images are captured by a color image sensor having a
CFA. Pixel super-resolved images are de-multiplexed and computationally reconstructed to
generate the final color image of the sample.

[0012]  FIG. 1B illustrates a sample holder or substrate that contains a sample disposed
thereon. The sample holder may be formed from an optically transparent substrate (e.g.,
glass or plastic).

[0013]  FIG. 1C illustrates an alternative lens-free microscope system to the bench or
desktop embodiment of FIG. 1A. This embodiment uses a modular attachment that can be
secured to a portable electronic device such as a mobile phone (e.g., Smartphone). Images
are acquired using the native color image sensor of the mobile phone.

[0014] FIG. 1D illustrates the embodiment of FIG. 1C with the modular attachment being
secured to the mobile phone.

[0015]  FIG. 2 illustrates an example of a CFA (e.g., Bayer) that is used in conjunction
with a color image sensor.

[0016] FIGS. 3A and 3B illustrate one method used to reconstruct phase and amplitude

images of a sample according to one embodiment.
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[0017]  FIG. 4 illustrates a flowchart or diagram illustrating the flow of operations that are
used to generate the final color image of a sample using simultaneous illumination according
to one embodiment.

[0018]  FIG. 5 illustrates another flowchart or diagram illustrating the flow of operations
that are used to generate the final color image of a sample using simultaneous illumination.
[0019] FIG. 6A illustrates measured spectra of B, G1, G2 (G1 and G2 substantially
overlap) and R channels of the Bayer color image sensor, showing ~15% cross-talk at the
multiplexed wavelengths in the experiments described herein (also see Table 1).

[0020] FIGS. 6B and 6C show reconstruction of a resolution test chart using wavelength-
multiplexed illumination with pixel super-resolution without the de-multiplexing step.
Significant distortions in high-resolution features are observed, as also shown with
highlighted cross-sections.

[0021] FIGS. 6D and 6E illustrate reconstruction of the same data set of FIGS. 6B and 6C
with digital de-multiplexing (D-PSR). Previously unresolvable spatial features can now be
resolved.

[0022]  FIGS. 7A-7H illustrate the impact of saturation correction in D-PSR images. Two
different fields of view are illustrated in the upper panel of images (FIGS. 7A-7D) and the
lower panel of images (FIGS. 7E-7H). FIGS. 7A and 7E illustrate D-PSR based image
reconstruction without saturation correction. FIGS. 7B and 7F illustrate D-PSR based image
reconstruction with the saturation correction step. FIGS. 7C and 7G illustrate the same
regions of interest reconstructed using sequential RGB illumination (prior art), with a 3-fold
increased number of raw holograms. FIGS. 7D and 7H illustrate the same samples imaged
using a lens-based microscope (40x, 0.75NA). Examples of prominent color artifacts are
marked with arrows in FIGS. 7A and 7E.

[0023]  FIG. 8 illustrates a flow chart for the saturation correction steps or operations used
in the D-PSR approach according to one embodiment.

[0024]  FIG. 9A illustrates the range of illumination wavelength combinations with a
maximum de-multiplexing error of 6% (shown as the outer surface) spans more than ~50 nm
for all three color channels. A typical selection of red (~610-650 nm), green (~520-560 nm)
and blue (~450-480 nm) illumination wavelengths (shown with the inside cube) falls inside

the 6% maximum error volume.
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[0025]  FIG. 9B illustrates one-dimensional (1D) cross sectional plots of the maximum de-

multiplexing error, each of which passes through the point (Ag, Ag, Ag) = (471,532,633)nm
in FIG. 9A. The horizontal line indicates an error threshold of 6%.

[0026] FIG. 10A compares a conventional demosaicing process (upper branch) that
generates color artifacts at holographic fringes, which are avoided in D-PSR (lower branch).
[0027]  FIG. 10B illustrates a reconstructed image of a stained Pap smear sample using
multi-height phase retrieval based hologram reconstruction from four heights using
conventional demosaicing. A single hologram is captured under multi-wavelength
illumination at each height.

[0028]  FIG. 10C illustrates a reconstructed image of a stained Pap smear sample using
multi-height phase retrieval based hologram reconstruction from four heights using D-PSR.
6x6 sub-pixel shifted holograms are captured under multi-wavelength illumination at each
height.

[0029] FIG. 10D is a microscope image of the same regions of interest from FIGS. 10A
and 10B using a 40x, 0.75 NA objective lens.

[0030] FIG. 10E illustrates a reconstructed image of a stained breast cancer tissue sample
using multi-height phase retrieval based hologram reconstruction from four heights using
conventional demosaicing. A single hologram is captured under multi-wavelength
illumination at each height.

[0031] FIG. 10F illustrates a reconstructed image of a stained breast cancer tissue sample
using multi-height phase retrieval based hologram reconstruction from four heights using D-
PSR. 6x6 sub-pixel shifted holograms are captured under multi-wavelength illumination at
each height.

[0032] FIG. 10G is a microscope image of the same regions of interest from FIGS. 10E
and 10F using a 40x, 0.75 NA objective-lens.

[0033] FIG. 11A illustrates a full field-of-view lens-free holographic image that is
reconstructed using D-PSR under wavelength-multiplexed illumination at 470 nm, 527 nm
and 624 nm. N = 144 raw holograms are used for this reconstruction.

[0034] FIG. 11B illustrate a magnified region of FIG. 11A.
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[0035] FIG. 11C illustrates the same magnified region-of-interest of FIG. 11B
reconstructed using the YUV color-space averaging method. N+3 = 147 raw holograms are
used. YUV color-space averaging method shows intensity bias and color leakage artifacts.
[0036] FIG. 11D illustrates the same magnified region-of-interest of FIG. 11B
reconstructed using sequential RGB illumination. 3N = 432 raw holograms are used.
[0037] FIG. 11E illustrates the same magnified region-of-interest of FIG. 11B obtained
using a lens-based microscope. These microscope images are blurred in some regions due to
limited depth-of-focus of the objective-lens compared to lens-free holographic imaging.
Typical FOVs of a 40x and a 20x objective-lens are also shown in FIG. 11A.

[0038]  FIG. 11F illustrate a different magnified region of FIG. 11A.

[0039] FIG. 11G illustrates the same magnified region-of-interest of FIG. 11F
reconstructed using the YUV color-space averaging method.

[0040]  FIG. 11H illustrates the same magnified region-of-interest of FIG. 11F
reconstructed using sequential RGB illumination.

[0041]  FIG. 111 illustrates the same magnified region-of-interest of FIG. 11F

[0042]  FIG. 11]J illustrate a different magnified region of FIG. 11A.

[0043]  FIG. 11K illustrates the same magnified region-of-interest of FIG. 11J
reconstructed using the YUV color-space averaging method.

[0044]  FIG. 11L illustrates the same magnified region-of-interest of FIG. 11J
reconstructed using sequential RGB illumination.

[0045]  FIG. 11M illustrates the same magnified region-of-interest of FIG. 11J.

[0046]  FIG. 12 illustrates a flow-chart of de-multiplexing error calculation for different

combinations of multiplexed illumination wavelengths in D-PSR.

Detailed Description of the Illustrated Embodiments

[0047]  FIG. 1A illustrates one embodiment of a microscope system 10 that is used to
generate color images of a sample 12. The sample 12 may include, for example, a tissue
sample such as a thinly sliced tissue preparation that is commonly used in histological and
pathology applications. For example, the sample 12 may include a histology or pathology
slide that contains tissue that is fixed and stained prior to visualization. Certain stains, for

example, can be used so that certain cellular organelles or features can be highlighted (e.g.,
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cell nuclei as one example). In this embodiment, the microscope system 10 is a lens-free
microscope device that includes a broadband light source 14 that includes a filter 16, such as
an acousto-optic tunable filter that is coupled to an optical fiber 18 (e.g., single mode fiber).
The broadband light source 14 in conjunction with the filter 16 is able to simultaneously
output a plurality of different colors or wavelengths of light. In one particular preferred
embodiment of the invention, three (3) different colors or channels of light are emitted by the
optical fiber 18 and onto the sample 12. In one preferred embodiment, the three (3) different
colors include red (R) light, green (G) light, and blue (B) light. It should be understood that
the colors red, green and blue each span a range of wavelengths. For example, red light is
light that has a wavelength within the range of about 610 nm to about 750 nm. Green light is
light that has a wavelength within the range of about 495 nm to about 570 nm. Blue light is
light that has a wavelength within the range of about 450 to about 495 nm.

[0048]  Thus, as used herein, the concepts of “red,” “green,” or “blue” light or red, green,
or blue channels means that the light has a wavelength generally within or close to the above-
noted ranges. In some instances, the red, green, or blue light may include a single or narrow
spectral band that spans one to a few nm. In other instances, the red, green, or blue light may
span a larger range; yet still fall within the wavelength ranges described above.

[0049]  As an alternative to a single light source 14 that is used to generate a plurality of
different colors or wavelengths of light, multiple light sources (e.g., light sources 14R, 14B,
14G as seen in FIG. 1A) may be used to simultaneous illuminate the sample 12. In this
example, light source 14R emits red colored light while light source 14B emits blue colored
light and light source 14G emits green colored light. In this particular alternative
embodiment, the different light sources 14R, 14B, 14G may be formed using multiple light
emitting diodes (LEDs) or laser diodes. These light sources 14R, 14B, 14B are coupled to
conventional driving circuitry (not shown) to simultaneously illuminate the sample 12.
Regardless of the form of the light source 14, the light is partially coherent light that
illuminates the sample 12.

[0050] The sample 12 is located on the sample holder 20. The sample holder 20 is an
optically transparent substrate such as glass or plastic that is used to hold a sample 12. For
example, the sample holder 20 may include a glass slide or glass slip that is typically used to

hold histological or pathological samples. The sample 12 that is contained on the sample
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holder 20 includes objects 22 therein that are imaged by the lens-free microscope system 10.
The lens-free microscope 10 is free of imaging forming units such as lenses, lens sets, lens
modules, mirrors, or combinations of the same. These objects 22 may include sub-cellular
level objects or features (e.g., nuclei, organelles, and the like). Of course, the sample 12 may
also include a sample of non-biological origin.

[0051] The lens-free microscope system 10 includes a color image sensor 24 that is
located adjacent to the underside of the sample holder 20. The color image sensor 24 may be
CMOS-based and includes an array of pixels 26 as seen in FIG. 2. In some instances, the
underside of the sample holder 20 may actually be in contact with the color image sensor 24.
The color image sensor 24 includes a color filter array (CFA) 28. The particular CFA that is
used by the image sensor 24 may vary. Examples include a Bayer filter, RGBE filter, CYYM
filter, CYGM filter, RGBW Bayer filter, and RGBW filter. FIG. 2 illustrates a color image
sensor 24 that includes a Bayer CFA. As seen in FIG. 2, each pixel 26 of this color image
sensor 24, in response to the Bayer CFA 28 has four channels, namely B (Blue), G1 (Green
1), G2 (Green 2), and R (Red), which form a 2x2 period of the Bayer pattern on the color
image sensor 24. Each channel of the Bayer CFA 28 operates as a filter to permit the
transmission of a different range of wavelengths. Each channel of the CFA 28 has different
transmission spectra.

[0052]  The distance between the output of the partially coherent light source 14 (or
multiple sources 14R, 14G, 14B) and the sample 12 referred to as the z; distance is generally
on the order of several centimeters (e.g., ~5-15 cm). The active surface (i.e., imaging
surface) of the color image sensor 24 is located a distance z, below the sample 12 and is
significantly smaller as compared to the 7, distance (i.e., z;<<z;). The typical distance for the
7, dimension is generally less than 1 mm and, in other embodiments, between about 100 pm
to about 600 um. The color image sensor 24 in the lens-free microscope system 10 is used to
capture holographic images of objects 22 and features contained in the sample 12. Objects 22
may include sub-cellular features such as organelles or the like (e.g., nuclei) that are present
in the sample 12. Objects 22 may also include non-biological objects such as beads, etc.
[0053]  With reference to FIG. 1A, the lens-free microscope system 10 further includes, in
one embodiment, a translation stage 30 that, in one embodiment, is coupled to the color

image sensor 24 and moves the color image sensor 24 in the x or y directions which lie in a

10
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plane that is substantially parallel with the active surface of the color image sensor 24 or in
the z direction which, as illustrated, is generally orthogonal to the plane of the active surface
of the color image sensor 24. Movement in the x ory directions is used to capture images of
the sample 12 using pixel super-resolution. In order to generate super-resolved images, a
plurality of different, lower resolution images are taken as color image sensor 24 is moved in
small increments in the x and y directions. In another alternative embodiment, the optical
fiber 18 is moved in small increments generally in the x and y directions by the translation
stage 30. In yet another alternative, the sample holder 20 may be moved in small increments
in the x and y directions. The translation stage 30 may, optionally, be automatically
controlled using a computer 32, dedicated controller, or the like to control an actuating
element. Manual control of the translation stage 30 is also an option. Any number of
mechanical actuators may be used including, for example, a stepper motor, moveable stage,
piezoelectric element, or solenoid. The translation stage 30 may also be manually-operated
stage. Preferably, the translation stage 30 can move in sub-micron increments thereby
permitting images to be taken of the sample 12 at slight x and y displacements.

[0054]  In still another alternative embodiment, rather than move the optical fiber 18 in the
x and y directions, a plurality of spaced apart illumination sources (e.g., an array of light
sources 14 not shown) can be selectively actuated to achieve the same result without having
to physically move the optical fiber 18 or color image sensor 24. The small discrete shifts
(either by movement or actuation of spatially separated light sources 14) parallel to the color
image sensor 24 are used to generate a pixel super-resolution hologram image that includes
the channels of the CFA 28. For a Bayer CFA 28 which four channels, the pixel super-
resolution hologram includes the four Bayer channels of B (Blue), G1 (Green 1), G2 (Green
2), and R (Red). In addition to movement in the x and y directions, the translation stage 30
may also move the sample holder 20 and/or color image sensor 24 in the z direction (i.e.,
orthogonal to X, y plane) so that images may be obtain at multiple heights. This enables
multi-height phase recovery as described in more detail below.

[0055] FIGS. 1C and 1D illustrate an alternative embodiment of the microscope system
10°. In this embodiment, rather than have a benchtop or desktop lens-free microscope system
10 as illustrated in FIG. 1A, the same functionality may be incorporated into a lens-free based

modular attachment 50 that is used in conjunction with a portable electronic device 52 such

11
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as a mobile phone. Other portable electronic devices 52 include tablets computing devices,
webcams, laptops, and the like. The mobile phone 52 may include, for example, a
Smartphone. Any number of makes and models of the mobile phone 52 may be used with the
system 10” and methods described herein. The mobile phone 52 includes housing 54 that
contains a color image sensor 56 (FIG. 1C) that is used to provide camera functionality for
the mobile phone 52. The color image sensor 56, like color image sensor 24 in FIG. 1A,
includes a CFA 28. The mobile phone 52 further includes an internal lens 58 (FIG. 1C) that
is disposed within the housing 54 of the mobile phone 52.

[0056] Asseenin FIGS. 1C and 1D, the lens-free modular attachment 50 includes a
plurality of partially coherent light sources 60 which emit light at different colors or
wavelengths. Illustrated in FIGS. 1C and 1D includes a red (R) light source 60, a green (G)
light source 60, and a blue (B) light source 60. The light sources 60 may include one or more
LEDs or laser diodes. The modular attachment 50 includes an aperture 62 or its equivalent
for spatial filtering, and a slot 64, tray, receptacle or the like that can receive the sample
holder 20 containing the sample 12 so as to place the sample 12 in an optical path formed
between the light sources 60 and the color image sensor 56. The lens-free modular
attachment 50 also includes a translation stage 66 which allows for movements in the x, y,
and z directions to obtain a pixel super-resolution image as described herein. Knobs 68 may
be used to move the sample holder 20 in the x and y directions while knob 70 may be used to
move the sample holder 20 in the z direction. Images may be transferred to a computer 32
such as that illustrated in FIG. 1A using a wired or wireless connection. For example, the
mobile phone 52 may contain software or an application (i.e., “app”) that is used to acquire
the lower resolution lens-free images which can then be offloaded or transferred to the
computer 32 for further processing. The lens-free based modular attachment 50 may also
include mechanical grips, tabs, clips 72 or the like to secure the same to the phone as seen in
FIG. 1D.

[0057]  In the pixel super-resolution image process, a plurality of lower resolution images
are taken at different positions and are used to generate a computational image reconstruction
that has high resolution. As seen in FIG. 3A, in step 1000, a plurality of lower resolution
images are obtained of the sample 12 while the illumination source(s) 14, sample holder 20,

and/or the color image sensor 24 are moved relative to another at a plurality of different
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locations (e.g., X, v locations) to create the sub-pixel image shifts. The number of lower
resolution images may vary but generally includes between about 2 and 250 images. During
step 1000, the sample 12 is located from the image sensor 24 at a first distance (d;). Next, as
seen in step 1100, a pixel super-resolved (PSR) hologram is synthesized based upon the
plurality of lower resolution images obtained in operation 1000. The details of digitally
converting a plurality of lower resolution images into a single, higher resolution pixel super-
resolved hologram image may be found in Bishara et al., Lensfree on-chip microscopy over a
wide field-of-view using pixel super-resolution, Optics Express 18:11181-11191 (2010) and
Greenbaum et al., Imaging without lenses: achievements and remaining challenges of wide-
field on-chip microscopy, Nat. Methods 9, 889-895 (2012), which are incorporated herein by
reference. This pixel super-resolution step takes lower resolution holographic shadows of the
object(s) 22 contained within the sample 12 (e.g., captured at ~10 million pixels each) and
then creates a higher resolution lens-free hologram that now contains >300 million pixels
over the same 30 mm” field-of-view with an effective pixel size of ~300 nm.

[0058]  Next, as seen in operation 1200, the distance between the sample 12 and the color
image sensor 24 is adjusted to a different distance (d,) (e.g., by adjusting z distance using
translation stage 30). At this new distance (d,), as seen in operation 1300, a plurality of lower
resolution images are obtained of the sample 12 containing the object(s) 22 while the
illumination source(s) 14, sample holder 20, and/or the color image sensor 24 are moved
relative to another at a plurality of different locations (e.g., X, y locations) to create the sub-
pixel image shifts. The plurality of lower resolution hologram images are obtained while the
sample 12 and the color image sensor 24 are located at the new or different distance (d,).
After the lower resolution images are obtained, as seen in operation 1400, a pixel super-
resolved hologram (at the different distance (d,)) is synthesized based upon the plurality of
lower resolution images obtained in operation 1300. As seen by arrow 1500, process is
repeated for different sample-to-sensor differences. Generally, the process repeats such that a
pixel super-resolved hologram is created at between 2-20 different distances although this
number may vary. For example, in experiments described herein, four (4) such heights were
used for the D-PSR method. Altematively, the lower resolution images are all obtained at
different distances and then for each distance, the higher resolution pixel super-resolved

holograms are then recovered.
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[0059] Now referring to FIG. 3B, the plurality of pixel super-resolved holograms obtained
at the different heights (i.e., different z distances) are then registered with respect to each
other as seen in operation 1600. The subsequent iterative phase recovery requires that these
pixel super-resolved holograms are accurately registered to each other. During the image
acquisition step, lateral translation and rotation of the objects between holograms of different
heights are unavoidable. To accurately register these pixel super-resolved holograms to each
other, three-control points from three different corners of the image are selected in one of the
holograms (which is deemed the reference hologram). One preferred control point could be a
small isolated dust particle at a corner since its hologram is circularly symmetric. If need be,
a special alignment marker(s) can also be placed at the corners of the sample holder/substrate.
Therefore, normalized correlations between lens-free holograms can be used to find the
matching points in each image captured at a different height. After selection of the control
points, a small area (e.g., ~30 x 30 um) around each control point is cropped and digitally
interpolated (~4-6 times) to serve as a normalized correlation template. Furthermore, for
accurately finding the coordinate shift of each control point among M images, lens-free
holographic images have to be positioned in the same 7,-distance. Therefore, the difference in
the 7,-distance between lens-free holograms acquired at different heights is evaluated by an
auto-focus algorithm, such as that disclosed in J. L. Pech-Pacheco et al., "Diatom
Autofocusing in Brightfield Microscopy: a Comparative Study." in Pattern Recognition,
International Conference On (IEEE Computer Society, 2000), Vol. 3, p. 3318, incorporated
herein by reference, which permits one to digitally propagate the selected correlation
templates to the same 7,-distance, where normalized correlations are calculated to find the
coordinate shifts between the control points in each image. An affine transformation is used
to register the super-resolved holograms of different heights to the reference hologram.
[0060]  Still referring to FIG. 3B, operations 1700, 1800, 1900, and 2000 illustrate one
embodiment of the iterative phase recovery process that is used to recover the lost optical
phase. Additional details regarding the iterative phase recovery process may be found in L. J.
Allen and M. P. Oxley, Optics Communications, 2001, 199, 65-75, which is incorporated
herein by reference. The square roots of these resulting M registered holograms are then used
as amplitude constraints in the iterative phase recovery algorithm that is steps 1700 through

2000. At the beginning of the algorithm, as seen in operation 1700, in one embodiment, the
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initial phase is assumed to be zero, after which the iterative phase recovery algorithm uses the
free space propagation function to digitally propagate back and forth among these multiple
heights. At each height, the amplitude constraint (i.e., the measurement) is enforced while
the phase is kept from the previous digital propagation step.

[0061] To initiate the phase recovery process, a zero-phase is assigned to the object
intensity measurement. One iteration during this phase-recovery process can be described as
follows: Intensity measurement #1 (step 1700) is forward propagated (with zero initial phase)
to the plane of intensity measurement #2 (step 1800). Then, the amplitude constraint in
measurement #2 (step 1800) is enforced while the calculated phase resulting from forward
propagation remains unchanged. The resulting complex field is then forward propagated to
the plane of intensity measurement #3 (step 1900), where once again the amplitude constraint
in measurement #3 is enforced while the calculated phase resulting from forward propagation
remains unchanged. This process continues until reaching the plane of intensity measurement
#M (step 2000). Then instead of forward propagating the fields of the previous stages, back
propagation is used as seen by respective arrows A, B, and C. The complex field of plane #M
(step 2000) is back propagated to the plane of intensity measurement #M-/. Then, the
amplitude constraint in measurement #M-/ is enforced while the resulting phase remains
unchanged. The same iteration continues until one reaches the plane of intensity
measurement #1 (step 1700). When one complete iteration is achieved (by reaching back to
the plane of intensity measurement #1), the complex field that is derived in the last step will
serve as the input to the next iteration. Typically, between 1-1,000 iterations and more
typically between 1-70 iterations are required for satisfactory results (more typically between
20-30 iterations). After the phase recovery iterations are complete, as seen in operation 2100,
the acquired complex field of any one of the measurement planes is selected and is back
propagated to the object plane to retrieve both phase image 2200 and amplitude image 2300
of the sample 12.

[0062]  As explained further herein, multi-height phase recovery may be incorporated by
utilizing the solution to the transport of intensity equation (TIE) to obtain the initial guess of
the lost phase as well as tilt correction. Details regarding the use of TIE to generate the initial
phase guess to multi-height based iterative phase retrieval as well as tilt correction may be

found in U.S. Application Serial No. 15/500,880, which is incorporated by reference herein.
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[0063] FIGS. 4 and 5 illustrate a flowchart or diagram illustrating the flow of operations
according to one embodiment. With reference to FIG. 4, the process starts in operation 3000
where the sample 12 is illuminated simultaneously by the illumination source(s) 14, 60 with
multiple colors or wavelengths. The color image sensor 24 is used to acquire hologram
images with sub-pixel x, y shifts at different heights as seen by operation 3100 in FIG. 4.
FIG. 5 illustrates, for example, nine (9) sub-pixel shifted frames that have been captured by
the illumination source(s) 14 at a single height (different numbers may be used). These sub-
pixel images are obtained at a plurality of different heights. Referring back to FIG. 4, in
operation 3200, a pixel super-resolved hologram is generated for each color channel of the
CFA for each height. FIG. 5, for example, illustrates a four channel image (R, G1, G2, B)
being generated for a Bayer CFA 28. Next, as seen in operation 3300 of FIG. 4, image de-
multiplexing of the pixel super-resolved holograms is performed using the spectral cross-talk
matrix (#) for each height. FIG. 5 illustrates the four channel (R, G1, G2, B) pixel super-
resolution image that is de-multiplexed into three channels (R, G, B). Referring back to FIG.
4, next in operation 3400, a multi-height phase retrieval process is performed to digitally
reconstruct complex projection images of the sample with the iterative phase recovery
process. This process is also illustrated in FIG. 5 with the TIE being used for the initial
guess. As seen in FIG. 4, in operation 3500, a recovered image is then back propagated to the
object or sample plane to create phase and amplitude images of the sample. FIG. 5 illustrates
the recovered images for the R, G, and B channels. These different channels can then be
combined in operation 3600 (FIG. 5) with white balancing to produce the final demosaiced
pixel super-resolution (D-PSR) color image as seen in FIG. 5.

[0064] Referring back to FIG. 1A, the microscope system 10 includes a computer 32 such
as a server, laptop, desktop, tablet computer, portable communication device (e.g.,
Smartphone), personal digital assistant (PDA) or the like that is operatively connected to the
microscope system 10 such that lower resolution images (e.g., lower resolution or raw image
frames) are transferred from the color image sensor 24 to the computer 32 for data acquisition
and image processing. The computer 32 includes one or more processors 34 that, as
described herein in more detail, runs or executes image processing software 36 that takes
multiple, sub-pixel (low resolution) images taken at different scan positions (e.g., x and y

positions as seen in inset of FIG. 1A) and creates a high resolution projection hologram
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image of the objects 22 in the sample 12 for each color channel (e.g., R, G1, G2, B). The
software 36 creates additional high resolution projection hologram images of the objects 22 at
each different 7, distance. The multiple, high resolution image “‘stacks” that are obtained at
different heights are registered with respect to one another using the software 36.
[0065]  As explained herein, the software 36 takes the multi-channel color pixel super-
resolution images and then subjects the images to image de-multiplexing. In image de-
multiplexing, the transmission spectra of the CFA 28 typically has considerable cross-talk
among the color channels. For example, for a Bayer CFA 28, for each pixel of the color
image sensor 24, one can formulate this spectral cross-talk as a matrix (%), such that:

o N T ot
10066] |, | =W - H = le Wiy WBN - H ()

My R Wyar Wap Wyz R
[0067] where Mg, M4, M, and My correspond to the pixel super-resolved intensity
values for each channel (i.e., the output of the previous sub-section), and Ig, I, and Iy refer
to the de-multiplexed holograms corresponding to the three illumination wavelengths, before
the spectral mixing occurred at the color image sensor 24. The entries of the cross-talk
matrix W are determined by the transmission spectra of the Bayer CFA 28. These may be
provided by the manufacturer of the color image sensor 24 or experimentally determined.
Importantly, for a given color image sensor 24, the spectral cross-talk calibration curves need
only be measured once.
[0068] Based on the spectral cross-talk matrix, the de-multiplexed holograms
corresponding to the three simultaneous illumination wavelengths (i.e., R, G, B) in the

microscope system 10 can then be determined through a left inverse operation:

Iz M
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[0070]  where the superscript -/ refers to the inverse and 7 refers to the transpose of a
matrix. Post de-multiplexing, as seen in FIGS. 4 and 5, there exists de-multiplexed, pixel
super-resolved images for the three color channels R, G, B at a given height. A plurality of

these de-multiplexed images is generated for the multiple heights (i.e., 7, distances) where
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images have been obtained. The software 36 then digitally reconstructs complex projection
images of the sample 12 and/or objects 22 through an iterative phase recovery process that
rapidly merges all the captured holographic information to recover lost optical phase of each
lens-free hologram without the need for any spatial masking, filtering, or prior assumptions
regarding the samples. After a number of iterations (typically between 1 and 75), the phase
of each lens-free hologram (captured at different heights) is recovered and one of the pixel
super-resolved holograms is back propagated to the object plane to create phase and
amplitude images of the sample 12 including objects 22 contained therein.

[0071] The computer 32 may be associated with or contain a display 38 or the like that
can be used to display color images that are generated in accordance with the methods
described herein. The user may, for example, interface with the computer 32 via an input
device 40 such as a keyboard or mouse to select different software functions using a
graphical user interface (GUI) or the like. It should be noted that the method described
herein may also be executed in a cloud-based processing operations. Image data could be
sent to a remote computer 32 (e.g., remote server) for processing with a final image being
generated remotely and sent back to the user on a separate computer 32 or other electronic
device (e.g., mobile phone display) for ultimate display and viewing. Image and other data
may be transferred over a wide area network such as the Interet or a proprietary
communication network (like those used for mobile devices).

[0072]  Experimental

[0073] Experiments were performed to demonstrate that pixel super-resolution can be
merged into the color de-multiplexing process to significantly suppress the artifacts in
wavelength-multiplexed holographic color imaging where multiple wavelengths (e.g., three)
simultaneously illuminate a sample. This new D-PSR approach generates color images that
are similar in performance to sequential illumination at three wavelengths, and therefore
improves the speed of holographic color imaging by 3-fold. D-PSR method is broadly
applicable to holographic microscopy applications, where high-resolution imaging and multi-
wavelength illumination are desired.

[0074]  Optical setup and data acquisition

[0075]  With reference to FIGS. 1A and 1B, an in-line holographic lens-free on-chip

imaging geometry was used. A broadband source (WhiteLase-Micro; Fianium Ltd,

18



WO 2017/196995 PCT/US2017/031984

Southampton, UK) is filtered by an acousto-optic tunable filter down to ~5 nm bandwidth
and is coupled to a single mode fiber to generate partially-coherent illumination across the
field-of-view (~20 mm?) of the lens-free imaging setup. This source can simultaneously
output up to eight (8) wavelength channels into the same fiber optic cable, and three spectral
bands were used in the experiments (i.e., ~470nm, ~530nm, ~625-630nm) to create multi-
color illumination. This multiplexed partially coherent light, coming out of the fiber optic
cable, propagates ~6 cm, and impinges on the specimen plane. Note that in other commercial
or practical embodiments, the light source may include multiple different light sources as
explained herein that emit light at a particular wavelength or narrow band of wavelengths.
The sources may include, for example, LEDs or laser diodes. With respect to the
experimental results generated herein, each of the three wavelength channels is partially
diffracted by the sample and generates three independent in-line holograms to be sampled by
a Bayer color CMOS image sensor chip (16.4 Mpixel, 1.12 um pixel size, Sony Corp.,
Japan), which is placed ~0.4 mm below the sample plane. The pixels of this color CMOS
image sensor chip have four channels, namely B (Blue), G1 (Green 1), G2 (Green 2), and R
(Red), which form a 2x2 period of the Bayer pattern on the image sensor chip (see FIG. 2).
These filters have different transmission spectra, which will be detailed later on, and this
information is crucial for spectral de-multiplexing of the acquired holograms. The color
CMOS image sensor chip is also mounted on a computer controlled 3D motion stage to
permit: (1) lateral sub-pixel shifts between the color image sensor and the sample hologram
(x, y direction) which is used to generate pixel super-resolved holograms, and (2) axial
modulation (z direction) of the sample-to-sensor distance which is used for multi-height
based phase retrieval (i.e., twin-image elimination). The entire data acquisition process is
automated by a custom-developed LabVIEW program.

[0076]  Pixel super-resolution

[0077]  Pixel super-resolution is a technique that deals with the spatial under-sampling
problem in an imaging system, in which a series of sub-pixel shifted low resolution images
are acquired to digitally synthesize a high resolution image of the object, significantly
increasing the space-bandwidth product of the imaging system. In these experiments, to
achieve pixel super-resolution, the stage was programmed to move the image sensor laterally

on a 6x6 grid and at each grid point a low-resolution raw hologram is captured. Each
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recorded raw hologram intensity is then separated into four Bayer channels (namely B, G1,
G2, and R) and for each one of these channels, a conjugate gradient based pixel super-
resolution method was used to synthesize a super-resolved hologram with an effective pixel
size of ~0.33 um at each sample-to-sensor height. The spatial location of each channel with
respect to the others is also taken into account and digitally corrected for; therefore this pixel-
super resolution step enables all the Bayer channels (B, G1, G2 and R) to be virtually super-
imposed onto each other, which is important to mitigate the artifacts in the subsequent

demosaicing steps.

[0078] De-multiplexing of pixel super-resolved holograms

[0079]  The transmission spectra of the four Bayer channels on a color CMOS image
sensor contain considerable color cross-talk among channels (see FIG. 6A). For each pixel of
the image sensor chip, this spectral cross-talk can be formulated as a matrix (?), as described
by Equation 1 herein. The entries of the cross-talk matrix W are determined by the
transmission spectra of the Bayer CFA. Although the transmission spectrum of each Bayer
filter is usually provided by the manufacturer of the sensor-array, here it was experimentally
calibrated to get more accurate results. For this purpose, the background (i.e., object-free)
response of the color image sensor was first recorded from 400 nm to 700 nm at 5 nm steps.
[0080] A 400-by-400 pixel region at the center of the sensor chip was averaged for each
channel, and after normalization of the illumination power at each wavelength, measured
using a power-meter (Thorlabs PM100, S120UV sensor head), the resulting curve for each
channel is then taken as the spectral response of each Bayer filter on the image sensor chip
(seee.g., FIG. 6A). It should be emphasized that for a given color image sensor, these
spectral cross-talk calibration curves need to be measured only once. Based on these
measured spectra, the cross-talk matrix (# in Eq. (1)) can be inferred for any arbitrary
set/choice of illumination wavelengths that are multiplexed in the holographic color imaging

experiments (see e.g., Table 1).
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Table 1
Ag, A, Ap 470 nm, 527 nm, 624 nm 471 nm, 532 nm, 633 nm
1.0000 0.1722 0.0566 1.0000 0.1593 0.0650
W 0.2903 1.0000 0.2174 0.3340 1.0000 0.2062

0.2873 1.0003 0.2030 0.3353 1.0055 0.1936
0.0307 0.1349 1.0000 0.0335 0.1345 1.0000

Table 1 - Calibrated cross-talk matrix of the CMOS image sensor chip (Sony IMX81)
at two sets of multiplexed wavelengths.
[0081] Based on this spectral cross-talk matrix, the de-multiplexed holograms
corresponding to the three simultaneous illumination wavelengths in the holographic imaging
set-up can then be determined through a left inverse operation using Equation 2 above.

[0082]  Multi-height based phase retrieval

[0083] One drawback of in-line holographic imaging geometry is its twin image noise.
Additional constraints, such as the object support, sparsity or multiple measurements at
different heights or illumination angles can be employed to eliminate the twin image noise.
For spatially dense and connected objects a multi-height based phase retrieval method is
usually used because it is relatively hard to define an object support for such connected
samples. In this multi-height based iterative phase retrieval algorithm, one starts from one of
the pixel super-resolved hologram and digitally propagates it to the next measurement height,
where the amplitude of the field is replaced with the measured amplitude, and then
propagates it to the next height until one reaches the last measurement plane (z). The same
process is repeated backward and then forward for e.g., 20-30 iterations. Each wave
propagation operation is done using the angular spectrum method. For faster convergence,
optionally, one can use the solution to the transport-of-intensity equation (TIE) as the initial
phase guess for multi-height phase retrieval. In the experiments reported herein, holograms
were measured at four (4) consecutive heights that are axially separated by ~30 um.

[0084]  Saturation correction in digitization of wavelength-multiplexed holograms

[0085] When using the D-PSR approach for imaging of biological samples, a saturation-
related de-multiplexing color artifact can sometimes be observed, as also illustrated in FIGS.
7A-7H. Although pixel saturation can be avoided by reducing the exposure time to a point
where no pixels are saturated, this will result in unacceptable loss of information, as most of

the pixels will then use only a small portion of the dynamic range. Alternatively, here a
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Bayesian-estimation-based saturation correction algorithm is used, which uses the
unsaturated pixels from other color channels at the same physical location to get a better
estimate of the saturated pixels. It is theoretically proven that, using this Bayesian estimation
approach, the corrected image will always have a smaller error than the uncorrected saturated
one.

[0086]  Details regarding the use of this saturation correction method in the D-PSR
approach are presented below. It is assumed that for a given raw image, the pixel values of

different color channels follow a normal distribution:
Xs Hs Sss Ssk)]
o (5) 0[5

[0088] where X and X, denote pixel values of saturated and unsaturated channels, p, and
L represent their mean, respectively, and Sg,, Sgi, Sks and Siy represent their covariance.
The saturated channel X, can be replaced by its statistical expectation, using the known non-

saturated channel measurements X;, = k at the same pixel location:
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[0094] Note that since the spectral response of G1 and G2 channels are nearly identical,
the average is taken of these two super-resolved channels and it is treated as the same channel
G - only for this saturation correction step. The saturation correction algorithm (see FIG. 8)
is then implanted in five steps, as follows:
[0095]  Step I. Estimate the a-priori mean i and co-variance S of the unsaturated pixel
values of R, G and B channels:

(L,
[0096] 4= (‘fG) ==--3tx (8
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[0098]  where n is the total number of un-saturated pixels in the image, x; = (x] , x] ) X; )
is a vector that represents the pixel values of R, G, B channels at pixel location j.
[0099]  Step 2. After defining a saturation level s, the distance d; of all the channels
(i = R, G, B) can be determined as:

[00100] d; =% fori=R,G B (10
N

[00101] where fi; and v; define the mean and the variance of all the unsaturated pixels in
color channel i, respectively. Here, s = 1020 was chosen for the 10 bit depth image sensor.
[00102] Step 3. Start from the most saturated channel, i.e. the channel i (i = R, G or B)
that has the smallest distance d; to the saturation level, and replace the values of its saturated
pixels with the expectation value calculated using Eq. (4). All the pixels in the other two un-
corrected channels are taken as valid pixels.

[00103] Step 4. Correct the second most saturated channel i using Eq. (4), taking the
corrected most saturated channel and the other un-corrected channel as valid pixels.

[00104] Step 5. Correct the third (last) saturated channel using Eq. (4), taking the corrected
values of the first and the second most saturated channels as valid pixels.

[00105] Steps 3-5 are typically run iteratively (e.g., for 3 iterations) to get improved results.
As illustrated in FIGS. 7A-7H, the de-multiplexing color artifacts shown in the first column
(FIGS. 7A and 7E) are greatly alleviated with this additional saturation correction step
(second column — FIGS. 7B and 7F), resulting in a reconstructed color image that is similar to
a sequentially taken RGB image (third column — FIGS. 7C and 7G).

[00106] White-balancing of wavelength-multiplexed holograms

[00107] Although the power levels of the multiplexed illumination wavelengths during the
measurements are adjusted so that their detected intensities are very close to each other, there
are still small uncontrolled variations among color channels. To correct for these power
variations, a uniform background (empty) region of the captured hologram is first chosen and
then one calculates the average of each Bayer channel within this selected region which is

taken as the relative power level of each illumination wavelength. All the reconstructed
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holographic images are then normalized using these calculated power ratios to get a white-
balanced image.

[00108] Optimization of the choice of illumination wavelengths in D-PSR

[00109] Typically three illumination wavelengths are multiplexed in the D-PSR
experiments, which are assigned to B, G and R channels, respectively. Here, the following
question was also addressed: if one could arbitrarily choose these three illumination
wavelengths, what would be the optimal wavelength range for each source to be multiplexed?
Intuitively, the optimality of the selected wavelengths depends on the transmission spectra
(i.e., wavelength cross-talk) of the color filters on the color image sensor chip, as well as the
transmission characteristics of the specimen to be imaged. Since the aim here is for general
purpose microscopic imaging, optimization of the illumination as a function of the sample
spectral characteristics is not considered; and therefore only considered the transmission
spectra of the CFA on the color image sensor.

[00110] If the multiplexed channels are chosen to be too close in wavelength, the cross-talk
among them will be too strong, and the illumination power of one or more channels needs to
be reduced to accommodate the finite bit-depth of the digital sensor, which in turn will cause
loss of spatial information. To better understand how this de-multiplexing error varies
according to the selection of the multiplexed illumination wavelengths, a brute-force search
was conducted of all the possible wavelength combinations for the spectral range of 400 nm
to 700 nm with 1 nm step size and the resulting de-multiplexing errors were compared. FIG.
9 illustrates a flow-chart of de-multiplexing error calculation for different combinations of
multiplexed illumination wavelengths in D-PSR.

[00111] FIG. 9A illustrates the range of illumination wavelength combinations with a
maximum de-multiplexing error of 6% (shown as the outer surface) spans more than ~50 nm
for all three color channels. A typical selection of red (~610-650 nm), green (~520-560 nm)
and blue (~450-480 nm) illumination wavelengths (shown with the inner cube) falls inside
the 6% maximum error volume. FIG. 9B illustrates 1D cross sectional plots of the maximum

de-multiplexing error, each of which passes through the point

(A8, 2Ag, AR) = (471,532,633)nm in FIG. 9A. The dashed black line indicates an error
threshold of 6%.
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[00112] As illustrated in FIGS. 9A and 9B, the differences among the de-multiplexing
errors for different wavelength combinations are smaller than 6% over a large spectral range
(>50 nm), which also contains the typical choice of red (610-650 nm), green (520-560 nm)
and blue (450-480 nm) illumination bands. Based on this, it was concluded that for a typical
Bayer image sensor, like the image sensor used herein, the range of wavelength combinations
that can be used for simultaneous illumination of the sample is rather large.

[00113] Results and Discussion

[00114] When the illumination wavelengths are multiplexed and simultaneously recorded,
the resulting holograms using a Bayer image sensor chip, there will be mainly two types of
artifacts generated: (1) the spectral cross-talk among different Bayer filters will create pixel
level mixing of holographic information of different illumination wavelengths (see e.g. FIG.
6A); and (2) spatial demosaicing artifacts will be created because the Bayer mosaicing
geometry has four (4) color channels (B, G1, G2, and R) that are spatially separated by one
pixel shift, and requires the interpolation of neighboring pixels for the missing spatial
information, which gives rise to fringe artifacts in holograms. Conventional demosaicing
techniques employed in digital cameras and photography literature rarely suffer from these
artifacts as most natural images are spatially smooth. However, when dealing with multi-
color digital holographic microscopy, the recorded holograms contain rapid oscillations and
fringes, and therefore using a conventional demosaicing approach will result in severe color
artifacts.

[00115] The first problem listed above, i.e., the spectral cross-talk issue, can generate
strong high-frequency artifacts if left uncorrected. Experimental examples of these artifacts
are illustrated in the images of FIG. 6B and 6C, where pixel super-resolved holographic
image reconstructions are shown without de-multiplexing. These are to be compared against
the de-multiplexed D-PSR results (FIG. 6D and 6E), which show significant improvements
especially in high-resolution features. As explained herein, this issue can be tackled by
digital de-multiplexing (through Eq. (2)). However, if this de-multiplexing step is performed
directly on demosaiced Bayer pixels (i.e., without pixel super-resolution), it will also generate
color artifacts for holographic imaging at interpolated fringes (e.g., see FIG. 10A), and such
fringe artifacts at the hologram plane will spread out to the whole reconstructed image and

generate severe rainbow artifacts, as can be seen in FIGS. 10B, 10E. D-PSR results for the
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same samples (FIGS. 10C, 10F) show significant improvements and suppression of such
color artifacts, in addition to having much better spatial resolution compared to interpolation
based de-multiplexing results shown in FIGS. 10B, 10E.

[00116] Next, color-stained Papanicolaou smears (Pap smears) were imaged that are
frequently used for screening of cervical cancer in order to compare the color imaging
performance of D-PSR against some of the previously reported holographic color imaging
techniques, including sequential RGB imaging and YUV color-space averaging. As
illustrated in the experimental comparison that is provided in FIGS. 11A-11M, D-PSR has a
very similar color imaging performance compared to sequential RGB imaging; however, by
benefiting from simultaneous multi-wavelength illumination, D-PSR uses 3-fold less number
of measurements compared to sequential color imaging, which makes it much more data
efficient and faster. YUYV color-space averaging, on the other hand, acquires a similar
number of raw measurements/holograms compared to D-PSR, i.e., N+3 vs. N, respectively,
where N is the number of raw measurements that D-PSR uses. However, the color imaging
performance of YUV color-space averaging technique is inferior to D-PSR as it shows color
bias and artifacts, also causing color leakage at the borders of rapid spatial transitions as
illustrated in FIG. 11C,11G, 11K. In the last column of images, namely, FIGS. 11E, 111, and
11M, microscopic images of the same sample regions of interest taken using a 40x 0.75NA
objective-lens are also shown for comparison. Note that the lens-based microscope images
are blurred in some regions because of the limited depth-of-focus compared to lens-free
microscopy images. Furthermore, to emphasize the large FOV advantage of lens-free on-
chip microscopy, typical FOVs of 40x and 20x objective-lenses are also shown in FIG. 11A.
[00117] It should also be noted that, in addition to 3-fold imaging speed improvement and
reduced number of measurements compared to sequential color illumination, there are other
reasons that sometimes simultaneous multi-wavelength illumination is preferred and D-PSR
could be applied. For example, in imaging flow-cytometry systems, specimens (e.g.,
parasites or cells of interest) are constantly moving in a flow, and a motion-based PSR
approach can be combined with D-PSR to get color images of the flowing micro-objects
without the need for sequential multi-color illumination, which would directly improve the

flow rate and the throughput of the imaging cytometer.
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[00118] Finally, it is important to emphasize that the use a color (e.g., a Bayer RGB) image
sensor chip, as compared to a monochrome image sensor, has several advantages for
holographic microscopy applications. First, color image sensors are much more cost-
effective compared to their monochrome versions due to economies of scale and their
massive adoption in consumer electronics market, especially in mobile-phones. Second, most
of these small pixel pitch CMOS image sensor chips, including the one that is used herein
with ~1.1 pm pixel size, are not available for sale in monochrome format, which limits the
spatial resolution that one can achieve using on-chip microscopy techniques with a
monochrome chip.

[00119] Optimization of the choice of illumination wavelengths in D-PSR

[00120] The optimal multi-wavelength illumination choice was analyzed based on the
spectral characteristics of the Bayer CMOS image sensor chip (Sony IMX85) that was used
using a brute force search. It was assumed that the main sources of de-multiplexing error on
a single pixel come from: (1) thermal noise of the sensor, and (2) quantization noise. It
should be noted that if the three multiplexed wavelengths are chosen to be too close to each
other, the cross-talk among channels will be significant and the de-multiplexing matrix will
be almost singular, causing any source of error (due to thermal noise and quantization noise)
to be significantly amplified.

[00121] As detailed in the flow-chart shown in FIG. 12, a brute force search was
performed, where all the possible wavelength combinations were scanned from 400 nm to
700 nm at 1 nm step size and a de-multiplexing error was calculated for each combination.
For this calculation, it was first assumed that the input signal for each channel follows a
Gaussian distribution with a mean of 1 and a standard deviation of 0.2. Then, using the
measured/calibrated sensor response of the Bayer CFA, a cross-talk matrix was generated and
the Bayer channel intensities were calculated. Each channel intensity also included a thermal
noise term (~3.5%) and was quantized with a bit depth of 10 bits. Next, using Equation (2),
the de-multiplexing step was performed for all the RGB intensity points in the Gaussian
distribution, the results of which are compared to the input distribution to calculate an
average error for each channel. The total error for a given combination of illumination
wavelengths is taken as the maximum of these three mean errors arising from R, G and B

channels. Based on this combinatorial search, the optimal illumination wavelength trio that
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has the smallest de-multiplexing error is found to be (456 nm, 570 nm, 651 nm). However,
the gradient near this optimal point is actually quite small and therefore a similar level of de-
multiplexing error can be practically achieved over a large spectral range (see FIGS. 9A and
9B). For example, a region with a maximum de-multiplexing error of 6% (1.7x of thermal
noise level) is shown in FIG. 9A and it spans more than ~50 nm for all three Bayer channels.
In FIG. 9B, the cross-sectional 1D-plots of the de-multiplexing error is shown near the choice
of multiplexed-illumination wavelengths that was used in the experiments (i.e., 471, 532, 633
nm), confirming that the change of the de-multiplexing error is rather small over a relatively
large spectral range.

[00122] YUV color-space averaging method

[00123] One of the comparisons to the D-PSR technique is made using the YUV color-
space averaging method. In this technique, the color information is retrieved from three low
resolution holograms at R, G and B color channels, which are then back-propagated to the
sample plane, combined and transformed into YUV color-space, and low-pass filtered by an
averaging window size of e.g., 10 pixels on the U and V channels to get rid of twin-image
related rainbow artifacts of holographic imaging. The high resolution (i.e., pixel super-
resolved) Y channel, which requires the acquisition of N raw holograms (same as D-PSR),
and the low resolution U and V channels, which require the acquisition of three raw
holograms, are then fused in the YUV color-space, and finally converted into RGB space to
get a color image of the specimen.

[00124] Demosaicing induced holographic color artifacts that arise due to limited spatial
sampling at a Bayer CFA are significantly alleviated in D-PSR through the digital synthesis
of spatially overlapping and much smaller effective pixels in each color channel.
Furthermore, in D-PSR the pixel-level spectral cross-talk of a Bayer CFA is compensated by
digital de-multiplexing. Compared to holographic color imaging using sequential multi-
wavelength illumination, this new approach takes 3-fold less number of raw
holograms/measurements while also achieving a very similar color imaging performance. D-
PSR can be broadly used for high-resolution holographic color imaging and microscopy
applications, where wavelength-multiplexing is desired.

[00125] While embodiments of the present invention have been shown and described,

various modifications may be made without departing from the scope of the present
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invention. For example, while the method has largely been described using a lens-free
embodiment to obtain pixel super-resolution images, the method may also be implemented
using a lens, lens set, or lens module located within the optical path. The invention,

therefore, should not be limited, except to the following claims, and their equivalents.
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What is claimed is:

1. A method of generating a color image of a sample comprising:

obtaining a plurality of low resolution holographic images of the sample using a color
image sensor, the sample illuminated simultaneously by light from three or more distinct
colors, wherein the illuminated sample casts sample holograms on the color image sensor and
wherein the plurality of low resolution holographic images are obtained by relative x, y, and z
directional shifts between sample holograms and the color image sensor;

generating a pixel super-resolved hologram of the sample using the plurality of low
resolution holographic images obtained by simultaneous illumination of the sample by light
from three or more distinct colors;

generating de-multiplexed pixel super-resolved holograms at each of the three or
more distinct colors using the pixel super-resolved hologram obtained from the simultaneous
illumination of the sample by the light from three or more distinct colors;

retrieving phase information from the de-multiplexed holograms at each of the three
or more distinct colors using a phase retrieval algorithm to obtain a complex hologram at
each of the three or more distinct colors; and

digitally back-propagating and reconstructing the complex hologram for each of the
three or more distinct colors to a sample plane to generate the color image of the sample by

combining the reconstruction results of each of the three or more distinct colors.

2. The method of claim 1, wherein the color image sensor comprises a color filter
array (CFA).
3. The method of claim 2, wherein the CFA is selected from the group consisting

of a Bayer filter, RGBE filter, CYYM filter, CYGM filter, RGBW Bayer filter, and RGBW
filter.

4, The method of claim 1, further comprising performing saturation correction on

the acquired holograms corresponding to the three or more distinct colors.
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5. The method of claim 4, wherein saturation correction comprises a Bayesian-

estimation-based saturation correction.

6. The method of claim 1, further comprising white-balancing the de-multiplexed

holograms corresponding to the three or more distinct colors.

7. The method of claim 1, wherein the low resolution holographic images of the
sample are obtained without an image forming unit such as a lens, mirror, or combinations of

the same.

8. The method of claim 1, wherein the low resolution holographic images of the

sample are obtained with a lens-based imaging system.

9. The method of claim 1, wherein the sample comprises a biological sample.

10. The method of claim 1, wherein the phase retrieval algorithm comprises a
multi-height (7) phase retrieval algorithm that uses one of the pixel super-resolved holograms
at one of the colors and iteratively propagates it to a next (z) measurement plane where the
amplitude of the field is partially or entirely replaced with the measured amplitude and

continues until a last measurement plane (z) is reached.

11. The method of claim 1, wherein the three or more distinct colors are selected

from red (R), blue (B), and green (G) parts of the electromagnetic spectrum.

12. The method of claim 1, wherein the three or more distinct colors are emitted

simultaneously by a plurality of laser diodes or LEDs.
13. The method of claim 1, wherein the color image sensor is located in a portable

electronic device selected from the group consisting of a mobile phone, webcam, laptop, or

tablet computing device.
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14. A system for generating color images of a sample comprising:

an optically transparent sample holder configured to hold the sample thereon;

one or more light sources configured to simultaneously output at least three different
colors at a distance z; from the sample on a first side of the sample holder;

a color image sensor having a color filter array (CFA), the color image sensor
disposed on a second side of the sample holder and having an active surface thereof located at
a distance z, from the sample, wherein z, is significantly smaller than z;;

one or more processors configured to execute image processing software thereon, the
image processing software:

obtaining a plurality of low resolution holographic images of the sample using
the color image sensor, wherein the simultaneously illuminated sample casts sample
holograms on the color image sensor and wherein the plurality of low resolution
holographic images are obtained by relative x, y, and z directional shifts between
sample holograms and the color image sensor;

generating a pixel super-resolved hologram of the sample using the plurality of low
resolution holographic images obtained by simultaneous illumination of the sample by light
from three or more distinct colors;

generating de-multiplexed pixel super-resolved holograms at each of the at least three
different colors using the pixel super-resolved hologram obtained from the simultaneous
illumination of the sample by the light from three or more distinct colors;

retrieving phase information from the de-multiplexed holograms at each of the at least
three different colors using a phase retrieval algorithm to obtain a complex hologram at each
of the three or more distinct colors; and

digitally back-propagating and reconstructing the complex hologram for each of the at
least three different colors to a sample plane to generate the color image of the sample by

combining the reconstruction results of each of the three or more distinct colors.

15. The system of claim 14, wherein the relative x, y, and z directional shifts are

performed by translation stage coupled to the color image sensor.

32



WO 2017/196995 PCT/US2017/031984

16. The system of claim 14, wherein the relative x, y, and z directional shifts are

performed by translation stage coupled to the sample holder.

17.  The system of claim 14, wherein the relative x, y directional shifts are

performed by actuating different light sources.

18. The system of claim 14, wherein the sample holder comprises a flow cell.

19. The system of claim 14, wherein the at least three differently colored light

sources comprise a plurality of laser diodes or LEDs.

20.  The system of claim 19, wherein the one or more light sources emit
electromagnetic radiation from the red (R), blue (B), and green (G) parts of the

electromagnetic spectrum.
21.  The system of claim 19, wherein the one or more light sources are contained
in a modular attachment and wherein the color image sensor is contained in a portable

electronic device to which the modular attachment is secured.

22. The system of claim 21, wherein the portable electronic device comprises one

of a mobile phone, webcam, tablet computer, or laptop computer.
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