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(57) An apparatus for in-line holographic imaging is
provided. The apparatus (100) comprises at least a first
light source (102) and a second light source (104) ar-
ranged for illuminating an object (108) arranged in the
apparatus (100) with a light beam; animage sensor (110)
being arranged to detect at least a first and a second
interference pattern, wherein thefirstinterference pattern
is formed when the object (108) is illuminated by the first
light source (102) and the second interference pattern is

100

formed when the object (108) isilluminated by the second
light source (104), wherein the first and second interfer-
ence patterns are formed by diffracted light, being scat-
tered by the object (108), and undiffracted light of the
light beam; wherein the at least first and second light
sources (102, 104) are arranged at different angles in
relation to the object (108), and possibly illuminate the
object (108) using different wavelengths.
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Description
Technical Field

[0001] The presentinvention relates in-line holograph-
icimaging and, in particular, to an apparatus and a meth-
od for in-line holographic imaging.

Background

[0002] Digital holography is an emerging field which
may be useful in numerous different applications for im-
aging and analysis of objects. Digital holography makes
use of a digital image sensor, such as a charge-coupled
device (CCD) or a complementary metal-oxide-semicon-
ductor (CMOS) image sensor.

[0003] A digital hologram may be obtained through
lens-free or lensless imaging, wherein no lenses are nec-
essary in order to generate an image of an object. Thus,
use of digital holography enables a cost-effective, com-
pact and lightweight imaging method, which may be used
e.g. in microscopy applications.

[0004] In in-line digital holography, a light beam pro-
viding uniformillumination of an objectis used for creating
an interference pattern based on object light, being scat-
tered by the object, and reference light of the light beam
passing unaffected through the object. The interference
pattern may be acquired by the digital image sensor and
then, the acquired interference pattern may be recon-
structed in order to determine an image of the object. In-
line digital holography may typically be useful in micros-
copy applications, wherein a sample which is mostly
transparent may be imaged. Thus, alarge amount of light
is unaffected by the object so that an interference pattern
may be formed.

[0005] In-line holography may be performed with a sim-
ple set-up and with minimal optical hardware require-
ments. However, when the interference pattern is to be
reconstructed into an optical image of the object, a so-
called twin-image problem occurs.

[0006] The twin-image problem is rooted in electro-
magnetic nature of light. The hologram reconstruction
involves solving a complex wave equation in order to
back-propagate electromagnetic waves from the ac-
quired interference pattern to an object plane. However,
the acquired interference pattern may only include infor-
mation on intensity of light and hence phase information
is not acquired. The loss of the phase information leads
to two indistinguishable solutions in the wave equation,
i.e. the twin-image problem. This implies that the recon-
structed optical image of the object may comprise two
overlaid images, one in focus and another out of focus,
which leads to a degradation of image quality of the in-
line holography.

[0007] In Denis et al, "Twin-image noise reduction by
phase retrieval in in-line digital holography", Wavelets
Xl, SPIE’s Symposium on Optical Science and Technol-
ogy, Proceedings of SPIE, Volume 5914, pp. 59140J,
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different methods to address the twin-image problem are
discussed. An approach is to use at least two holograms
and perform hologram reconstruction in an iterative fash-
ion to retrieve the phase information that is lost when the
interference pattern is acquired.

[0008] WO 2015/015023 and WO 2016/019324 dis-
close different ways of recording several holograms, so
as to allow for iterative phase retrieval.

[0009] However, a more robust method and a simpler
set-up for reconstructing the optical image while handling
the twin-image problem would be desired.

Summary of the Invention

[0010] An objective of the present inventive concept is
to provide improved in-line holographic imaging. It is a
particular objective of the present inventive concept to
provide in-line holographic imaging which may handle
the twin-image problem in a robust manner.

[0011] These and other objectives of the present in-
ventive concept are at least partially met by the invention
as defined in the independent claims. Preferred embod-
iments are set out in the dependent claims.

[0012] According to a first aspect, there is provided an
apparatus for in-line holographic imaging, said apparatus
comprising: at least a first light source and a second light
source arranged for illuminating an object arranged in
the apparatus with a light beam; an image sensor com-
prising a set of light-detecting elements for acquiring an
image based on incident light on the set of light-detecting
elements, wherein theimage sensoris arranged to detect
at least a firstand a second interference pattern, wherein
the first interference pattern is formed when the object is
illuminated by the first light source and the second inter-
ference pattern is formed when the object is illuminated
by the second light source, wherein the first and second
interference patterns are formed by diffracted light, being
scattered by the object, and undiffracted light of the light
beam; wherein the at least first and second light sources
are arranged at different angles in relation to the object.
[0013] By means of providing a first and a second light
source arranged at different angles in relation to the ob-
ject, the first and second light source may illuminate the
object such that there is a phase diversity between the
acquired first and second interference patterns. This
phase diversity may then be usedin aiding reconstruction
of an optical image of the object so as to avoid or alleviate
the twin-image problem.

[0014] According to the invention, there is no need of
any mechanical translation of the light sources, the object
or the image sensor in order to obtain the firstand second
interference patterns. This implies that the apparatus
may provide a high stability, speed, and reliability of the
acquired holographic images. Further, the apparatus
may use an inexpensive set-up as there is no need of
translation stages.

[0015] The illumination may be performed sequentially
by the first and the second light source such that the first
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interference pattern may be first acquired during illumi-
nation by thefirstlight source and the second interference
pattern may be subsequently acquired during illumina-
tion by the second light source.

[0016] The first and second light source may each be
arranged to illuminate the object with a spatially coherent
light beam. This implies that a correlation or predictable
relationship between waves at different points in space
exists, such that object light may cause an interference
pattern with reference light spatially close to a point in
which e.g. diffraction by the object occurs. The spatially
coherent light beam may be formed e.g. by a laser source
or by an incoherent light beam, e.g. emitted by a light-
emitting diode (LED) which is passed through a narrow
spatial filter, such as a pinhole.

[0017] The apparatus may comprise further light
sources in addition to the first and second light sources
in order to allow for acquiring of further interference pat-
terns when the object is illuminated from angles different
from the angles of the first and second light sources, re-
spectively, in relation to the object. This implies thateven
more information related to the object may be acquired
improving possibilities of retrieving the phase informa-
tion.

[0018] According to an embodiment, the at least first
and second light sources are mounted to have a fixed
relation to the object and the image sensor.

[0019] The apparatus may thus provide a fixed optical
set-up of the first and second light sources in relation to
the object and the image sensor. This implies that a very
accurate knowledge of the relation between the light
sources and an object position may be provided, as the
relation is not changed after manufacture or installation
of the apparatus. This accurate knowledge may be used
in the reconstruction of an image of the object such that
the reconstruction may be performed with high accuracy.
Further, any imprecision in mounting of the sources dur-
ing manufacture may be accounted for once through an
initial calibration of the apparatus. This calibration may
even be performed as a last step in manufacturing of the
apparatus, such thatthe apparatus may be delivered with
a software for reconstructing optical images from ac-
quired interference patterns, wherein the software in-
cludes calibration data on the delivery.

[0020] The fixed optical set-up in relation to the object
may be provided in that the apparatus provides a well-
defined position in which an object may be placed in the
apparatus, such that the object is arranged in the appa-
ratus in a specific position in relation to the light sources.
[0021] According to an embodiment, the at least first
and second light sources are arranged at different azi-
muthal angle and polar angle with respect to a center of
the object. Thus, the light sources may be arranged at
angles which differ in relation to the object in two respects
in a three-dimensional space.

[0022] In a spherical coordinate system, a center of
the object may be placed at the origin of the coordinate
system. The object may have a planar surface, defining
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an object plane and a normal to the object plane. A po-
sition of each of the light sources may then be defined
by a radial distance along a straight line from origin to
the position of the light source, a polar angle measured
from the normal to the straight line from origin to the po-
sition of the light source, and an azimuthal angle meas-
ured from a fixed reference direction in the object plane
to an orthogonal projection of the position of the light
source to the object plane.

[0023] According to an embodiment, the first and sec-
ond light sources are arranged in relation to the object
and the image sensor such that the angles of the first
and second light sources in relation to the object differ
to such an extent that the second interference pattern is
shifted at least a distance corresponding to a size of a
light-detecting element of the image sensor in relation to
the firstinterference pattern. This implies that the angular
displacement of the light sources is so large that the in-
terference patterns are shifted in relation to each other
at pixel level of the image sensor. Hence, the interference
patterns may include different information based on
phase diversity which allows reconstructing the image of
the object while removing the twin-image problem.
[0024] A large shift of the interference pattern may be
advantageous over a small shift in order to obtain a high
quality reconstructed image, as a large shift may facilitate
extraction of the phase information from the acquired in-
terference patterns. However, a large shift may also imply
that an overlap in afield of view of the objectis decreased
such that a smaller area of the object may be included
inthereconstructed image of the object from the acquired
interference patterns.

[0025] According to an embodiment, the at least first
and second light sources are arranged at substantially
equal radial distances from a center of the object. This
may provide for a relatively simple set-up with the light
sources arranged on a common support. Also, having
the light sources at substantially equal radial distances
implies that an analysis of the interference patterns in
reconstruction of the image of the object may be relatively
simple as the relative distance between the image sensor
and the object in relation to the distance between the
object and the light source is similar, which implies that
amagnification of the object as imaged in the interference
pattern is similar. However, it should be realized that a
difference in radial distance may be handled by calibra-
tion when setting up the apparatus or a software for
processing interference patterns acquired by the appa-
ratus.

[0026] According to an embodiment, each of the at
least first and second light sources is arranged to illumi-
nate the object with a unique wavelength. The difference
in wavelengths also enables further phase diverse infor-
mation to be acquired in the interference patterns.
[0027] Although the interference patterns may be ac-
quired in a sequential manner, using different wave-
lengths also enables simultaneously acquiring the first
and the second interference patterns. The use of different
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wavelengths makes it possible to differentiate between
the first interference pattern and the second interference
patterninthe image sensor. For instance, the image sen-
sor may comprise an intertwined layout of different wave-
length filters on the light-detecting elements such that a
two-dimensional interference pattern may be acquired
for each wavelength interval defined by the different
wavelength filters. However, it should be realized that a
resolution of the acquired interference patterns is re-
duced if several different wavelength filters are arranged
on the image sensor. Thus, it may still be desired to use
a sequential illumination while using different wave-
lengths of the light sources.

[0028] According to an embodiment, the unique wave-
lengths are chosen in relation to the object to provide an
achromatic response of the object. When the object pro-
vides an achromatic response for the unique wave-
lengths, the interference patterns may be effectively used
in conjunction with each other. The acquired interference
patterns are thus not strongly wavelength dependent.
The interference pattern due to diffraction or scattering
by the object may still be different for different wave-
lengths due to a different effective distance of the object
from the image sensor based on a difference in wave-
lengths. However, this difference may be accounted for
when reconstructing an image of the object, since the
wavelength may be used in forming the reconstructed
image.

[0029] According to an embodiment, the at least first
and second light sources are laser diodes arranged in a
conventional package.

[0030] The arrangement of the light sources in a con-
ventional package may allow the apparatus to make use
of a common manner of providing laser light sources,
such that an inexpensive off-the-shelf product may be
used and mounted in the apparatus.

[0031] According to an embodiment, the at least first
and second light sources comprise lightguides formed in
a common photonic integrated circuit defining different
light outputs for the different light sources.

[0032] A photonic integrated circuit may be created
with an accurate control of shapes of the integrated cir-
cuit. Thus, the lightguides may be well-defined and pro-
vide good control of a position of output for the light sourc-
es. Further, the photonic integrated circuit may define
the light output for all light sources, such that the position
of the light sources in relation to the object may be well
controlled by a single photonic integrated circuit.

[0033] The light sources may be integrated in the pho-
tonic integrated circuit for providing the light generation
and light output in a single, small component. However,
light generation may alternatively be provided in a com-
ponent different from the photonic integrated circuit such
that the light is first coupled into the lightguides before
being output at the light outputs of the photonic integrated
circuit for defining the light sources.

[0034] Accordingtoanembodiment, the apparatus fur-
ther comprises a receiver arranged to receive a sample
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holder carrying the object, wherein the receiver defines
a position of the object in relation to the at least first and
second light sources and the image sensor. The receiver
may thus provide a well-defined position of the object,
such that a user may place the sample holder in the re-
ceiver when an object is to be imaged.

[0035] In a particular embodiment, the sample holder
may have standardized measures and the receiver may
comprise a structure adapted to received such a stand-
ardized sample holder and arrange it in a well-defined
relation to the light sources. For instance, the sample
holder may be a substrate comprising a microfluidic
channel e.g. for carrying a sample of a body fluid. Alter-
natively, the sample holder may be a substrate compris-
ing a thin film containing structural formations to be in-
vestigated.

[0036] Accordingtoanembodiment, the apparatus fur-
ther comprises a processing unit configured to process
the detected at least first and second interference pat-
terns according to an iterative phase recovery algorithm
for forming a reconstructed image of the object.

[0037] The apparatus may thus include a processing
unit for forming a reconstructed image in addition to hard-
ware components for acquiring the interference patterns
on which the reconstructed image is based. The process-
ing unit may thus be arranged in a common housing with
other hardware components, such that a compact appa-
ratus may be provided.

[0038] Inan alternative, the acquired interference pat-
terns may be transmitted to an external unit, which may
be arranged to process the interference patterns for form-
ing the reconstructed image of the object.

[0039] According to a second aspect, there is provided
a method for in-line holographic imaging, said method
comprising: acquiring a firstimage of a first interference
pattern, wherein the first interference pattern is formed
when an object is illuminated by a light beam of a first
light source, wherein the first interference pattern is
formed by diffracted light, being scattered by the object,
and undiffracted light of the light beam; acquiring a sec-
ond image of a second interference pattern, wherein the
second interference pattern is formed when the object is
illuminated by a light beam of a second light source,
wherein the second interference pattern is formed by dif-
fracted light, being scattered by the object, and undif-
fracted light of the light beam, wherein the second light
source is arranged at a different angle to the object than
the first light source; processing the first image and the
second image to perform iterative phase retrieval using
information of the relation between the first and second
light source to the object, wherein the processing forms
a reconstructed image of the object with an estimation
of phase information.

[0040] Effects and features of this second aspect are
largely analogous to those described above in connec-
tion with the first aspect. Embodiments mentioned in re-
lation to the first aspect are largely compatible with the
second aspect.
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[0041] By means of the first and second interference
patterns being formed based on a first and a second light
source arranged at different angles in relation to the ob-
ject, a phase diversity is present between the acquired
first and second interference patterns. This phase diver-
sity may then be used in aiding reconstruction of an op-
tical image of the object so as to estimate phase infor-
mation and break the degeneracy of the twinimages such
that effect of the image out of focus is reduced.

[0042] The first and second image of the first and sec-
ond interference patterns may be acquired sequentially,
by first illuminating the object by the light beam of the
first light source and subsequently illuminating the object
by the light beam of the second light source. However,
it should be realized that the first and second image may
be simultaneously acquired by subsets of light-detecting
elements of the image sensor, e.g. being sensitive to
different wavelengths of the first and second light sourc-
es.

[0043] Accordingto an embodiment, an iteration of the
iterative phase retrieval comprises calculating back-
propagation of a light wave from an image plane to an
object plane using characteristics of the first light source
to form a first reconstructed image of the object and,
based on the first reconstructed image, calculating for-
ward-propagation of a light wave from the object plane
to the image plane using characteristics of the second
light source.

[0044] This implies that the information relating to the
different set-ups of the first and second light sources in
relation to the object may be used in an iteration so as
to enable phase retrieval from the phase diversity pro-
vided by the first and second interference patterns.
[0045] Further, the forward-propagated light wave to
the image plane using characteristics of the second light
source may form a hologram representation correspond-
ing to the second image of the second interference pat-
tern. The phase information of this hologram represen-
tation may then be maintained while an intensity is re-
placed by the intensity acquired in the second image.
This implies that the reconstruction of the phase infor-
mation may be improved when iterating the back-prop-
agation and forward-propagation.

[0046] According to an embodiment, the iterative
phase retrieval is performed using information obtained
during an initial system calibration. Since the set-up of
the light sources to the object and the image sensor may
be fixed, knowledge of these relations may be obtained
during an initial system calibration. Thus, the reconstruc-
tion of the image may be based on a very accurate knowl-
edge of conditions in which the first and second images
were acquired.

[0047] According to an embodiment, the first image
and the second image are acquired using illumination of
different wavelengths.

[0048] Further, using different wavelengths of the light
sources, the first image and the second image may ac-
cording to an embodiment be acquired simultaneously.
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This may be especially advantageous if the object is mov-
ing or changing (e.qg. if cells moving within a fluidic sample
are imaged) such that blur caused by changes to the
object or a position of the object between the first and
second images may be avoided.

Brief Description of Drawings

[0049] The above, as well as additional objects, fea-
tures and advantages of the present inventive concept,
will be better understood through the following illustrative
and non-limiting detailed description of preferred embod-
iments of the present inventive concept, with reference
to the appended drawings. In the drawings like reference
numerals will be used for like elements unless stated
otherwise.

Fig. 1a is a schemaitic illustration of a twin image
problem in in-line holographic imaging.

Fig. 1bis an example reconstructed image of an ob-
ject illustrating the twin image problem.

Fig. 2 is a schematic view of an apparatus according
to an embodiment.

Fig. 3 is a schematic view illustrating angular dis-
placement of light sources in the apparatus.

Fig. 4is aflow chartof aniteration of a phase retrieval
algorithm.

Fig. 5ais an example reconstructed image of an ob-
ject before processing by the phase retrieval algo-
rithm.

Fig. 5b is an example reconstructed image of an ob-
ject after one iteration of processing by the phase
retrieval algorithm.

Fig. 6 is a flow chart of a method according to an
embodiment.

Detailed Description

[0050] Detailed embodiments of the present invention
will now be described with reference to the drawings.
[0051] The invention relates to in-line digital holo-
graphic imaging. As illustrated in Fig. 1a, in in-line holo-
graphic imaging, object light and reference light have a
common optical axis and is formed from a common illu-
mination beam 10. Thus, an object 12 is illuminated by
the illumination beam 10 which is partly diffracted by the
object 12 forming the object light and partly is unaffected
by the object 12 forming the reference light. The object
lightand the reference light may thus form aninterference
pattern, which may be acquired by an image sensor 14.
As illustrated by ray 16, the diffraction of object light is
distributed onto the image sensor 14.

[0052] Theimage sensor 14 detects atwo-dimensional
distribution of light intensity as a representation of the
interference pattern. An image of the object 12 may then
be reconstructed by applying a complex wave equation
to the detected interference pattern for forming a fo-
cussed image in an object plane 18 from the detected
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light in an image plane 20 in which the image sensor 14
is arranged.

[0053] However, the detected light intensity does not
comprise phase information and the detected interfer-
ence pattern could also have been formed by a virtual
twin image 22 of the object 12. Thus, when the complex
wave equation is solved for reconstructing the image of
the object 12 by back-propagating the detected interfer-
ence pattern in the image plane 20 to form the image of
the object 12 in the object plane 18, a contribution of the
virtual twin image 22 cannot be removed. In the recon-
structed image of the object 12, the twin image 22 of the
object will also be imaged, but the twin image 22 will be
out of focus in the object plane 18 as illustrated by ray
24. The twin image 22 will thus affect quality of the re-
constructed image. As illustrated in Fig. 1b, which is a
reconstructed image of a test object, a defocussed twin
image 22 appears as halos around sharp features form-
ing the object 12.

[0054] Referring now to Fig. 2, an apparatus 100 ac-
cording to an embodiment of the invention will be de-
scribed. The apparatus 100 is arranged in order to ac-
quire image information using in-line holographic imag-
ing in such a manner as to enable alleviating the twin
image problem described above.

[0055] As illustrated in Fig. 2, the apparatus 100 com-
prises three light sources 102, 104,106. The apparatus
100 may comprise more than three light sources, such
as four, five or even more light sources. However, the
apparatus 100 will at least comprise two different light
sources.

[0056] Each of the light sources 102, 104, 106 is ar-
ranged to illuminate an object 108, when the object 108
is arranged in the apparatus 100. The light sources 102,
104, 106 are arranged at different angles in relation to
the object 108 and may thus illuminate the object 108 in
different manners such that information recorded during
the different illuminations provides phase diversity infor-
mation.

[0057] The apparatus 100 further comprises an image
sensor 110, which comprises a set of light-detecting el-
ements 112. The light-detecting elements 112 may thus
detect a light intensity incident on the respective light-
detecting element 112 and together the set of light-de-
tecting elements 112 may detect a distribution of light
intensities in two dimensions in a plane defined by the
image sensor 110. Thus, when the object 108 is illumi-
nated by alight beam from atleast one of the light sources
102, 104, 106, an interference pattern formed by diffract-
ed light, being scattered by the object 108, and undif-
fracted light of the light beam may be acquired by the
image sensor 110.

[0058] The image sensor 110 could comprise various
types of arrays of light-detecting elements 112 for detect-
ing intensity of incident light. For instance, the image sen-
sor 110 could comprise an array of charge-coupled de-
vice (CCD) pixels or an array of complementary metal-
oxide-semiconductor (CMOS) pixels. The image sensor
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110 could further comprise circuitry for reading out infor-
mation on light intensities detected in the light-detecting
elements 112 and for performing analog-to-digital con-
version for creating a digital representation of the inter-
ference pattern.

[0059] The arrangement of the light sources 102, 104,
106 at different angles in relation to the object 108 allows
the apparatus 100 to acquire a multiple wave-vector com-
bination in the form of a plurality of acquired intereference
patterns. The apparatus 100 may provide a fixed relation
between each of the light sources 102, 104, 106, the
object 108 and the image sensor 110. This implies that
knowledge of the fixed relation may also be used in ex-
tracting phase information and, hence, in reconstructing
an image of the object 108 of high quality.

[0060] The apparatus 100 may comprise a housing
114 in which the image sensor 110 and the light sources
102, 104, 106 are mounted. The housing 114 may thus
provide mounting supports for the image sensor 110 and
for the light sources 102, 104, 106, which defines rela-
tions between the image sensor 110 and the light sources
102, 104, 106 in a well controlled manner.

[0061] The housing 114 may also comprise a receiver
116 for receiving an object 108 to a well defined position
in the housing 114. The receiver 116 could be movable
between a measurement position in which the object 108
received in the receiver 116 is presented for illumination
by the light sources 102, 104, 106 and a mounting posi-
tion, extending at least partly outside the housing 114
allowing a user to place the object 108 in the receiver
116. The receiver 116 may be arranged to perform a
simple movement, e.g. a pure rotation or translation, be-
tween the measurement position and the mounting po-
sition, such that a position of the object 108 is accurately
defined in the housing 114. Alternatively, the receiver
116 may be fixed and the housing 114 may allow access
to a user for placing an object 108 in the receiver 116.
[0062] It should be realized that the receiver 116 may
have any shape or form for supporting or receiving the
object 108 in the measurement position. In one embod-
iment, the object 108 may be arranged in a sample holder
having standardized size and shape and the receiver 116
may comprise a slot for receiving the sample holder in a
pre-defined relation in the receiver 116. In another em-
bodiment, the receiver 116 may comprise one or more
supporting structures on which the ojbect 108 may be
placed in the housing 114.

[0063] The apparatus 100 may thus be arranged for
acquiring interference patterns by illuminating the object
108 under well-known conditions. As described in detail
below, the acquired interference patterns may be proc-
essed using information of placement of the respective
light sources 102, 104, 106 in relation to the object 108
and the image sensor 110. The acquired interference
patterns may be processed in an iterative mannerin order
to retrieve phase information and remove twin image
noise. Any imprecision in placement of light sources 102,
104, 106, object 108 and the image sensor 110 in the
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housing and/or imprecision in wavelength(s) emitted by
the light sources 102, 104, 106 may be accounted for by
initial calibration of the apparatus 100. As the apparatus
100 provides a fixed set-up, the initial calibration may
then be used throughout imaging of objects 108 with the
apparatus 100.

[0064] The light sources 102, 104, 106 may be ar-
ranged at different angles with relation to the object 108
in at least one respect in a three-dimensional space.
However, the light sources 102, 104, 106 may be ar-
ranged at different angles with relation to the object 108
in two respects in a three-dimensional space. In a spher-
ical coordinate system, the light sources 102, 104, 106
may be arranged at different azimuthal angles and polar
angles with respect to a center of the object 108.
[0065] As illustrated in Fig. 3, the first light source 102
may be arranged at a first azimuthal angle 6, and a first
polar angle ¢4 in relation to the object 108, whereas the
second light source 104 may be arranged at a second
azimuthal angle 6, and a second polar angle ¢, in relation
to the object 108.

[0066] The light sources 102, 104, 106 are arranged
in relation to the object 108 and the image sensor 110
such that the arrangement of the light sources 102, 104,
106 in relation to the object differ to such an extent that
the interference patterns in the image plane defined by
the image sensor 110 are shifted at least a distance cor-
responding to a size of a light-detecting element 112 in
relation to each other. Thus, if the apparatus 100 is de-
signed with arelatively large distance from the object 108
to the light sources 102, 104, 106, the light sources 102,
104, 106 may need to be arranged relatively far apart.
The larger angular displacement of the light sources 102,
104, 106, the more diverse information may be acquired
in the acquired interference patterns facilitating fast re-
construction of an image of the object 108 and obtaining
an image of high quality.

[0067] However, in reconstruction of the image of the
object 108 only a shared field of view of the object 108
may be used in iterative phase retrieval. Thus, if the an-
gular displacement of the light sources 102, 104, 106 is
large, the shared field of view may be relatively small with
edges of the acquired interference patterns not being
from commonly imaged parts of the object 108. This im-
plies that a field of view of the reconstructed image may
be reduced. The shared field of view may be increased
by decreasing a distance between the object 108 and
the image sensor 110, increasing a distance between
the object 108 and the light sources 102, 104, 106, or
decreasing a distance between the light sources 102,
104, 106.

[0068] The angular displacement of the light sources
102, 104, 106 should thus take into account the field of
view possible to be reconstructed with high quality in the
reconstructed image of the object and the possibility to
acquire diverse information for removing the twin image
noise. In an embodiment, the angular displacement of
the light sources 102, 104, 106 may be designed to be
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of such extent that the interference patterns acquired in
the image sensor 110 are shifted a distance correspond-
ing to 10-20 pixels.

[0069] Each of the light sources 102, 104, 106 may be
arranged to emit spatially coherentlight such that forming
of an interference pattern in interaction with the object
108 is enabled. The light sources 102, 104, 106 may thus
comprise laser sources, e.g. in the form of laser diodes.
According to an alternative, the light sources 102, 104,
106 may comprise a combination of a source generating
incoherent light and a spatial filter, e.g. a pinhole for form-
ing spatially coherent light when the light passes the spa-
tial filter. It should be realized that the light sources 102,
104, 106 may all be formed by similar types of sources
or may be formed by different types of sources.

[0070] The light sources 102, 104, 106 may be ar-
ranged to emit the same wavelengths and may thus be
identical light sources 102, 104, 106. In such case, the
light sources 102, 104, 106 may be arranged to sequen-
tially illuminate the object 108 such that a separate inter-
ference pattern may be acquired by the image sensor
110 under each illumination of the object 108. The image
sensor 110 may thus comprise monochromatic light-de-
tecting elements 112. The object 108 may be assumed
to be stationary and invariable during acquiring of the
plurality of interference patterns.

[0071] Alternatively, the light sources 102, 104, 106
may be arranged to emit light of different wavelengths.
The use of different wavelengths further adds to acquiring
of diverse phase information such that a reconstructed
image of high quality may be obtained.

[0072] The light sources 102, 104, 106 may be chosen
in relation to objects 108 that are to be imaged by the
apparatus 100 such that the object 108 is achromatic in
relation to the emitted wavelengths. The light sources
102, 104, 106 may thus be arranged to emit wavelengths
for which objects 108 to be imaged may typically have
an achromatic response. The apparatus 100 may be
used for imaging of similar objects 108 so that charac-
teristics of the object 108 may be known and the light
sources 102, 104, 106 may be chosen accordingly.
[0073] The object 108 should thus not exhibit strong
wavelength dependent scattering or absorbance charac-
teristics (such as resonances) across a spectral range
spanning emission wavelength range of the light sources
102, 104, 106.

[0074] When the light sources 102, 104, 106 are ar-
ranged to emit different wavelengths, several interfer-
ence patterns may be acquired simultaneously by differ-
ent light-detecting elements 112 in the image sensor 110
being arranged to detect light of different wavelengths.
Each light-detecting element 112 may thus be arranged
to detect the wavelength emitted by one of the light sourc-
es 102, 104, 106, e.g. by having a corresponding filter
arranged integrated on the light-detecting element 112.
In a group of adjacentlight-detecting elements 112 within
the image sensor 110, there may thus be one light-de-
tecting element 112 associated with each of the emitted
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wavelengths. Such a group may thus form a "macro-pix-
el" and the macro-pixels may be repeated on the image
sensor 110 so as to allow acquiring two-dimensional im-
ages for each of the wavelengths. A resolution of each
such image for a wavelength range will thus correspond
to the number of macro-pixels on the image sensor 110.
[0075] If the interference patterns are to be acquired
simultaneously, a resolution of the acquired interference
patterns will hence be decreased. However, in certain
applications, such impairment of acquiring of the inter-
ference pattern may be acceptable. Further, if the object
108 is moving or changing, this may at best cause blur
in reconstruction of an image of the object based on se-
quential illumination. Thus, for a moving object 108, si-
multaneous illumination with different wavelengths may
be desired.

[0076] As mentioned above, the apparatus 100 may
provide a fixed relation of the light sources 102, 104, 106,
the object 108 and the image sensor 110. The light sourc-
es 102, 104, 106 may be separately manufactured and
mounted in assigned positions in the housing 114. This
implies that the apparatus 100 may use a package for
each of the light sources 102, 104, 106 which may be
manufactured in large scale and hence may be inexpen-
sive. Such conventional packages may then be mounted
in assigned positions in the apparatus 100.

[0077] For instance, the light sources 102, 104, 106
may be provided as a small packaged source, such as
a transistor outline metal can package providing a small
packaged laser diode source.

[0078] The light sources 102, 104, 106 may alterna-
tively be provided in a joint package, which may be
mounted in the housing 114. The light sources 102, 104,
106 may thus be manufactured in a first step providing
a fixed relation between the light sources 102, 104, 106,
which may then be easily mounted in a later step of man-
ufacturing the apparatus 100. Laser diodes may suitably
be arranged on a common substrate for providing a joint
package of the light sources 102, 104, 106.

[0079] According to an embodiment, the light sources
102, 104, 106 may comprise lightguides for guiding gen-
erated light to be emitted towards the object 108 from a
desired position in the apparatus 100.

[0080] The lightguides may be separately arranged
from a part of the light source 102, 104, 106 generating
light. Thus, the generated light may be coupled into the
ligthguide in order for light to be guided to a desired po-
sition (in which the light generating part may not be easily
placed) for providing output of light from the light source
102, 104, 106 in a desired position. However, the cou-
pling of light into the lightguide may be lossy and may
need exact alignment, when laser light is to be coupled
into the lightguide.

[0081] Inanembodiment, a plurality of lightguides, one
for each light source 102, 104, 106 may be formed in a
common substrate. For instance, the lightguides may be
formed by means of semiconductor processing so as to
allow accurate forming of the lightguides, which may also
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facilitate coupling of light into the lightguides. The ar-
rangement of lightguides on a common substrate may
allow accurate control of the relationship between output
positions of the light sources 102, 104, 106 as well.
[0082] In a further embodiment, the light sources 102,
104, 106 may be integrated in a photonic integrated cir-
cuit such that light generating parts may be arranged in
the circuit and lightguides may further be formed in the
circuit for guiding light to be output in a desired position
from the photonic integrated circuit. Thus, semiconductor
laser diodes may be integrated in the photonic integrated
circuit and light emitted by the laser diodes may be di-
rectly coupled into lightguides for guiding light. This im-
plies that the light sources 102, 104, 106 may be formed
in a common package while allowing a large degree of
freedom in designing relative arrangement of output of
light from the light sources 102, 104, 106 by means of
designing paths of the lightguides in the common sub-
strate.

[0083] The apparatus 100 may further comprise a
processing unit 118 which may be configured to process
the acquired interference patterns in order to form a re-
constructed image of the object. The processing unit 118
may be arranged in the housing 114 of the apparatus
100 and may be directly connected to the image sensor
110 for receiving the acquired interference patterns.
However, the processing unit 118 may alternatively be
arranged in another housing and may be arranged to
communicate with the image sensor 110 through a wired
or wireless connection.

[0084] According to another embodiment, the appara-
tus 100 may be arranged to transmit the acquired inter-
ference patterns to an external unit. The acquired inter-
ference patterns may for instance be transmitted via a
computer network, such as the Internet, to an external
unit arranged remotely from the apparatus 100. The ex-
ternal unit may then be especially adapted to process
the acquired interference patterns and reconstruct anim-
age of the object 108. Such use of the external unit may
allow the specialized external unit to always be adapted
to using best-known algorithms for forming the recon-
structed image.

[0085] The processing unit 118 may be implemented
as software being executed on a general-purpose com-
puter, as firmware arranged e.g. inan embedded system,
or as a specifically designed processing unit, such as an
Application-Specific Integrated Circuit (ASIC) or a Field-
Programmable Gate Array (FPGA).

[0086] The processing unit 118 may utilize information
of positions of the light sources 102, 104, 106 in relation
to the object 108 and the image sensor 110 and informa-
tion of wavelengths emitted by the light sources 102, 104,
106. Upon manufacture of the apparatus 100, an initial
calibration may be performed to determine exact posi-
tions and wavelengths so as to account for e.g. any im-
precision in mounting. The calibration may thus be per-
formed once and, since the relations of the light sources
102, 104, 106, the object 108, and the image sensor 110
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are fixed in the apparatus 100, the initial calibration ap-
plies to future holographic imaging performed with the
apparatus 100.

[0087] Calibration results may be stored as afile avail-
able to the processing unit 118 or may be integrated into
a specially adapted reconstruction algorithm run by the
processing unit 118.

[0088] Referring now to Fig. 4, an iterative phase re-
trieval algorithm 200 will be explained. An iteration cycle
is illustrated in Fig. 4. The iteration cycle may start with
one of the interference patterns, hereinafter called a holo-
gram. Thus, a first hologram acquired with illumination
by the first light source 102 may be used as an initial
guess.

[0089] In step 202, the first hologram is adjusted by a
first phasor for the angular position of the first light source
102. A phasor is a complex phase function representing
the angular position of the source.

[0090] Instep 204, the adjusted hologram is then back-
propagated to the object plane using a first propagator.
A propagator is a wave-propagation algorithm for esti-
mating an electro-magnetic field in one plane with respect
to an initial plane. The propagator may be an angular
spectrum propagator, e.g. using a Gerchberg-Saxton al-
gorithm. The propagator uses an angular position of the
source and the wavelength of the source.

[0091] By means of the back-propagation in step 204,
a reconstructed object image is formed. In step 206, the
reconstructed object image is adjusted by a second
phasor for an angular position of the second source.
Then, in step 208, the adjusted object image is forward-
propagated to the image plane using a second propaga-
tor.

[0092] Now, a propagated hologram is formed, which
may be compared to the acquired second hologram. In
step 210, an amplitude of the propagated hologram is
replaced with the amplitude of the acquired second holo-
gram, while phase information of the propagated holo-
gram is maintained.

[0093] Instep 212, the updated hologram may now be
adjusted by the second phasor for the angular position
of the second source. Then, in step 214, the adjusted
hologram is back-propagated to the object plane using
the second propagator, such that a reconstructed object
image is again formed.

[0094] Steps 206-214 may now be repeated for each
of the acquired holograms using the respective phasor
and propagator for the light sources with which the holo-
grams were acquired, as illustrated by step 216. The re-
constructed objectimage based on back-propagation us-
ing the last propagator may then be adjusted again by
the first phasor, step 218. The adjusted object image is
then forward-propagated to the image plane using the
first propagator, step 220.

[0095] Anamplitude of the propagated hologram using
the first propagator is replaced with the amplitude of the
acquired first hologram, while phase information of the
propagated hologram is maintained, step 222. This up-

10

15

20

25

30

35

40

45

50

55

dated hologram may then be used as an updated guess
in another iteration of the phase retrieval and the iteration
may thus be re-started from step 202.

[0096] By performing a number of iterations of the it-
erative phase retrieval algorithm, the twin image noise
may be removed such that a reconstructed image of high
quality may be formed.

[0097] A metric may be defined for checking an im-
provement of image quality in every iteration of the algo-
rithm. A user may choose a threshold indicating a mini-
mum level of improvement with respect to a previous
iteration. Alternatively, a default or preset threshold may
be used. If the metric reveals that the minimum level of
improvement is not achieved in an iteration, it may be
decided that an acceptable quality (in relation to required
processing operations) of the reconstructed image has
been achieved. Then, the iterative algorithm may be ter-
minated and a reconstructed image may be returned.
[0098] In Figs 5a-b, object images are shown for illus-
trating enhancement of the image quality using the iter-
ative phaseretrieval algorithm based on interference pat-
terns acquired using different angles and wavelengths.
Three images of interference patterns were obtained us-
ing three different sources illuminating the object with
laser wavelengths of 635 nm at an azimuthal angle of
-3.5°, 650 nm at an azimuthal angle of 0° and 680 nm at
an azimuthal angle of +3.5°, respectively. The polar angle
was 0° for all light sources. The light sources were ar-
ranged at 6 mm distance from each other in a plane par-
allel to the object plane and the image plane.

[0099] In Fig. 5a, a reconstructed image based on the
firstinterference pattern is shown. Then, a single iteration
of the phase retrieval algorithm is performed using the
three interference patterns and the reconstructed image
shown in Fig. 5b is formed. As is clear from Figs 5a-b,
the twin image noise is significantly reduced in Fig. 5b.
[0100] Referring now to Fig. 6, a method 300 for in-line
holographic imaging will be summarized.

[0101] The method 300 comprises acquiring 302 a first
image of a first interference pattern formed when illumi-
nating an object 108 by a light beam from a first light
source 102. The method further comprises acquiring 304
a second image of a second interference pattern formed
when illuminating the object 108 by a light beam from a
second light source 104. As described above, the first
and second image may be simultaneously acquired
based on different spectral filters of the image sensor
110 or may be sequentially acquired by the object 108
being sequentially illuminated by the light beams of the
first and second light sources 102, 104.

[0102] The method further comprises processing 306
the first and second images to perform iterative phase
retrieval in order to form a reconstructed image of the
object with an estimation of phase information.

[0103] In the above the inventive concept has mainly
been described with reference to a limited number of ex-
amples. However, as is readily appreciated by a person
skilled in the art, other examples than the ones disclosed
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above are equally possible within the scope of the inven-
tive concept, as defined by the appended claims.

Claims

1. An apparatus for in-line holographic imaging, said
apparatus (100) comprising:

at least a first light source (102) and a second
light source (104) arranged for illuminating an
object (108) arranged in the apparatus (100)
with a light beam;

an image sensor (110) comprising a set of light-
detecting elements (112) for acquiring an image
based on incident light on the set of light-detect-
ing elements (112), wherein the image sensor
(110) is arranged to detect at least a first and a
second interference pattern, wherein the first in-
terference pattern is formed when the object
(108) is illuminated by the first light source (102)
and the second interference pattern is formed
when the object (108) is illuminated by the sec-
ond light source (104), wherein the first and sec-
ond interference patterns are formed by diffract-
ed light, being scattered by the object (108), and
undiffracted light of the light beam;

wherein the at least first and second light sourc-
es (102, 104) are arranged at different angles in
relation to the object (108).

2. The apparatus according to claim 1, wherein the at
least first and second light sources (102, 104) are
mounted to have a fixed relation to the object (108)
and the image sensor (110).

3. The apparatus according to claim 1 or 2, wherein the
at least first and second light sources (102, 104) are
arranged at different azimuthal angle and polar angle
with respect to a center of the object (108).

4. Theapparatus according to any one of the preceding
claims, wherein the first and second light sources
(102, 104) are arranged in relation to the object (108)
and the image sensor (110) such that the angles of
the first and second light sources (102, 104) in rela-
tion to the object (108) differ to such an extent that
the second interference pattern is shifted at least a
distance corresponding to a size of a light-detecting
element (112) of the image sensor (110) in relation
to the first interference pattern.

5. Theapparatus according to any one of the preceding
claims, wherein each of the at least first and second
light sources (102, 104) is arranged to illuminate the
object (108) with a unique wavelength.

6. The apparatus according to claim 5, wherein the
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10

10.

1.

12.

unique wavelengths are chosen in relation to the ob-
ject (108) to provide an achromatic response of the
object (108).

The apparatus according to any one of the preceding
claims, wherein the at least first and second light
sources (102, 104) are laser diodes arranged in a
conventional package.

The apparatus according to any one of claims 1-6,
wherein the at least first and second light sources
(102, 104) comprise lightguides formed in a common
photonicintegrated circuit defining different light out-
puts for the different light sources.

The apparatus according to any one of the preceding
claims, further comprising a receiver (116) arranged
to receive a sample holder carrying the object (108),
wherein the receiver (116) defines a position of the
object (108) inrelation to the at least first and second
light sources (102, 104) and the image sensor (110).

The apparatus according to any one of the preceding
claims, further comprising a processing unit (118)
configured to process the detected at least first and
second interference patterns according to an itera-
tive phase recovery algorithm for forming a recon-
structed image of the object (108).

A method for in-line holographic imaging, said meth-
od (300) comprising:

acquiring (302) a first image of a first interfer-
ence pattern, wherein the first interference pat-
tern is formed when an object (108) is illuminat-
ed by a light beam of a first light source (102),
wherein the first interference pattern is formed
by diffracted light, being scattered by the object
(108), and undiffracted light of the light beam;
acquiring (304) a second image of a second in-
terference pattern, wherein the second interfer-
ence pattern is formed when the object (108) is
illuminated by a light beam of a second light
source (104), wherein the second interference
pattern is formed by diffracted light, being scat-
tered by the object (108), and undiffracted light
of the light beam, wherein the second light
source (104) is arranged at a different angle to
the object (108) than the first light source (102);
processing (306) the firstimage and the second
image to perform iterative phase retrieval using
information of the relation between the first and
second light source (102, 104) to the object
(108), wherein the processing forms a recon-
structed image of the object (108) with an esti-
mation of phase information.

The method according to claim 12, wherein an iter-
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ation of the iterative phase retrieval comprises cal-
culating back-propagation (204) of a light wave from
an image plane to an object plane using character-
istics of the first light source (102) to form a first re-
constructed image of the object (108) and, based on
the first reconstructed image, calculating forward-
propagation (208) of a light wave from the object
plane to the image plane using characteristics of the
second light source (104).

The method according to claim 12 or 13, wherein the
iterative phase retrieval is performed using informa-
tion obtained during an initial system calibration.

The method according to claim 12 or 13, wherein the
firstimage and the second image are acquired using
illumination of different wavelengths.

The method according to claim 14, wherein the first
image and the second image are acquired simulta-
neously.
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Adjust first hologram by first phasor

Back-propagate adjusted hologram to
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