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An important quest in optical imaging has been, and still is, extending the resolution of imaging systems beyond the
diffraction limit. We propose a superresolution technique in which the image is first blurred by a scattering mask, and
then recovered from the blurry data with improved resolution. We introduced a scattering mask into the space
between the observed objects and the objective lens of a Fresnel incoherent correlation holography (FINCH) system
to demonstrate the method. Optical waves, containing high spatial frequencies of the object, which are usually filtered
out by the limited system aperture, were introduced into the system due to the scattering nature of the scattering mask.
As a consequence, both the effective numerical aperture and the spatial bandwidth of the system were enlarged. The
image resolution could therefore be improved far beyond the resolution limit dictated by the limited numerical aper-
ture of the system. We demonstrated the technique using a modified FINCH system and the results were compared
with other systems, all having the same aperture dimensions. We showed a resolution enhancement in comparison to
conventional FINCH and regular imaging systems, with the same numerical apertures. The theoretical and exper-
imental data presented here establishes the proposed method as an attractive platform for an advanced superresolution
system that can resolve better than conventional imaging systems. ~© 2017 Optical Society of America

OCIS codes: (100.6640) Superresolution; (090.1995) Digital holography; (110.0110) Imaging systems; (110.0180) Microscopy; (090.1760)
Computer holography; (050.5080) Phase shift.
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1. INTRODUCTION

Imaging is the technique of recording a visual representation of an
object [1-4]. One of the important goals in imaging is to be able
to resolve as small as possible visual details of the object. However,
in optical imaging, the barrier in achieving this goal is the diffrac-
tion limit i.e., the inability to collect all of the light diffracted from
the object due to the limited aperture size of the imaging system
[5]. Different techniques have been developed to surpass the dif-
fraction limit [6-13]. These methods usually gain the resolving
power at the expense of cither the field of view (FOV) or the time
resolution. In other words, either the resolving power is gained
only in a relatively small area out of the entire object area [7],
or relatively many images of the same object, under different con-
ditions, are acquired over time [8—13].

self-interference. Hence, FINCH breaks the classical limits gov-
erned by the Lagrange invariant condition [18] and enables, under
specific conditions [17,18], resolution beyond the diffraction limit
by theoretical factors of 2 and 1.5, in comparison with con-
ventional coherent and incoherent systems with the same NA,
respectively. Recently, an optical configuration of FINCH with
structured  illumination was demonstrated to resolve images
beyond the resolution limit of FINCH dictated by the NA of
the system [19].

In this study, we propose a new technique to gain the resolving
power of the FINCH system beyond the diffraction resolution
limit. In the proposed technique, a random-like coded phase mask
(CPM) is introduced between the object and the FINCH system.
The CPM, when displayed in front of the object, diffuses part of

Holography is an indirect method of imaging that provides the
ability to record and reconstruct 3D information of an object [14].
An incoherent digital holography technique termed Fresnel inco-
herent correlation holography (FINCH) was invented in 2007
[15-17]. FINCH has been proved to resolve images better than
a non-holographic lens-based imaging system with the same
numerical aperture (NA) [17]. This peculiarity of FINCH

arises due to its operation mode of recording holograms by a
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the incident light into the system, including the high spatial
frequencies that are otherwise discarded by the system due to its
limited NA. By capturing the otherwise-lost high spatial frequen-
cies, the effective NA is increased beyond the physical NA of the
system. Consequently, the effective spatial bandwidth of the system
is enlarged, and smaller details of the object can be resolved. Since
the proposed method is FINCH enhanced by the CPM, it is
dubbed coded FINCH (C-FINCH).
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Although resolution enhancement of FINCH is demonstrated
herein, the current methods of hologram recording and
reconstruction are similar to another technique of incoherent
hologram recording, known by the term coded aperture correla-
tion holography (COACH) [20]. Like FINCH, COACH can be
classified as an incoherent self-reference holography system in
which the beam radiated from the object is split into two beams.
One of these beams passes through a CPM displayed on a spatial
light modulator (SLM). From the SLM, the beam propagates to
the sensor plane on which it interferes with another beam that
comes from the same object but without being modulated by
the CPM. The intensity distribution of the two-beam interference
is stored in the computer as a digital hologram. At least two holo-
grams must be recorded in this method. Before recording the
hologram of an object, one should record at least one point spread
hologram (PSH). The PSH is a hologram of a point source located
in the center of the plane on which the object is displayed. Both
the PSH and the object hologram are recorded under the same
conditions and with the same CPM. The PSH is used in the dig-
ital reconstruction stage, such that the image is digitally recon-
structed by correlating the object hologram with the PSH.
These techniques of recording and reconstruction are also applied
in the present C-FINCH method for superresolution.

There is also some similarity between C-FINCH and Kim’s
work on imaging with an incoherent self-reference holography
system through a scattering medium [21,22]. However, unlike
Refs. [21,22] where the scattering medium is a given unchange-
able disturbing element, in C-FINCH, the scattering medium is
artificially synthesized and controllably changed, not only to im-
age the object covered by this scattering medium but also to re-
solve the image with better image resolution than in the case
without the scattering medium.

Another pioneer study that employs a random pattern to
achieve superresolution is the turbid lens imaging (TLI) technique
proposed by Choi et al. [23,24]. In TLI, the effective NA is in-
creased, and thus the image resolution is improved due to scattering
of waves with high spatial frequencies by the turbid media. The
purpose of the CPM presented in our study is similar to the turbid
media. However, TLI and C-FINCH are different in almost any
other aspect. TLI operates only with coherent light, whereas
C-FINCH works only with incoherent light. Additionally, the
training process of the system and the reconstruction procedure are
different, and apparently more efficient, in C-FINCH. Because of
the use of incoherent light, the C-FINCH technique can be applied
for fluorescence and other incoherent microscopy techniques.
Moreover, unlike [23,24], in this study, we have investigated the
behavior of C-FINCH under different degrees of scattering.

The advantages of the proposed method are: (1) A resolution
enhancement of more than triple is achieved in the present experi-
ment, but theoretically the system aperture can stop being a limit-
ing factor of the image resolution. (2) Relatively short time of
image acquisition is employed. (3) The imaging system is passive
without emitting any signal or radiation toward the object, and it
operates well with any kind of incoherent illumination (e.g., fluo-
rescent illumination). (4) The process of capturing the images is
completely motionless, performed from a single viewpoint and
without any scanning. (5) The method can be applied to any im-
aging application that can be implemented by a FINCH system
or by any other self-interference hologram recorder. (6) The res-
olution enhancement is controllable such that a user can adjust
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electronically between the parameters of resolving power versus
the size of the FOV.

The paper consists of four sections. In the second section, the
methodology of this study is presented. The experimental pro-
cedure is discussed in the third section. The comparison results
of the proposed technique with regular imaging and FINCH are
presented in the final section. In addition, detailed analysis of the
geometry of C-FINCH is presented in Appendix A.

2. METHODOLOGY

The scheme illustrated in Fig. 1(a) describes the optical configu-
ration of the C-FINCH. A pinhole is critically illuminated [25] by
a spatially incoherent and quasi-monochromatic light source us-
ing the lens Ly. Thus, light diffracted from every point on the
object plane can interfere only with itself, and it cannot interfere
with light diffracted from a different point, enabling the imple-
mentation of the self-interference principle. The light emitted
from an object point is incident on the CPM located at a distance
of dy from the object plane. The CPM is computed by the
Gerchberg—Saxton algorithm (GSA) [26], illustrated in Fig. 2.
For every iteration, two constraints are defined in the spatial
and frequency domains. In the CPM domain, the complex am-
plitude is constrained to be a pure phase because the CPM is a
pure phase mask. In the spectrum domain, the constraint is such
that the complex amplitude should have a uniform magnitude
over the desired area of the spatial spectrum with the bandwidth
of 2B = 2B, = 2B,. This bandwidth controls the degree of scat-
tering of the CPM. When B is maximal, the CPM scatters the
incident light along all the possible angles up to the angle
£1/2A, where 4 is the central wavelength of the illumination,

Object\pinhole

Light [,
source

Object\pinhole |

7\
Light Image
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Fig. 1. Optical schemes of (a) C-FINCH system and (b) dual lens
FINCH system. P; and P,, polarizers; L,, objective lens; Z; and L,, con-
verging lenses; CPM, coded phase mask, SLM, spatial light modulator.
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Fig. 2. Block diagram illustrates the GSA. $*and 3! represent forward
and backward Fourier transforms, respectively. A, ¢, and C represent
magnitude, phase, and complex matrices, respectively.

and A is the pixel size of the CPM. We define the ratio 6 =
B/B,... (where 2B, is the maximal spectral bandwidth) as
the scattering degree, which is a value that can be varied between
0 and 1. It is shown later that the scattering degree & controls the
trade-off between the resolution enhancement and the FOV size.
The CPM on which a pure random phase (after # iterations of the
GSA) is produced with an effective diameter D diffuses the in-
cident light and acquires the high frequencies that are otherwise
discarded by the limited NA of the system. The effective diameter
is the diameter of the part of the CPM that participates in the
imaging process, i.e., the light scattered from this part is intro-
duced into the FINCH section of the system and recorded by
the camera. A refractive lens Z; is mounted at a distance of
fo from the object plane to collect the light diffused by the
CPM and projects the beams onto an SLM located right behind
L;. The polarization of the light diffracted by the pinhole is ori-
ented at 45° with respect to the active axis of the SLM using a
polarizer ;. On the SLM, a diffractive lens with a focal length
of f, is displayed. Since the SLM active axis is oriented at 45°
with respect to the polarization of the incident light, two optical
channels are created corresponding to the two orthogonal polari-
zation directions. Hence, the SLM is employed as a beam splitter
of two orthogonal polarization orientations. A refractive lens Z,
with a focal distance of £, is located behind the SLM, implement-
ing the dual lens FINCH configuration [27].

Unlike regular dual lens FINCH, the two spherical waves
propagating beyond L, in C-FINCH are distorted due to the scat-
tering nature of the CPM. The two scattered waves propagate to
distances of f, and f; from the lens Z, and create two scattered
images. A second polarizer P, oriented at an angle of 45°, with
respect to the active axis of the SLM, enables interference between
the two scattered waves. An image sensor located at a distance of
g, from L, is used to record the hologram. The bias terms and the
twin image are canceled from the hologram using the phase shift
method, similar to [15]. This phase-shift process involves display-
ing three diffractive lenses, each with a focal length £, but with
three phase constants of 6, ,; = 0,27/3, and 47/3. The three
recorded raw holograms are stored in the computer and are super-
posed according to Eq. (2). Consequently, a complex hologram of
the point object, denoted as Hpgyy, is obtained.

The hologram acquisition is repeated for the object, with the
same system arrangement and the same CPM as in the case of
H gy, by replacing the pinhole by the object exactly at the same

max
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axial location. Three holograms are recorded again corresponding
to the three phase masks displayed on the SLM, and the complex
hologram resulting from their superposition is denoted H op;.
The image of the object is reconstructed by cross-correlating
H opy with a phase-only filtered version of Hpgyy in order to im-
prove the signal-to-noise ratio (SNR) [28]. Note that it is suffi-
cient to record the Hpgy only once as part of the training of the
system, and the same Hpgyy can be used to reconstruct an unlim-
ited number of object holograms (located at the same axial
distance).

Next, we describe the process of the hologram acquisition and
reconstruction more rigorously in order to evaluate the various
parameters of the imaging. As mentioned, there are two optical
elements displayed on the SLM corresponding to the two differ-
ent linear polarizations: a diffractive lens with a focal length /',
and a constant phase. Therefore, in the absence of the CPM [see
Fig. 1(b)], there are two imaging systems in the same optical chan-
nel corresponding to the two orthogonal polarizations. The im-
ages of the object are obtained at two different planes, S| and S5,
at the respective distances of f, and f; = 1/[1/f,+ 1/f]
from the lens Z,. The camera plane is located between §; and
Sy, such that there is a perfect overlap between the interfering
beams on the camera plane. As explained in Ref. [27], this con-
dition of beam overlap guarantees maximum resolving power in
the case of classical FINCH. Although this condition is not valid
for C-FINCH, we fulfill this condition to compare the imaging
results of C-FINCH with that of optimal FINCH. The overlap
condition imposes that the distance between the lens L, and the
camera is, z, = 2f f1/(f, + f1)-

When the CPM is introduced into the system [Fig. 1(a)] at a
distance of ¢/ from the object plane, and the system is illuminated
from the object plane by a single point located at (x,, y,) with the
amplitude of \/Tj, the two image planes of the point object (with-
out the CPM) become the Fourier planes of the CPM [14].
Moreover, the centers of these Fourier distributions are located
at the images of the point object. In other words, on plane
Sy, around the point (-x,, -y,) f',/ f ,» there is a Fourier transform
of the CPM (multiplied by a quadratic phase function) with a
diameter of about Ad,6f,/(f,A). On plane S,, around the
point (-x;, -y,), there is another Fourier transform of the
CPM (multiplied by a different quadratic phase function) but
with a diameter of about Ad;6/A. The camera is placed between
the planes S| and S, a relatively short distance from both of
them. Therefore, based on geometrical considerations, we can as-
sume that on the camera plane, beyond the polarizer P, there is a
sum of two distributions; both are centered on the point
(U, V) = (-x»-9,)z3/ [ »» and both have the same diameter
of about D; = Ad 0z,/(f,A). Thus, the intensity distribution

recoded by the camera is

\/‘Gl( -U,v- V> \/’Gz< -U,v- V)

(1)
where G| and G, are the complex amplitudes on the camera
plane. G| propagates from plane S; to the camera plane, and
G, propagates (virtually) from the camera plane and becomes
the Fourier distribution on plane S,. A complex digital hologram
of any point located at (x,, y,) is synthesized from three intensity
recordings with phase shifts 0, , 3 = 0, 27/3, and 47/3 according
to the following equation,

I(n,v;0,) =

>
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H, (,v) = I(u, v;0,)[exp(-i03) - exp(-i0,)]
+ I(w, v;0,)[exp(-i6),) - exp(-if3)]
+1( 03.03)lexp(-i6y) - exp(=i0)},  (2)

in order to remove the twin image and the bias terms during
reconstruction. Finally, the synthesized complex digital hologram
of the point at (x, y,) is

u-U,v-V u-U,v-V
Hp)j(u—U,v—V)=[]--Gl< D, )G;( D, )
3)

An arbitrary object composed of multiple incoherent source
points is given by

I (xy) = Z[jé(x - Xy ) —yf’]-). (4)
j

The complex hologram of the multiple-points object is a super-
position of the point holograms, as the following:

Hop(,0) => Hp(u-Upv-V). (5)
j

In order to reconstruct the image from the hologram, we use the
PSH given by

Hu(w0) = G, (0,) 5 (D]) ©)

This PSH is Fourier transformed, and only its phase profile is
extracted and used in the process of the digital spatial filtering.
The reconstructed image of the object is obtained as a correlation
of H o), with the inverse Fourier transform of the phase profile of
Hopgy, as the following:

7) = [ Honos )i 0~ )

= //ZHPJ(u_ Uj,u- Vj)[:l;‘,SH(u—x,v—y)dudv
J

Y LANx-Upy-V) =1, <]Z% (x, y)>, ()
7

where  Hpgiy(, v) = 3 {expli - arg(3{ Hpsi(# v)})]},  and
where 3 and 3! stand for 2D Fourier and inverse Fourier trans-
forms, respectively. A in Eq. (7) is a é-like function, approxi-
mately equal to 1 around (0,0) and to small negligible values
elsewhere. A is the result of the cross-correlation between
Hopsyy and Hopgyy (1, ). Tt is evident from Eq. (7) that because
the object hologram is an incoherent sum of point responses, each
of which is located at (U}, V;) = (-x,, __)/;,]‘)Zh/foi then a cross-
correlation with Hpgyy(#, v) yields a collection of 8-like functions,
which together create the magnified image.

Few imaging properties can be deduced from this analysis.
Equation (7) indicates that the lateral magnification of C-
FINCH is M7 = z;,/f,. The minimum resolved size on the
image plane is the correlation length of the cross-correlation of
Eq. (7), which is given by the smallest element that can be created
on the camera plane. This smallest feature size cannot be deduced
directly from Eq. (7) but is estimated by the following reasoning,.
Since planes Sy and S, are in Fourier relations with the CPM,
with the scaling factors of A4, and Ad,f,/f,, respectively,
the relation between the camera plane and the CPM can be
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approximated to a Fourier relation with the scaling factor of
Adz;,/ f,. For an effective diameter of the CPM of D, the small-
est feature size that can be measured on the camera plane has the
size of Ad 2, /(Df,) = M71/(2 tan 6,,), where ,, is the maxi-
mal diffraction angle of the central point object recorded by the
camera (see Appendix A). Therefore, the minimum resolvable size
on the object plane is /(2 tan 6,,). This result confirms that the
CPM extends the effective NA of the C-FINCH by scattering
light into the system, which is otherwise discarded by the limited
aperture size of the FINCH system. The maximal diffraction
angle 6, of the central source point recorded by the camera is
given in Appendix A by Eq. (A1) as follows,

_Jdo -d)+:%~ D>
sin 6, = {2JDfOA 0-d1) 21, 5 7} ®)
2d; <7

where 7 is given by Eq. (A3) and w is the diameter of the input
aperture of the FINCH system. As expected, the effective NA
(NA = sin 6,,) is increased (from an initial NA of the classical
FINCH of w/2f;) with a higher scattering degree 6. It should
also be noted that a small ratio of &, / £, also enlarges the effective
NA and thus improves the imaging resolution, but this benefit is
achieved at the expense of the power efficiency of the imaging.
Another important feature of imaging is the FOV. Assuming
the FOV in the object domain without the presence of the CPM
has dimensions of Vj x V|, then on the camera, taking into con-
sideration the magnification factor, the FOV has dimensions of
M (Vo x V). As the intensity distribution of any point source
increases at the camera plane with the increase of the degree of
scattering, the area of the hologram becomes larger than that of
the regular FINCH. The increment in the area of the hologram is
additive since, according to Eq. (5), the C-FINCH hologram is a
convolution of Hpgy with the image, without the CPM, at the
camera plane. Therefore, the size of the C-FINCH hologram is
the sum of the FINCH hologram with the size of Hpgy.
Consequently, from the FOV of FINCH, one should subtract
the size of Hpgy projected to the object plane. As mentioned,
when the CPM is illuminated by a point source from the object
plane, the dimensions of the intensity distribution on the camera
are about D; x Dy, where D; = Ad,0z,/(f,A). Therefore, the
FOV size of C-FINCH at the object plane is V, x V', where
Ad oz, Ad o
Vo= Vo230 = Vo= "5" ©
From this expression, it is clear that as the scattering degree o is
increased, the resolution of C-FINCH is enhanced at the expense
of the FOV size. Note that decreasing the distance 4 increases
both resolving power and the FOV, but as mentioned, there is still
a problem of power loss when the scattering by the CPM is too far
from the FINCH system.

3. EXPERIMENTAL PROCEDURE

To demonstrate the resolution capabilities of C-FINCH and to
compare its performance with that of FINCH and regular imag-
ing, the experimental setup shown in Fig. 3 was constructed with
the ability to switch electronically between the various imaging
systems without altering the setup and without any mechanical
movements. Two identical lasers (Helium—Neon lasers A =
632.8 nm), denoted as LS; and LS,, were spatially filtered by
two spatial filter modules, SF; and SF,, respectively. The back
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Fig. 3. Experimental setup of C-FINCH: LS; and LS,, laser sources,
SF, and SF,, spatial filters; BS; and BS,, beam splitters; P; and P,
polarizers; Ly | and L, ,, objective lenses; L;, converging lens; SLM;
and SLM,, spatial light modulators; CCD, charge-coupled device;
RD, rotating diffuser.

focal plane of the lens Z_; is located on the object plane (OP), so
that the pinhole of SF, is imaged on the OP to ensure the same
axial distance for both the object and the pinhole. By this way, the
first channel illuminated by LS, is employed as the PSH channel,
and the second channel illuminated by LS, is employed as the
object channel. The light emitted by LS, is converted to a spa-
tially incoherent source by transmitting the light through a rotat-
ing diffuser denoted as RD. The lens Z,_; is used to project the
source on the object in a mode of critical illumination. The Iris
located in front of SF, controls the size of the illuminated area on
the OP, according to the required FOV. The beam splitter BS; is
used to combine the light from the two illumination channels.
A negative resolution chart (1951 USAF resolution test chart)
is mounted at the OP, and the pinhole (5 pm in diameter) is
imaged on it from channel 1. The pinhole is imaged on the center
of the observed region on the object. The light from the pinhole is
transferred into the system through a transparent region of the
chart. Beyond the OP the light is polarized by a polarizer P, ori-
ented at 45° with respect to the active axis of SLM,. From P, the
light is reflected by a beam splitter BS, on a phase only SLM,
(Holoeye PLUTO, 1920 x 1080 pixels, 8 pm pixel pitch,
phase-only modulation) employed as the CPM, which is located
at an axial distance of 4; = 125 mm from the OP. SLM; is also
rotated by 45° with respect to SLM, so that its active axis is col-
linear with the incident polarized light. By doing so, maximum
modulation of the incident light is guaranteed. Using SLM; for
displaying CPM allows electronic control of the CPM produced
by the mentioned GSA. The light modulated by the CPM is in-
cident, through the lens Z; on SLM, (same as SLM,), on which
the three diffractive lenses (f;, = 520 mm) with three different
phase shift values, § = 0,27/3, and 47/3, are displayed. The
refractive lens L, (f, = 250 mm) implements both lenses Z,
and L, of Fig. 1. As a result, the light scattered by SLM; is col-
lected by L, mounted close to SLM, in order to transfer maxi-
mum scattered light to SLM,. As a result, the modulated beam
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converges to the distance f; = 168.8 mm from the lens ;. The
system aperture is determined by the diffractive lens displayed on
SLM,, which is limited in the present experiment by a rectangular
mask of 280 x 280 pixels (2.24 x 2.24 mm). From SLM, the
light is reflected by BS, and meets a second polarizer P,, oriented
at 45° with respect to the active axis of SLM,. Because of the
orientation of P,, the modulated and unmodulated beams re-
flected by SLM, can interfere with each other. The image sensor
(GigE vision GT Prosilica, 2750 x 2200 pixels, 4.54 pm pixel
pitch) located at the hologram plane at a distance of z, =
201.6 mm from SLM, (determined according to the mentioned
overlap condition) records the holograms. The polarization direc-
tion of P, is perpendicular to the orientation of Py, and therefore
the incident light arriving directly through BS, from the OP is
blocked. The holograms of the pinhole and the object were re-
corded for the three phase shift values and superposed according
to Ref. [15] to create complex holograms for the object and the
pinhole.

The space between adjacent pixels and the fill factor of SLM,
yields a relatively intense unscattered beam, reducing the effect of
the scattered light. To cancel the effect of the unscattered beam,
the same two CPMs were displayed on SLM; with phase shifts of
@ = 0, 7, and the resulting holograms are superposed. As a result,
six exposures in total are needed for recording each of the object
and the pinhole complex holograms. To improve the SNR of the
reconstructed image and to reduce the effects of other noise
sources (e.g., stray light, CCD noise), five sets of holograms were
recorded for both the pinhole and the object with five different
independent CPMs. The resulting five complex reconstructed im-
ages from the correlation of the corresponding H pgyis and H op;s
were averaged to improve the SNR [28].

The same setup in Fig. 3 is used to implement the conven-
tional FINCH and the regular imaging systems for the purpose
of comparison with C-FINCH. Switching between the various
systems is done electronically by displaying various phase masks
on the SLMs as the following: in the case of the conventional
FINCH, SLM, is inactivated and hence is considered as a con-
stant phase plate. To implement a regular imaging system, SLM,
is operated as a planar mirror, and a diffractive lens satisfying the
imaging condition from the object to the CCD planes is displayed
on SLM,.

4. RESULTS AND DISCUSSION

The comparison results of C-FINCH for different values of o,
regular FINCH, and regular imaging are shown in Fig. 4. To
demonstrate the resolution enhancement, two different experi-
ments were conducted, each with a different purpose. In the first
experiment, the resolution enhancement in C-FINCH was
studied by analyzing the improvement in the visibility of the re-
constructed images for various scattering degrees, as shown in
Figs. 4(al)—4(a9) and 4(b1)—4(b9). In the second experiment,
we looked for the smallest lines on the chart that can be still re-
solved for each value of the scattering degree o. It can be noted
that in the case where 6 = 0, the imaging is actually done by a
regular FINCH. Figures 4(al)—4(a9) demonstrate the increase of
visibility due to the improvement in the resolution. The graphs
presented in Figs. 4(b1)—4(b9) show the intensity profile along
the dashed red lines of Figs. 4(al)—4(a9). Figures 4(c2)—4(c9)
and 4(d2)-4(d9) show the smallest lines that can be resolved
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and the magnitude of the complex PSH, for various scattering
degrees, respectively.

Visibility is used as a measure of resolution according to the
Rayleigh resolution criterion in which the capability to resolve
two points is dependent on the visibility of the two-point image,
i.e., the ratio of the difference between the peak and the valley (be-
tween the points of the image) and the sum of the peak and the
valley. It is evident from the visibility plots that the resolution of the
C-FINCH is better than FINCH and regular imaging. It can also
be noted that with the increase in the scattering degree, the reso-
lution is improved. However, as expected, with a gradual increase in
the resolution, there is a gradual loss of FOV. Thus, C-FINCH is a
superresolution method that enhances the resolution more with the
increase of the scattering degree of the CPM, at the expense of the
FOV size reduction. Figure 5(a) presents the plot of the visibility
values measured from Figs. 4(b2)—4(b9) versus the eight different
values of the scattering degree.

In the second experiment, we investigate the smallest resolv-
able element in the case of the eight scattering degrees. Thus, the
spatial bandwidth increase can be estimated. Figure 5(b) presents
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SEEEE

40.3 Ip/mm

(c6)

o~
o
[22)

50.8Ip/mm

c7)

57 Ip/mm

(c8)

64 Ip/mm

[==
—

555

(c9)

Fig. 4. Comparison results of C-FINCH with FINCH and regular
imaging. (al)—(a9) The reconstructed images of 25.4 lp/mm. (b1)-
(b9) Intensity cross-sections. (c1) CPM with ¢ = 0.074. (d1) CPM with
o = 0.92. (c2)—(c9) The smallest resolvable element. (d2)—(d9) The
magnitude of PSH.
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a comparative graph of the cutoff frequency v, calculated theo-
retically by sin @,,/4, where sin 8, is given by Eq. (A1) (presented
as the dash linear graph), where all the distances in Eq. (A1) have
been corrected for the path through the BS,. The experimental
measurements from Figs. 4(c2)—4(c9) are presented in Fig. 5(b)
by the blue rings.

As mentioned, to improve the SNR of the final images pre-
sented in Fig. 4, five complex reconstructed images corresponding
to five different uncorrelated CPMs were averaged. To estimate
the SNR improvement, an object in the form of a square is se-
lected. FINCH and C-FINCH (with scattering degree of 0.44)
were implemented, and the SNR of a single reconstruction and
average of five complex reconstructions were calculated as shown
in Fig. 6. This averaging technique is only a tool to enhance the
SNR and is not a strict requirement of the C-FINCH technique.

C-FINCH is different from other diffraction-limited superre-
solution methods [8—13] in the sense that to improve the reso-
lution, it does not acquire more visual information of the same
scene. The spatial bandwidth of the image is enlarged, but a single
acquired hologram contains the entire enlarged spatial spectrum
of the object. Therefore, the overall information amount of
C-FINCH is identical to that of FINCH with the same aperture
size. The space-bandwidth product (SBP) is known as a measure
of information quantity. Because C-FINCH acquires a single
complex hologram with the same FINCH setup, the SBP of both
systems is identical. Since it is evident theoretically and experi-
mentally that the system bandwidth of C-FINCH is larger than
of FINCH, the FOV size (“S” in the SBP) of C-FINCH must be
smaller, as has indeed been demonstrated both theoretically and
experimentally herein.

Working with a programmable SLM with a variable degree of
scattering enables one to make the trade-off between the image
resolution and the FOV. However, the current technology of

Visibility Ve [Ip/mm]
l/
0,92 ] o4 <1
0.83 . s L1 b
0.78|——=—gm=s s | L4 " 4 !
0.76 9 { ? H
/ i 403 v i
0.54fmm | >
s | ,/
/ | | 32 e
26.5f------ 8.
/ i ] 22.6. *"
0.38 'i | [20.2 E/‘ 1o
0.24%" | i ot i : i
0.0740.15 0.22 044 06 074 092 0074 015022 044 06 074 092
o o
(@) (b)

Fig. 5. Resolution improvement graphs. (a) Visibility versus the scat-
tering degree, corresponding to Figs. 4(b2)—4(b9). (b) Cutoff frequency
versus the scattering degree corresponding to Figs. 4(c2)—4(c9).

(@)  snr=110 J(b)  snr=230 |(cC) SNR=140 SNR=340

Fig. 6. SNR results of C-FINCH and FINCH. (a) Single recon-
structed image of FINCH. (b) Average of five complex reconstructions
of FINCH. (¢) Single reconstructed image of C-FINCH. (d) Average of
five complex reconstructions of C-FINCH.
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SLMs with 8 pm pixel size (and a relatively limited effective area
of 8.19 x 15.4 mm) does not enable implementation of C-
FINCH in microscopes due to the relatively low scattering angle.
Nevertheless, the experiments presented in Refs. [23,24] prove
that microscopic scattering layers between the specimen and
the microscope objective can improve the image resolution of
the microscope.

Like COACH [20,28], the present C-FINCH can be ex-
tended to 3D imaging by creating a library of PSH, i.e., a set
of digital holograms of a single point located on the optical axis
at different Z distances from the imaging system. An object holo-
gram of a multi-plane object can be reconstructed plane by plane
using different pre-recorded PSHs from the library. Figure 7
presents an example of 3D imaging implemented using C-
FINCH. Four reconstructed images were recorded by the C-
FINCH with a scattering degree of 0.22, whereas the mentioned
resolution chart was located in two different planes. Plane 1 and
Plane 2 are located at 250 and 245 mm from the lens Z;, respec-
tively. By using the setup presented in Fig. 3, the object and the
pinhole are shifted along the axial direction by 5 mm. Two holo-
grams and two PSHs were recorded in the two mentioned axial
locations. Only when the object holograms are correlated with the
appropriate PSH recorded at the same axial distance is a relatively
high quality reconstructed image obtained. In case the object
hologram is correlated with a different PSH recorded at a different
axial distance, the reconstruction is blurred due to the relatively
short axial correlation length. Hence, according to this result, we
can conclude that C-FINCH has the capability of 3D imaging.
For reconstructing images of 3D objects at different axial planes, a
library of pre-recorded PSHs should be prepared « priori.
However, this PSH library needs to be created only once and
can be used any number of times to reconstruct the images of
any objects. Other feature of C-FINCH that has not been dealt
with in the present study but that is expected to provide an

PSH 1 PSH 2

Plane 1

Plane 2

Fig. 7. Results of C-FINCH with two object planes.
(a) Reconstruction of the hologram given at plane 1 with PSH recorded
at plane 1. (b) Reconstruction of the hologram given at plane 1 with PSH
recorded at plane 2. (c) Reconstruction of the hologram given at plane 2
with PSH recorded at plane 1. (d) Reconstruction of the hologram given
at plane 2 with PSH recorded at plane 2.
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additional benefit is the improved axial resolution. This benefit
is expected based on our studies of COACH [20,28] and will
be investigated in the future.

APPENDIX A

In this appendix, marginal ray tracing analysis is discussed to
understand the performance of C-FINCH with respect to regular
FINCH and regular imaging. Figure 8 shows the marginal ray
tracing in the presence (solid lines) and absence (dashed lines)
of CPM. It seems that in the presence of CPM, light rays (solid
lines) emerging with larger angles of diffraction are collected by
the system aperture in comparison with the case without the
CPM. All the following analysis is done under the assumption
of small angles.

The angle 0, represents the angle between the marginal ray that
meets the CPM and the diffracted ray that enters into the system
aperture due to scattering and is dictated by the spectral bandwidth
2B that is chosen in the GSA process as follows: 8, = 4 - B. From
the geometry of the setup, the maximal angle diffracted from the
object and still acquired by the system (denoted as 6,, in Fig. 8) is
given as: 0,, = tan'[(2(f, - 4,) tan(0, - 0,,) + w)/2d,].

Taking into consideration that w < f), the angle of the mar-
ginal ray can be simplified as

%6 (fo-d)+w
2fo

In the special case, where the cutoff frequency and the scattering

degree are zero, the angle 8, is reduced to 6y, representing the NA

of a classical FINCH system. Therefore, the gain of the NA, 7,

can be equally expressed by the ratio between 6,, and 0, as

(A1)

sin 8,, =

0= 176(’2& Wi, (A2)

In the result of Eq. (Al), it is assumed that the CPM is large
enough that the effective NA is not dependent on the CPM size.
However, in the case where the marginal ray that meets the tip of
the CPM is scattered into the system, the effective NA is depen-
dent on the CPM diameter rather than the degree of scattering,
and hence effective NA becomes simply D/2d,. Therefore, to
meet the requirement that the NA is determined by Eq. (Al),
the CPM size has to fulfill the condition that D > y, where y is
Ao d,
1= | omdi ] - (A3

S/
~ By
- i

7 I

0

source ])1 ‘f;)q Pz Image

sensor

Fig. 8. Optical schematic of the marginal rays entering the system in
the presence of a CPM (the solid red line) and without the CPM (the
dashed line).
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From the preceding discussion, the trade-off between the gain of
the NA Eq. (A2) and the FOV Eq. (9) can be considered.
Therefore, the degree of scattering enables the user to choose be-
tween the gain of spatial bandwidth and the loss in FOV size.
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