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An optimal setup in the sense of imaging resolution for the Fresnel incoherent correlation holography
(FINCH) system is proposed and analyzed. Experimental results of the proposed setup in reflection mode
suffer from low signal-to-noise ratio (SNR) due to a granular noise. SNR improvement is achieved by two
methods that rely on increasing the initial amount of phase-shifted recorded holograms. In the first meth-
od, we average over several independent complex-valued digital holograms obtained by recording differ-
ent sets of three digital phase-shifted holograms. In the second method, the least-squares solution for
solving a system of an overdetermined set of linear equations is approximated by utilizing the Moore—
Penrose pseudoinverse. These methods improve the resolution of the reconstructed image due to their

ability to reveal fine and weak details of the observed object.

OCIS codes:  090.1995, 030.6140, 110.4280.

1. Introduction

Fresnel incoherent correlation holography (FINCH)
is a relatively new method of digital holography
for recording holograms under incoherent illumina-
tion [1-4]. FINCH is a single-channel nonscanning
holographic system in which spatially incoherent
light is reflected or emitted from a three-dimensional
(3D) object, then propagates through a spatial light
modulator (SLM), and is finally recorded by a digital
camera as a raw digital hologram. The SLM is used
as a diffractive beam splitter of the incoherent inter-
ferometer so that each spherical beam, originating
from each object point, is split into two spherical
beams with two different curve radii. Accumulation
of the entire interference within all of the couples of
spherical beams creates the Fresnel hologram of the
observed object.

FINCH has been demonstrated by our group for
several scenarios: digital holograms of white-light
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reflecting objects [1] and fluorescent objects [2], fluor-
escence holographic microscopy [3], and, most re-
cently, a FINCH-based synthetic aperture system
[4]. However, the FINCH has not been analyzed yet
in order to find an optimal configuration in any
sense. In this study, we analyze the system and pro-
pose an optimal setup in the sense of maximal ima-
ging resolution.

Our analysis in the next section starts with the
general, yet simple configuration of FINCH—the
lensless FINCH [4]. From the general case, we
choose the configuration that is optimal in the sense
of imaging resolution. However, we show that due to
practical constraints, the optimal configuration can
only be realized by a FINCH equipped with a refrac-
tive lens. This later configuration was actually used
in the experiments of Refs. [1-3], as well as in most of
the experiments of the present study.

Another problem that we deal in this paper is the
specklelike noise adjoined to the reconstructed
images. The noise seems unavoidable in the process
of creating the complex-valued hologram (CVH) by
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the phase-shifting procedure [1-4]. Every CVH is a
linear superposition of three recorded holograms,
each of which is recorded where the SLM mask is dis-
played with a different phase constant. This process
of capturing three holograms is necessary in order to
remove the twin image and the bias term from the
captured hologram. The specklelike noise originates
from the shot noise of the digital camera, and since
the holographic signal is of the order of the noise, the
latter severely affects the quality of the best in-focus
reconstructed image. Two different approaches to
suppress the noise are presented in this study, and
both rely on increasing the initial amount of phase-
shifted recorded holograms. In the first approach, the
noise suppression is inspired from many other tech-
niques of averaging over several independent speckle
images [5]. In the second approach, we approximate
a solution for an overdetermined set of linear equa-
tions using the Moore—Penrose pseudoinverse. With
this type of system, there are more constraining
equations than there are free variables, and, there-
fore, it is impossible to find a single solution that
satisfies all linear equations of the system. Yet, the
least-squares solution can be approximated using
the Moore—Penrose pseudoinverse [6]. In contrast
to other noise reduction methods [7-16], these pro-
posed noise suppression methods are motionless
and do not make use of any postprocessing opera-
tions, such as filtering of the reconstructed images.
The optimal setup and the noise suppression tech-
niques are discussed in the following sections.

2. Optimal Configuration of FINCH

The goal of the following analysis is to find the optimal
configuration of FINCH in the sense of maximum
imaging resolution. In order to achieve this goal,
we calculate the point spread function (PSF) of the
recording stage of the FINCH shown in Fig. 1(a).
As mentioned above, the SLM is used as a diffrac-
tive beam splitter of the incoherent interferometer so
that each spherical beam originating from each ob-
ject point is split into two spherical beams with two
different curve radii. The beam splitting is achieved
by displaying on the SLM a combination of two dif-
fractive lenses, expressed by the sum Q[-1/f:]+
Q[-1/fs], where the quadratic phase function is de-
signated by the function @, such that Qa] =
explizai™t(x? +y?)]. f1 and f, are the focal lengths
of the two diffractive lenses, where we assume, with-
out loss of generality, that both diffractive lenses are
positive. In order to simplify our notation, we consid-
er the imaging only from one specific transverse
plane, the plane that is located a distance f; before
the SLM. It can be assumed that the transverse re-
solution of the image at any other nearby planes has
similar properties. For an arbitrary object point in a
distance f; before the SLM, at (7,,0), where 7, =
(x5,55), the complex amplitude on the SLM plane
in the paraxial approximation is given by the expres-
sion [17] C.(7)L[-7/f1]®[1/f1], where the linear
phase function is designated by the function L, such
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Fig. 1. Possible experimental setups: (a) Lensless FINCH, (b)
FINCH with a positive refractive lens. BS—beam splitter. BPF
—Dbandpass filter. CCD—charge-coupled device. SLM—spatial
light modulator.

that L[b] = exp[i272~*(b,x + b,y)], and Cy(7) is a 7
dependent complex constant. The PSF of the record-
ing stage of FINCH is the intensity on the plane
7, = (%,,¥,), recorded by the digital camera, located
a distance z;, beyond the SLM, as the result of the
illuminating object point at (7, 0). This PSF is given
by

i = {ewon [F]ef7]

(of7] vl )} -l

2
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where the asterisk in the second line denotes a two-
dimensional convolution, and Cy3 are complex
constants. The first two lines of Eq. (1) describe



the process of recording FINCH of a point source in
which the tilted spherical wave hits the SLM with its
two diffractive lenses, then split to two different
spherical waves that propagate a distance z, to
the digital camera, where the squared absolute of
the wave interference is recorded. The parameters
of the second part of Eq. (1) derived from the first
part are

Z2r = i(fe +Zh)7 where fe :fle/(fZ _fl) (2>

and

r,= ’_nszh/fla where 7, = (xrayr)- (3)
The second part of Eq. (1) is the typical expression of
an in-line Fresnel hologram of a single point. To
avoid the problem of the twin image, the second
(or the third) term in the second part of Eq. (1) should
be isolated by the phase-shifting procedure. Recon-
structing this term by the Fresnel back propagation
yields the image of the point at a distance z, from the
hologram given by Eq. (2), and at a transverse loca-
tion 7, = (x,,y,) given by Eq. (3). The sign “+” in Eq.
(2) indicates the possibility to reconstruct from the
hologram either the virtual or the real image, accord-
ing to which term, second or third, is chosen from the
second part of Eq. (1). Based on Eq. (3), the trans-
verse magnification of this FINCH is

MT:afr/afs:Zh/fL (4)

Unlike conventional imaging systems, in general,
the transverse magnification of FINCH does not sa-
tisfy the relation M} = z,./z;, where z; is the distance
from the object to the input aperture, or to the SLM
in the FINCH case. Consequently, even if the input
and the output apertures of FINCH are equal,
FINCH does not satisfy the relation My = NA;,/
NA,,;, where NA;, and NA,; are the numerical aper-
tures of the input and output apertures, respectively.
Therefore, in FINCH, the loss of the image resolution
might happen either by limited input or by limited
output numerical apertures. In other words, assum-
ing the system is diffraction limited, the minimal re-
solved object size observed by the FINCH is given by

AInin = maX{A/NAinv l/(MTNAout)}
= max{24f1/Dsim, 24l2,|/(MrDcep) ), (5)

where Dgry and Decp are the diameters of the SLM
and the digital camera, respectively. For a given
NA,,, it is undesired to lose a resolution due to the
output aperture. Therefore, referring to Eq. (5), an
optimal FINCH satisfies the inequality

2if1/Dspym 2 241z,|/(MpDccp)- (6)

Assuming the diameters of the SLM and the digital
camera are equal, substituting Eqgs. (2) and (4) into

Eq. (6) yields the condition on the value of f, as
follows:

~22;, <f, < 0. (7)

Practically, the fill factor of the SLM is less than
100%, and therefore the constant phase modulation
inherently exists in the SLM. Consequently, choosing
two focal lengths, f; and f3 < o, could cause three,
instead of two, unwanted waves mixing on the holo-
gram plane—one wave due to the constant phase and
another two due to the two different diffractive
lenses. This practical limitation can be solved with-
out any resolution reduction by introducing a refrac-
tive lens with focal lens £, in front of the SLM, as is
shown in Fig. 1(b). In this case, a constant phase to-
gether with a single positive diffractive lens with
focal lens f; are displayed on the SLM, thus splitting
the incoming wave to exactly two waves. Assuming
the object point is located a distance f, before the
refractive lens, at (7,,0), the new PSF is given by

=Tl

(o]} ol

(o eunnZpfE
i) o

where calculating the second part of Eq. (8) indicates
that z, = £(z; — f4), and 7, = 7z, /f,. Following the
reasoning of Egs. (5) and (6) and noting that the re-
lation f, = —f; exists in the modified FINCH with
the refractive lens, the condition in which the system
remains limited by the input aperture is

fminsfd S2Zh> (9)

where i, is the minimal focal distance of the dif-
fractive lens that can be displayed on the SLM. How-
ever, a focal distance smaller than 2z, reduces the
fringe visibility of the hologram, and hence, setting
focal distance at f; = 2z;, becomes the optimal value.

Equation (8) is the expression of the transparency
function of a hologram created by an object point and
recorded by a conventional FINCH [1-3], and conse-
quently I (7,;7) is the PSF of the recording system.
The complete Fresnel hologram of a general incoher-
ently illuminated object I,(x,,y,,2,) is an integral of
the PSF given by Eq. (8) over all the object intensity
distribution as follows:

H(xmyo) :/]Is(xsaysvzs)lh(xmyo§xsaymZs)dxsdysdzs-
(10)

20 October 2010 / Vol. 49, No. 30 / APPLIED OPTICS 5759



To conclude this section, optimal setup in the sense
of resolution is attained once the focal distance of the
positive diffractive lens on the SLM is twice the dis-
tance between the SLM and the digital camera, and
the wavefront originating from an object point ar-
rives on the SLM as a plane wave. The last condition
indicates that the distance between the refractive
lens and the SLM does not have any influence on
the resolution of the system.

3. Noise Suppression Techniques

In this section, we deal with the noise accompanying
the reconstructed images. As mentioned earlier, the
main source of the noise in all our experiments is the
shot noise of the digital camera. In the case of low-
contrast reflective objects, the problem of low SNR
becomes severe so that some technique of noise sup-
pression must be involved in order to observe the im-
age with an acceptable quality. The noise is granular
in its nature and looks like speckle noise, although it
is by no means related to the speckle noise associated
with coherent holography. In order to suppress the
noise, we should refer back to the phase-shifting
method of on-axis holography.

The twin image and the bias terms of a recorded
hologram in an on-axis setup can be eliminated by
recording three holograms, each of which is recorded
with a different phase constant a; of the SLM mask,
obtaining a set of linear equations in three free vari-
ables of the form Hy = An3Xs, N = 3, as follows:

Hy(x,y;t;) =B + Hyexp(ia) +H}§ exp(—ia;)

Hy(x,y;ty) = B+ Hyexp(iay) +H; exp(—iag)
Hj(x,y;t3) = B+ Hyexp(iag) +HI’; exp(—iag)

(11)

)

where H = {Hl(xay; tl)aHZ(xay; t2)7H3(x7y; t3)}T is
the vector of the raw holograms set recorded by
the digital camera at times ¢4, t9, and #3, respectively;
A = {{1,exp(iay),exp(—iay)}; {1,exp(iag), exp(—iag)};
{1,exp(iag),exp(—ias)}} is the matrix of the phase-
shifting constants; X = {B, Hy, H;}" is the vector of
free variables; and the asterisk denotes the conjugate
sign. Hy, which is the CVH without the useless bias B
and the twin image H} terms, is obtained by solving
the above set of linear equations, where the solution
is the well-known equation of the three holograms
superposition [1,2], given by

Hy(x,y) = Hy(x,y;¢1)exp(—iag) — exp(-iay)]
+ Hj(x,y;t)[exp(—ia;) — exp(—ias)]
+ Hj(x,y;t3)[exp(~iag) — exp(-iay)]. (12)

Stepwise phase shift differences of 27/3 are used so
that a complete phase cycle of 27 is accomplished.
Speckle noise can be modeled as the random walk
problem in the complex domain, assuming the phase
of the noise signals is equally likely to lie anywhere
in the primary interval (-z,z) [5]. In this case, we
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assume that the specklelike noise n(x,y; ) is additive
and the obtained CVH is given by H(x,y;t) =
Hp(x,y;t) +n(x,y;t). Increasing the number of re-
corded holograms set to N = 3M in a stepwise phase
shift of 27/N permits M independent CVHs. Each
CVH, H¢(x,y;t), is generated by a different subset
of three different recorded holograms, subsets that
preserve the stepwise phase shift differences of
27/3. Each independent CVH contains the same
object hologram Hy(x,y;¢), yet it also contains a
superimposed random specklelike noise n(x,y;?). Ac-
cording to the first approach proposed in this study,
noise suppression is achieved by averaging over the
available independent CVHs as follows: Hy(x,y) =
L3 M Hp(x,y;t;). It is a well-known result [5] that,
for an independent random noise, the standard de-
viation of the averaged random variable is related
to 1/v/M. Therefore, the SNR of the reconstructed
image from a hologram averaged over M indepen-
dent CVHs is expected to increase with M.

The second approach utilizes the optimal solution
attained by the Moore—Penrose pseudoinverse for
the noise suppression purpose. Increasing the num-
ber of recorded holograms in the initial set to NV > 3
yields a system of an overdetermined set of linear
equations in three variables of the form Hy =
Apny3X3, N > 3, in which there are more constrained
equations than free variables in the system. In this
situation, a single general solution that satisfies all
available equations does not exist. However, by
utilizing the Moore—Penrose pseudoinverse, a least-
squares solution of the form X5 = Ay,3Hy that mini-
mizes the norm ||Hy — Any3Xs|| can be found, where
the pseudoinverse matrix is calculated as follows:

A = (ATA)-1AT, (13)
A = {{1, expliay), exp(—iay)}; ...; {1, exp(iay), exp
(=tay)}}. The vector of free variables terms X =
{B,H;,H;}", which includes the desired noise-
suppressed hologram H,, is obtained by Xj3=
AnHy, where H = {H;(x,y;t1),Hy(x,y;t2),...,
Hy(x,y;ty)}T is the vector of the raw holograms
set recorded by the digital camera at times
t1,t9, ..., ty, respectively.

4. Experimental Results

Three different experiments have been conducted to
assess the proposed methods. In the first experiment,
the proposed noise suppression method has been va-
lidated. Once the SNR has been improved, the optimal
resolution setup could have been evaluated in the sec-
ond experiment, whereas in the last experiment, a
comprehensive test of the optimal configuration is de-
monstrated. The experiments have been conducted
according to the setup shown in Fig. 1(b). A resolution
target, 3 mm x 3 mm in size, containing both vertical
and horizontal binary gratings with line density ran-
ging from 4.3 to 8.5 lines per mm, has been tested in
the experiments. The focal distances of the refractive
and diffractive lenses have been 50 and 68 cm,
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Fig. 2. Resultsoftheproposednoisesuppressionmethod.(a)—(c)are
thethree masksdisplayed onthe SLM during therecording process of
therawholograms presented in (d)—(f), (g)—(h) arethe magnitude and
phase of the noisy CVH generated from three raw holograms, and (i)
and (j) are the noise-suppressed CVH generated from 36 raw holo-
grams. (k) and (1) are the corresponding best in-focus reconstructed
planes from the holograms (g), (h) and (i), (j), respectively.

respectively, and the target has been located at the
back focal plane of the refractive lens. The distance
z;, between the phase-only SLM (HOLOEYE, PLUTO)
and the CCD (PixelFly) has been 34 cm. A 100 W ha-
logen arc lamp has been used for the object illumina-
tion, and a bandpass filter (BPF) with a 40 nm
bandwidth surrounding a 550 nm central wavelength
has been placed just in front of the refractive lens.
Since the SLM is a phase-only modulator, each diffrac-
tive phase element is distributed randomly among
half of the SLM pixels [1-4]. Each raw hologram
has been recorded with an optimal exposure time,
i.e., the longest exposure time before reaching the
point of camera saturation, and the entire recorded
holograms superposed, according to Eq. (12). The re-
sults of the first experiment are summarized in Figs. 2
and 3, the results of the second experiment are
summarized in Fig. 4, and the results of the last ex-
periment are summarized in Fig. 5. In the first experi-
ment, M = 12 different CVHs have been generated
based on the 36 recorded holograms. Figures 2(a)-2(c)
present three masks, out of 36, displayed on the SLM
during the holograms recording process. The three
masks in Figs. 2(a)-2(c) have three phase factors:
0°, 120°, and 240°, respectively. The three raw holo-
grams obtained by displaying on the SLM the three
masks of Figs. 2(a)-2(c) are shown in Figs. 2(d)-2(f),
respectively.

Figures 2(g)-2(j) present the magnitude and the
phase of the CVH generated from only three raw
holograms, and of an averaged CVH generated by
averaging over M = 12 CVHs, respectively. The best
in-focus reconstructed plane, computed by Fresnel
back propagation, corresponding to the two holo-
grams presented in Figs. 2(g) and 2(j), are depicted
in Figs. 2(k) and 2(1). It can be seen that the resolution
along the horizontal and vertical directions of the re-
constructed image is improved in Fig. 2(1) in the sense
that this image reveals some of the original high-
frequency gratings. A quantitative comparison of
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Fig. 3.
theoretical graph vMSNR(1).

(Color online) Comparative results of the SNR obtained by the averaging approach and by the pseudoinverse approach versus the
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Fig. 4. Evaluation of the optimal resolution setup. The magni-
tude of noise-suppressed holograms is shown with (a) fy = 2z;,
(b) fq = 3z, (¢) fq = 4zp, and (d) lensless FINCH. The phase of
noise-suppressed holograms is shown with (e) f; =2z,
fa =3z, (g) fq = 4z;, and (h) lensless FINCH. The best in-focus
reconstructed plane from the noise-suppressed holograms is
shown with (i) fg = 223, () fq = 323, (k) fq = 42, and (1) lensless
FINCH.

fd/Zh —-3

the various holograms is carried out by measuring
the SNR in different typical, relatively uniform
areas from the best in-focus reconstructed image,
versus M, ranging from 1 to 12 average CVHs. The

SNR is defined as SNR = ¥ — | LS"K S Pk 1)|/

VB K S PGk, 1) - 5T, SoF Pk, )P, where
1 and ¢ are the mean and standard deviation of the
specklelike noise on an uniform intensity P(k,[) on
the best in-focus reconstructed plane; &, [ are the co-
ordinates of each pixel; and K, L are the dimensions
ofthe considered area. Apparently, an improved qual-
ity of the reconstructed images is achieved by increas-
ing the number of holograms in the recorded hologram
set. It can be shown that the standard deviation ), of
the average over the sum of M independent random

variables satisfies the relation oy = 01/ VM. Thus,
Fig. 3 shows a comparison between the theoretical

curve of SNR (= SNR(1) - VM) and the experimental
SNR for different averages of CVHs ranging from M =
1 to M =12, as well as for the pseudoinverse holo-
gram. The results indicate that in the case of our
on-axis setup, the best in-focus reconstructed plane
obtained by averaging M independent CVH is identi-
cal to the result obtained by the pseudoinverse meth-
od, and that both methods are optimal in the sense of
noise suppression. The difference between the experi-
mental and theoretical curves of Fig. 3 can be
explained by some weak statistical dependence be-
tween the noise samples, whereas the theoretical
curve is based on a pure independence.

In the second experiment, the noise-suppressed
hologram is generated by the optimal setup with a
recorded set of 36 holograms. The magnitude and
the phase of this hologram are shown in Figs. 4(a)
and 4(e), respectively. This optimal hologram has
been compared with three other noise-suppressed
holograms recorded by suboptimal setups; in the first
and second modified configurations, the focal dis-
tance of the diffractive lens displayed on the SLMs
has been changed from the optimal focal distance
of 2z;,(z;, = 34 cm) to focal distances of 3z;, and 4z,
respectively. In the third modified configuration,
the refractive lens has been removed (making it a
lensless FINCH), and the object has been brought

Fig. 5. Set of the best in-focus reconstructed planes from holograms recorded with diffractive lenses ranging between f; = -3z, to 3z;.
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closer to the SLM for preserving the input numerical
aperture. In addition, the phase element displayed
on the SLM has been chosen to be a diffractive lens
with the shortest focal distance that can be achieved
with the SLM having a pixel size of 8 um. The short-
est focal distance guarantees maximum resolution
power for a given aperture size. In the case of the
PLUTO SLM aperture (1080 x 1080 pixels), where
each diffractive phase element is distributed ran-
domly among half of the SLM pixels, the minimal
focal distance has been 23 cm. All four noise-
suppressed holograms have been generated from a
recorded set of 36 holograms and an input numerical
aperture that equals to 0.0086. The magnitude of the
noise-suppressed holograms recorded with the opti-
mal setup, as well as with the first, second, and third
suboptimal noise-suppressed holograms, are shown
in Figs. 4(a)-4(d), respectively. The phases of these
holograms are depicted in Figs. 4(e)-4(h), respec-
tively. The best in-focus reconstructed plane of the
noise-suppressed hologram recorded with the opti-
mal setup, as well as those of the first, second, and
third modified configurations, are presented in Figs.
4(1)-4(1), respectively. As expected, the best resolved
image has been obtained for the noise-suppressed ho-
logram recorded by the optimal setup, as is demon-
strated in Fig. 4(i), in comparison to Figs. 4(j)—4@). It
can be seen that Fig. 4(i) is indeed superior in the
sense of resolution in comparison to all other best
in-focus reconstructed planes, and that the resolu-
tion is consistently deteriorated with increasing
the focal distance beyond the optimal focal length
of f d— 2z he

A comprehensive test of the optimal configuration
is demonstrated in the third experiment and pre-
sented in Fig. 5. The best in-focus reconstructions
from holograms captured with diffractive lenses ran-
ging from f; = -3z, to 3z, are shown in the figure.
The resolution target used in this part contains both
vertical and horizontal binary gratings with line den-
sity of 8 lines per mm. These results confirm that the
optimal focal length for the diffractive lens is in-
deed f d— 2Zh.

5. Conclusions

In this paper, we have pointed out the optimal setup
of FINCH in the sense of maximum imaging resolu-
tion. For FINCH equipped with a refractive lens, the
conclusion in this aspect is that the maximum reso-
lution is obtained when the focal lens of the positive
diffractive lens is equal to twice the distance between
the SLM and the digital camera.

We have also demonstrated two methods of noise
suppression for a FINCH system. Both methods rely

on increasing the amount of phase-shifted recorded
holograms, and both have been completely equiva-
lent. The proposed methods are motionless, and they
might be effective for coherent digital holography,
as well.
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