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SPECIAL TOPIC — Optical field manipulation
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Owing to the unique feature that the signal and reference waves of self-interference digital holography (SIDH) contain
the same spatial information from the same point of object, compared with conventional digital holography, the SIDH has
the special spatial coherence properties. We present a statistical optics approach to analyzing the formation of cross-
correlation image in SIDH. Our study reveals that the spatial coherence of illumination light can greatly influence the
imaging characteristics of SIDH, and the impact extent of the spatial coherence depends substantially on the recording
distance of hologram. The theoretical conclusions are supported well by numerical simulation and optical experiments.

Keywords: holography, imaging and optical processing, photon statistics and coherence theory, interference

PACS: 42.40.—, 42.30.-d, 42.25.Hz

1. Introduction

Digital holography (DH) is receiving extensive interest
not only due to the everlasting quest to quantitatively char-
acterize complex three-dimensional (3D) light field, but also
owing to the state of the art advances in digital technology,
which enables the high-sensitive and high-resolution record-
ing as well as the fast digital reconstruction of hologram./!=I
However, in conventional digital holography, since the refer-
ence wave is required to interfere with the object wave, the
coherent illumination is essential, which hinders the full ex-
plorations and applications of digital holography. The coher-
ent illumination excludes the use of ordinary light sources,
and can incur speckle and parasitic interference noise in the
holographic recording and reconstructing process. In order
to break the coherence barrier and expand its applications,
the digital holographic schemes allowing low coherent source
have been studied. In recent years, many research groups be-
gan to pay renewed attention to the incoherent digital hologra-
phy. Among various schemes, a kind of techniques referred
to as the self-interference digital holography (SIDH)P-71 is
particularly attractive and has been used in various applica-
tions, such as color holography, ®! fluorescence microscopy,®!
3D imaging,['"! super-resolution,!!-!? adaptive optics,!'>!4!
imaging through random media,!'>-'®! and others.!!7-20!

The optical trick of SIDH is that, with the aid of suit-
able optical components, the incident wave originated from
an object point is split into two parts, and then they can be

DOI: 10.1088/1674-1056/abd766

recombined together in a recording plane and interfere with
each other to form a hologram. Even though extensive works
on SIDH have been carried out, some essential issues of SIDH
remain to be clarified. One of the most concerned issues is the
quality of the image reconstructed from an SIDH, and hence

12.21,221 have devoted to analyzing and im-

many approaches!
proving the resolution of SIDH. As is well known, there are
many factors that influence the resolution of imaging system.
As a digital holography, SIDH suffers from some drawbacks
inherent to electronic devices, such as the aperture effect!?!->?!
and limited number and size of pixel!**! in devices which can
detract from the imaging resolution of digital holography. Fur-
thermore, to deepen the understanding of the quantitative rela-
tionship between an object and its image, it is essential for us
to know the coherence properties of optical field, because the
optical coherence has potential influences on the quality of the
reconstructed image that is ultimately observed. [>+2>]

Due to spatially incoherent illumination, the image qual-
ity of SIDH is superior to that of conventional holography in
sense of its inherently speckle-free property. However, the
spatially incoherent light is an ideal and extreme case, and
any natural light is correlated over distances that are at least
of the order of the mean wavelength of the light.!*®! In short, a
light is more or less partially spatially coherent. Hence, the
spatial coherence effects cannot be completely neglected in
holographic imaging systems especially for an SIDH, which
is different from the conventional digital holography in the as-
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pect that both the signal wave and reference wave of SIDH
originate from the same point of object. To date, however, the
reports of the impact of spatial coherence on SIDH are scarce.

In this paper, we have presented a statistical optics ap-
proach to analyzing the formation of cross-correlation images
in SIDH. Our study reveals that the spatial coherence of illu-
mination light can greatly influence the imaging characteris-
tics of SIDH, and the impact extent of the spatial coherence
depends substantially on the recording distance of hologram.
The theoretical conclusions are supported well by numerical
and optical experiments.

2. Spatial coherence properties of SIDH

The conceptual construction of a typical SIDH with
common-path and in-line configuration is schematically de-
picted in Fig. 1, which outlines both the optically imple-
mented recording process and digitally accomplished recon-
struction process via a computer. In the recording process,
an object wave, after passing the collimating lens, illumi-
nates a spatial light modulator (SLM) that carries a quadratic-
phase holographic function resembling diffractive lens. As-
suming that the holographic function of SLM to be #(xs,ys) =
a+bexp [—in(x2+y?)/(Afs)+16;], where a and b are the
constant, A is the wavelength, f3 is the focal length of the
diffractive lens, and 6; is a phase shift at the j-th step, (271
the SLM can divide the incident wave into two waves, which
serve as the signal and reference waves, respectively. The two
waves produce an interference pattern in the sensor area of
a CCD camera, thus forming a digital hologram. Since the
signal and reference waves actually originate from the same
point in the object plane, the two waves can mutually inter-
fere with each other (i.e., self-interference) even though the
object is under spatially incoherent illumination. From the ac-
quired hologram, the reconstructed image is calculated by a
computer, which simulates the optical reconstruction proce-
dure.

~ — optical recording - -

b= fa=Z;—t—d —r z; —

Fig. 1. Schematic diagram of SIDH with common-path configuration.
Let us start from two arbitrary points Pj(xp,,yp,) and

P> (xp,,yp,) in the object plane (Zy = fp). To simplify dis-
cussion, we assume that the aperture of the collimating lens is

so large enough that the vignetting effects may be neglected.
After the collimating lens, the light from the m-th (m = 1,2)
object point at P,,(xp,,yp,) becomes a plane wave impinging
the SLM at (xs,ys), as expressed by

U (S)=U(Py)exp |— (mexs +yp,¥s) | 5 1)

lf
where U(P,,) is the complex amplitude at P, U(P,) =
u(Py)expig(Fn)].

wave, the two terms in the holographic function of the SLM

After being imparted to the incident

the unmodulated one called the refer-
ence wave, Ug, (S) = aU ™~ (S), and the modulated one called
the signal wave, Uém(S) =bU~(S)exp[—in(x? +y?)/Afa+
i0;]. After propagating over a distance Z on to the record-

lead to two waves:

ing plane, the complex amplitudes of the reference and signal
waves at (x,y.) on the CCD can be expressed by

Uk, (C)
= APC )/ PS URm
X exp{u —Xc) 2 + (s _yc)z} } dxgdys, (2)
0n(C6))

= BPC / Uom )

X exp { A [( 7xc)2 + (ys yc)z]} dxgdys, 3)

with Pc(C') and Ps(.S) denoting the pupil function of the CCD
and the SLM, respectively, and A and B are constant factors.
According to the self-interference principle, a complex ampli-
tude of the total field at arbitrary point (x.,y.) can be expressed
by

U/ (C) = Uy, (C,8;)+Ug, (C)+Uo,(C.8;) + Uk, (C). (4)
Hence, the intensity to be recorded by the CCD is

r(c) = (U/(c)u*(0))
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where the asterisk denotes the complex conjugate, and the an-
gular brackets represent the ensemble averaging. Of interest
in Eq. (5) is the fourth term, which will be used to reconstruct
the object point in the successive digital reconstruction pro-
cess, and is expressed in the more explicit form

1(C) = (Uo, (C)Ug, (C)) +(Uo,(C)Ug,(C))
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+(Uo, (C)Ug, (C)) + (Uo, (C)Ug, (C)) . (6)

This term can be extracted from the three holograms
recorded sequentially through three-step phase shifting with
6, =0, 6, =21/3, and 65 = 47/3.18] The first two terms of
Eq. (6) are the cross correlation between the signal and refer-
ence waves originated from the same object point P, (m = 1
or 2), which are mutually coherent regardless of the spatial co-
herence of the light source, and thus can be expressed in terms
of coherent fields, (Uo,, (C)UR?‘W(C)> =Uo, (C)Uy (C). Af-
ter some derivations this cross correlation turns out to be

. ) —ik Z \?
Uo,, (C)URm(C) = u~(Py)exp { m [ <XC + fox;:;n)

ik [(xc —x0)* 4 (yc —y0)?]

7 2
+ (yc+*‘yp,,,> H )
fo

wherein some inessential factors independent of coordinates
of (xp,yp) and (xc,yc) are omitted for brevity. Note that the
quadratic phase factor in Eq. (7) represents a spherical wave
convergent at a point locating at the distance fy — Z; (i.e., the
reconstruction distance) away from the CCD plane. The re-
construction is digitally implemented by calculating the Fres-
nel diffraction integral of Eq. (7). After some derivations with
the aid of the method of stationary phase (given in the Ap-
pendix A), the reconstructed field from the self-interference
terms of the hologram is obtained as the integral over all the
responses of the object points, as follows:

Vo, (@) = [[ [[ Vo, (@)U, (C) exp{ 7 }dxcdycdxpm dyr,
_ M, //ex kg t0) | 5T 2 50 v d ®)
- OmRp p fd _ Zh) Q f 'xpm yQ fO ypm 'me me ’
\
where Mo, r,, is a multiplying factor independent of the coor-

dinates (xp,yp).

The last two terms in Eq. (6) are of the mutual inten-
sity representing the mutual interference between the signal
and reference waves originated from different object points;
the contributions of these mutual intensities increase with the
increase of spatial coherence of optical field. Taking into ac-

[29]

count the propagation of partially coherent field,'“”! the mutual

intensity in the resulting hologram turns out to be

(Uo,(C)Uz,(C))
= (u(Pn)u(Po)explip(Pa) ~ i9(Py))
x exp[igo,(C) — ig,, (C)] ©)

where m = 1,2, m’ = 1,2, and m # m'. Under a partially co-
herent light illumination with Gaussian—Schell model (GSM)

correlation,**! the mutual intensity in the observation plane
becomes
(u(Pn)u(Py)expliQ(Py) —i@(By)])
|P,,— P,y (Pa+P2)
= expl “e? exp _sz ,  (10)

where p and o are the widths of the transverse intensity profile
and of the degree of coherence, respectively. By substituting
Eq. (10) into Eq. (9), and following the calculation method
used in Eq. (8), we can get the reconstructed field from the
mutual-interference terms of the hologram as follows:

(Vo,(@Ui (@)

S oo | |

X 6 |:XQ + @)CP”, + 7(21] _fd)me,:|

Jo fo
Z _
x & [YQ + ﬁme +— (@, fd) } dxp ,dyp  dxp,dyp,, (11)
fO fO m

where Mbm R, is a multiplying factor independent of the coor-
dinates (xp,yp). Taking into account the properties of 0 func-
tion in Eqgs. (8) and (11), we can get the transverse coordinates
of the images in the following relation:

0 Zn Zn
(X0, = ——Xp, =—yp;
120 fo Py YO nyPl
. Zn Z.
Q2:x9, = TR Ve T T m
fd fa—2Zn
A A
12
y :_@y,) +fd_Zhyp' .
o fo fo %
Ja fa—2y
Q4 .XQ4**%.XP2+ f() -xP]a
_Ja fa—7Zn
Y04 _%yf’z"i' I7 P

From Eq. (12), we can find that under the condition of par-
tially coherent illumination, there are four image spots in the
Image spots at Q| and @, are
called the self-interference reconstructed image (SIRI) since

reconstructed image plane.

they result from the self-interference term in the holographic
function expressed in Eq. (6); and the SIRI at @, and @, are
what the SIDH should reconstruct with respect to the single
object point P; and P, respectively. Reconstructed spots at
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Q3 and Q4 are called the mutual-interference reconstructed
image (MIRI). In other words, the quality of images recon-
structed from the SIDH will deteriorate as the spatial coher-
ence of illumination light increases; and the best quality SIRI
can be obtained under a spatially incoherent illumination since
its statistical correlation between different object points tends
to zero.

It is worth to note that in Eq. (11) the position and number
of MIRIs depend on the recording distance Z;, between SLM
and CCD. As Z, = 0, two SIRIs overlap with each other to
form one SIRI, and there are two MIRIs appearing in the im-
age plane. As Z; = fq, there are only two SIRIs, but MIRIs
vanish. For the case of Z;, = 2f;, two MIRIs are overlapped
with each other to form one MIRI, and there are three image
spots in total. If Z < fjy, the two MIRIs symmetrically locate
outside the two SIRIs; however, if Zy > fq4, the two MIRIs
In the follow-
ing numerical simulations and optical experiments, we shall

symmetrically locate inside the two SIRIs.

demonstrate the validity of our theoretical analysis.

3. Numerical simulations and optical experi-
ments

3.1. Simulation investigation into the impact of spatial co-
herence

According to the optical coherence theory, the statisti-
cal relationships between the complex amplitudes of different
points in the object plane can affect the statistical relationships
between the corresponding impulse responses in the recording
plane in Fig. 1. Thus, given N object points in the object plane,
we have in the sensor area of CCD camera the complex am-
plitude U,,(C, Oj) = Uy, (C, 9]') +Ug, (C) (m=1,2,...,N)
resulting from the m-th object point after the SLM modulation,
and the recorded intensity (hologram) for the j-th phase shift
becomes

N
Y. Un(C.6))

m=1

> y (Jun(c,6))[)

m=1

I.i(C79j) = <

N N
+ Y Y (Un(C.0)U;(C,8;)), (m#n). (13)

m=1n=1
The hologram consists of two terms: the first term repre-
sents the single-point intensity, and the second term represents
the cross-correlation between any two object points and can
also be defined by

N N
Zl Y (Un(C,6))U;,(C,6)))
m=1m'=1

N N
= Y, (Un(C,6)) (U (C,0)))u(C,C),

(m#m'), (14)

where u(C,C’) is the modulus of the complex coherence de-
gree. For the illumination of fully coherent (or incoherent)

light, u(C,C’) is equal to 1 (or 0). For a partially coherent
light, we have u(C,C’") = exp {—|C - C’\Z/ZO'Z} in the sense
of GSM and the spatial correlation degree of the optical field
can be changed by adjusting the coherence-width parameter
o.

In this paper, with the aid of Matlab (R2013a) software,
we use the computer (DELL, CPU e5-2650, RAM: 128 GB)
to simulate an optical experiment as schematically illustrated
in Fig. 1. The simulation parameters are set such that they re-
flect practical arrangements used in the following optical ex-
periments. A 2048x2048 array with 8.0-um sampling pitch
is chosen as an object plane which is placed at the front fo-
cal plane of the lens (R = 12.5 mm, fy = 0.12 m), and il-
luminated by a plane wave (A = 632.8 nm). The distance
Zy between SLM (with a aperture size Ry = 4.32 mm and a
pixel pitch 8.0 um) and CCD (a aperture size R, = 3.54 mm
and a pixel pitch 3.45 um) varies from 0 m to 0.60 m with
a 0.05-m increment. Other parameters include d = 0.20 m
and fy = 0.30 m. An adaptive computational algorithm[°! is
used for simulating optical recording and digital reconstruct-
ing processes. This algorithm, based on scalar diffraction the-
ory and fast Fourier transform, is suitable for different diffrac-
tion regimes and arbitrary sampling rates. In the following
numerical investigations, we consider the two cases: double-
point object and multi-point object, respectively, which are il-
luminated by a fully incoherent light (FIL), a fully coherent
light (FCL) and a partially coherent light (PCL), respectively.
For the PCL, we choose o to be 80.0, 160.0, and 320 pum,
respectively, in the recording plane of hologram.

For the case of double-point object, the spacing of two
object points is set to be 320.0 pum. The simulation results
of digitally reconstructed images are shown in Fig. 2, we can
find that for the FIL, as shown in Figs. 2(al)—(a5), the im-
age spots are correctly reconstructed without the influence
of MIRIs. In contrast, under PCL illuminations shown in
Figs. 2(b1)-2(b5), 2(c1)-2(c5), and 2(d1)-2(d5), the recon-
structed image deviates from the correct one and normally be-
comes worse with the increase of coherence. Not surprisingly,
the reconstruction quality is worst under the FCL illumina-
tion, as shown in Figs. 2(el)-2(e5). However, it should be
noted that as Z, = fy(= 0.30 m) the correct reconstruction
is always achieved regardless of the spatial coherence of the
light source, indicating that the optimal recording condition
of SIDH is letting the recording distance equal to the focal
length of the diffractive lens loaded on the SLM. Moreover,
the reconstructed image location implied by Eq. (12) is con-
firmed by the simulations. For example, when Z, = 0.15 m,
the transverse magnification is |Mr| = Z/fo = 1.25 accord-
ing to Eq. (12), and the spacing of two SIRIs and that of two
MIRIs must be 400.0 um and 1200.0 um, respectively, which
are validated by Figs. 2(a2) and 2(e2).
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Zn=0m

Zn=0.15m

(al)

PCL 0=280.0 pm

(b1) (b2)

PCL 5=160.0 ym

(c1)
0=2320.0 ym

(d1) (d2)

1200.0 pm

Zn=0.30m

800.0 ym

(b3)

(d3)

Zn=0.45 m Zy =0.60m

1200.0 pm 1600.0 pm

(b4) (b5)

(d4) (d5)

400.0 ym 800.0 um

(el) (e2)

(e3)

(e4)

(e5)

Fig. 2. Numerical results obtained by the double-point object, which is illuminated by FIL, FCL, and PCL (with ¢ = 80.0, 160.0, and 320 pm),
respectively. The spacing of two object points is set to be 320.0 um while keeping f4 = 0.30 m. The one-dimensional (1D) graphs below the spots

represent the normalized intensity of the digitally reconstructed images.

2.0F = 0=280.0 pm b4
e 0=160.0 pm o
E 1.6 4 0=320.0um
RZ v FCL u
= 1.2f
z e vy tx 7 ox
< 0.8) N S
Il a o« °* ° ="
~ v L]
5 0.4F . .
A o -
O = .= ¢ L : :
0 0.15 0.30 0.45 0.60
Zy (m)

Fig. 3. Dependences of o (= Iviri/Isirr) on the Zy, under the illumination of
FCL and PCL (o = 80.0, 160.0, and 320.0 pum) by keeping f4=0.30 m.

To better visualize the influence of spatial coherence on
the reconstruction quality, we plot in Fig. 3 the strength ratio
of the MIRI and SIRI o (= Iviri/Isir1) with different coher-
ence degrees. It shows that o gradually becomes larger with
the increase of Z;,, except for Z,,= fy where MIRI vanishes. As
Zn=2f4, due to overlapping effect of two MIRIs, the inten-
sity of the MIRI suppresses that of the SIRI, which means that
the reconstruction quality is severely deteriorated due to the

MIRIs. Furthermore, figure 4 shows the simulation result for
a multi-point object, the pattern of Chinese character “H” with
a size of 320 um in the x (or y) dimension. It is seen again that
the quality of reconstructed image is downgraded with the in-
crease of the spatial coherence of light. Evidently, the images
have the best quality as Zp = fg = 0.30 m.

As a whole, the numerical simulation agrees well with
the theoretical analysis presented in the last section and re-
veals a fact that the increase of the spatial coherence of il-
lumination light will be detriment to the imaging quality of
SIDH, and the impact extent of the spatial coherence depends
on the recording distance of hologram. It is also worth men-
tioning that the above-mentioned results are akin to a previ-
ous report that investigated the influence of spatial coherence
on two counter-accelerating partially coherent Airy beams;3!]
with the increasing of the spatial coherence, side-lobes (i.e.
mutual-interference spots) gradually appear and the oscillation

between two main lobes becomes conspicuous.
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Zp=0m Zp=0.15m

PCL

0=280.0 pm

PCL 5=160.0 pm

PCL 0=320.0 ym

(d1) (d2)

(el) (e2)

Zp=0.30m

Zp=0.45m Zy =0.60m

(d3) (d4) (d5)

(e3) (ed) (e5)

Fig. 4. Results of numerical investigation are from simulating the pattern of “H” which is illuminated by the FIL, FCL, and PCL, respectively.

3.2. Results of optical experiment and discussion

We carry out the optical experiments to demonstrate the
impact of the spatial coherence of optical field on the image
quality of SIDH. The experimental setup of our established
SIDH is shown schematically in Fig. 5. The rectangle marked
with solid lines shows the setup for generating the PCL, in
which a fast rotating ground glass disk (RGGD) is illuminated
by a focused He—Ne laser light (A = 632.8 nm) after the lens
L, and the RGGD is also located at the front focal plane of
the lens L,. The light beam after L, can be considered as the

GSM beam, whose spatial coherence is determined by the size
of light spot incident on the RGGD, and thus is adjusted by
changing the distance / of the lens L; away from the RGGD.
By contrast, removing the RGGD enables a fully coherent il-
lumination.

The prepared light illuminates a test object that is placed
at the front focal plane of a lens with focal length fo = 0.12 m.
The object wave is lineally polarized after the polarizer Py
whose transmission axis is oriented at a angle of 50° with re-
spect to the active axis of a reflective phase-only SLM (Holo-
eye PLUTO, 1920x1080 pixels with 8.0-um pixel pitch).
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Hence, the polarized light incident upon SLM has two polar-
ization components, one parallel and the other orthogonal to
the active axis of SLM. Three diffractive lenses (fg = 0.30 m)
with different phase shifts (6; =0, 6, =2n/3, and 03 = 47/3)
sequentially written on the SLM split the incident plane waves
into the signal and reference waves. After passing through the
polarizer P,, the two waves generate an interference pattern in
the sensor area of a CCD camera (Pike F-505, 2452 %2054 pix-
els with 3.45-um pixel pitch), thus forming a digital hologram.
Accordingly, three holograms are sequentially recorded on a

lens

(L) ground-glass (L2)
bt

& Ml

lens

object

-------- diffractive lens

CCD camera. The position of the CCD can be successively
changed by a stepper-motor-driven long travel stage (Thorlabs,
LTS300) to alter the recording distance Z,. Due to the pres-
ence of the polarizer P, and the beam splitter, the recording
distance Z; is changed from 0.15 m to 0.60 m with a 0.05-m
increment. Three holograms recorded by CCD are superposed
according to three-step phase shifting to extract a complex am-
plitude responsible for the object, which is then numerically

reconstructed by the computer.

polarizer

lens (Py) splitter

SLM

Vi

1€ Pi¢ »

Pi¢

polarizer
(P2)

computer

stepper-motor-stage

Fig. 5. Schematic representation of experimental set-up of SIDH with different spatially coherent illuminations.

The first experiment is performed for a double-hole ob-
ject that has a spacing of 120.0 um between two 50.0-pm-
diameter holes. For comparisons, the object is illuminated by
light with adjustable spatial coherence, and the digital holo-
gram is recorded at four recording positions (viz. Zy = 0.15,
0.30, 0.45, and 0.60 m). The coherence of partially coherent
light (PCL) is controlled by the size of light spot incident on
the RGGD; the diameter D of the spots on the RGGD is set to
be 0.8, 4.0, and 8.0 mm in our experiment. According to the
van Cittert—Zernike theorem of optical coherence theory, >4
for a uniformly bright incoherent source having a disc shape
with a diameter D, the spatial coherence width of its radiation
field at a distance z from the source is ¢ = (Az)/D, and thus
the larger diameter D of the disk spot on the RGGD means
the lower spatial coherence. A fully coherent light (FCL) is

provided if the RGGD is removed. The reconstructed images
of the double-hole object are shown in Fig. 6. It can be found
that the experimental results agree well with our theoretical
analysis. For example, according to Eq. (11), as Z, = 0.15 m,
the theoretical values of distance between two SIRIs and be-
tween two MIRIs are 150.0 pm and 450.0 pum, respectively,
and the corresponding experimental data are 155.3 um and
458.9 um respectively, as shown in Figs. 6(al) and 6(d1), and
thus relative measurement errors turn out to be 3.53% and
1.98%, respectively. Figure 7 shows the dependence of the
ratio & (= Iysrr/Isiri) on Zy, and it can be found that o be-
comes larger with increasing Zy, under the same spatial coher-

ence illumination. Moreover, o reaches its maximum value as
Zn =2f4.
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Zp=0.15m Zy=0.30 m
g
& 155.3 um 296.7 um
5 = - -
=
A
g
g8
g2
a, <t
I
Q
(b1) (b2)
g
g
5%
N
Q
(c1) (c2)
458.9 um 303.6 um
o) RN . ®
&3]

(d1) (d2)

21120.45 m Z},ZO.()‘O m

458.9 ym
. . . .

607.0 pm

(a3) (ad)

(b4)

(c3) (c4)

155.3 um 307.1 um

(d3) (d4)

Fig. 6. Reconstructed images (bright spots) of double-hole object for different recording distance Z;, while keeping fg = 0.30 m and using four light
sources: the FCL (without RGGD) and the PCL produced from different light spots with the diameter D (= 0.8, 4.0, and 8.0 mm) on the RGGD. The
1D red graph below the bright spots represents the intensity profile along the line connecting two spots.

2.0
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¢ PCL D=0.8 mm
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O s . . .
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Fig. 7. The dependence of ¢ (= Iyvri/Isiri) on the Z,, corresponding to
Fig. 6.

The second experiment is performed for a test chart (Neg-
ative USAF1951).
Fig. 8. In order to better visualize and compare the quality of

The experimental results are shown in

reconstructed images for different recoding distances, the size
of all the images have been rescaled to be the same. The visual
inspection of the experimental results provides the direct evi-

dence that reducing the spatial coherence of illumination light

(i.e., enlarging D) can improve the resolution of reconstructed
images. Notably, as Z, = fq = 0.30 m, the reconstructed im-
ages have the optimal resolution under the same illumination.
For the purpose of comparison, we chose the element 1 of
group number 4 of the USAF1951 chart as the target image
region, which represents a resolution of 16 line pairs/mm and
is marked with red boxes shown in Figs. 8(al)-8(a4). The im-
age resolution is evaluated through the visibility of the vertical

lines in this target image region. We define the visibility as

V= (Imax _Imin)/(lmax +Imin)7

with Inax and I, denoting the maximal and minimal inten-
sities in the intensity profile. Figure 9(a) shows the visibility
of reconstructed images with the illumination of PCL (RGGD,
D = 8.0 mm) at different Z;,. Figure 9(b) plots the normalized
intensity profile along the direction crossing the lines in the red
boxes, which confirms again that the SIDH carried out when
Zy = fq (= 0.30 m) can yield an optimal reconstruction.
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We should point out that letting Z, = f3 in the SIDH tially coherent light for producing an SIDH, the arrangement
(cf. Fig. 1) implies that the CCD camera locates at the im-  of image-plane hologram recording is a good choice to achieve
age plane of diffractive lens written on SLM. In this situation,  the optimal reconstruction quality, and benefits by doing so
the hologram recorded by CCD actually resembles an optical ~ are not only reducing the requirements on spatial coherence of
image-plane hologram, in which the requirement on spatial co-  the illumination light but also eliminating the influences of the

herence can be the minimum.??! Therefore, when using par- ~ MIRIs.

h=0.15m

PCL

Fig. 8. Reconstructed images of test chart by keeping f4=0.3 m, which are generated under illumination conditions analogous to those in Fig. 6.

0.75
....... Z =015 m
. (@) o - =Z,=045m (b)
0.60F = 127 Zy,=0.30 m
& — - — Z3,=0.60 m
> ° e Q 2
= 0.45}F * o o o ]
= . g
= . 3
Z 0.30}
> f4=0.30 m %
0.15k g
z
ol— ' ' ' ' oL . . : .
02 03 04 05 06 ~0.08 —0.04 0 0.04 0.08
Zn (m)  (pm)

Fig. 9. (a) The dependence of visibility data of the lines marked with red rectangle in Fig. 8 on different Zy, (= 0.15, 0.30, 0.45, and 0.60 m, respectively)
for the PCL illumination of D = 8.0 mm), (b) normalized intensity profiles crossing the corresponding line.
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4. Conclusions

In summary, a remarkable aspect of the SIDH is that un-
der the spatially incoherent light illumination it is free from
speckle noises and cross-correlation image and thus yields
high-quality optical reconstruction. However, the spatially in-
coherent light is an ideal and extreme case, and a practical
light is more or less partially coherent. Thus, in many prac-
tical applications of SIDH, it would be desirable to reduce or
eliminate the adverse effects of cross-correlation image result-
ing from spatial coherence. In this paper, based on the theory
of statistical optics, we analyzed the impact of the spatial co-
herence on the reconstruction quality of SIDH. We validated
that the spatial coherence of light beams can greatly influence
the imaging characteristics of SIDH and the impact extent of
the spatial coherence depends on the recording distance Zj,.
The findings reported here is helpful for deepening the under-
standing and allowing a greater exploration of SIDH, and will
facilitate its applications in many fields such as phase imaging
and digital microscopy.

Appendix A: Derivations of analytic expressions
in Section 2

We derive the analytic expression of the complex ampli-
tudes of the reference and signal waves arriving at the CCD
plane, Up, (C) and Ug,(C) in Eq. (7), based on the method
of stationary phase.??! Referring to Fig. 1, the signal wave
impinging the CCD can be regarded as a wave diffracted from
the SLM illuminated by a convergent wave. To simplify dis-
cussion, we assume that the aperture of the collimating lens is
large enough, which is the case of actual experimental arrange-
ment, so that the complex amplitude of signal wave within the
CCD window can be expressed by

Uo, (C) = Pc(xoyc)/ Ps(xs,,,5,,)
|

x exp[ikG°(xs,,,¥s,,)] dxs,, dys,, (A1)

where Pc(C') and Ps(S) denote the pupil function of CCD and
SLM, respectively. Note that, in Eq. (A1), any multiplicative
factors independent of the coordinates of (xp,yp), (xs,ys), and
(xc,yc) are omitted for brevity, and thus G°(xs,,,ys,,) is given
by (c¢f. Eq. (3))

(xs,, —xc)* + (vs,, —yc)?
27y
+ (x%;ﬂ +y%m) _ d(x%m +y%)m)
2fo 213
08, 195,) (s, YRS

2fa fo

According to the principle of stationary phase, the asymptotic

GU ('xSm 7ySm) =

(A2)

approximation to the integral of Eq. (A1) is given by

Uo,,(C) =~ Pc(xc,yc)Ps(xs, ,ys, )

x exp [ikG® (x5, ,¥5, )] » (A3)

where the stationary points (x§ ,y§ ) are determined by

aG° aG°
G SCS,,,,ys,,,) _9G Scsm,ysm) —0. (A4
-xSm x{gm Y '&m YS,,, x&m ’y gm
By substituting Eq. (A2) into Eq. (A4) we get
Z
- (55)(£5)
h 0 d—4h (AS)

()
Sm Zn  fo fa—2,)"

Substituting Eq. (AS) into Eq. (A3), it follows that the phase
distribution of diffracted signal wave within the CCD window,
ie., 90,/(C) =kG’(xs ,ys ) is expressed by

00, (C) = —JaZn X, HVh, | TV 2xpmxc+2meyc} k(g +y2) | k(Gg, +35,)  dk(x, +3%,)
" 2Zn—fa) | f? 7} Znfo 27, 2fo 2

(A6)

Derivations analogous to the foregoing give the phase distribution of diffracted reference wave within the CCD window as

¢r,(C) =k [—
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