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The ability to overcome the adverse effect induced by the obstacles within the transmission link is a
central challenge in long-distance optical image transmission and is significantly crucial in free-space
optical communication. In this work, we introduce an efficient protocol to realize the robust far-field
optical image-signal transmission by modulating the spatial-coherence structure of a partially coherent
random light source. The image information encoded in the spatial-coherence structure can be stably
transmitted to the far field and can resist the influence of obstructions within the communication link.
This is due to the self-reconstruction property of the spatial-coherence structure embedded with the cross
phase in the far field. We demonstrate experimentally that the image information can be recovered well
by measuring the second-order spatial-coherence structure of the obstructed random light in the far field.
Our findings open a door for robust optical signal transmission through the complex environment and may
find application in optical communication through a turbulent atmosphere.

DOI: 10.1103/PhysRevApplied.17.024043

I. INTRODUCTION

Long-distance optical image-signal transmission is fun-
damentally significant in the application of free-space
optical communication [1,2]. However, the obstacles, such
as the aerosol, a turbulent atmosphere, within the com-
munication channel limit the performance of information
transmission and cause distortion, scintillation, and ran-
dom spatial shifts of the output image [3,4]. The self-
healing property of structured light beams, including Airy
beams [5—7], helical beams [8,9], and vector beams with
complex polarization states [10—12], can (partially) resist
the side effects induced by the obstructions or the turbu-
lent atmosphere in the transmission path. The structured
beams used so far have been restricted to fully coherent
circumstances. Thus, the speckle noise in the output image
cannot be neglected [13]. Moreover, when the size of the
obstacles is large enough or the strength of the turbulent
atmosphere is strong within the propagation link, the non-
negligible interference effects will distort the quality of the
image signal [4].
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In this work, we introduce a different way to robustly
transmit optical images to the far field with the use of par-
tially coherent random light beams that have customized
spatial-coherence structures. It has been well recognized
that a partially coherent light beam has advantages in free-
space optical communication [14-21], speckle-free imag-
ing [22,23], and high-quality diffractive imaging [24,25]
due to its low spatial-coherence property [26,27]. Recently,
it has been found that partially coherent beams have a
self-reconstruction feature similar to that of fully coher-
ent diffraction-free beams during propagation in free space
[28-30]. However, their physical interpretations are quite
different. The reconstruction capacity of a partially coher-
ent beam is closely related to its small spatial-coherence
area [28]. On the other hand, it has been shown that
the spatial-coherence structure of the partially coherent
beam can be viewed as an efficient degree of freedom to
govern its propagation properties [31-33]. Partially coher-
ent beams with tailored spatial-coherence structures have
been found useful in spatial information transmission in
the near field [34,35] and in the robust 4/ imaging sys-
tem [36,37]. More recently, the spatial-coherence structure
has been used to encrypt optical image information in a
random source and has been shown to be robust during
measurement in different complex media [38,39].

However, long-distance and far-field image-signal
transmission based on modulation of the spatial-coherence
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structure of a partially coherent light beam is still chal-
lenging because the spatial-coherence structure changes
during propagation in free space and turbulent atmospheres
[26]. In the far field, the spatial-coherence structure for
a lowly spatially coherent beam is mainly determined by
the initial intensity of the source [27,40]. Thus, the image
information encoded ahead in the spatial-coherence struc-
ture of the partially coherent source cannot be recovered
through the far-field coherence measurement. In this work,
we find that by introducing a second-order cross phase
[41-43] into the spatial-coherence structure of the partially
coherent source, the far-field spatial-coherence distribu-
tion can be reconstructed well even with large obstacles
in the propagation channel. Thus, the image informa-
tion encoded in the spatial-coherence structure can be
robustly transmitted to the far field. We demonstrate the-
oretically and experimentally that the encoded image can
be recovered well in the far field solely by measuring
the far-zone modulus distribution of the spatial-coherence
structure of the obstructed random light. The effect of the
spatial-coherence area on the recovered image quality is
analyzed in detail as well. Our coherence-based approach
to far-field image-signal transmission may open an avenue
for optical imaging and communications in a complex
environment.

This work is organized as follows. In Sec. II, we present
the basic principle and the theoretical background of
coherence-based far-field image transmission. In Sec. III,
we show the simulation results for the intensity and the
spatial degree of coherence as well as the recovered
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image signal in the focal plane. The effect of the initial
spatial-coherence area on image quality is also discussed
in this section. In Sec. IV, we carry out a proof-of-principle
experiment to show the robustness of our coherence-based
image-signal transmission method. Finally, in Sec. V we
summarize our findings.

II. PRINCIPLE

In this section, we unveil the principle and the theoret-
ical background of coherence-based optical image trans-
mission. The schematic, including the image encoding
into a partially coherent random source, the propagation
of a partially coherent beam in a transmission link with
obstacles, and the far-field image recovery, is shown in
Fig. 1.

A. Encoding image into spatial-coherence structure

The second-order statistical property of a partially
coherent light beam is characterized by a (two-point)
spatial-coherence function [26]. In the spatial-frequency
domain, the spatial-coherence function is described by
the cross-spectral density function as W (r;,r,w) =
(E*(r;, w)E(ry,w)), where the subscript s denotes the
source, r; and rp are two arbitrary spatial points in the
source plane, E(r, ®) is a random-field realization, and the
asterisk and the angle brackets denote the complex con-
jugate and the ensemble average over all field realizations,
respectively. The angular frequency w is omitted from now
on to simplify the notation.

obstacle
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A schematic of the principle for far-field optical image transmission with a structured random light beam. (a) The image

signal with transmission function P(v) is encoded into the second-order cross-spectral density W, (r;,r;) of a partially coherent light
source via the optical system with the response function H (r, v). The partially coherent beam propagates in a transmission link within
a sector-shaped obstacle. (b) The modulus of the spatial degree of coherence, |ou (0], 0,)|, in the output plane can be obtained from
the received intensity speckles 7, o, (p). The image signal Py, (V) can be recovered by using the phase-retrieval algorithm shown in (c).
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To see the inner structure of a spatial-coherence func-
tion, the cross-spectral density can also be written in the
following integral form [44,45]:

Wi(ri,r) = // PWV)H*(r1,V)H (rz,V)d*v, (1)

where P(v) is a non-negative function and H (r,v) is an
arbitrary kernel function that connects the P(v) at the v
domain and Wi (r;, ;) at the r domain. The above integral
form is useful for synthesis of partially coherent sources
with a controllable spatial-coherence structure if we con-
sider the P(v) function as the intensity distribution of an
incoherent source and the H (r,v) function as a response
function of the optical system between the incoherent
source and the generated partially coherent source [46—48].
Here, we regard P(v) as the transmission function of
an optical image. It can be transformed into the inten-
sity of the incoherent source by passing the fully coherent
light through a rotating ground-glass disk [31]. Thus, the
image signal can be encoded into the spatial-coherence
function of a partially coherent beam by following the
approach shown in Eq. (1). The response function in
Eq. (1) is set to be H(r,v) = 7(r) exp(—iaor - v), where
7(r) is the amplitude of the partially coherent source and
ap 1s a real factor that controls the spatial-coherence area
of the source. Therefore, the cross-spectral density of the
generated partially coherent source can be written as

Wi(r1,rz) = t5(r)t(r) ps(ri, ra), (2)

where
Hs(ri, 1) = // P(v) expliag(r; —1p) - vld*v,  (3)

is the spatial degree of coherence of the partially coher-
ent source [26], which is also termed the spatial-coherence
structure [31]. Such a spatial degree of coherence changes
during propagation. According to the reciprocal condi-
tion for partially coherent light, the far-field degree of
coherence for a lowly spatially coherent source (i.e., a
quasihomogeneous source [27]) is mainly determined by
the Fourier transform of the source intensity [27], i.e.,
wr (py, py) X F[lt(r)|*], where the subscript ' denotes
the far field, p is the spatial position vector in the plane
of the far field, and F denotes the Fourier transform.
Thus, the image information encoded in p(r;, ry) cannot
be recovered by the far-zone spatial-coherence-structure
measurement.

To maintain the distribution of the spatial degree of
coherence in the far field, we introduce a cross phase into
the cross-spectral density of the partially coherent source

as follows [41-43]:

Wy(ri,ry) = 5 (r) () s (ri, r2) exp[—iu(x1yy — x202)],
4)

where u is the real factor of the cross phase. The spatial
distribution of the cross phase is shown in Fig. 1(a). In the
following simulation, we find that when the factor u is suf-
ficiently large (the value depends on the spatial-coherence
area and the beam width of the partially coherent source),
the far-field spatial degree of coherence is as follows:

wr (P, py) X pg(ry, r2). Q)

Thus, the image information encoded ahead in pu,(ry, 1)
[Eq. (3)] can be transmitted to the spatial-coherence struc-
ture in the far field and the image information can be
recovered from the far-field coherence measurement.

B. Propagation through transmission link

To show the robust feature of our coherence-based
image transmission, we place a sector-shaped obstacle in
the transmission path as shown in Fig. 1(a). The obsta-
cle can move freely in the path. The distance between the
obstacle and the partially coherent source is z’. The prop-
agation of the partially coherent beam in the transmission
link with the obstacle can be solved with the help of two
generalized Huygens-Fresnel integrals [49]. The first and
the second integrals are performed between the partially
coherent source and the obstacle and the obstacle and the
output plane, respectively. The spatial coordinates in the
source plane, the obstacle plane, and the output plane are
r, p/, and p, respectively. The cross-spectral densities of
the light fields in the obstacle plane and the output plane
are written as W' (p}, p5) and Wou(p;, p,). The averaged
intensity and the spatial degree of coherence in the output
plane can be obtained from

Iowi(p) = Wour(p, p), (6)

Wout(pl, pz)
. 7
Uout (P 1) Lour(02)]172 0

Hout(P1, pr) =

C. Image recovery in the far field by spatial-coherence
measurement

By following the relation set out in Eq. (5) as well
as that in Eq. (3), it is found that the image informa-
tion can be recovered in the far field by measuring the
output spatial degree of coherence. Before discussing the
measurement of fou (0, p,), we introduce the numerical
approach to the output cross-spectral density calculation.
The two generalized Huygens-Fresnel integrals used in
partially coherent beam propagation cannot, in general, be
solved analytically. By using the theory of the superposi-
tion of complex random screens [50—53], the cross-spectral
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density of a partially coherent source can be decomposed
as the incoherent sum of N random modes, i.e.,

1 N
AURIEE DA (®)
n=1

where E,(r) is the nth random mode and it can be
expressed as

E,(r) = 7(r) exp(iuxy)7Z,(r). 9

Above, the random complex transmittance function of
order n is obtained through 7,(r) = F[t,(v)], where
t.(v) = J/P(V)[a,(v) + ib,(v)] is a complex random func-
tion, with a,(v) and b,(v) constituting two sets of real
Gaussian random variables, each having unit variance
and zero mean. The sets are independent in the sense
that the variables in one set are independent of those in
the other. The mode number N is closely related to the
spatial-coherence area of the partially coherent source, i.e.,
the number increases with the decrease of the spatial-
coherence area.

Thus, the propagation of the partially coherent beam in
the transmission link can be solved with the help of the
coherent-optics method. For the random mode of order n,
the optical field just before the obstacle can be obtained
through the following Fourier transform:

ik kD,
X _—
278 TP\ 2

-
x F [E,,(r) exp(l;B/ r2)} L
P

B

E(p) =

(10)

The corresponding optical field in the output plane can be
obtained through

£ty = iD
nou =5 & N
out (0 T p 2Bp

» (1D

L
AB

kA
x F [O(p’)E;(p’) exp (;—BPQ)}

where O(p’) denotes the transmission function of the
obstacle. By adding up the contributions from all the
random modes, we obtain that the output cross-spectral
density can be expressed as

1
Wou(p1, p2) = 5 X_;Enom(pl)Enouxpz). (12)

We remark here that the optical field synthesized by the
random modes shown in Eq. (9) obeys Gaussian statistics
[54]. Thus, the (second-order) spatial degree of coherence

has a well-defined relation with the (fourth-order) intensity
correlation, i.e., [26]
Zout(P1,02) = 1+ |out(py, P2)|2‘ (13)

Above, gout (01, p,) is the normalized intensity-correlation
function and can be obtained through

. (p p): (10ut(p1)]0ut(p2)>
out\ Q1,03 <Iout(p]))([0ut(,02)>.

(14)

We now turn to discussing the measurement of the spatial
degree of coherence in the far field. Typically, the spa-
tial coherence can be measured with the help of Young’s
two-pinhole experiment [55,56]. However, the methods
based on Young’s interferometry have several limitations,
e.g., low light efficiency and a long measurement time.
The intensity-correlation measurement performed by the
famous Hanbury Brown and Twiss (HBT) experiment, on
the other hand, can overcome the above limitations [48].

However, it is found from the relation in Eq. (13) that
only the modulus of the spatial degree of coherence can be
recovered from the measurement of the intensity correla-
tion. The phase information—which is quite important in
image recovery, as shown in Eq. (3)—is missing. Although
the phase information can be measured with the aid of
the recently proposed generalized HBT experiment by
introducing a pair of reference beams [57,58], the mul-
tiple measurements required in the experiment limit the
real-time image recovery in this work.

Here, we apply the iterative phase-retrieval method
[59,60] to recover the phase of the spatial degree of coher-
ence and the information about the image signal. The
principle is shown in Figs. 1(b) and 1(c). In the out-
put plane of the transmission link, we record N intensity
speckles generated by all the random modes. By using
Eq. (14) and then Eq. (13), we obtain the modulus of the
spatial degree of coherence |uou(p;, 0,)|. To obtain the
phase O,u:(p, p,) of the spatial degree of coherence, we
first give an initial guess of the image signal Pi—;(v). In
this work, the guess of Py_;(v) is generated by a (real
and non-negative) random function. We then carry out
the Fourier transform of the guess function to obtain the
corresponding spatial degree of coherence pi—1(p;, p,).
We extract the phase 6;—;(p;, p,) and combine it with
the modulus of the measured spatial degree of coherence
[tout(01, P5)|. By doing the inverse Fourier transform of
the generated spatial degree of coherence u;_,(p;, p,) =
| Lout(p1, p2)|eP=1P1:P2) | we obtain P}_;(v), which is in
general a complex function. In the next step, the nega-
tive and complex values in P,_,(v) are replaced with 0
(error-reduction algorithm) or Pi—; (v) — BP;_,(v) (hybrid
input-output algorithm) [61,62], where § is a feedback
parameter that controls the convergence properties of the
algorithm. The output function then replaces the initial
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guess function and we perform the above steps again.
In our simulation, we start with the hybrid input-output
algorithm and gradually lower g8 from 2 to 0, with a
step length of 0.05. We run ten iterations per value of .
After that, we run 100 iterations with the error-reduction
algorithm to reduce any residual noise from the output
image. One of the output results for the recovered image
Py (v) is shown in Fig. 1(b).

II. SIMULATION RESULTS

To conveniently show the far-field information for the
intensity and the degree of coherence, we place a thin lens
of focal distance /' immediately after the partially coherent
source. The far-field information thus can be obtained in
the focal plane of the lens. The optical transfer matrices
for the two systems are expressed as

A B 1-Z'/)f 7

(C’ D’) =( ~1/f 1)’ (13)
A B 1 /-7

(c D)=(0 1 ) (16)
In the simulation, the focal distance of the thin lens is
f =250 mm. The image information P(v) is a letter “S”
as shown in Fig. 1(a). Other different images are also used
in our simulation to check the robustness of our protocol.
To ensure convergence of the random-mode superposi-
tion method, N = 5000 random modes are used for the
partially coherent sources with different spatial-coherence
areas. The recorded intensity of each random mode in the
focal plane can be used to calculate the averaged inten-
sity distribution and the modulus of the spatial degree
of coherence in the far field. The image information can
then be recovered by following the iterative phase-retrieval
method introduced above. Other parameters used in the

simulation are ¥ = 60 mm™2, A = 532 nm, and 7(r) =
exp(—r2/4w(2)), with wg = 1 mm.

A. Intensity distribution

We first show, in Fig. 2, the intensity distribution of par-
tially coherent beam propagation in the transmission link.
The simulation results shown in the top panel of Fig. 2 are
the intensities at different propagation distances when the
obstacle is removed. We find that the intensity can recon-
struct its Gaussian spot in the focal plane. This is due to the
effect of the cross phase [43]. We note that during propa-
gation, the beam shows a strong shear along the diagonal
direction [Fig. 2(b)]. This is because the cross phase shows
a jump of m between the diagonal and the antidiagonal
directions [see Fig. 1(a)]. With the decrease of the value
of the phase factor u, we find that the Gaussian spot in the
focal plane is distorted (not shown here). We find in the
second row of Fig. 2 that when the obstacle is present in the

No obstacle

With obstacle

2 mm 2 mm

FIG. 2. The simulation results for the normalized intensity
distributions of partially coherent beam propagation in the trans-
mission link. (a)—(d) The intensity distributions at different prop-
agation distances with no obstacle within the propagation link.
(e)~(h) The intensity distributions at different propagation dis-
tances with the sector-shaped obstacle within the propagation
link. (i)(1) The intensity distributions in the focal plane for
the obstacles placed at the source with different sector angles
o. (m)~«p) The intensity distributions in the focal plane for
the obstacle with sector angle « = 7 placed at different places
having a distance z’ from the source plane.

source plane, the focal-plane intensity is a combination of
the Gaussian spot and the obstacle. It can also be regarded
as the reconstruction of the initial intensity. In such a case,
the effect of the obstacle cannot be removed. In the third
row of Fig. 2, we display more results for the focal-plane
intensity with different shapes of obstacle placed at the
source. In the bottom panel of Fig. 2, we show the simula-
tion results for the intensity distribution in the focal plane
for the case when the obstacle with sector angle o« = 7
is placed at different places in the transmission link. The
results confirm the effect of the obstacle on the focal-plane
intensity distribution. All the simulation results in Fig. 2
indicate that the intensity cannot be used to robustly trans-
mit the image signal when the obstacle is present in the
transmission link.

We remark here that when the cross phase is removed
from the source plane, the far-field intensity can recon-
struct the shape of the image signal when the spatial-
coherence area of the partially coherent source is suffi-
ciently low and the obstacle is placed in the source plane
or removed [47]. This is due to the reciprocal condition
for partially coherent light, i.e., oy (p) o< Flus(ry, )] o
P(v) [27]. However, as shown in the bottom panel of
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Fig. 2, the image signal is distorted when the obstacle is
placed in other places within the transmission link. Thus,
we conclude that the intensity cannot robustly transmit the
image information.

B. Spatial degree of coherence and recovered image

We now turn to checking the robustness of the spa-
tial degree of coherence in the focal plane. In Fig. 3(a),
we show the spatial distribution of |weu(p, p,)| in the
focal plane for the case when the obstacle is removed
from the transmission link. Figure 3(e) shows the cor-
responding result for the recovered image obtained by
the phase-retrieval algorithm. We see that the spatial-
coherence structure of the partially coherent random light
can indeed be used to transmit the image signal to the
focal plane (or the far field). In Figs. 3(b)-3(d), we dis-
play the simulation results for the cases when obstacles
with different sector angles are present in the source plane.
Figures 3(f)-3(h) show the corresponding results for the
recovered image. It is found that in the presence of the
obstacle, even with only a 90° open angle, the image can
still be recovered in the focal plane. This property shows
the robustness of the spatial-coherence structure for image
transmission. However, in Figs. 3(d) and 3(h), we find
when the opening of the obstacle is very small, the out-
put image signal is distorted. This is because in such cases,

FIG. 3. The simulation results for the modulus of the spatial
degree of coherence in the focal plane and the corresponding
results for the recovered image. (a),(e) The simulation results for
the case when the obstacle is removed. (b)—+(d),(f)«(h) The sim-
ulation results for the cases when obstacles with different sector
angles « are placed in the source plane. (i} «1),(m)~p) The sim-
ulation results for the obstacle with sector angle @ = 7 placed at
different positions at distance z’ from the source plane.

the spatial-coherence area (approximately 0.5 mm?) of the
partially coherent source is larger than the opening area of
the obstacle (see the discussion in Sec. III D). Thus, by fur-
ther decreasing the spatial-coherence area of the partially
coherent source, the image signal can still be recovered
(see the simulation results in Fig. 5).

We now study the situation when the obstacle is placed
inside of the propagation channel. In Figs. 3(i)}-3(l), we
show the spatial distributions of the focal-plane degree of
coherence and in Figs. 3(m)-3(p) we show the correspond-
ing recovered images for the cases when the obstacle with
sector angle o = 7 is placed at different positions in the
transmission link. From the simulation results, we can con-
clude that the spatial degree of coherence in the focal plane
is effectively independent of the position of the obstacle in
the transmission link and that the spatial-coherence struc-
ture can be used for robustly transmitting an optical image
to the far field.

C. Transmission with different images and different
obstacles

To check the broad applicability of our protocol, we
replace the letter “S” with different images, i.e., arabic
numerals from 0 to 9. The initial images P(v) and the
corresponding modulus of the spatial degree of coherence
|ps(ry, rp)]| for the partially coherent sources are shown in
Figs. 4(a) and 4(b). The simulated results for the modu-
lus of the spatial degree of coherence |iout(0;, 0,)] in the
output plane are shown in Fig. 4(c). By using the iter-
ative phase-retrieval algorithm, we obtain the recovered
images, which are shown in Figs. 4(d). From the simula-
tion results in Fig. 4, we find that different images can be
recovered well in the focal plane (or far field), which indi-
cates the broad applicability of our protocol for different
image shapes. We note here that the spatial distribution of
[/out (01, P,)| rotates by 90° compared to |u,(r;, 17)| [see
also the intensity in Figs. 2(e) and 2(f)]. This is due to the
particular distribution of the orbital-angular-momentum
flux density induced by the cross phase [63], which intro-
duces rotation in the cross-spectral density of a partially
coherent beam. It is also remarkable that our protocol
works well for the recovery of binary images. However,
the grayscale images are hard to recover (the simulation
results are not shown here), as this is challenging for the
phase-retrieval algorithm [61,62].

We now place the obstacles with different shapes in the
source plane and check whether the recovered image is
affected by the shapes of the obstacles. The intensities of
the partially coherent beam passing through the obstacles
are shown in Figs. 5(a)-5(d). In Fig. 5(a), the opening of
the obstacle forms a circular ring. Thus, the field at the cen-
ter and the edge is blocked. In Figs. 5(b), 5(¢), and 5(d), the
obstacles with circular, rectangular, and triangular open-
ings are placed at different transverse locations in the
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(a)
(b)
(©)

(d)

FIG. 4.

(a) Different original images P(v). (b) The distributions of the modulus of the spatial degree of coherence |u(ry,rp)| of

the corresponding generated partially coherent sources. (c¢) The corresponding distributions of the modulus of the spatial degree of
coherence |out (01, 02)| in the output plane. (d) The recovered images P,y (v) with the iterative phase-retrieval algorithm.

source plane. Figures 5(e)}-5(h) show the corresponding
distributions for the spatial degree of coherence in the
output plane, while Figs. 5(1-5(1) display the recovered
images with the iterative phase-retrieval algorithm. It is
found that in all the cases, the images can be recovered well
in the far field and the image quality is effectively indepen-
dent of the shape of the obstacle. The reason behind this
is that in Fig. 5, the spatial-coherence area of the partially
coherent source is matched well with (comparable to) the
opening area of the obstacles, which is discussed in the
following subsection.

FIG. 5. Simulation results for the effect of the shape and loca-
tion of the obstacle on the recovered image quality. (a)~(d) The
intensity distributions of the light passing through the obstacles
with the circular ring, off-axis circular, rectangular, and triangular
openings, respectively. (e)~(h) The corresponding distributions
of the modulus of the spatial degree of coherence in the output
plane. (i)«1) The corresponding recovered images from (e)—(h).

D. Effect of spatial-coherence area

To check the effect of the spatial-coherence area of the
partially coherent source on the output image quality, we
consider two situations. In the first situation, the spatial-
coherence area of the partially coherent source is fixed,
while the opening size of the obstacle changes. In the sec-
ond situation, the opening size of the obstacle is fixed, but
the spatial-coherence area of the partially coherent source
changes in relation to the image size.

In Fig. 6, we show the simulation results for the first
case. In the simulation, the obstacle is replaced with a
circular pinhole with radius R that changes from 0 to 3
mm [see Fig. 6(b)]. The obstacle is placed in the source
plane. Figure 6(a) shows the spatial distribution of the
degree of coherence for the partially coherent source. We
see that the initial spatial-coherence length §; ~ 0.5 mm
and that the spatial-coherence area is about 0.5% mm?.
Figures 6(c) and 6(d) show the spatial degree of coher-
ence in the focal plane and the corresponding result for
the recovered image when the obstacle is removed. We
now put the obstacle after the partially coherent source
and calculate the spatial degree of coherence p,,(Ap) in
the focal plane. Figure 6(0) illustrates the similarity (gray
stars) between the recovered images and the original “S”
image [Fig. 6(p)]. The similarity is defined as [9]

— ff |Pout(V) — Pow||P(V) — P|d*v
[ff |Pout(V)|2d2vff |P(V)|2d2v]1/2

(I

Above, P and P, denote the averaged intensities for the
original and recovered images, respectively. The value of
S is bounded as 0 < § < 1. The larger value of S repre-
sents more identity between the recovered image Py (V)
and the original image P(v). From the simulation results
in Fig. 6(0), we find that with the increase of the opening
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0.5 mm

R=025mm R=05mm R=10mm R=20mm R=3.0mm

m_ fm
S S

R=2.0mm

R (mm)

FIG. 6. Simulation results for the effect of the obstacle size on
the recovered image quality. (a) The distribution of the modulus
of the spatial degree of coherence in the source plane. (b) The
obstacle with a circular opening of radius R ranging from 0 to
3 mm. (c) The distribution of the modulus of the spatial degree
of coherence in the output plane when the obstacle is removed.
(d) The recovered image from the distribution in (c). (e)}—i) The
distributions of the modulus of the spatial degree of coherence in
the output plane with the obstacle having radius R = 0.25 mm,
0.5 mm, 1.0 mm, 2.0 mm, and 3.0 mm, respectively. (j)—(n) The
corresponding recovered images from (e)—(i). (o) The similarities
S between the recovered images and the original image “S” [see
(p)] (gray stars) and between the recovered images and the image
“8” [see (q)] (blue stars) as a function of the radius R.

area of the obstacle, the recovered images become more
and more similar to the original ones. Figures 6(e}—6(n)
show the output degrees of coherence and the correspond-
ing recovered images for radius R = 0.25 mm, 0.5 mm,
1.0 mm, 2.0 mm, and 3.0 mm. We find that when the open-
ing area of the obstacle is comparable with or larger than
the spatial-coherence area of the partially coherent source,
the image information can be recovered well. With the
increase of the opening area, the image quality becomes
better. However, when the opening area is smaller than the
spatial-coherence area, the image signal cannot be identi-
fied [see Figs. 6(e) and 6(j)]. The reason behind this can be
found in Fig. 6(e), i.e., most of the high-frequency com-
ponents of the image (located at the edge of the spatial
distribution of the coherence) are lost in the far field for
a small opening of the obstacle. To further see the perfor-
mance of our algorithm, we show the similarity between

the recovered images shown in Figs. 6(j-6(n) and the
image “8” shown in Fig. 6(q). The simulation results are
shown in Fig. 6(o) (blue stars). It is found that the simi-
larity between the recovered images and the image “8” is
always smaller than that for the original image *“S,” which
indicates the good performance of our algorithm.

In Fig. 7, we show the simulation results for the sec-
ond case. In this case, the radius R is fixed at 0.7 mm,
while the spatial-coherence width §y varies from 0.2 mm
to 1.2 mm. The spatial-coherence width of the partially
coherent source can be altered by controlling the param-
eter ap in the H(r,v) function. The top panel of Fig. 7
shows the distributions of the spatial degree of coherence
in the source plane, while Figs. 7(g)-7(k) show the dis-
tributions of the spatial degree of coherence in the focal
plane. In Figs. 7(1)-7(p), we display the recovered images
from |wout(Ap)|. The similarity between the recovered
images and the original image are displayed in Fig. 7(f).

As expected, when the spatial-coherence area of the par-
tially coherent source is comparable to (or smaller than)
the opening area of the obstacle, the output image can be
recovered well [Figs. 7(m), 7(n), and 7(0)]. However, when
the spatial-coherence area continues to increase (larger
than the opening area of the obstacle), the recovered image
quality will be distorted [see Fig. 7(p)]. More surprisingly,
with the decrease of the spatial-coherence area and when
its value becomes smaller than the opening area of the

(a)

5, =0.2 mm

(b)

5, =0.3 mm

(c)

8, =0.6 mm

(d)

8, =0.8 mm

(e)

9, =1.2mm

1.0 mm|

0.0

0.0 04 3, (mm)

FIG. 7. Simulation results for the effect of the initial spatial-
coherence area of the partially coherent source on the recovered
image quality. (a)~(e) The distributions of the modulus of the
spatial degree of coherence in the source plane for the partially
coherent sources with different initial spatial-coherence widths
80. (g)+k) The distribution of the modulus of the spatial degree
of coherence in the output plane for the case when the obsta-
cle with the opening radius R = 0.7 mm is placed in the source
plane. (I)~(p) The corresponding recovered images from (g)—(k).
(f) The similarity S between the recovered image and the original
image as a function of the initial spatial-coherence width §.
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obstacle, the similarity between the recovered image and
the original image also decreases [see Fig. 7(1)]. This can
be explained as follows: the large feature of the image can-
not be resolved at the low spatial-coherence length of the
partially coherent source. Thus, we can conclude that for
an optimal image output, the spatial-coherence area of the
partially coherent source, the opening area of the obstacle,
and the image size must be matched well, i.e., the spatial-
coherence area must be smaller than (or comparable to) the
opening area, but larger than (or comparable to) the image
size [see, e.g., Fig. 7(n)].

IV. EXPERIMENTAL VERIFICATION

We now carry out a proof-of-principle experiment to
show the robustness of the spatial-coherence structure in
the far-field image transmission. Figure 8 shows the exper-
imental setup for encoding an image signal into the spatial-
coherence structure of the partially coherent random light
beam, propagation of the light field in the transmission
link with an obstacle, and the focal-plane spatial-coherence
measurement.

A fully coherent light beam, created by transmitting a
Nd:YAG laser of wavelength A = 532 nm through a neu-
tral density filter (NDF) and a beam expander (BE), is
impinged onto a spatial light modulator (SLM) with the
image signal (the letter “S”) loaded on it. The image sig-
nal P(v) is projected onto a rotating ground glass disk
(RGGD) by a 2f" imaging system composed of a thin lens
L; of focal distance fj = 150 mm. The distances between
the SLM and the L; and between the L; and the RGGD
are both equal to 2f;. The light beam transmitted by a
RGGD can be regarded as an incoherent secondary source
since the beam-spot size on the RGGD is much larger
than the characteristic inhomogeneity scale of the RGGD
[64]. The cross-spectral density of the incoherent light
is given by W(vy,vy) = P(v})é(v] — v,), where §(-) is a
Dirac delta function. After the emerging incoherent beam
passes through a thin lens L, of focal length £, = 250 mm

RGGD

NDF BE SLM Ly

e

image

SLM
L
7

cross phase

e  4fsystem =—P— 7

Us (l'l, r2)

/ obstacle
Ls

and a Gaussian amplitude filter (GAF), the partially coher-
ent light source is generated, with its spatial degree of
coherence expressed as

1s(ry, 1) = 1/(Af)? f d*vP(v)

x exp[i2m(r; —r2) - v/(Af2)]. (18)

We note here that the partially coherent source generated in
this manner has a statistically homogeneous spatial degree
of coherence and obeys Gaussian statistics, since it is gen-
erated by an incoherent source from a RGGD [31,64].
The role of the GAF is used to shape the intensity of the
partially coherent source into an effectively uniform distri-
bution. To embed a cross phase into the partially coherent
source, a phase-only SLM is placed immediately after the
source. The computer-generated hologram loaded in the
SLM is shown in the inset of Fig. 8. The reflected light
beam from the SLM passes through a 4f optical system
that consists of thin lenses L; and L4, with the focal dis-
tance being 100 mm. A circular aperture (CA) is placed at
the Fourier plane of the 4f system to filter out the first-
order diffraction pattern of the light from the SLM. In the
rear focal plane of L4, a partially coherent beam having the
cross-spectral density shown in Eq. (4) is generated. We
then transmit the partially coherent beam in the transmis-
sion link composed of a thin lens Ls with focal distance
f5 =250 mm and a sector-shaped obstacle with control-
lable sector angle «. In the output plane, a charge-coupled
device (CCD) is used to record the intensity speckles. In
our experiment, 5000 random realizations are recorded by
the CCD. The modulus of the spatial degree of coherence
[out(P1, 05)| and the image signal can be obtained from
the realizations by using the method we discuss in Sec. 111
C. We note that the RGGD rotates slowly in our experi-
ment to ensure that the CCD, with an integration time of
20 ms and a frame rate of 30 frames/s, can capture all the
realizations.

FIG. 8. The experimental setup

Ly for far-field robust image transmis-

= =

4— )fsystem =P f=—P

sion with partially coherent random
light beams: NDF, neutral density
filter; BE, beam expander; SLM,
spatial light modulator; RGGD,
rotating ground-glass disk; L, L,,
L;, L4, and Ls, thin lenses; GAF,
Gaussian amplitude filter; M, mir-
ror; CA, circular aperture; CCD,
charge-coupled device. We note that
the distance between the GAF and
the SLM is very short.

:uout(plrpz)

;

CCD

f-7>
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FIG. 9. Experimental results for the measured modulus of the
spatial degree of coherence in the focal plane and the correspond-
ing results for the recovered image. (a),(e) The experimental
results for the case when the obstacle is removed. (b)~(d),(f)—(h)
The experimental results for the cases when obstacles with differ-
ent sector angles « are placed in the source plane. (i)~(1),(m)—(p)
The experimental results for the obstacle with sector angle« =
placed at different positions at distance z’ from the source plane.

In the experiment, obstacles with different sector angles
are first placed in the source plane of the partially coherent
beam. The experimental results for the modulus of the spa-
tial degree of coherence in the output plane are shown
in Figs. 9(a)-9(d). The corresponding recovered images
are shown in Figs. 9(e)}-9(h). First of all, we find in the
experimental results that the spatial-coherence structure of
a partially coherent random light beam can indeed be used
for robustly transmitting the image signal in the transmis-
sion link with obstacles. Second, the output image quality
depends on the opening area of the obstacle and the spatial-
coherence area of the partially coherent source. When the
spatial-coherence area is smaller than or comparable to the
opening area, the image information can be recovered well.
On the contrary, the image information is distorted when
the spatial-coherence area is larger than the opening area.
The results indicate the superiority of the spatial-coherence
engineering in the image information transmission.

Next, we move the obstacle with sector angle @ = 180°
from the source plane to other locations in the trans-
mission link. The experimental results for the measured
modulus of the spatial degree of coherence in the output
plane are shown in Figs. 9(i}-9(1) and the corresponding
recovered images are displayed in Figs. 9(m)-9(p). The
experimental results are consistent with our prediction that
wherever the obstacle is placed in the transmission link,
the image can be recovered well in the output plane. The

behavior of the spatial-coherence structure is different from
that for the intensity distribution in the output plane, as
we show in Fig. 2. This indicates that the second-order
(two-point) spatial-coherence structure can be viewed as
a robust parameter to transmit the image information.

V. CONCLUSIONS

In summary, we study the far-field image informa-
tion transmission with modulation of the spatial-coherence
structure of a partially coherent random beam. We give in
detail the principle and the theoretical background of the
coherence-based image encoding, transmission, and recov-
ery. The evolution of the spatial-coherence-structure prop-
agation in the transmission link with different obstacles
has been simulated with the random-mode-decomposition
theory. The effects of the shape, size, and position of the
obstacle, as well as the spatial-coherence area of the par-
tially coherent source on the output image quality, are
discussed. It is found that when the spatial-coherence area
is smaller than or comparable to the opening area of the
obstacle (but is larger than or comparable to the image
size) and wherever the obstacle is placed in the transmis-
sion link, the image signal can be recovered well in the
far field. A proof-of-principle experiment is carried out to
show the robustness of the second-order spatial-coherence
structure in far-field image transmission.

Our results provide an efficient tool for optical infor-
mation transmission in the complex environment and may
find further application in turbulence-free optical com-
munications. We remark that to realize coherence-based
optical image transmission in turbulent atmospheres, the
random realizations for synthesizing a partially coherent
source must be generated rapidly, i.e., the time scale must
be shorter than the characteristic time for the fluctuations in
the turbulence, and the camera used for capturing the ran-
dom realizations must have an exposure time much shorter
than the characteristic time of the turbulence [65]. The
speed of the generation of the random realizations could be
helpful with regard to the ultrafast modulator, e.g., a digital
micromirror device [66,67]. Meanwhile, a single-photon
detector array with an ultrafast response can be used as the
camera. Finally, we remark that although the transmitted
image studied in this work is an amplitude signal, a com-
plex image (including the amplitude and phase as well as
the polarization information) can be transmitted by using
a similar protocol in which the scalar random source is
replaced with an electromagnetic partially coherent source
[27,48,58].
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