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Robust far-field imaging by spatial coherence
engineering

Yonglei Liu'?, Yahong Chen3, Fei Wang?3*, Yangjian Cail%3*,
Chunhao Liang!?* and Olga Korotkova*

The degree of coherence (DOC) function that characterizes the second-order correlations at any two points in a light field
is shown to provide a new degree of freedom for carrying information. As a rule, the DOC varies along the beam
propagation path, preventing from the efficient information recovery. In this paper, we report that when a partially coher-
ent beam carrying a cross phase propagates in free space, in a paraxial optical system or in a turbulent medium, the
modulus of the far-field (focal plane) DOC acquires the same value as it has in the source plane. This unique propaga-
tion feature is employed in a novel protocol for far-field imaging via the DOC, applicable to transmission in both free-
space and turbulence. The advantages of the proposed approach are the confidentiality and resistance to turbulence, as
well as the weaker requirement for the beam alignment accuracy. We demonstrate the feasibility and the robustness of
the far-field imaging via the DOC in the turbulent media through both the experiment and the numerical simulations. Our
findings have potential applications in optical imaging and remote sensing in natural environments, in the presence of op-
tical turbulence.
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Introduction to resist turbulence-induced negative effects and to re-

Optical coherence state is one of the intrinsic character- duce the speckle noise, and therefore, they have found

istics of a partially coherent beam (PCB), describing the important applications in free-space optical communica-

electric field correlation at pairs of spatial locations and tions, laser materials processing, inertial confinement fu-

times'. In the space-frequency domain, spatial coher-
ence properties are characterized by the two-point spec-
tral degree of coherence (DOC) function, being a nor-
malized version of the cross-spectral density (CSD) func-
tion. Over past several decades, the PCBs have attracted
substantial academic attention owing to their capability

sion, optical imaging, etc.!”°. The Schell-model beams
whose DOC is only a function of the separation of two
spatial points are the most commonly encountered
PCBs. They were extensively studied in the past few dec-
ades. However, these studies were mainly limited to
Gaussian Schell-model beams, i.e., those with the DOC
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having a Gaussian profile. One of the difficulties for con-
structing a physically reliable PCB with non-Gaussian,
and more generally non-Schell-like correlations, is that
the CSD function must satisfy some constraints such as
Hermiticity and non-negative definiteness. In 2007, Gori
and co-workers applied the Bochner theorem of func-
tional analysis for suggesting a sufficient and necessary
condition to devise genuine CSD functions’ (see ref.® for
its vectorial generalization). Since then, the extensive
work has been devoted to devising PCBs with different
kinds of DOCs’~!!, propagation characteristics and inter-
action with matter'>?’. In particular, it was established
that the DOC can be used as a new degree of freedom to
control the free-space beam evolution and its interac-
tions with linear media to reduce the turbulence-in-
duced effects, and so on. Consequently, the PCBs with
the prescribed DOC have recently become promising
candidates in diverse applications including self-recon-
struction, super resolution imaging, diffractive imaging
and optical encryption’*. However, the DOC is not
propagation-invariant which hinders its use in technolo-
gies requiring optical information transfer and recovery.
The general problem of modeling of the PCBs whose
DOC remains propagation invariant has not yet been
tackled.

High-resolution image recovery is a complex problem
that has been classically approached by means of the op-
tical signal’s average intensity manipulations®. In gener-
al, amplitude, phase, polarization, spectrum and other
parameters of the wave-field are available for imaging or
image acquisition?**. Nevertheless, in some practical
situations such as in the presence of turbulence or tur-
bidity, the amplitude and phase are susceptible to the in-
fluence of turbulence®. The image information con-
tained in the amplitude or in the phase becomes lost with
propagation range. Hence, one has to explore other para-
meters for transmitting/retrieving image information. In
fact, it was shown in recent studies*** that the modulus
of the DOC of the field scattered from a turbid medium
is an efficient parameter that can be used to retrieve the
embedded object’s information. However, since the
DOC changes on propagation, it appears to be applic-
able only for short-distance image reconstruction.

In this article, we report that in situations when a cross
phase (CP) is imposed on a PCB, the far-field modulus of
its DOC propagating through free space, a paraxial op-
tical system, and atmospheric turbulence returns to its
value in the source plane. This finding is demonstrated
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through numerical examples and experiments. Further,
based on the peculiar recovery feature of the DOC, an ef-
ficient approach is proposed for encoding the image in-
formation into the DOC profile and its transmission
through both free space and atmospheric turbulence.
The obtained image is, indeed, shown to be resistant to
the negative effects induced by turbulence. This paper is
organized as follows. First, the effect of the CP on the
DOC of a PCB during propagation is studied theoretic-
ally. Next, the experiment is carried out to demonstrate
the recovery of the far-field DOC in free space and in at-
mospheric turbulence. Then, a new scheme for the trans-
mission of image via the DOC through the free space and
turbulence is studied and the robustness of far-field
imaging is demonstrated. Finally, the results are
summarized.

The effect of a Cross Phase on the DOC of
partially coherent beams

Suppose a scalar, quasi-monochromatic Schell-model
beam carrying a CP, propagates along the z-axis. In the
source plane (z=0), the CSD function of such a beam has
the following form*
W (1) = 7(n) 7" (1) u, (Ar) exp [iu (i — x92)]
(1)
where r; =(x;, y;), i=1, 2 denote two arbitrary transverse
position vectors, perpendicular to the z-axis; Ar=r—r,=
(Ax, Ay) is the difference of two position vectors and 7(r)
isa complex amplitude function. For simplicity, we as-
sume that the amplitude function is Gaussian:
1(r)=exp(—r*/4w¢*) with wy being the beam width while
uo(Ar) is the DOC, which only depends on the differ-
ence of r; and r,. The last term exp[iu(x1y1—x2)2)] is the
CP, where u is a measure of the strength of the CP. The
sign of the parameter u only determines the rotation dir-
ection of the beam®. It can be regarded as the extension
of astigmatic phase, and it is a separable function with
respect to (xj, y1) and (x, ¥2). Due to the coupling of the
x and y in the CP, the beam will exhibit the particular
distribution orbital angular momentum (OAM) flux
density along the propagation direction, which is re-
sponsible for the rotation of beam spot during propaga-
tion. The CP has been extensively explored® . The
studies reveal that such a phase structure can make the
beam rotate®, realize coherent modes conversion*!, flex-
ibly focus the ring Pearcey beam*?, as well as manipulate
the high-order optical vortices®>*.
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In order to investigate the effect of the CP on the evol-
ution of the DOC, we first set yo(Ar) as the cosine-Gaus-
sian correlated Schell-model (CGCSM) source!®

, (Br)=cos ( ”mAx) cos ( W;?Ay) exp (_M) |

5 26%
2)
where &y denotes the source coherence width and # is the
beam order. Within the regime of paraxial approxima-
tion, the relationship between the CSD function in the
source plane and the receiver plane containing a generic
paraxial ABCD optical system is given by the Collins

formula™

2 ikD
Wip.p,) = B P [—23 (P} _Pz)}

o0 (oo ikA
X f_oo . W (7'1, Tz)eXp |:ZB (rf — rg):|
lk 2 2
X exp E (rl P I pz) d'nd'r,, (3)
where k = 2m/A stands for the wavenumber with

wavelength A, p; and p, denote two transverse position
vectors in the receiver plane, and A, B and D are the ele-
ments of the optical system’s transfer matrix. Let us con-
sider a single-lens focusing system: a thin lens with focal
length f is placed in the source plane followed by free-
space path of distance z after the lens. Under this cir-
cumstance, the elements of the transfer matrix are found
from the ABCD matrix multiplication as

A B 1 z 10 1—z/f =z
<c D) B <0 1) (—l/f 1) B ( ~1/f 1> '
(4)
On substituting Egs. (1), (2) and (4) into Eq. (3) and
after integration, we obtain the analytical expression for
the CSD function in the receiver plane (see supplement-
ary material). Interestingly, it is found that in the focal

plane (z = f, namely, in the far field), the modulus of the
DOC reduces to the following form

2
cos (M/ZTTAP x) cos nv2nip, exp ( APZ
o o \ 25
€)

where &f = (fu/k)dy is the coherence width in the focal
plane and Ap = p1—p; = (Apx, Apy), provided that factor u

b

‘#f(AP)’Z

satisfies condition

u > max {\/4007[112/53 — Q% /w,, mQ/wo} , (6)

where Q?=1/4wy*+1/8¢*. On comparing Eq. (5) to Eq. (2),
we establish that the modulus of the DOC in the focal
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plane has the same form as that in the source plane but a
different value of the coherence width. This peculiar
propagation feature is quite different from that of the
CGCSM beam without the CP, whose DOC in the focal
plane degenerates to other forms. In general, the DOC it-
self can be complex already at the source plane due to the
effects of the initial CP, and/or may become even more
complex during propagation. Nevertheless, the modulus
of the DOC in the focal region returns to the same form
as it is in the source plane. In Fig. 1 the evolution of |y|
with propagation distance z, for different strength factors
is presented. The first row is set for comparison, for the
case of trivial CP, i.e, u = 0. In the absence of CP or
when factor u is small (¥ = 2 mm™2), the modulus of the
DOC gradually transforms to other shapes near the focal
region [see first and second rows]. As the value of
strength factor reaches 10 mm~ or higher [while satisfy-
ing Eq. (6)], it can be seen that the modulus of the DOC
near the focal plane indeed returns to that in the source
plane. Note that the DOC is twisted and rotates during
propagation because of the CP’s presence [see Fig. 1(c2)
and 1(d2)]. In fact, the DOC in the focal plane rotates
n/2 rad, but its shape is unchanged. The rotation of the
DOC attributes to the particular orbital angular mo-
mentum (OAM) flux density induced by the CP*.
Although in the preceding analysis, a specific example
is used for po(Ar), the discovered phenomenon of the re-
covery of the DOC’s modulus in the focal plane (far
field) can be generalized to any Schell-model beam car-
rying the CP. To justify this claim, a rather general al-
ternative form of the DOC representing the Fourier
transform of letter “S” (known as the power spectral
density) is chosen as the example, [see the top right
corner of Fig. 2(a)]. In this case, the DOC is a complex-
valued function not assuming any analytical expression.
The numerical result for the modulus of the DOC in the
source plane is shown in Fig. 2(a). When such a beam
carrying a CP with strength factor u=—60 mm= propag-
ates through the focusing system, the modulus of the
DOC distribution undergoes shaping and rotating [see in
Fig. 2(b) and 2(c)]. It gradually turns back to the initial
form, with the expected 90-degree pattern rotation [see
in Fig. 2(d)] in the focal plane. The examples based on
other Schell-model sources carrying the CP (not shown
here) also confirm this far-field DOC’s modulus recov-
ery mechanism. In addition, the focusing lens does not
need to be placed in the source plane of the beam. In fact,
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Fig. 1 | Variation of the modulus of DOC |u| of a CGCSM beam with the propagation distance z after the focusing lens, with the CP
strength factor (a1-a4) u = 0 mm=2, (b1-b4) u =2 mm=2, (c1-c4) u = 10 mm=2, and (d1-d4) u = 70 mm=2. The parameters are set as A = 532

nm, &g =0.5 mm and n=1.

Fig. 2 | Theoretical results of the modulus of the DOC |u| at different propagation distances z after the lens with the CP strength factor

u=-60 mm—=. The inserted letter “S” in (a) is adopted as the power spectral density P(v) function.

it can be placed in any transverse propagation plane z =
const. And in the focal plane of the lens, the modulus of
the DOC is also the same as that in the source plane (z =
0), irrespective of the DOC distribution at the plane

where the focusing lens is placed.

Recovery of the modulus of the DOC of
Schell-model beams with a CP during
propagation: experimental verification

In this section, we carry out the experiment to demon-

strate the results obtained in the previous section. Figure 3
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Fig. 3 | Schematic diagram of the experiment setup for generation of Schell-model beams with a controllable CP structure, measure-

ment of the modulus of the DOC in the far field propagation in free space as well as in turbulent atmosphere. Laser, a Nd:YAG laser with

wavelength 532nm; M, mirror; BE, beam expander; SLM4, SLMy, spatial light modulator; RGGD, rotating ground glass disk; L1, Lo, L3, L4, Ls, Ls,

thin lenses with the identical focal length =250mm; GAF, Gaussian amplitude filter; BS, beam splitter; CA, circular aperture; SP, source plane;

CCD, charge-coupled device; HP, hot plate; PC1, PCs, PC3, personal computers.

illustrates the schematic diagram for the experimental
setup. It includes three parts. Part I is the optical system
for the generation of a Schell-model beam with a CP. A
laser beam emitted from a Nd:YAG laser (A = 532 nm) is
reflected by a mirror and expanded by a beam expander
(BE), then arrives at a spatial light modulator (SLM;). A
computer-generated hologram is loaded on the SLM;
which is used to produce a prescribed intensity pattern
on the front surface of a Rotating Ground Glass Disk
(RGGD). The scattered light is then collimated by a Lens
L; and is transformed from the uniform light intensity to
a Gaussian distribution by a Gaussian amplitude filter
(GAF). If the size of the intensity pattern on the RGGD is
much larger than the inhomogeneity scale of the RGGD,
the DOC of the beam in the GAF plane can be described
as the following integral according to the Van-Cittert
Zernike theorem!

u(Ar) o< jP(v)exp(—iva “Ar/M)dv (7)

where P(v) is the intensity distribution in the RGGD
plane, also known as the power spectral density in the lit-
eratures'>~'’. The generated partially coherent light beam
is then imaged onto a SLM; screen with unit magnifica-
tion through a Lens L,. The CP associated with a phase
shift, i.e., p(x, y) = uxy + 2nfyx, where f; is the spatial fre-

quency along x direction, is computed as a blaze phase
grating loaded on the SLM,. The reflected light from
SLM, passes through a 4f optical imaging system consist-
ing of Lens L3 and Ly, where a circular aperture is inser-
ted in its Fourier spectrum plane to filter out the first-or-
der diffraction. In the output plane, the PCB with the CP
is then synthesized.

The detection system is shown in the part II. A focus-
ing lens Ls collects the incident light beam and the CCD
is located in the focal plane to measure the modulus of
the DOC. The measurement procedures are carried out
as follows: the CCD first records a series of instantan-
eous light intensity images in the chronological order.
Based on the Gaussian momentum theorem, the square
of the modulus of the DOC is calculated using the fol-
lowing formula

N

Z (%0, yos ta)I(x, , t)

lu(x — x0,y — yo)|” = N o)) -1, (8)

where N is the total number of frames captured by the

CCD. I(x, y, t,) denotes the recorded instantaneous in-
_ N
tensity at point (x, y) and time #, I(x,y)=>"

n=1

I(x,y,t,)/N represent the time average intensity at point
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(%, ¥). (x0, o) is the reference point. Owing to that the
DOC only depends on the separation of two spatial
points, the choice of the reference point can be arbitrary.
In addition, if the coherence width &y is sufficiently
small, the autocorrelation function of a single instantan-
eous intensity converges to the square of the modulus of
the DOC, which substantially saves time to acquire the
correlation function instead of time average.

In Fig. 4, the experimental results for || in the focal
plane with different strength factors at different propaga-
tion distances after Lens Ls are presented. The power
spectral density (intensity distribution in the RGGD
plane) is taken as letter “S”, and Ls is located in the
source plane. Without the CP, the DOC in the focal
plane degenerates to a Gaussian-like spot [see Fig. 4(a)].
As the strength factor |u| increases, the DOC becomes
greatly affected by the CP [see Fig. 4(b) and 4(c)]. As ex-
pected, the DOC pattern gradually returns to that in the
source plane [see in Fig. 2(d) for theoretical calculation
and in Fig. 4(d) for experimental results], when the
strength factor u is —40 mm~2 or |u| is higher. During the
focusing process, the DOC pattern distorts, rotates, and
finally again becomes the same as in the source plane,
which implies that the DOC recovers only near the focal
plane (in the far field). The experimental results reason-
ably agree with the theoretical calculations shown in Fig.
2. However, the background noise level is relatively high
in the experimental results. One possible reason for it is
that the measured DOC is evaluated from the statistical
properties of the instantaneous intensity, using only a fi-
nite number of samples (N = 3000 in the experiment). As

https://doi.org/10.29026/0ea.2021.210027

aresult, the DOC represents a slowly converging distri-
bution; hence, the fluctuations occur in the data pro-
cessing. Another reason is that as shown in Eq. (8), the
measured quantity in the experiment is the square of the
modulus of the DOC and not the modulus of the DOC
itself. In the calculation of the square root, the back-
ground noise is greatly amplified, which may be one of
the main reasons for the high background noise. Besides,
other unexpected sorts of noise may be resulting from
random processes relating to light modulation by the
RGGD and the SLM.

As already mentioned above, one advantage of the
PCBs used as the information carrier in the optical com-
munication systems stems from the fact that they are less
susceptible to the turbulence-induced negative effects
such as beam wander, intensity scintillation and de-co-
herence, as compared to the coherent beams. To study
the effects of turbulence on the DOC, the experimental
setup shown in part III of Fig. 3 is established. The gen-
erated beam with the CP first propagates at range z; =
0.5 m. Then, it travels just above a hot plate (HP) with
side z,=0.3 m placed for mimicking the atmospheric tur-
bulence through convection. Finally, it arrives at the de-
tection plane after passing at distance z3=0.2 m beyond
the HP. The HP controls the strength of turbulence by
adjusting its temperature setting. The experimental res-
ults shown in Fig. 5 illustrate that the modulus of the
DOC in the focal plane remains almost invariant for dif-

ferent strength settings of turbulence [see Fig.

5(b)-5(d)], implying that the DOC’s modulus is little
sensitive to the atmospheric turbulence.

-0

Fig. 4 | (a-d) Experimental results of the modulus of the DOC |u| in the focal plane with different strength factors u. (e—h) The modulus of the

DOC |y| at different propagation distances z after the lens with the CP strength factor u=—60 mm=2.
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T=100°C T=200 °C

Fig. 5 | Experimental results of the modulus of the DOC || in the focal plane at different temperatures of the HP. The strength factor of

the CP is u=-60 mm=2. T=0 °C stands for the free space case.

Image transmission through free space
and turbulent media via the modulus of the
DOC

Inspired by the recovery of the modulus of the DOC of
any Schell-model beam carrying a CP in the far field, we
now employ this useful propagation feature for encod-
ing a thin object’s information in it. It is implied from
Eq. (7) that the DOC is the Fourier transform of the in-
tensity pattern P(v) at the RGGD plane. If P(v) is the de-
sired image information, one only needs to obtain the
DOC information in the receiver plane using a simple
detection system shown in part II of Fig. 3 (distance z is
set as f). The image is then acquired through implement-
ing the inverse Fourier transform of the measured DOC.
Nevertheless, only the modulus of the DOC is obtained
in the experiment through intensity correlation. To ac-
quire the phase information, we adopt the Fienup’s
phase retrieval (FPR) algorithm*, which is based on an
iterative algorithm to retrieve the phase from the known
modulus of the DOC (see in the supplementary materi-
als). Before implementing the FPR algorithm, the high
background noise in the measured DOC is first filtered
out and reduced.

Figure 6 illustrates the dependence of the strength
factor of the CP on the quality of the recovered image in
the focal plane of the lens (in the absence of turbulence).
With the trivial CP, the image information hidden in the
DOC is lost when the beam propagates to the focal plane
(in the far field) [see Fig. 6(a, b)]. The recovered image

degenerates to a Gaussian-like spot. As the strength of
the CP factor |u| increases, the image gradually becomes
clear. When the strength factor u reaches -60 mm=, a
high quality of the image can be achieved from the DOC
measurement. The physical mechanism behind such a
reconstruction was discussed in the previous section. It
relies on the fact that the modulus of the DOC in the fo-
cal plane is exactly same as in the source plane.

In the presence of turbulence, the background noise in
the measured DOC (see in Fig. 5) becomes significant
with the increase of the HP temperature. In this case,
clear images can also be reconstructed by means of FPR
algorithms for the inverse Fourier transform of the DOC,
see Fig. 7(d)-7(f). On comparison of the images ob-
tained in the absence and in the presence of turbulence
[see Fig. 6(d) and Fig. 7], only a slight deviation is found.
To further demonstrate the robustness of the transmis-
sion of images in turbulence, a numerical analysis is also
carried out with the help of the wave-optics simulation
method and multi-phase screen method (see in the sup-
plementary materials). The propagation scenario is the
same as that in the part III in Fig. 3. The total propaga-
tion path from the source plane to the lens plane is L =1
m. Several random phase screens obeying Kolmogorov
statistics are equally separated in the propagation path.
The detector is placed in the focal plane to collect the in-
stantaneous intensity from Le. In the numerical simula-
tion, the power spectral density of turbulence is de-

scribed by the von Kdrman spectrum?

Fig. 6 | Experimental results of the dependence of the quality of the recovered image on the strength factor v in the focal plane in free

space.
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C=1x107"0 m™23

C=1x10"° m28
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C=1x10° m23

S

N~

2 mm

u=—100 mm™2

T=200°C

Fig. 7 | (a—c) Simulation results of the reconstructed image in turbulence of different strength and with different CP strength factor u. (d-f) Experi-

mental results of the reconstructed image at different temperatures with u=—60 mm-2.

—1/6

®, (k) =0.33C3 (K> +«2) exp(—k*+«%), (9)

where C? is the structure constant, a measure of the
strength of turbulence; x isthe transverse spatial fre-
quency; km =5.92 lp with Iy being the inner scale, and o =
2mn/Ly with Lo being the outer scale. The turbulence and
beam parameters are chosen to be Jp = 1.0 mm, Lo = 1.0 m.

Figure 7(a)-7(c) presents the simulation results of the
reconstructed image with different strengths of turbu-
lence and CP strength factors. It can be seen that the
high quality of image is acquired for C}=1x10""" m=
and u=-60 mm~=2, while the quality decreases as the
strength of turbulence increases [see in Fig. 7(b)]. One
protocol to compensate the turbulence-induced degener-
ation is the further increase of the CP strength factor |u|.
As shown in Fig. 7(c), the high quality image, as com-
pared to that in Fig. 7(b), is obtained when the factor u
reaches —100 mm~2 in a relatively strong turbulence. Fig-
ure 7(d)-7(f) exposes the experimental results of the re-
trieved image with the CP strength factor u=—60 mm~= at
different temperatures. The images are well recovered for
all of them, which well illustrates that the DOC has the
robustness of the transmission of images in turbulence.
At the same time, the image quality gets worse for the
higher temperature, but it could be anticipated from the
simulation examples that the image quality gets better
with the increase of the CP strength factor |u|.

Another advantage of the image reconstruction via the
DOC measurement is that one does not need to receive
the whole beam cross-section in the receiver plane. In
fact, a small part of the detection area suffices. As shown
in Fig. 8(a), a typical instantaneous intensity pattern is
captured by the CCD (GS3-U3-28S5M-C series, Point

Grey). The image in Fig. 8(b) is reconstructed from the
measured DOC using the area indicated by the yellow
square, and the image in Fig. 8(c) uses the area within
the red square. It can be seen that the quality of two re-
constructed images is almost the same. To ensure the
quality of reconstructed image, the requirement for the
size of the detection area should be 10 times larger than
that of the DOC’s pattern, otherwise the image informa-
tion will be gradually lost. This feature substantially alle-
viates the need of the beam’s perfect alignment in the re-
ceiver plane. After all, a small portion of the received
beam contains the image information. The physical
mechanism behind this phenomenon is that the light
beam in the receiver plane retains the Schell-model char-
acteristics either on propagation in free space or in the
presence of turbulence. The modulus of the two-point
DOC of the Schell-model field is only dependent on the
separation between two points, and thus it is spatially
shift-invariant, which means that any reference point in
the detector area will acquire the same DOC informa-
tion. As a result, one could recover the image with
enough accuracy, provided that the DOC pattern is suffi-
ciently narrow in the red area of the square.

Conclusions

In summary, we have studied the influence of the CP on
the evolution of the DOC of Schell-model beams, having
non-Gaussian profiles of their moduli, in a typical focus-
ing optical system, being equivalent to free-space
propagation to the far field. Our results reveal that, in the
presence of the CP, the modulus of the DOC during
propagation gradually reverts to that in the source plane
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Fig. 8 | (a) A typical instantaneous intensity captured by the CCD. (b) Experimental results of the recovered image through the area surrounded

by the yellow dashed square shown in subplot (a) covering 1440x1440 pixels. (c) The recovered image through the area surrounded by the red

dashed square shown in subplot (a) covering 500x500 pixels.

after exhibiting structural changes. Moreover, it is shown
that in the far field, the modulus of the DOC is exactly
the same as that in the source plane if the strength of the
CP factor satisfies a certain condition. This behavior is
quite different from that of the Schell-model beams
without the CP, in which case the DOC irreversibly con-
verts to other forms during propagation because of dif-
fraction. Further, we experimentally demonstrate this pe-
culiar propagation characteristic in free-space propaga-
tion and even in the presence of a moderate atmospheric
turbulence.

Based on the discovered DOC’s modulus recovery
mechanism in the far field, an efficient far-field imaging
system is proposed for the transmission of the image via
spatial coherence engineering through atmospheric tur-
bulence. With the help of Fienup’s phase retrieval al-
gorithms, a high quality image is reconstructed from the
modulus of the far-field DOC. Through numerical simu-
lation and experiment, we demonstrate that the pro-
posed imaging scheme is quite resilient to the turbu-
lence, and also greatly reduces the need for the beam
alignment accuracy in the receiver plane, since only a
small portion of the beam cross-section enables one to
completely recover the image information. Our results
shed new light on spatial coherence engineering
for remote sensing and optical imaging in harsh
environments.
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