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Optical vector beams with a higher-order polarization state, represented by a point on a higher-order
Poincaré sphere, have recently found advantages in various applications. However, the considered beams
are usually spatially fully coherent (monochromatic), which makes them susceptible to complex environ-
ments. In this work, we introduce a coherence-engineering protocol to generate partially coherent vectorial
secondary light sources in which a higher-order polarization state is encoded into the structure of elec-
tromagnetic spatial coherence. The encoded complex polarization state is well reconstructed in the far
field whose global degree of polarization can be controlled with the transverse coherence length of the
source. In particular, the produced partially coherent beams are highly robust against obstructions, which
is demonstrated theoretically and experimentally by inserting a static obstacle against the source or intro-
ducing strong atmospheric turbulence into the transmission link. The results of this work can find useful
applications in the transfer of complicated polarization-encoded information in harsh environments.
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I. INTRODUCTION

Polarization is a fundamental characteristic of light and
a key attribute in various situations including, e.g., optical
imaging, three-dimensional displays, and remote sensing
[1]. Optical vector beams with spatially nonuniform polar-
ization states [2,3] have attracted considerable attention
during the past two decades due to the extraordinary prop-
erties they show when interacting with matter. This has
led to a wide array of applications, from superresolution
imaging [4,5] and optical trapping [6] to optical commu-
nications [7,8], high-dimensional quantum cryptography
[9,10], and classical entanglement [11,12]. A particularly
useful class of nonuniform polarization states is repre-
sented by the points on the higher-order Poincaré spheres
[13]. These higher-order polarization states can be viewed
as superpositions of two basic modes with opposite spin
(circular polarization) and orbital angular momenta (helic-
ity). A beam in a higher-order polarization state can be
synthesized by superimposing two orthogonally polarized
fields that have been individually shaped beforehand with
a computer-generated hologram [14] or created with the

*yahongchen@suda.edu.cn
†yangjiancai@suda.edu.cn
‡tero.setala@uef.fi

geometric-phase-controlled metasurface elements such as
the q-plate [15,16] or J-plate [17]. It has also been shown
that the higher-order polarization states can be generated
directly from a laser with an intracavity geometric phase
control [18].

However, the above methods of beam production exploit
spatially fully coherent light and the generated higher-
order polarization states are carried by spatially coherent
light beams. Thus, the polarization states can be highly
sensitive to disturbances in the propagation path even
though vector beams are more robust to perturbations
than scalar beams, which correspond to uniform polariza-
tion [19,20]. In addition, when a vector beam propagates
through an atmospheric turbulence, the polarization state
suffers from beam wander and Stokes-parameter scin-
tillations induced by the fluctuations of the refractive
index of turbulence. This distorts the polarization profile,
the stronger the turbulence strength is [21–23]. Although
adaptive optics [24–26] and polarization-encoding meth-
ods [27] have been used to compensate for distortions
caused by weak turbulence, yet it remains a challenge
to overcome the beam distortions caused by a strong
turbulence. Undeteriorated transmission of high-quality
complex polarization states in harsh environments could
find great advantages in high-speed information transfer
and real-time polarization imaging and trapping through
complex media.
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Spatial coherence engineering [28] refers to the con-
trol of the two-point (second-order) statistical properties
of random light rather than the one-point determinis-
tic qualities considered in the approaches involving fully
coherent (monochromatic) light. Random light beams with
controlled states of spatial coherence have found use in
many applications including sub-Rayleigh imaging [29],
robust microscopy imaging [30], beam shaping [31], opti-
cal encryption [32], and robust far-field image transmis-
sion [33,34]. In this work, we put forward a coherence-
engineering variant to generate partially spatially coherent
vectorial secondary sources in which a higher-order polar-
ization state is encoded into the spatial coherence prop-
erties. We demonstrate theoretically and experimentally
that a high-quality reconstruction of the polarization state
ensues in the far zone where the global degree of polariza-
tion can be controlled by the transverse coherence length
of the source. We further show that due to the partial spatial
coherence the constructed beams are highly robust against
obstructions such as a large obstacle or strong turbulence.

II. HIGHER-ORDER POLARIZATION STATES

Throughout this section we consider a monochromatic
light beam with time dependence exp (−iωt), where ω is
the angular frequency. However, the explicit frequency
dependence of the various quantities is not shown. A
beam in a higher-order polarization state can be repre-
sented by a point on a higher-order Poincaré (HOP) sphere
with the poles corresponding to the circularly polarized
beams (right-hand circular at the north pole and left-hand
circular at the south pole) with opposite helical wave
fronts [13]. The helicity of the wave front arises from
the azimuthally varying phase factor exp(ilϕ), where ϕ is
the azimuthal angle and l is the topological charge of the
vortex phase, which can take any integer value. The com-
plex vector amplitudes of the light beams at the north and
south poles are given by EN (r) = E0L0,l(r)êR and ES(r) =
E0L0,−l(r)êL, respectively, where E0 is a complex coef-
ficient specifying the amplitude and êR = (êx + iêy)/

√
2,

êL = (êx − iêy)/
√

2 with êx and êy being the Cartesian
unit vectors in the x-y plane. The fields are Laguerre-
Gaussian beams whose spatial profiles at the waist plane
are written as

Lp ,±l(r) =
√

2p!
π(p + |l|)!

(√
2r

w0

)|l|
exp

(
− r2

w2
0

)

× L|l|
p
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2r2
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)
exp(±ilϕ), (1)

where L|l|
p (·) is the generalized Laguerre polynomial, w0

the waist radius, and (r, ϕ) are the polar coordinates.
The field located at a point on a higher-order Poincaré

sphere, with the order specified by l, can be expressed as a

superposition of EN (r) and ES(r) [35,36], i.e.,

E(r) = cos
(

�

2

)
e−i �

2 EN (r) + sin
(

�

2

)
ei �

2 ES(r), (2)

where � ∈ [0, π ] and � ∈ [0, 2π) are the polar and
azimuthal angles, respectively, in the spherical polar coor-
dinates (see Fig. 1). In general, for any order l the beams
characterized by Eq. (2) are uniformly circularly polar-
ized at the poles but nonuniformly polarized elsewhere.
The polarization state can be adjusted by altering � and
�. The former controls the ellipticity of the polarization
ellipse whereas the latter affects its orientation at a fixed
spatial point in a higher-order state. On the equator of the
HOP sphere (� = π/2), all polarization ellipses collapse
into linear polarization states with various orientations. We
note that the famous class of cylindrical vector beams [2]
are located on the equator of the HOP sphere with order
l = 1. As an example, Fig. 1 shows the polarization states
(and the intensity distributions) for some beams located at
different points on the HOP sphere of order l = 3.

The traditional representation of a polarization state
takes place via the four Stokes parameters defined as
[37,38]

Sj (r) = tr[σ j �(r)], j ∈ (0, . . . , 3), (3)

where tr denotes the matrix trace and �(r) = E∗(r)ET(r)
is the polarization matrix (of a monochromatic beam), with
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FIG. 1. Illustration of the Poincaré sphere of order l = 3 where
� and � are the polar and azimuthal angles of the spherical coor-
dinates. Blue short lines, linear polarizations; red ellipses, right-
hand elliptical polarizations; green ellipses, left-hand elliptical
polarizations.
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the asterisk and superscript T denoting the complex con-
jugate and matrix transpose, respectively. Further, σ 0 is
the 2 × 2 unit matrix, and σ 1, σ 2, and σ 3 are the three
Pauli matrices [38]. Notice that for a higher-order polar-
ization state the Stokes parameters constitute, in general,
nonuniform distributions.

To assess the robustness of a higher-order polar-
ization state against complex environments, below we
analyze theoretically and experimentally the beam prop-
agation through a link, which includes a static obstacle
or exhibits fluctuating turbulence. The first case relies on
the Huygens-Fresnel diffraction integral formula while the
second situation is based on the multiphase screen method
[39]. Both methods are described within the Supplemen-
tal Material [40], where also the experimental generation
of the higher-order polarization states is described. In the
experiment, a common path interferometric arrangement
[41] is used to synthesize two optical modes with opposite
spin and helical wave fronts [42].

A. Static obstacle in the beam

In this subsection, we analyze with simulations and
experiments the reconstruction of a monochromatic (hence
fully polarized and spatially fully coherent) beam in
a higher-order polarization state when a sector-shaped
obstruction of closing angle φ blocks a part of the beam
in the source plane. The polarization state corresponds to
the point � = π/2 and � = 0 on the HOP sphere of order
l = 3. The wavelength of light is chosen as λ = 532 nm
and the waist radius is w0 = 1 mm. The intensity and polar-
ization state are then recorded in the focal plane of a lens
placed against the obstacle and having a focal length of
400 mm. Figure 2 shows the simulated focal-plane inten-
sity and polarization-state distributions for various closing
angles of the obstacle. In (a) the distributions without
an obstacle are shown and apart from a scaling due to
the lens, they are the same as those in the source plane
(see case � = π/2, � = 0 in Fig. 1). The distributions
remain unchanged on propagation because the beam is
synthesized as a linear superposition of two fundamen-
tal Laguerre-Gaussian modes with identical Gouy phases
[43]. For small closing angles (φ = π/8 and π/4), the
intensity and polarization state in the focal plane differ
only slightly from those without the obstruction. As the
angle φ increases, the ring-shaped intensity distribution
becomes asymmetric and the ellipticities and orientations
of the local polarization ellipses start to deviate from those
of the source. For φ = 7π/4, i.e., 87.5% of the beam area
is blocked in the source plane, the intensity and polariza-
tion state in the output plane no longer reflect the original
distributions. Figure 3 shows the measured Stokes parame-
ters [normalized by the maximum value of S0(r)] as well as
the polarization ellipses in the focal plane in the absence of
obstacle [(a)–(d)] and when an obstruction with φ = 7π/4
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FIG. 2. Simulated focal-plane intensity and polarization-state
distributions for a focused beam in a higher-order polarization
state (� = π/2, � = 0, and l = 3). The beam source is blocked
by a sector-shaped obstacle (see inset) having the closing angle
of (a) φ = 0, (b) φ = π/8, (c) φ = π/4, (d) φ = π/2, (e) φ = π ,
and (f) φ = 7π/4.

is present [(e)–(h)]. The experimental results are in agree-
ment with the theoretical predictions, i.e., with a large
obstacle in the propagation link, the polarization state of
the source cannot be recovered in the focal plane.

B. Propagation through a turbulent medium

Next, we study the robustness of a higher-order polar-
ization state against propagation through a fluctuating tur-
bulence. In the simulations, we assume that the turbulence
obeys Kolmogorov statistics and adopt the (modified)
von Kármán power spectrum for the index-of-refraction
fluctuations [44], i.e.,

�n(κ) = 0.033C2
n(κ

2 + κ2
0 )−11/6 exp(−κ2/κ2

m), (4)
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FIG. 3. Measured focal-plane intensity, polarization ellipse,
and Stokes-parameter distributions for the same beam as in
Fig. 2: (a)–(d) without an obstacle, and (e)–(h) with an obstacle
of φ = 7π/4.
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where C2
n is the generalized refractive-index structure

parameter. Further, κ0 = 2π/L0 and κm = 5.92/l0 with L0
and l0 being the outer and inner scale of the turbulence for
which we choose L0 = 1 m, l0 = 1 mm. The strength of
the turbulence can be determined by the Rytov variance,
σ 2

R = 1.23C2
nk7/6z11/6 where z is the propagation distance

which is taken to be 1 m. For weak turbulence σ 2
R < 1

while for moderate and strong turbulences σ 2
R ≥ 1. In this

work, C2
n = 5 × 10−10 m−2/3 and C2

n = 5 × 10−9 m−2/3

are selected for the cases of the weak turbulence (σ 2
R ≈

0.11) and strong turbulence (σ 2
R ≈ 1.1), respectively. After

propagation through the turbulence, the beam is focused
by a thin lens of focal length 400 mm placed directly after
the turbulence section (1 m distance from the source).

Figure 4 depicts the simulated instantaneous intensity
and polarization-state distributions in the focal plane for a
beam with � = π/2, � = 0, and l = 3 propagated through
the weak and strong turbulences. As shown in (a)–(d),
both distributions are effectively stable under the weak tur-
bulence. However, in the case of strong turbulence, the
intensity and polarization-state distributions become dis-
torted [see (e)–(h)] and unstable with large beam wander.
To demonstrate the instability experimentally, we let the
beam pass through a thermal turbulence generated by a hot
graphitic plate with temperature 200 ◦C. Figure 5 shows
the recorded intensities (transmitted by a linear polarizer
in the x direction) in the focal plane at four instants of
time. It is found that the six-petal intensity distribution is
distorted and the beam spot becomes unstable due to the
turbulence, suggesting variations in both the polarization
state and intensity. We note that the beam wander in the
experiments is less than in the simulations [Figs. 4(e)–4(h)]
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FIG. 4. Simulated focal-plane intensity and polarization-state
distributions for a beam with � = π/2, � = 0, and l = 3 after
propagating a distance of 1 m in an atmospheric turbulence.
(a)–(d) C2

n = 5 × 10−10 m−2/3 (weak turbulence), and (e)–(h)
C2

n = 5 × 10−9 m−2/3 (strong turbulence) at four instants of
time. The intensity distributions are normalized by the maximum
value.
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FIG. 5. Measured instantaneous focal-plane intensity distribu-
tions of the beam with � = π/2, � = 0, and l = 3 propagated
through a thermal turbulence generated by a graphitic plate
in 200 ◦C temperature. The results are for the x component
of the field whose direction is indicated with the arrow. The
distributions are normalized by the maximum intensity.

since the thermally induced turbulence in the former case
is weaker than the atmospheric turbulence with C2

n = 5 ×
10−9 m−2/3 in the latter situation.

III. ROBUST HIGHER-ORDER POLARIZATION
STATES

In this section, we outline how a robust higher-order
polarization state is generated in terms of the spatial coher-
ence engineering of a partially coherent secondary light
source. We examine both theoretically and experimen-
tally the robustness of the state by passing the beam with
designed partial spatial coherence through a transmission
link containing a large obstruction or strong fluctuating
turbulence.

A. Spatial coherence engineering

The second-order statistical properties of a partially
coherent vectorial light beam in the space-frequency
domain are contained in the cross-spectral density matrix,
defined as [37,38]

W(r1, r2) = 〈E∗(r1)ET(r2)〉, (5)

where E(r) is a monochromatic field realization and the
angle brackets denote the ensemble average. In order to
control the spatial coherence properties of a source beam,
we decompose the four elements of the cross-spectral
density matrix in the following integral form [45]:

Wαβ(r1, r2) =
∫

pαβ(v)H ∗
α (r1, v)Hβ(r2, v)d2v, (6)

with (α, β) ∈ (x, y). Above, Hx(r, v) and Hy(r, v) are gen-
erally two arbitrary kernels that connect the weighting-
matrix elements pαβ(v) in the v domain and the cross-
spectral density in the r domain.

To obtain a genuine coherence matrix, pαβ(v) must obey
the non-negative definiteness condition [45]

pxx(v) ≥ 0, pyy(v) ≥ 0, pxx(v)pyy(v) ≥ |pxy(v)|2. (7)
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Due to the fact that W(r1, r2) = W†(r2, r1), where the dag-
ger denotes the Hermitian adjoint, the weighting matrix
pαβ(v) is necessarily purely Hermitian. These two features
indicate that pαβ(v) has the same mathematical proper-
ties as the polarization matrix, �(r) = W(r, r), of a light
beam. Indeed, as we see pαβ(v) coincides with the polar-
ization matrix of the beam whose polarization information
is encoded into the state of electromagnetic spatial coher-
ence. Practical implementation of this procedure for a
beam with a higher-order polarization state is discussed
within the Supplemental Material [40]. Later we show that
the encoded polarization state can be accurately recovered
in the far zone or in the focal plane of a thin lens. In
other words, we can create a far-field polarization state by
engineering the beam’s spatial coherence properties in the
source plane via Eq. (6).

In the experiments [40], the encoding of polarization
information into spatial coherence characteristics is based
on the generalized van Cittert-Zernike theorem [32,46].
Firstly, a spatially fully coherent beam in a higher-order
polarization state is rendered spatially incoherent using a
dynamic diffuser [47], e.g., a rotating ground-glass disk
(RGGD). The beam is subsequently transmitted through an
optical system composed of a thin lens at the focal length
distance from the RGGD followed by a closely placed
Gaussian amplitude filter (GAF) that controls the inten-
sity distribution. The related response functions (kernels)
Hx(r, v) and Hy(r, v) for the x and y field components are
given by

Hx(r, v) = Hy(r, v)

= T(r)
−i exp (ikf )

λf
exp

[
iπ
λf

(v2 − 2r · v)

]
, (8)

where λ is the wavelength of light, f the focal length
of the lens, and r and v refer to spatial points in the
GAF and RGGD planes, respectively. In addition, T(r) =
exp[−r2/(2σ0)

2] denotes the transmission function of the
GAF with σ0 specifying the width of the engineered beam.
We let σ0 = 1 mm in the following simulation and experi-
ment to confirm that the beam dimensions for the partially
coherent and fully coherent beams are the same.

Inserting Eq. (8) into Eq. (6), the cross-spectral den-
sity matrix of the tailored (secondary) source beam can be
expressed as

Wαβ(r1, r2) = KαβT(r1)T(r2)μαβ(r1 − r2), (9)

where we use the fact that T(r) is real. In addition,

Kαβ = 1
(λf )2

[∫
pαα(v)d2v

∫
pββ(v)d2v

]1/2

, (10)

ensures that

μαβ(r1 − r2)

= 1
Kαβ

∫
pαβ(v)

(λf )2 exp
[

i2πv · (r1 − r2)

λf

]
d2v, (11)

is the normalized correlation function (correlation coef-
ficient) of the α and β field components at r1 and r2.
We see that the spatial distributions of the correlation
coefficients are given by the Fourier transforms of the
polarization-matrix elements of the encoded state. The spa-
tial coherence width, a measure of the effective width
of the correlation coefficients, of the generated source is
determined by both the size of the beam spot (w0) on the
RGGD and the focal length f . Based on Eq. (11), we notice
that the coherence width decreases with increasing w0 and
decreasing f .

We use the recently introduced generalized Hanbury
Brown-Twiss approach [48] to measure the normalized
spatial correlation functions in the plane just after the
amplitude filter. The functions are found to be real valued
although they generally are complex quantities. Figures
6(a)–6(c) depict the measured correlation distributions
for the encoded higher-order beam of � = π/2, � = 0,
and l = 3. We see that the two-point spatial correlations
express the six-petal distributions similar to those of the
one-point Stokes parameters in Figs. 3(b)–3(d). We ver-
ify numerically that Figs. 3 and 6 are consistent with
Eq. (11) showing that the polarization state is encoded in
the second-order spatial coherence of a partially coher-
ent vector beam. Remarkably, it is also found that the
beam itself is completely unpolarized with the degree of
polarization [38]

P(r) =
[

1 − 4 det �(r)
tr2�(r)

]1/2

, (12)

being equal to zero in every point (det refers to determi-
nant). In general, P(r) represents the ratio of the spec-
tral density of the fully polarized constituent to the total
spectral density when the polarization matrix is decom-
posed into unpolarized and fully polarized parts [38]. The
fact that P(r) = 0 is confirmed by the measured electro-
magnetic degree of coherence depicted in Fig. 6(d). The
degree of coherence of electromagnetic beams is defined
as [37,49]

μ(r1, r2) =
[

tr[W†(r1, r2)W(r1, r2)]
trW(r1, r1)trW(r2, r2)

]1/2

, (13)

whose equal-point value is seen to be μ2(r, r) = 0.5. With
the help of the relation P2(r) = 2[μ2(r, r) − 0.5] [49], we
obtain P(r) = 0. We show later that upon propagation the
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as well as the electromagnetic degree of coherence μ2(r1 − r2)

for the synthesized partially coherent vector source. The encoded
higher-order polarization state corresponds to � = π/2, � = 0,
and l = 3, and its waist radius on the RGGD is w0 = 0.68 mm.

beam becomes more polarized and the higher-order polar-
ization state shows up in the polarization state of the beam
again. Notice that not all encoded higher-order polariza-
tion states imply an unpolarized source. We see by setting
r1 = r2 in Eq. (9) that the source is unpolarized if the inte-
grals of pxx(v) and pyy(v) over the RGGD plane (v plane)
are identical and that of pxy(v) equals zero.

B. Propagation of the engineered partially coherent
beam

Next we consider (paraxial) propagation of the prepared
partially coherent electromagnetic beam in a stigmatic
ABCD optical system. The setup is described by the trans-
fer matrix with elements A, B, C, and D [50]. It is shown
within the Supplemental Material [40] that the polarization
matrix after propagation can be obtained as

�αβ(ρ) = Kαβ

(λB)2 |F̃(ρ/λB)|2 ⊗ μ̃αβ(ρ/λB), (14)

with (α, β) ∈ (x, y). Above, the tilde ˜ denotes the
Fourier transform, ⊗ signifies the convolution, F(ρ) =
T(ρ) exp(ikAρ2/2B), and μαβ(ρ) is given in Eq. (11).
The Fourier transforms of F(ρ) and μαβ(ρ) are explicitly
defined by Eqs. (S6) and (S12), respectively.

Next we apply Eq. (14) to analyze the propagation of a
generated spatially partially coherent beam to which the
higher-order polarization state of � = π/2, � = 0, and
l = 3 is encoded. The beam is focused by a lens with the
focal length of 400 mm and the beam characteristics are
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FIG. 7. Distributions of the simulated (a)–(d) intensity and
polarization state (of the fully polarized part), and (e)–(h) the
degree of polarization for a spatially partially coherent beam
with encoded higher-order polarization state � = π/2, � = 0,
and l = 3. The columns from left to right correspond to vari-
ous distances from a thin lens (focal length f = 400 mm). The
intensity distributions in (a)–(d) are normalized by the maximum
source-plane (z = 0) intensity.

considered at various distances from the lens up to the
focal plane. The simulated intensity, polarization state (of
the fully polarized part), and the degree of polarization
of the beam on propagation from the lens are shown in
Fig. 7. We find that the dark core in the intensity gradually
appears with the increase of propagation distance because
the singularity forms in the higher-order polarization state.
Moreover, we find from the spatial distributions of the
degree of polarization [Figs. 7(e)–7(h)] that the degree
increases with propagation distance. As shown in Fig. 7(h),
the beam at the focal plane is effectively fully polarized
within the beam area. Further, the polarization state in the
focal plane coincides with the encoded higher-order state
as evidenced by Fig. 7(d). Thus, the state encoded in the
spatial coherence properties of a partially coherent source
field is well reconstructed in the focal plane. We note that
the maximum value in the scale bar for the intensity distri-
bution increases with z since the beam is now focused by
the thin lens. By integrating over the intensity distributions
in different planes, it is found that the energy of the beam
during focusing is conserved.

Figure 8 shows the measured intensity and polariza-
tion state [(a)–(c)], as well as the degree of polarization
[(d)–(f)] near the focal plane for the same beam as stud-
ied theoretically in Fig. 7. The polarization properties of
the beam are measured in a standard manner [51]. We see
that at the focal plane (z = 400 mm) the beam exhibits
the higher-order polarization state that was encoded in
the spatial coherence of the source. Further, the degree of
polarization increases with z and the field is nearly fully
polarized within the beam spot area in the focal plane. We
notice that the global degree of polarization, defined as the
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FIG. 8. Experimental results for the same encoded polariza-
tion state as in Fig. 7. (a)–(c) The measured intensity and
polarization state (of the fully polarized part), and (d)–(f) the
corresponding degree of polarization, at the distances of z = 330
mm [(a) and (d)], z = 370 mm [(b) and (e)], and z = 400 mm
[(c) and (f)] from a lens with focal length f = 400 mm. Between
the dashed rings in (d)–(f) the intensity is larger than 10% of its
maximum value.

fraction of the beam power (intensity integrated over the
beam cross section) carried by the fully polarized part, of
the beam in the focal plane is closely linked to the spa-
tial coherence width of the partially coherent source. We
plot in Fig. 9 the behavior of the global degree of polariza-
tion on propagation for different spatial coherence widths
of the source. It is found that the degree increases from
0 (completely unpolarized) in the source to a particular
value (partially polarized) in the focal plane, and that the
value increases with the decrease of the spatial coherence
width. For the smallest spatial coherence width generated
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FIG. 9. Global degree of polarization of a partially coherent
vector beam with different spatial coherence widths as a func-
tion of distance from the lens. The spatial coherence width
is expressed with the waist radius w0 on the RGGD. With
the increase of w0, the spatial coherence width decreases. The
encoded polarization state is that of � = π/2, � = 0, and l = 3.

in our experiment (i.e., the beam waist on the RGGD is
w0 = 0.68 mm), the global degree of polarization (see blue
curve in Fig. 9) in the focal plane can reach a value very
close to one indicating that a highly polarized higher-order
polarization state is generated.

C. Large static obstacle in the beam

By now, we introduce a protocol that can encode a
higher-order polarization state into the spatial coherence
properties of a vectorial (secondary) light source and we
show that the polarization state can be recovered in the
far field (focal plane). Next, we examine the robustness of
the generated beams. We first place a large static obsta-
cle, i.e., a sector-shaped obstruction with closing angle
φ = 7π/4 to block part of the source beam and consider
how well the higher-order polarization state can be recov-
ered in the output plane. Figure 10 shows the simulated
distributions of intensity, polarization state of the polarized
portion [(a)–(d)], and the degree of polarization [(e)–(h)]
for the same beam and in the same planes behind the lens as
considered in Fig. 7, but with the presence of the obstacle.
It is found that the higher-order polarization state gradu-
ally appears and the beam profile becomes dark hollow on
propagation. Further, we see that the degree of polariza-
tion increases with the propagation distance. In the focal
plane [Figs. 10(d) and 10(h)], a nearly fully polarized and
high-quality higher-order polarization state is generated,
which coincides with the encoded one. Compared with the
blocked, spatially fully coherent beam in a higher-order
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FIG. 10. The simulation results for (a)–(d) the intensity and
the polarization state (of the fully polarized part), and (e)–(h)
the degree of polarization for a spatially partially coherent vec-
tor beam at different planes behind a thin lens with focal length
f = 400 mm. The encoded polarization state corresponds to
� = π/2, � = 0, and l = 3 and the source-plane, sector-shaped
obstacle has a closing angle of φ = 7π/4. The intensity distri-
butions in (a)–(d) are normalized by the maximum source-plane
(z = 0) intensity. Inside the dashed rings in (f)–(h) the intensity
is larger than 10% of its maximum value in the corresponding
plane.

034036-7



ZHEN DONG et al. PHYS. REV. APPLIED 18, 034036 (2022)

polarization state [cf. Fig. 2(f)], the approach of spa-
tial coherence engineering shows super-strong robustness
against disturbances.

The above simulations on beam propagation and focus-
ing are based on Eq. (14) but with the function F(r)
replaced by F(r) = T(r)O(r) exp(ikAr2/2B), where O(r)
denotes the transmission function of the obstacle in the
source plane. We see from the convolution relation that
when the spatial coherence of the source is very low,
i.e., the Fourier transforms of the spatial correlation func-
tions are much slower functions of the argument than
the Fourier transform of F(r), the focal-plane polarization
matrix is determined mainly by the spatial coherence of the
source, i.e., �αβ(ρ) ∝ μ̃αβ(ρ/λB). In addition, it is found
from Eq. (11) that the Fourier transform of μαβ(r1 − r2)

is connected to the polarization state encoded in spatial
coherence. Thus, a higher-order polarization state can be
well mapped into the focal field although the beam is
largely blocked in the source plane. We emphasize that the
quality of the recovered polarization state is independent
of the shape and the transverse position of the obstacle,
since the spatial correlation functions depend uniformly on
two-point difference in the source plane. The quality of the
output polarization is determined by the relation between
the spatial coherence area Sc and the aperture area So of
the obstacle. When the condition Sc � So holds, the polar-
ization state can be well recovered in the focal plane. As
shown in Figs. 6 and 10(a), the above condition holds in
our simulation and experiment. We remark that the robust-
ness against a blocking obstruction is independent of the
encoded polarization state and any other state could have
been used as well. As an example, simulations concern-
ing specific polarization states with l = 0 and l = 1 can be
found within the Supplemental Material [40].

In Fig. 11 we show the experimental results for the
measured Stokes parameters and the recovered polariza-
tion state and degree of polarization in the focal plane for
the beam analyzed computationally in Fig. 10. The exper-
imental results in Figs. 11(d) and 11(e) are seen to be in
good agreement with the simulation results in Figs. 10(d)
and 10(h). Comparing the experimental result in Fig. 8(c)
(without obstacle) with that in Fig. 11(d) (with obstacle),
we find that the focal-plane intensity and polarization state
are effectively unaffected by the large static obstacle placed
in the propagation channel.

D. Propagation through strongly fluctuating
turbulence

We now turn to examine the robustness of the beams
generated by our coherence-engineering protocol against
fluctuating turbulence. In the simulations, the power spec-
trum for the atmospheric turbulence is that given in Eq. (4)
and used in Fig. 4. We consider the propagation over 1 m
under the strong turbulence (C2

n = 5 × 10−9 m−2/3) with
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FIG. 11. Focal-plane distributions of the measured Stokes
parameters (a) S1, (b) S2, and (c) S3, and the recovered (d) polar-
ization state, and (e) the degree of polarization of a partially
coherent beam with the encoded polarization state � = π/2,
� = 0, and l = 3. The source is blocked by a sector-shaped
obstacle with the closing angle of φ = 7π/4 [see inset in (d)].
Inside the dashed ring in (e) the intensity is larger than 10% of
its maximum value and the focal length of the lens is f = 400 mm.

the details on the simulations relegated to the Supple-
mental Material [40]. Top panels in Fig. 12 show some
simulated instantaneous intensity and polarization-state
distributions of the beam propagated through the turbu-
lence. It is seen that a high-quality higher-order (encoded)
polarization state is formed in the output plane of the tur-
bulence link. Furthermore, the beam spot is stable and
unaffected by the turbulence. This is in striking contrast to
the analogous distributions of the spatially fully coherent
beam shown in Fig. 4.

The robustness of a partially coherent beam against tur-
bulence can be explained as follows. A partially coherent
beam can be viewed as a superposition of a set of random
modes [52] in the time domain whose durations are ts (also
named the characteristic time of a partially coherent beam).
Typically ts is much smaller than the characteristic time
tt of phase fluctuations induced by turbulence. The detec-
tor is chosen to be a “slow” detector for the random beam
and a “fast” detector for the turbulence, i.e., the condition
ts � td � tt holds, where td denotes the integration time of
the detector. Thus, the instantaneous intensity and polar-
ization state recorded by the detector in the output plane,
exemplified by the simulation results in Figs. 12(a)–12(d),
are averages over a large number of random modes. Fur-
thermore, the size of the speckles in the random modes
are determined by the spatial coherence of the partially
coherent beam. With the decrease of spatial coherence
width, the speckle size in the random modes decreases
as well. Such random modes with smaller speckles are
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FIG. 12. Illustration of the effect of strong turbulence. (a)–(d)
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n = 5 × 10−9 m−2/3. (e)–(h) The experimen-
tally obtained instantaneous intensity distributions of the x com-
ponent after passing through a thermally induced turbulence
generated by a hot graphitic plate in 200 ◦C temperature. The
encoded polarization state is specified by � = π/2, � = 0, and
l = 3.

more robust against the turbulence than those with larger-
scale speckle [40]. As with a static obstacle, the robustness
against turbulence occurs independently of the encoded
polarization state. For completeness and comparison, it is
exemplified within the Supplemental Material [40] that the
encoded radial and azimuthal polarization states (l = 1)
are highly robust against the strong atmospheric turbulence
with C2

n = 5 × 10−9 m−2/3.
In our experiment, we pass the generated partially

coherent beam through the same thermally induced tur-
bulence as in Fig. 5. The characteristic time tt of the
turbulence-induced phase fluctuations is about 40 ms when
the temperature of the hot graphitic plate is 200 ◦C. The
characteristic time of the partially coherent source is deter-
mined by the rotation speed of the RGGD and is about
5 μs. The integration time of the detector is set to 5 ms.
Thus, the condition ts � td � tt holds in our experiment.
The bottom panels in Fig. 12 show the measured intensi-
ties (passed by an x linear polarizer) in the output plane at
four instants of time. It is found that the six-petal intensity
distribution is highly stable in the output plane of a strong
turbulence link.

IV. CONCLUSIONS

In summary, we introduce a coherence-engineering pro-
tocol for encoding a higher-order polarization state into
the spatial coherence characteristics of a partially coher-
ent light source and show that the polarization state can
be recovered in the far field with high global degree of
polarization. In particular, we demonstrate both theoreti-
cally and experimentally that the constructed beams are
highly robust against complex environments, represented

in this work by a large static obstacle or strong atmospheric
turbulence. In the first case, the encoded polarization state
is recovered provided that the coherence area is much
smaller than the aperture size. In the latter situation, the
constructed random source is viewed as an incoherent
superposition of random fields and the smaller is their
speckle size (shorter coherence length in the source) the
more unperturbedly the individual fields, after the turbu-
lence link, exhibit the encoded information. Compared
to the spatially fully coherent beams the engineered par-
tially coherent vectorial light beams appear superior in
transferring high-dimensional data encoded in the com-
plex polarization states [9,10,27] through natural and harsh
environments.
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