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Abstract

Higher-order polarization states, arising from the nonseparable coupling between the
spatial and polarization degrees of freedom, have important applications in structured-light
science. However, when directly carried by fully coherent beams, their spatial polarization
distributions are readily distorted by atmospheric turbulence, obstructions, and other
propagation disturbances. This review discusses partial-coherence engineering as an
alternative strategy for robust polarization-state synthesis. In this approach, a prescribed
higher-order polarization state is encoded into the two-point coherence structure of a
partially coherent vector source and subsequently reconstructed through propagation. We
review the description of higher-order Poincaré-sphere states, their behavior in atmospheric
turbulence, and the theoretical foundations of vectorial spatial coherence engineering. We
then explain how coherence-to-polarization conversion enables the target state to emerge
in the far field, a focal plane, or a prescribed propagation plane and compare representative
experimental implementations. Finally, we assess current limitations and outline future
directions and potential applications of robust higher-order polarization states. Overall,
partial coherence emerges as an active degree of freedom for the robust synthesis and
transmission of spatially structured polarization.

Keywords: optical coherence; polarization of light; vector beams; spatial coherence engineering;
atmospheric turbulence; structured light

1. Introduction
Polarization is a fundamental property of light that describes the temporal trajectory

of the electric-field vector at a given point in space [1–4]. In a conventional scalar beam, the
polarization state is spatially uniform and can be separated from the scalar field amplitude.
By contrast, an optical vector beam exhibits a spatially varying polarization state arising
from a nonseparable coupling between its spatial and polarization degrees of freedom [5,6].
This coupling produces rich polarization textures, singularities, and spin–orbit structures
that have stimulated extensive research in structured light [7–13]. Vector beams display
distinctive propagation, focusing, and light–matter-interaction properties and have enabled
applications in high-dimensional optical communication, polarization-sensitive imaging
and sensing, optical trapping and manipulation, laser processing, and classical analogues
of quantum information protocols [14].
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A particularly important class of vector beams is formed by higher-order Poincaré-
sphere states [15], in which two orthogonally polarized spatial modes, commonly Laguerre–
Gaussian modes carrying different orbital angular momenta, are coherently superposed.
The higher-order Poincaré sphere provides a unified geometrical description of scalar
vortex modes, cylindrical vector beams, and their intermediate elliptically polarized
states. In addition to their spatially resolved polarization distributions, these beams
possess a global spatial–polarization nonseparability that can be quantified using op-
tical concurrence [16–20]. The combination of structured polarization, orbital angular
momentum, and modal nonseparability makes higher-order polarization states attractive
for mode-division multiplexing, precision metrology, channel characterization, and the
classical implementation of quantum-inspired protocols [21–29].

Most higher-order polarization states are synthesized with highly spatially coherent
laser beams [30–35], for which the desired information is carried directly by a deterministic
complex field. This direct encoding also creates a vulnerability: an obstruction removes a
portion of the field [36,37], while atmospheric turbulence introduces random phase modu-
lation, beam wander, scintillation, and coupling among spatial modes [38–43]. Although
an isotropic phase-only channel acts identically on the two polarization components, the
components generally occupy different spatial modes and consequently evolve into dif-
ferent local amplitude and phase distributions. The received spatial polarization texture
may therefore be severely distorted. An instantaneous realization can remain locally fully
polarized, whereas averaging over time-dependent channel realizations produces apparent
depolarization. At the same time, global quantities such as concurrence may remain invari-
ant under an ideal polarization-independent unitary channel [16,20]. These observations
emphasize that preservation of a global invariant, reduced scintillation, and direct recovery
of the original local polarization pattern are distinct notions of robustness.

Several strategies have been developed to mitigate turbulence-induced degradation,
including adaptive optics, digital wavefront correction, transmission eigenmodes, and
information encoding in channel invariants [44–49]. These methods can provide substantial
improvements, but they often require instantaneous channel estimation, active feedback,
multiple measurements, or prior knowledge of the perturbing medium. Their performance
can also deteriorate when the channel varies faster than the correction system or when
finite apertures and losses render the effective transformation nonunitary. The direct
reconstruction of a prescribed higher-order polarization distribution through an unknown
and dynamically varying channel therefore remains challenging.

Partially coherent light offers a complementary route. A partially coherent beam can be
represented as an incoherent superposition of multiple coherent or random modes [50–53].
If many statistically independent source realizations are integrated while the turbulent
channel remains approximately frozen, their incoherent averaging suppresses intensity
fluctuations and beam wander within each channel realization [54–56]. Merely reducing the
coherence of a conventional vector beam, however, does not guarantee preservation of its
polarization structure. Different incoherent vector modes may acquire different polarization
distributions during propagation, so their superposition can generate a strong unpolarized
background and reduce the local degree of polarization [57–60]. The target polarization
information may then be retained only weakly in the fully polarized constituent and
become difficult to detect.

Spatial coherence engineering addresses this challenge by treating the two-point coher-
ence matrix as an active carrier of structured information [61–63]. Instead of being directly
imposed on the deterministic field, a prescribed higher-order polarization state is encoded
into the correlation functions of a partially coherent vector source [64–69]. Subsequent
propagation converts these engineered two-point correlations into a one-point polarization
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matrix, allowing the target state to emerge with high polarization purity in a designated
observation plane. When the source coherence area is sufficiently small, the reconstruction
is governed predominantly by the encoded statistical correlations and can therefore remain
stable against substantial amplitude obstructions and random phase perturbations.

Previous reviews have separately addressed vector beams and structured light [7–9,14],
structured-light propagation through atmospheric turbulence [42,43], and partially coherent
beams and spatial-coherence engineering [56,61–63]. However, the use of engineered two-
point coherence structures for the robust synthesis of higher-order polarization states has
not been reviewed systematically. The present review bridges these topics by providing a
unified account of the encoding, propagation-mediated reconstruction, and robustness of
such states.

In this review, we examine the physical principles, propagation mechanisms, and ex-
perimental development of robust higher-order polarization-state synthesis through partial-
coherence engineering. We first introduce higher-order polarization states and clarify the
distinct effects of atmospheric turbulence on their local polarization textures, ensemble-
averaged properties, Stokes fluctuations, and global spatial–polarization nonseparability.
We then discuss the realizability and representation of electromagnetic cross-spectral den-
sity matrices, explain the propagation-mediated conversion from coherence to polarization,
and compare the principal experimental strategies for engineering partially coherent vector
sources. Finally, we evaluate the scope and limitations of the reported robustness, outline
future directions, and discuss the potential applications in optical communication, sensing,
imaging, and manipulation.

2. Higher-Order Polarization States
A deterministic polarization state at a given spatial point can be described by a

normalized Jones vector of the general form

ê = a1ê1 + a2ê2, (1)

where a1 and a2 are complex coefficients satisfying |a1|2 + |a2|2 = 1, and ê1 and ê2 are
two orthogonal unit polarization vectors. Apart from a physically irrelevant global phase,
any pure polarization state can be represented by a point on the Poincaré sphere, as
illustrated in Figure 1a. Antipodal points on the sphere correspond to mutually orthogonal
polarization states.

For a scalar optical beam, the polarization state is uniform across the transverse plane.
Its electric field (spatial part) can therefore be written in the separable form

E(r) = u(r)ê, (2)

where r = (x, y) is the transverse position vector, u(r) is a scalar complex amplitude, and
ê is independent of position. For a vector beam, by contrast, the polarization state varies
across the transverse plane. The field can, in general, be expressed as [20]

E(r) = u1(r)ê1 + u2(r)ê2. (3)

When u1(r) and u2(r) cannot be written as the same scalar spatial function multiplied by
two constant coefficients, the spatial and polarization degrees of freedom are nonseparable.
Equation (3) then has the same mathematical structure as an entangled state in a bipartite
quantum system. Vector beams possessing this form of nonseparability are therefore often
referred to as classically entangled beams [70]. They have attracted considerable interest in
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optical communication, precision metrology, quantum-process enhancement with classical
light, and classical analogues of quantum-information protocols.

0Q =

pQ =

3 4,p pQ = F =4, 0pQ = F =

2, 0pQ = F =

2,p pQ = F =

Q

FF

Q

F

Q

F

QQ

0Q =

pQ =

3 4,p pQ = F =4, 0pQ = F =

2, 0pQ = F =

2,p pQ = F =

Q

FF

Q

F

Q

F

QQ

(a) (b)Poincaré sphere Higher-order Poincaré sphere 

Figure 1. Geometrical representations of conventional and higher-order polarization states. (a) Con-
ventional Poincaré sphere, on which each point represents a spatially uniform pure polarization state
determined by the polar and azimuthal angles Θ and Φ, respectively. Antipodal points correspond
to mutually orthogonal polarization states. (b) Higher-order Poincaré sphere for l1 = −l2 = 1 and
p1 = p2 = 0. The north and south poles represent orthogonally polarized scalar Laguerre–Gaussian
modes carrying opposite orbital angular momenta, whereas all other points represent their nonsep-
arable superpositions. States on the equator are maximally nonseparable vector beams, including
the radial and azimuthal polarization states at (Θ, Φ) = (π/2, 0) and (π/2, π), respectively, while
intermediate latitudes correspond to partially nonseparable vector states with C = sin Θ. The green
distributions indicate the beam intensity, and the black curves and line segments show the local
polarization ellipses.

The degree of nonseparability between the spatial and polarization degrees of free-
dom can be quantified by the concurrence. This quantity was originally introduced by
Wootters in quantum information theory as a measure of entanglement for two-qubit
systems [71,72]. Owing to the mathematical analogy between a bipartite quantum state
and the nonseparable spatial–polarization structure of a vector beam, McLaren, Konrad,
and Forbes subsequently adapted concurrence to classical vector optical fields [73]. In
this classical context, concurrence quantifies the vectorness, or equivalently the degree of
nonseparability, of the beam rather than genuine quantum entanglement [74]. For the field
in Equation (3), the optical concurrence is defined as [20]

C =
2
√︁
(u1, u1)(u2, u2)− |(u1, u2)|2

(u1, u1) + (u2, u2)
, (4)

where (ui, uj) =
∫︁

u∗
i (r)uj(r)d2r denotes the spatial inner product. The concurrence

satisfies 0 ≤ C ≤ 1. A value of C = 0 corresponds to a separable scalar beam, whereas
C = 1 represents a maximally nonseparable vector beam.

A particularly important family of vector beams consists of those carrying higher-order
Poincaré-sphere (HOPS) polarization states [33]. A general HOPS state can be written as

E(r) = cos
(︃

Θ
2

)︃
exp

(︃
−i

Φ
2

)︃
LGp1,l1(r)ê1 + sin

(︃
Θ
2

)︃
exp

(︃
i
Φ
2

)︃
LGp2,l2(r)ê2, (5)

where LGp,l(r) denotes a (power-normalized) Laguerre–Gaussian mode with radial index
p and azimuthal index l. The azimuthal index determines the orbital angular momentum
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carried by the mode, with each photon possessing an orbital angular momentum of lh̄ [75].
The parameters Θ ∈ [0, π] and Φ ∈ [0, 2π) determine, respectively, the relative amplitudes
and phase of the two constituent modes.

The state in Equation (5) can be represented by a point on a higher-order Poincaré
sphere, as shown in Figure 1b, where Θ and Φ are the polar and azimuthal angles. The north
and south poles correspond to the basis states LGp1,l1 ê1 and LGp2,l2 ê2, respectively, while all
other points represent their coherent superpositions. In the conventional construction, the
two poles are typically associated with right- and left-circularly polarized modes carrying
opposite orbital angular momenta.

If the two Laguerre–Gaussian modes are individually normalized and spatially orthog-
onal, namely,

∫︁
LG∗

p1,l1(r)LGp2,l2(r)d2r = 0, the concurrence of the HOPS state reduces to

C = sin Θ. (6)

Consequently, states on the equator of the higher-order Poincaré sphere, for which
Θ = π/2, are maximally nonseparable vector states with C = 1. The two poles, cor-
responding to Θ = 0 and Θ = π, are separable scalar states with C = 0. Intermediate
points obey 0 < C < 1.

3. Higher-Order Polarization States in Atmospheric Turbulence
Atmospheric turbulence produces random fluctuations in the refractive index of air

and consequently perturbs the amplitude, phase, and spatial structure of a propagating
optical beam. Under the paraxial approximation, a monochromatic vector field propagating
through atmospheric turbulence obeys the stochastic parabolic wave equation [76]

2ik
∂E(r, z, t)

∂z
+∇2

⊥E(r, z, t) + 2k2δn(r, z, t)E(r, z, t) = 0, (7)

where k = 2π/λ is the wavenumber, λ is the wavelength, z is the propagation distance,
∇2

⊥ = ∂2
x + ∂2

y is the transverse Laplacian, and δn(r, z, t) is the fluctuating part of the
refractive index. The time dependence of δn describes the dynamical evolution of the
turbulent atmosphere.

For an isotropic and nonbirefringent atmosphere, turbulence does not act directly on
the polarization basis. Substitution of Equation (3) into Equation (7) shows that the two
scalar spatial amplitudes obey the same stochastic propagation equation,

2ik
∂uj(r, z, t)

∂z
+∇2

⊥uj(r, z, t) + 2k2δn(r, z, t)uj(r, z, t) = 0, j ∈ {1, 2}. (8)

Although the same turbulent operator acts on both components, their initial spatial modes
are generally different. The two components therefore evolve into different spatial dis-
tributions, causing their local amplitude ratio and relative phase to vary during propa-
gation. Because the local polarization state is determined by these two quantities, such
turbulence-induced variations ultimately distort the spatial polarization distribution of the
vector beam.

For the qth realization of turbulence, let Tq denote the corresponding propagation
operator. Without repeating the incident field already defined in Equation (3), the field in
the receiver plane can be written as

Eq,out(r) = v1,q(r)ê1 + v2,q(r)ê2, (9)

where
vj,q(r) = Tq

[︁
uj(r)

]︁
, j ∈ {1, 2}. (10)
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Representative instantaneous polarization distributions in the receiver plane are shown
in Figure 2a,b for two turbulence strengths quantified by the Rytov variance σ2

R. Conven-
tionally, σ2

R < 1 corresponds to the weak-fluctuation regime, whereas σ2
R ≳ 1 indicates

moderate-to-strong turbulence [76]. Turbulence produces random phase distortions, beam
wander, and intensity scintillation. The characteristic intensity and polarization texture
of the incident higher-order polarization state is therefore distorted, and the distortion
generally becomes more severe as the turbulence strength increases.

(a)

(b)

1

0

instantaneous field realizations degree of polarization

1

0

instantaneous field realizations degree of polarization

(c)

(d)

Figure 2. Effects of atmospheric turbulence on a radially polarized beam in the receiver plane.
(a,b) Representative instantaneous intensity and polarization distributions for Rytov variances
σ2

R = 0.1 and σ2
R = 1, respectively. The overlaid polarization ellipses indicate that each instan-

taneous realization remains locally fully polarized, although its intensity and spatial polarization
texture become increasingly distorted as the turbulence strength increases. (c,d) Corresponding
spatial distributions of the degree of polarization calculated from the ensemble-averaged polarization
matrix. Stronger turbulence produces more pronounced statistical depolarization and a greater
reduction in the local degree of polarization.

For each fixed realization of an isotropic phase-only turbulent channel, the field in
Equation (9) remains a deterministic Jones field and is therefore locally fully polarized wher-
ever its intensity is nonzero. Apparent depolarization arises when the detector performs a
temporal or ensemble average over multiple time-dependent turbulence realizations. The
polarization matrix of the ensemble-averaged field is defined as [50]

Φ(r) =
⟨︂

E∗
q,out(r)E

T
q,out(r)

⟩︂
q
, (11)

where ⟨·⟩q denotes an ensemble average over turbulence realizations. The corresponding
local degree of polarization is [50]

P(r) =
[︃

1 − 4 det Φ(r)
tr2 Φ(r)

]︃1/2

=

√︂
⟨S1(r)⟩2

q + ⟨S2(r)⟩2
q + ⟨S3(r)⟩2

q

⟨S0(r)⟩q
, (12)

where det and tr denote the determinant and trace of a matrix, respectively. The quantities
S0(r), S1(r), S2(r), and S3(r) are the four local Stokes parameters associated with an
individual field realization. Here, S0 represents the total intensity, whereas S1, S2, and S3

characterize the local polarization states.
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As illustrated in Figure 2c,d, the degree of polarization of the ensemble-averaged
beam decreases as the turbulence becomes stronger. This reduction occurs because different
realizations produce different local polarization ellipses, which partially cancel the degree
of polarization upon averaging.

In addition to modifying the ensemble-averaged polarization structure, atmospheric
turbulence induces random fluctuations in all four Stokes parameters. For the qth turbu-
lence realization, the fluctuation in the jth Stokes parameter with respect to its ensemble
average is defined as [77]

∆Sj,q(r) = Sj,q(r)−
⟨︁
Sj,q(r)

⟩︁
q, j ∈ {0, 1, 2, 3}. (13)

The corresponding local Stokes scintillation index is

σ2
j (r) =

⟨︁
[∆Sj,q(r)]2

⟩︁
q⟨︁

Sj,q(r)
⟩︁2

q

. (14)

Here, σ2
0 is the conventional intensity scintillation index, whereas σ2

1 , σ2
2 , and σ2

3 quantify
the fluctuations in the polarization-dependent Stokes parameters.

The normalized indices in Equation (14) can become artificially large in regions where
the mean Stokes parameter or the beam intensity approaches zero. To characterize the
global fluctuations within the effective beam area, the overall Stokes scintillation is defined
as [77]

ξ j =
1

SΩ

∫︂∫︂
Ω

σ2
j (r)d2r, (15)

where Ω denotes the selected effective-intensity region and SΩ is its area. In Ref. [77], Ω
was chosen as the region in which the ensemble-averaged intensity exceeded 10% of its
maximum value.

Numerical simulations of a radially polarized beam propagating through atmospheric
turbulence showed that

ξ0 > ξ j, j ∈ {1, 2, 3}, (16)

over a broad range of turbulence strengths, as shown in Figure 3. This result indicates that
the polarization-dependent Stokes parameters are statistically more stable than the total
intensity. Although all four overall Stokes scintillations increase with turbulence strength,
the gap between the intensity scintillation and the polarization-dependent scintillations
also widens. This behavior can be understood in terms of turbulence-induced statistical
depolarization. The total intensity contains contributions from both the fully polarized and
unpolarized parts of the ensemble-averaged beam, whereas the polarization-dependent
Stokes parameters S1, S2, and S3 are determined only by the fully polarized part. Conse-
quently, fluctuations in both parts contribute to ξ0, while only fluctuations in the polarized
part contribute to ξ1, ξ2, and ξ3.

The total-intensity scintillation of a vector beam can also be lower than that of either of
its scalar constituent modes. This result is distinct from Equation (16): the former compares
the intensity fluctuations of vector and scalar beams, whereas the latter compares the
fluctuations of different Stokes parameters within the same vector beam. Together, these
results demonstrate the intrinsic resilience of vector beams to atmospheric fluctuations.
Nevertheless, reduced intensity or Stokes scintillation does not by itself guarantee the
recovery of the original spatial polarization texture.
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Figure 3. Overall Stokes scintillations of a radially polarized beam as functions of the Rytov variance
σ2

R. The quantities ξ0, ξ1, ξ2, and ξ3 denote the spatially averaged scintillation indices of the four
Stokes parameters, whereas ξR and ξL represent the overall intensity scintillations of the constituent
scalar modes LG0,1(r)êR and LG0,−1(r)êL, respectively. All scintillations increase with turbulence
strength, while the polarization-dependent components satisfy ξ1, ξ2, ξ3 < ξ0. In addition, the total-
intensity scintillation of the vector beam is lower than that of either scalar constituent, demonstrating
its enhanced statistical stability in atmospheric turbulence. From Ref. [77].

Atmospheric turbulence can also be described within a quantum-inspired channel
framework. The vector field in Equation (3) can be represented in the product space of the
spatial and polarization degrees of freedom as [16]

|Ψin⟩ = |u1⟩|ê1⟩+ |u2⟩|ê2⟩. (17)

For an isotropic and polarization-independent atmosphere, turbulence acts on the spatial
modes without directly modifying the polarization basis and can therefore be regarded as
a one-sided channel [16]:

|Ψq,out⟩ =
(︂
Tq ⊗ Ipol

)︂
|Ψin⟩

= |v1,q⟩|ê1⟩+ |v2,q⟩|ê2⟩, (18)

where |vj,q⟩ = Tq|uj⟩ and Tq is the spatial propagation operator associated with the qth
turbulence realization. When expressed in the original Laguerre–Gaussian basis, each
turbulence-distorted spatial mode is generally a random superposition of modes with
different radial and azimuthal indices:

vj,q(r) = ∑
p,l

t(q)pl,jLGp,l(r), (19)

where t(q)pl,j =
(︂

LGp,l , Tquj

)︂
is the corresponding modal coupling coefficient, and the spatial

inner product has been defined previously. This turbulence-induced modal coupling
explains why the received intensity and polarization textures can differ substantially from
those of the incident beam.

For ideal phase-only propagation with complete collection of the output field, Tq is
unitary and satisfies

T †
q Tq = I. (20)
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The inner products between the two spatial components are consequently preserved:

(vi,q, vj,q) =
(︁
Tqui, Tquj

)︁
=

(︂
ui, T †

q Tquj

)︂
= (ui, uj). (21)

Because all the inner products entering the concurrence in Equation (4) remain unchanged,
it follows that

Cq,out = Cin. (22)

For a HOPS state, the invariant concurrence is given by Equation (6). Thus, the global
spatial–polarization nonseparability remains unchanged for each realization of a unitary
one-sided channel, even though the intensity, phase, and spatially resolved polarization
texture may be severely distorted.

This invariance has well-defined boundaries. It applies realization by realization to an
ideal, polarization-independent unitary channel. Finite transmitter and receiver apertures,
polarization-dependent loss, birefringence, multiple scattering, and genuine depolariza-
tion can make the effective channel nonunitary or cause it to act on both the spatial and
polarization degrees of freedom. Moreover, an incoherent ensemble average over different
unitary turbulence realizations produces a mixed field that is not described directly by
the pure-state invariance proof. Preservation of the concurrence should therefore not be
interpreted as preservation of the original intensity or spatial polarization distribution.

The preceding results reveal several distinct forms of robustness. First, a vector
beam may exhibit lower intensity scintillation than its constituent scalar modes. Second, its
polarization-dependent Stokes parameters may fluctuate less strongly than its total intensity.
Third, its concurrence may remain invariant under a unitary one-sided channel. Although
these properties demonstrate the intrinsic resilience of vector beams, none guarantee direct
recovery of the original spatially resolved higher-order polarization state in a fixed receiver
plane. Intensity and Stokes scintillations quantify statistical fluctuations and depend on the
source statistics, turbulence strength, and detector averaging time, whereas concurrence is
a global quantity that remains invariant only for an ideal polarization-independent unitary
channel with complete field collection. Recovery of the spatially resolved polarization
distribution is a stronger criterion, requiring the local polarization state in the receiver
plane to reproduce the prescribed target pattern.

Transmission-eigenmode approaches can restore or protect selected field structures,
but they generally require knowledge of the instantaneous channel as well as sufficiently
rapid channel estimation and correction [48,78]. This limitation motivates partial-coherence
engineering. Rather than relying solely on a global invariant or adapting the incident field
to each turbulence realization, partial-coherence engineering encodes the target higher-
order polarization state into the two-point coherence structure of a random vector source.
The encoded state is subsequently released and reconstructed through propagation and
statistical averaging. As discussed in the following sections, this strategy offers a route
to the direct recovery of prescribed higher-order polarization textures without explicitly
inverting every instantaneous realization of the turbulent channel.

4. Spatial Coherence Engineering
Higher-order polarization states have conventionally been generated using laser beams

with a high degree of spatial coherence. In such fully coherent beams, the target polarization
distribution is directly carried by a deterministic optical field and can therefore be severely
distorted by perturbations encountered during propagation, including atmospheric tur-
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bulence. By contrast, partially coherent beams with a sufficiently low spatial coherence
generally exhibit enhanced robustness against turbulence-induced intensity scintillation,
beam wander, and beam spreading [54–56,79,80]. This robustness can be understood from
the coherent-mode representation, according to which a partially coherent beam is an
incoherent superposition of multiple spatial modes. If the characteristic time of the source
fluctuations, the detector integration time, and the atmospheric coherence time satisfy

ts ≪ td ≪ tturb, (23)

the detector averages over many statistically independent source realizations while the
turbulent channel remains approximately frozen. This statistical averaging suppresses the
channel-induced fluctuations within each fixed turbulence realization, producing a more
stable received intensity distribution than that of a fully coherent beam.

A straightforward approach to combining structured polarization with partial co-
herence is to reduce the spatial coherence of an existing vector beam, for example, by
constructing an electromagnetic Gaussian Schell-model beam [57,81]. In such beams, how-
ever, the mutually incoherent vector modes generally evolve into different spatial and
polarization distributions during propagation. Their incoherent superposition can there-
fore reduce the local degree of polarization. Consequently, even when the fully polarized
part approximately preserves the desired higher-order polarization texture, it may be em-
bedded in a strong unpolarized background, resulting in a reduced polarization contrast
and signal-to-noise ratio. The objective considered in this review is more demanding: to
generate a received beam that exhibits both a high degree of polarization and a stable
higher-order polarization distribution within each approximately frozen realization of the
turbulent channel.

A promising strategy for achieving this objective is spatial coherence engineering
of partially coherent vector light. Spatial coherence engineering refers to the deliberate
modulation of the two-point spatial correlations of a random optical source to obtain
desired propagation, focusing, beam-shaping, or light–matter-interaction properties [63].
Its mathematical foundation can be traced to the work of Gori and Santarsiero on the
construction of genuine spatial correlation functions [82,83] and its subsequent extension
to electromagnetic cross-spectral density matrices [84]. Since then, spatial coherence has
developed from a passive statistical property into an actively controllable degree of freedom
for structured-light synthesis [62].

For a statistically stationary, quasi-monochromatic vector beam, the second-order
spatial coherence and polarization properties are characterized by the 2 × 2 cross-spectral
density matrix [85]

W(r1, r2) =
⟨︂

E∗(r1)ET(r2)
⟩︂

, (24)

whose elements are

Wαβ(r1, r2) =
⟨︁

E∗
α(r1)Eβ(r2)

⟩︁
, α, β ∈ {x, y}. (25)

Here, the angle brackets denote an ensemble average over the random field realizations.
At equal spatial points, W(r, r) reduces to the polarization matrix Φ(r) introduced in the
preceding section.

A physically realizable cross-spectral density matrix must satisfy the Hermiticity
condition [50]

W(r1, r2) = W†(r2, r1) (26)
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and the nonnegative-definiteness condition

∑
α,β∈{x,y}

∫︂∫︂
f ∗α (r1)Wαβ(r1, r2) fβ(r2)d2r1 d2r2 ≥ 0 (27)

for every square-integrable vector test function f(r) = [ fx(r), fy(r)]T. This condition en-
sures that the energy predicted for any linear projection of the random field is nonnegative.

A broad class of physically realizable cross-spectral density matrices can be constructed
using the integral representation [66]

Wαβ(r1, r2) =
∫︂

pαβ(v)H∗
α(r1, v)Hβ(r2, v)d2v, (28)

where v is an auxiliary two-dimensional position or spatial-frequency variable, Hx(r, v)
and Hy(r, v) are arbitrary well-behaved kernel functions, and pαβ(v) are the elements of a
Hermitian weighting matrix

p(v) =

[︄
pxx(v) pxy(v)
pyx(v) pyy(v)

]︄
. (29)

For every v, the weighting matrix must be nonnegative semidefinite. For a 2 × 2 Hermitian
matrix, this requirement is equivalent to

pxx(v) ≥ 0, pyy(v) ≥ 0, pyx(v) = p∗xy(v), pxx(v)pyy(v)− |pxy(v)|2 ≥ 0. (30)

The diagonal elements of p(v) are therefore real and nonnegative, whereas its off-diagonal
elements may be complex. Equations (28) and (30) provide a sufficient construction that
automatically guarantees the nonnegative definiteness of W(r1, r2).

Equation (28) shows that the spatial coherence structure can be engineered through
both the weighting matrix p(v) and the kernel functions Hx(r, v) and Hy(r, v). A par-
ticularly important case is obtained when the two polarization components share the
Fourier-type kernel

Hα(r, v) = T(r) exp(ic0r · v), α ∈ {x, y}, (31)

where T(r) is taken to be a real amplitude function determining the source intensity profile,
and c0 is a real scaling parameter controlling the transverse coherence width. Substitution
of Equation (31) into Equation (28) gives

Wαβ(r1, r2) = T∗(r1)T(r2)
∫︂

pαβ(v) exp[ic0(r2 − r1) · v]d2v. (32)

The source constructed in this form belongs to the Schell-model family because its normal-
ized correlation coefficients depend only on the coordinate difference r2 − r1.

For the α and β field components, the normalized correlation coefficient is defined as

µαβ(r1, r2) =
Wαβ(r1, r2)√︂

Wαα(r1, r1)Wββ(r2, r2)
. (33)

Defining

Kαβ =

[︃∫︂
pαα(v)d2v

∫︂
pββ(v)d2v

]︃1/2
, (34)
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the normalized correlation coefficient becomes

µαβ(r2 − r1) =
1

Kαβ

∫︂
pαβ(v) exp[ic0(r2 − r1) · v]d2v. (35)

Thus,
µαβ(r2 − r1) ∝ F

[︁
pαβ(v)

]︁
, (36)

where F denotes a two-dimensional Fourier transform, with its precise scaling and sign
determined by the adopted convention. The transverse coherence width is controlled
jointly by c0 and the spatial extent of pαβ(v): increasing c0 or broadening the weighting
distribution generally reduces the coherence width.

An important consequence of Equation (36) is that the spatial information contained
in the weighting matrix can be transferred into the two-point coherence structure of
the partially coherent source. Since p(v) obeys the same Hermiticity and nonnegative-
semidefiniteness conditions as a polarization matrix, it can be chosen to reproduce the
polarization matrix of a prescribed higher-order polarization state. In this case, the target
one-point polarization information is no longer directly visible in the source-plane intensity
or local polarization distribution; instead, it is encoded in the four two-point correlation
functions µαβ(r1, r2). As shown in the following section, suitable propagation converts
these engineered correlations back into a highly polarized higher-order polarization state
in the designated observation plane. This coherence-to-polarization conversion constitutes
the central mechanism underlying the robust synthesis of higher-order polarization states.

5. Propagation of Spatial-Coherence-Engineered Beams
The propagation of a partially coherent vector field can be described using the Green-

function formulation, in which the Green tensor acts as the spatial transfer function connect-
ing the cross-spectral density matrices in the source and observation planes [86]. Under the
paraxial approximation, this formulation reduces to the extended Collins integral, which is
particularly useful for describing partially coherent beams propagating through stigmatic
first-order optical systems characterized by an ABCD ray-transfer matrix [87,88]. More
recently, the extended Collins integral has been recast into a convolution form, initially
for scalar partially coherent beams [89] and subsequently generalized to vector [66] and
three-component random fields [90,91].

Let r′ and r denote the transverse position vectors in the source and observation
planes, respectively. For the Schell-model source introduced in the preceding section, the
propagated polarization matrix can be written as

Φ(z)
αβ (r) =

Kαβ

(λB)2

[︃⃓⃓⃓ ˜︁A(︂ r
λB

)︂⃓⃓⃓2
⊗ ˜︁µαβ

(︂ r
λB

)︂]︃
, α, β ∈ {x, y}, (37)

where λ is the wavelength, A and B are elements of the ABCD matrix, the tilde denotes a
two-dimensional Fourier transform, and ⊗ denotes convolution with respect to the spatial-
frequency coordinate. The generalized source amplitude appearing in Equation (37) is

A(r′) = T(r′) exp
(︃

ikA
2B

|r′|2
)︃

, (38)

where k = 2π/λ. Equation (37) shows that the propagated intensity and polarization
distributions are jointly determined by the source amplitude T(r′) and the engineered
correlation coefficients µαβ(r2 − r1).

When the spatial coherence width is sufficiently small, i.e., the spatial coherence area
is much smaller than the beam area, ˜︁µαβ varies much more slowly than | ˜︁A|2. In this limit,

https://doi.org/10.3390/photonics13100960

https://doi.org/10.3390/photonics13100960


Photonics 2026, 13, 960 13 of 29

| ˜︁A|2 acts as a narrow convolution kernel and the polarization matrix is approximately
proportional to the Fourier transform of the source correlation matrix:

Φ(z)
αβ (r) ∝ ˜︁µαβ

(︂ r
λB

)︂
. (39)

This approximation implies that the polarization structure is governed predominantly by
the engineered spatial correlations.

Combining Equation (39) with Equation (36) gives

Φ(z)
αβ (r) ∝ pαβ

(︃
r

a0λB

)︃
, (40)

up to a coordinate inversion, normalization factor, and scaling determined by the adopted
Fourier-transform convention. Because the weighting matrix p(v) is chosen to reproduce
the polarization matrix of the target higher-order polarization state, propagation converts
the two-point coherence information into a directly observable one-point polarization
distribution. The encoded polarization state is therefore progressively released from the
spatial coherence structure and reconstructed in the designed observation plane.

Figure 4a,b compare the focusing behavior of a conventional partially coherent radially
polarized beam with that of a spatial-coherence-engineered beam. For the conventional
beam, the mutually incoherent spatial modes develop different polarization distributions
during propagation, and their incoherent superposition leads to a progressive reduction
in the degree of polarization [57]. For the spatial-coherence-engineered beam, by contrast,
propagation converts the encoded correlations into the prescribed polarization matrix.
Consequently, the degree of polarization increases as the beam approaches the focal plane,
where a higher-order polarization state with high polarization purity is reconstructed [66].
In the ordinary Fourier-encoding scheme, the target state is therefore recovered in the focal
plane of a lens or, equivalently, in the far field of a freely propagating beam.

The Fourier kernel in Equation (31) represents only one possible realization of spatial
coherence engineering. More general kernels can be constructed using fractional Fourier
transforms (FrFTs), allowing the encoded polarization state to emerge at a prescribed finite
propagation distance rather than only in the focal or far-field plane [92]. In this approach,
mutually uncorrelated vector modes carrying different linear phase factors are processed
by an FrFT system. Immediately after the FrFT system, these modes are transversely
displaced and their incoherent superposition forms a spatially partially coherent and
partially polarized source. During subsequent propagation, the displaced modes gradually
overlap and become synchronized, producing a deterministic higher-order polarization
state in a designed plane.

For free-space propagation following an FrFT system of fractional order pE, the dis-
tance at which the deterministic polarization state emerges is [92]

zc = zR tan
(︂πpE

2

)︂
, (41)

where zR is the Rayleigh range of the constituent modes. When a thin lens of focal length
f is included immediately after the synthesized source, the corresponding distance is
determined by

1
zc

=
1
f
+

1
zR tan(πpE/2)

. (42)

In the limiting case pE = 1, the FrFT becomes an ordinary Fourier transform and zc → ∞
in free space, so that the deterministic polarization state appears only in the far field.
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For 0 < pE < 1, however, zc is finite and can be continuously controlled through the
fractional order.

(a)

(b)

conventional partially coherent radially polarized beam

spatial-coherence-engineered beam
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Figure 4. Contrasting polarization evolution of conventional and spatial-coherence-engineered par-
tially coherent vector beams during focusing. (a) Transverse intensity distributions of a conventional
Gaussian Schell-model radially polarized beam at different distances during focusing. The right panel
shows the normalized powers of its polarized and unpolarized components as functions of propa-
gation distance. The polarized contribution decreases while the unpolarized contribution increases,
demonstrating propagation-induced depolarization. (b) Intensity and polarization distributions
of a spatial-coherence-engineered beam in which a higher-order polarization state is encoded into
the source coherence structure. The encoded polarization state gradually emerges during propa-
gation and is reconstructed with high polarization purity in the focal plane at z = 400 mm. The
right panel shows the global degree of polarization, defined as the ratio of the power carried by
the fully polarized component to the total beam power, for different beam radii w0 on the rotating
ground-glass disk. Increasing w0, corresponding to a smaller source coherence width, promotes the
coherence-to-polarization conversion and enables the global degree of polarization to approach unity
in the focal plane. Adapted from Refs. [57,66].

Figure 5 illustrates the evolution of the intensity, spatial polarization distribution,
local degree of polarization, and overall polarization purity of such a beam. Although the
source is initially partially polarized, its polarization purity increases during propagation
and reaches unity at the designed plane. For the representative parameters f = 400 mm,
zR ≃ 531.2 mm, and pE = 0.41, Equation (42) gives zc = 200 mm, which lies before the focal
plane. At this position, the beam becomes fully polarized and the prescribed higher-order
polarization distribution emerges, while the field remains spatially partially coherent. Upon
further propagation, the constituent modes lose their synchronization, the polarization
purity decreases again, and the polarization information is transferred back into the two-
point coherence structure. The occurrence of the deterministic polarization state is therefore
localized around the designed propagation plane rather than maintained indefinitely.

For higher-order Poincaré-sphere states composed of two orthogonally polarized
Laguerre–Gaussian modes, the distance zc is independent of their topological charges,
provided that both components undergo FrFTs of the same order. The two components
then form their respective deterministic vortices in the same plane [93,94], where their
spatial profiles and relative phases become synchronized. If different fractional orders are
applied to the two polarization components, their deterministic vortices emerge at different
distances. Their cross-spectral-density phases cannot then be simultaneously matched,
and the resulting beam generally remains partially polarized while developing spatially
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varying linear, elliptical, or spiral-like polarization distributions. The difference between
the two fractional orders thus provides an additional degree of freedom for controlling
polarization evolution.
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Figure 5. Propagation-dependent formation of a deterministic higher-order polarization state in
a spatial-coherence-engineered vector beam. The beam is synthesized using a fractional Fourier-
transform system and subsequently focused by a lens of focal length f = 400 mm. (a) Total intensity
distributions and polarization ellipses of the fully polarized component at different propagation dis-
tances. (b) Corresponding spatial distributions of the local degree of polarization P(r). (c) Evolution
of the global polarization purity P , defined as the power fraction carried by the fully polarized
component. For the fractional order pE = 0.41, the constituent modes become spatially and phase
synchronized at the designed distance zc = 200 mm. At this plane, the polarization purity reaches
unity and the prescribed radial polarization state emerges. Further propagation breaks the modal
synchronization, causing the local degree of polarization and global polarization purity to decrease
again. From Ref. [92].

The higher-order polarization states reconstructed through Fourier-type coherence
engineering exhibit strong robustness against atmospheric turbulence. This robustness
relies on the separation of the source, detector, and turbulence time scales expressed
by Equation (23). When ts ≪ td ≪ tturb, a large number of statistically independent
source realizations pass through essentially the same frozen turbulence realization during
a single detector exposure. The polarization matrix recorded at a given instant of the
turbulent channel is therefore an average over many random source fields rather than
over different turbulence realizations. This intrarealization averaging suppresses rapidly
varying intensity and polarization fluctuations while preserving the coherence information
used to reconstruct the target state.

The role of the spatial coherence width is illustrated in Figure 6. The left column
shows representative random-field realizations in the source plane, while the right column
presents the corresponding fields after propagation through strong atmospheric turbulence.
As the spatial coherence width decreases from top to bottom, the characteristic speckle size
of each realization becomes progressively smaller. Large speckles are strongly reshaped
and displaced by turbulence, producing substantial deviations between the source and
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received intensity distributions. By contrast, sufficiently small speckles experience a more
nearly uniform phase perturbation over their individual spatial extent and are therefore
less severely distorted. Their incoherent superposition consequently suppresses turbulence-
induced fluctuations and allows the dark-hollow envelope associated with the encoded
higher-order polarization state to remain discernible in the receiver plane.
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Figure 6. Representative normalized intensity distributions of random-field realizations associated
with partially coherent sources of different spatial coherence widths. The left and right columns show
the intensity distributions in the source and receiver planes, respectively, with the latter obtained
after propagation through strong atmospheric turbulence. From top to bottom, the spatial coherence
width decreases and the characteristic speckle size becomes progressively smaller. For sufficiently
low spatial coherence, the turbulence-distorted field retains the dark-hollow envelope associated with
the encoded higher-order polarization state, demonstrating the enhanced resilience of small-scale
random modes to turbulent perturbations.

A smaller coherence width also increases the number of statistically independent
random realizations. Averaging over these realizations reduces intensity scintillation,
beam wander, and sensitivity to localized amplitude or phase perturbations. When the
source coherence area is sufficiently smaller than the characteristic transverse scale of the
turbulent distortion, the reconstructed polarization matrix is governed predominantly
by the engineered coherence structure. The polarization information can therefore be
recovered without estimating or inverting the instantaneous turbulent channel. Within
the demonstrated family of higher-order polarization states, this protection mechanism
is determined primarily by the source statistics and coherence width rather than by the
particular polarization state being encoded.
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6. Strategies for Spatial Coherence Engineering
The experimental strategies for tailoring spatial coherence, or equivalently for encod-

ing a prescribed higher-order polarization state into the coherence structure of a partially
coherent source, can be broadly divided into two categories. The first constructs a partially
coherent source from a spatially incoherent primary source through a deterministic optical
system, whereas the second directly synthesizes the partially coherent field by temporally
superposing an ensemble of statistically designed coherent random modes.

The first strategy is based on the generalized van Cittert–Zernike theorem. Equation (28)
can be rewritten as [66]

Wαβ(r1, r2) =
∫︂∫︂

pαβ(v1)δ(v1 − v2)H∗
α(r1, v1)Hβ(r2, v2)d2v1 d2v2, (43)

where δ(v1 − v2) is the two-dimensional Dirac delta function. The quantity

W(in)
αβ (v1, v2) = pαβ(v1)δ(v1 − v2) (44)

may be interpreted as the cross-spectral density matrix of a spatially incoherent primary
source whose local polarization matrix is p(v). After transmission through an optical sys-
tem characterized by the polarization-dependent response functions Hx(r, v) and Hy(r, v),
the one-point polarization information carried by p(v) is converted into the two-point
coherence structure W(r1, r2) of the resulting partially coherent secondary source.

Experimentally, a spatially incoherent primary source with a prescribed polarization
distribution can be produced by passing a fully coherent higher-order polarization-state
beam through a rotating ground-glass disk (RGGD). If the RGGD is approximately isotropic
and polarization independent, each point of the incident beam acquires the same random
phase in its two orthogonal polarization components. The local polarization state is there-
fore preserved, whereas the spatial coherence is substantially reduced. When the illumi-
nated area contains a sufficiently large number of statistically independent inhomogeneities
of the RGGD, the transmitted field can be approximated as spatially delta-correlated [20,66].

A representative implementation is shown in Figure 7. Two Laguerre–Gaussian modes
carrying orthogonal circular polarizations are first generated and coherently superposed
with a Ronchi grating to form the desired fully coherent higher-order polarization state.
The beam subsequently illuminates the RGGD, which converts it into a spatially incoherent
vector source while preserving its local polarization distribution. A Fourier-transform
system composed of a thin lens and an amplitude filter then produces the secondary par-
tially coherent source. In this arrangement, the response functions Hx(r, v) and Hy(r, v)
have the Fourier-transform form introduced in Equation (31); consequently, the polariza-
tion matrix of the primary source is encoded into the spatial coherence structure of the
secondary source.

Figure 8a,b show the measured propagation characteristics of the resulting spatial-
coherence-engineered beam. In the secondary-source plane, the prescribed higher-order
polarization distribution is stored predominantly in the two-point coherence matrix and is
largely obscured by an unpolarized background. As the beam approaches the focal plane,
the encoded correlations are progressively converted into a one-point polarization distribu-
tion. The polarization texture becomes increasingly well defined between z = 330 mm and
z = 400 mm, while the local degree of polarization increases simultaneously. At the focal
plane, z = 400 mm, a dark-hollow intensity distribution and the prescribed higher-order
polarization state are reconstructed with high polarization purity. As shown in Figure 8b,
the degree of polarization approaches unity over most of the effective annular beam area,
defined as the region in which the intensity exceeds 10% of its maximum value. The
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reduced degree of polarization near the beam center has little influence on the recovered
state because this region coincides with the low-intensity polarization singularity.

Figure 7. Experimental setup for generating a spatial-coherence-engineered vector beam using the
generalized van Cittert–Zernike theorem. A linearly polarized laser beam is shaped by an SLM and
a common-path 4 f system composed of lenses L1 and L2. The selected ±1 diffraction orders are
converted by quarter-wave plates (QWPs) into orthogonally circularly polarized Laguerre–Gaussian
modes with opposite topological charges and are subsequently combined by a Ronchi grating (RG)
to form a fully coherent higher-order polarization state. Its polar and azimuthal parameters, Θ and
Φ, are controlled by the modal intensity ratio and the half-wave plates (HWPs), respectively. Lens L3
focuses the beam onto a rotating ground-glass disk (RGGD), which reduces its spatial coherence while
preserving the local polarization state. Lens L4 and a Gaussian amplitude filter (GAF) then generate
the engineered partially coherent source. The propagation-dependent polarization properties are
measured using lens L5, a QWP, a linear polarizer (LP), and a CCD camera. NDF, neutral-density
filter; BE, beam expander; RM, reflecting mirror. From Ref. [66].

The robustness of this reconstruction against a dynamically varying channel is demon-
strated in Figure 8c,d. After transmission through thermally induced turbulence generated
by a graphite plate at 200 ◦C, the instantaneous x-polarized intensity of the engineered
partially coherent beam retains the characteristic six-lobed distribution of the encoded
higher-order polarization state over different measurement times. By contrast, the cor-
responding fully coherent beam undergoes pronounced deformation and displacement
under the same turbulence. This difference originates from the rapid statistical fluctua-
tions generated by the RGGD. The condition ts ≪ td ≪ tturb is satisfied, so the detector
averages over a large number of statistically independent source realizations while the tur-
bulent channel remains approximately frozen. This intrarealization averaging suppresses
turbulence-induced fluctuations and allows the higher-order polarization information en-
coded in the spatial coherence structure to be recovered without estimating or inverting
the instantaneous turbulent channel.

The second strategy is based on the coherent-mode representation of partially coher-
ent light. For a physically realizable cross-spectral density matrix, the vectorial Mercer
expansion can be written as [50]

W(r1, r2) =
∞

∑
m=1

λmE∗
m(r1)ET

m(r2), λm ≥ 0, (45)

where Em(r) are mutually orthonormal coherent vector modes and λm are the correspond-
ing eigenvalues. The modes and their weights are obtained by solving the associated
vectorial Fredholm integral equation. Although this representation provides a rigorous
modal description, its direct implementation can be cumbersome because the eigenvalue
problem generally has no simple analytical solution.
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The orthogonality requirement can be relaxed by employing pseudo-mode or random-
mode representations [95–99]. In the latter case, the cross-spectral density matrix is approx-
imated through an ensemble average over M statistically independent, but not necessarily
orthogonal, coherent vector fields:

W(r1, r2) ≃
1
M

M

∑
m=1

E∗
m(r1)ET

m(r2). (46)

The common factor 1/M may alternatively be absorbed into the definitions of the modes
or their weights. A sufficiently large value of M must be used for the finite ensemble to
converge to the prescribed cross-spectral density matrix, and the required number of modes
generally increases with the decrease in the spatial coherence width.
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Figure 8. Experimental propagation and turbulence robustness of a spatial-coherence-engineered
beam carrying an encoded higher-order polarization state. (a) Measured intensity and polarization
distributions of the focused beam at z = 330, 370, and 400 mm, showing the progressive emergence
of the encoded polarization state toward the focal plane. (b) Corresponding distributions of the local
degree of polarization. The regions between the dashed contours indicate where the intensity exceeds
10% of its maximum value. (c) Representative instantaneous x-polarized intensity distributions of
the engineered partially coherent beam after propagation through thermally induced turbulence
generated by a graphite plate at 200 ◦C. (d) Corresponding results for the fully coherent higher-order
polarization-state beam under the same turbulence. The partially coherent beam retains a stable
six-lobed pattern, whereas the coherent beam undergoes pronounced turbulence-induced distortion.
The white arrows in (c,d) denote the x-polarized intensity distributions. Adapted from Ref. [66].
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For the Fourier-type coherence structure considered here, each random vector mode
can be constructed as

Em(r) = T(r)Rm(r), (47)

where T(r) determines the average source intensity envelope and

Rm(r) =
∫︂

E(v)
am(v) + ibm(v)√

2
exp(−ic0r · v)d2v. (48)

Here, E(v) is the Jones field of the prescribed fully coherent higher-order polarization
state, c0 is a real parameter controlling the spatial coherence width, and am(v) and bm(v)
are independent realizations of zero-mean, unit-variance real Gaussian random processes.
Their ideal correlations satisfy

⟨am(v1)an(v2)⟩ = δmnδ(v1 − v2), (49)

⟨bm(v1)bn(v2)⟩ = δmnδ(v1 − v2), (50)

⟨am(v1)bn(v2)⟩ = 0. (51)

Substitution of Equations (47) and (48) into Equation (46) reproduces the desired Schell-
model cross-spectral density matrix in the limit of a sufficiently large ensemble. The target
higher-order polarization state is determined by E(v), whereas c0, the spatial extent of E(v),
and the source envelope T(r) control the coherence width and average intensity profile.

Equation (48) also clarifies the correspondence between the two engineering strate-
gies. The factor [am(v) + ibm(v)]/

√
2 numerically emulates an instantaneous complex

transmission function of the RGGD, the Fourier kernel represents propagation through the
Fourier-transform system, and T(r) plays the role of the amplitude filter. Random-mode
synthesis therefore replaces the rotating diffuser and the subsequent coherence-forming
optics with digitally generated field realizations. More general propagation kernels may
also be incorporated into the calculated random modes, substantially extending the range
of realizable correlation structures without requiring a dedicated physical optical system
for every kernel.

The random modes can be generated experimentally by sequentially displaying
time-varying multiplexed computer-generated holograms (CGHs) on a spatial light
modulator [98]. As shown in Figure 9, the two scalar components of each random vector
mode are encoded into separate regions or diffraction directions of a multiplexed CGH.
Their selected first diffraction orders are spatially filtered, transformed into two orthogonal
polarization states, and recombined with a Ronchi grating in a common-path interferomet-
ric system. Sequential display of M statistically independent CGHs, followed by temporal
integration at the detector, produces the prescribed partially coherent vector source.

Figure 10 shows the measured intensity, polarization distribution, and degree of
polarization of the synthesized beam during propagation. The individual random modes
contain speckled intensity distributions and spatially random polarization states, while
their time-averaged source has a smooth Gaussian intensity profile and may be nearly
unpolarized. As the propagation distance increases, the average intensity evolves from a
Gaussian to a dark-hollow distribution, the degree of polarization increases, and the higher-
order polarization state encoded in the coherence structure gradually becomes visible.
In the focal plane, the beam is effectively fully polarized over its high-intensity region
and reproduces the encoded higher-order polarization state. Compared with the RGGD-
based implementation, digital random-mode synthesis is more compact and flexible, and it
permits direct adjustment of the encoded polarization state, source profile, and coherence
width through the calculated holograms.
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Figure 9. Random-mode synthesis of a spatial-coherence-engineered vector beam. (a) Construction
of a single random vector mode using a multiplexed computer-generated hologram (CGH). The

prescribed amplitudes A(x)
m (r) and A(y)

m (r) and phases ϕ
(x)
m (r) and ϕ

(y)
m (r) of the two scalar com-

ponents are encoded into separate CGHs and combined into a single multiplexed hologram. The
corresponding +1 diffraction orders are spatially filtered, converted into orthogonal linear polariza-
tion states, and coherently superposed to produce the random vector mode Em(r). (b) Experimental
setup for synthesizing the partially coherent vector source. A sequence of time-varying multiplexed
CGHs is displayed on the SLM to generate statistically independent random modes. Lenses L1 and
L2 form a common-path 4 f system, in which a spatial filter selects the desired diffraction orders,
half-wave plates (HWPs) establish orthogonal polarizations, and a Ronchi grating (RG) recombines
the two components. Temporal averaging over the generated modes produces the prescribed spatial-
coherence-engineered beam, whose propagation characteristics are measured using lens L3 and a
CCD camera. NDF, neutral-density filter; BE, beam expander; RM, reflecting mirror. Adapted from
Ref. [98].

A practical limitation of liquid-crystal SLMs is their relatively low refresh rate, which is
typically on the order of 60 Hz. The resulting source fluctuation time ts is then comparable
to the characteristic time of many laboratory or atmospheric turbulence channels. Moreover,
a detector must integrate over a sufficiently large number of random modes to reproduce
the prescribed ensemble statistics. It can therefore be difficult to simultaneously satisfy
ts ≪ td ≪ tturb, which is required for intrarealization averaging within an approximately
frozen turbulent channel.

Faster random-mode synthesis can be achieved using a digital micromirror device
(DMD) [100,101]. Unlike a liquid-crystal SLM, which primarily provides phase modulation
through electrically controlled birefringence, a DMD consists of an array of binary tilting mi-
cromirrors and acts as a high-speed amplitude modulator. A grayscale complex-amplitude
CGH can be converted into a binary hologram using the Floyd–Steinberg error-diffusion al-
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gorithm. The DMD itself remains an amplitude-only device; the prescribed complex field is
reconstructed in a selected diffraction order after spatial filtering. By dividing a single DMD
into two regions and combining the reconstructed fields in a common-path interferometer,
the two orthogonal components of a random vector mode can be modulated synchronously,
which is essential for accurately controlling their complex cross-correlation [102]. The DMD
used in the reported implementation operated at a refresh rate of approximately 17 kHz.
Such high-speed modulation substantially reduces ts and makes the temporal hierarchy
required for turbulence-resistant synthesis more accessible.
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Figure 10. Measured propagation characteristics of the spatial-coherence-engineered vector beam
synthesized by random-mode superposition. The upper row shows the normalized intensity dis-
tributions and the polarization ellipses of the fully polarized component at z = 0, 0.6 f , 0.8 f , and f .
The lower row presents the corresponding local degree of polarization P(r); the dashed contours
delimit the effective beam region in which the intensity exceeds 10% of its maximum value. The
source is initially almost unpolarized, with the prescribed higher-order polarization state encoded in
its two-point coherence structure. During propagation, the degree of polarization increases and the
encoded polarization texture gradually emerges. In the focal plane, the beam forms a dark-hollow
intensity distribution and becomes effectively fully polarized throughout most of the high-intensity
annular region. From Ref. [98].

Electro-optic modulators provide a further route toward higher-speed spatial co-
herence engineering. A recently demonstrated lithium-niobate-film modulator used
64 independently driven one-dimensional channels to synthesize prescribed phase re-
alizations through the Pockels effect. The device achieved a binary modulation rate of
2 MHz and an experimental 0–2π phase-modulation rate of 350 kHz, approximately twenty
times higher than previously reported spatial-coherence modulation rates [103]. This ex-
periment demonstrated the synthesis of one-dimensional scalar Gaussian Schell-model
sources using 625 coherent modes and verified the resulting coherence through Young’s
interference measurements. Although vectorial higher-order polarization-state encoding
and two-dimensional coherence control have not yet been demonstrated with this device,
extension to two-dimensional electrode arrays and synchronized polarization channels
could provide a promising platform for ultrafast synthesis of turbulence-resistant partially
coherent vector beams.

The two classes of spatial coherence engineering are therefore complementary. The
incoherent-source approach is conceptually direct, naturally provides rapid statistical
fluctuations, and has already demonstrated robust higher-order polarization-state recon-
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struction through atmospheric turbulence, although its programmability is limited by
the employed optical system. Digital random-mode synthesis offers substantially greater
control over the intensity, phase, polarization, and correlation functions, but its perfor-
mance in dynamic channels depends critically on the modulation rate. Liquid-crystal SLMs
provide flexible phase modulation and high spatial resolution but typically operate at only
tens of hertz. DMDs achieve kilohertz to tens-of-kilohertz modulation rates, although
their binary-amplitude operation requires additional holographic encoding. Lithium-
niobate electro-optic modulators can further increase the modulation rate from hundreds
of kilohertz to several megahertz, enabling coherence engineering in more rapidly varying
channels, but generally at the cost of greater device and system complexity. These platforms
therefore involve a trade-off among modulation flexibility, speed, spatial resolution, and
experimental complexity. The development from liquid-crystal SLMs to DMDs and lithium-
niobate electro-optic modulators represents a progression toward flexible, high-speed, and
eventually real-time synthesis of robust higher-order polarization states.

7. Conclusions and Discussion
This review has examined the robust synthesis of higher-order polarization states

through partial-coherence engineering. Unlike conventional approaches in which the
target polarization texture is directly carried by a coherent field, this strategy encodes the
prescribed polarization matrix into the two-point coherence structure of a partially coherent
vector source. Propagation subsequently converts the engineered coherence structure into
a directly observable polarization distribution, enabling the target state to emerge in the far
field, a focal plane, or a prescribed finite propagation plane.

The spatial and temporal diversity of partially coherent light can suppress the effect of
turbulence when the source coherence width, detector integration time, and channel dy-
namics are appropriately matched. Experimental implementations based on RGGDs, SLMs,
and DMDs have demonstrated the feasibility and robustness of this concept, while recent
electro-optic modulation techniques offer a route toward substantially higher operating
speeds. These developments establish spatial coherence as an active degree of freedom for
storing, transporting, and reconstructing structured polarization information.

Despite this progress, several conceptual and practical challenges remain. First, most
existing demonstrations are based on idealized propagation conditions. The atmosphere is
commonly represented as a paraxial, polarization-independent phase channel with Kol-
mogorov or von Kármán statistics. Practical links may additionally involve finite apertures,
absorption, anisotropy, birefringence, polarization-dependent loss, non-Kolmogorov fluc-
tuations, chromatic dispersion, strong scintillation, and multiple scattering. These effects
can render the effective channel nonunitary or couple both the spatial and polarization
degrees of freedom. The performance of coherence-encoded polarization states under such
conditions, particularly over long outdoor propagation paths and with limited receiver
apertures, remains to be systematically investigated.

Second, the robustness mechanism imposes a demanding temporal condition. The
detector must satisfy ts ≪ td ≪ tturb so that it averages over many source realizations
while the turbulent channel remains approximately frozen. RGGD-based methods naturally
provide short source coherence times but offer limited programmability and relatively
low optical efficiency. Liquid-crystal SLMs provide flexible field control but generally
operate too slowly for rapidly varying channels. DMDs offer kilohertz modulation but
are limited by binary-amplitude encoding, diffraction efficiency, and spatial bandwidth.
Lithium-niobate electro-optic modulators can operate at much higher rates, although
current demonstrations are restricted mainly to one-dimensional scalar coherence control.
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Developing two-dimensional, high-resolution vectorial modulators with synchronized
polarization channels is therefore a central technological objective.

The spatial coherence width must also be optimized rather than simply minimized.
Reducing the coherence width increases the number of independently fluctuating spatial
modes and generally improves resistance to localized perturbations. Excessively low
coherence, however, can increase beam divergence, reduce the collected power, broaden
the reconstructed features, and impose higher requirements on the number and speed
of the generated random modes. A practical system must therefore balance turbulence
robustness against propagation loss, receiver aperture, spatial resolution, polarization
purity, and statistical convergence. Establishing quantitative design rules for this tradeoff
will be important for translating laboratory demonstrations into real optical links.

Future source design may benefit from combining partial-coherence engineering with
adaptive and computational techniques. Partial coherence can provide passive, high-speed
statistical stabilization, while adaptive optics compensates slowly varying low-order aber-
rations. Transmission eigenmodes may be used to optimize the average transfer efficiency,
whereas error-correcting codes can protect the information encoded in the recovered polar-
ization states. Data-driven optimization could further identify weighting matrices, kernel
functions, and random-mode ensembles that maximize a task-specific performance metric
under measured channel statistics. Such hybrid approaches may outperform methods
based exclusively on either passive robustness or active channel correction.

The measurement of complex coherence structures is another important challenge.
Conventional coherence measurements often require multiple sequential intensity acquisi-
tions [104–109], which limits their use in dynamic environments. Single-shot, multiplexed,
or high-speed tomography methods capable of recovering all complex correlation functions
would enable real-time monitoring of the encoded information and provide feedback for
adaptive source optimization.

These developments may support a broad range of applications. In free-space
optical communication, several higher-order polarization states could be multiplexed
into distinct coherence channels to improve channel capacity, security, and resilience to
turbulence [110,111]. In imaging and remote sensing, coherence-engineered illumination
may suppress speckle while preserving polarization-sensitive contrast through random
media [112–114]. In optical encryption, information can be hidden in complex correlation
functions that are inaccessible through direct intensity measurements [115,116]. Robust
polarization textures may also improve optical trapping, particle transport, micromanip-
ulation, laser processing, and the delivery of structured angular momentum through
disturbed environments.

Overall, partial-coherence engineering offers a promising route from fragile coherent
polarization structures to statistically robust vector fields. Its future development will
depend on advances in high-speed multidimensional modulation, complete coherence
measurement, realistic channel modeling, and application-oriented optimization. Progress
in these areas should enable robust higher-order polarization states to move from proof-
of-principle experiments toward practical communication, sensing, imaging, and light-
manipulation systems.
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HOPS Higher-order Poincaré-sphere
FrFT Fractional Fourier transform
RGGD Rotating ground-glass disk
SLM Spatial light modulator
QWP Quarter-wave plate
RG Ronchi grating
HWP Half-wave plate
GAF Gaussian amplitude filter
NDF Neutral-density filter
BE Beam expander
RM Reflecting mirror
CGH Computer-generated hologram
DMD Digital micromirror device
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