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Abstract: The full Poincaré (FP) beam, encompassing all possible polarization states in its beam
cross-section, has demonstrated advantages in various applications. However, conventional FP beams
are typically considered as spatially fully coherent, rendering them sensitive to disturbances in the
propagation path and susceptible to speckle effects. In this work, we propose an alternative approach
to synthesize the optical beam with a FP polarization state through the spatial coherence engineering
of a partially coherent beam. In this process, the FP polarization state is initially encoded into the
spatial coherence structure of the beam source. We demonstrate that during the encoding process, the
vector nature of the beam transitions from the FP polarization state to the spatial coherence structure
of the source. However, during the propagation of the partially coherent beam, the vectorness reverts
to the polarization state, resulting in the re-emergence of the encoded FP polarization in the output
plane. We illustrate that the synthesized FP polarization state, achieved through spatial coherence
engineering, is highly robust against obstructions in the propagation path. Furthermore, we examine
the effect of the spatial coherence area of the beam on the quality of the recovered FP polarization
state. The findings of this work can have valuable applications in optical trapping and optical imaging
in complex environments.

Keywords: vector light field; optical coherence and polarization; spatial coherence engineering;
partially coherent beam; full Poincaré beam; robust beam

1. Introduction

Optical vector beams with spatially nonuniform polarization states have garnered
significant attention over the past two decades due to their extraordinary properties, finding
diverse applications such as optical imaging, optical trapping, and optical communica-
tions [1–10]. Among various vector beams, the full Poincaré (FP) beam stands out for its
uniqueness, which presents all possible polarization states simultaneously on the Poincaré
sphere within its beam cross-section [11]. The complex polarization distribution of the FP
beam offers solutions for beam shaping [12], optical trapping [13], and polarimetry [14,15].
Moreover, studies have indicated that FP beams can notably reduce turbulence-induced
scintillations [16]. The FP polarization state can be represented on a hybrid Poincaré sphere,
with two eigenstates at the poles being the fundamental Gaussian mode and the Laguerre–
Gaussian mode with opposite circularly polarized states [11,17]. Consequently, the FP
polarization state can be synthesized using different types of interferometers [17–24]. Vari-
ous approaches, such as utilizing thermally stressed windows [11] and uniaxial crystals [25],
have also been proposed for generating the FP polarization state. However, to date, the
FP polarization state has been exclusively associated with spatially coherent light beams.

Photonics 2024, 11, 286. https://doi.org/10.3390/photonics11040286 https://www.mdpi.com/journal/photonics

https://doi.org/10.3390/photonics11040286
https://doi.org/10.3390/photonics11040286
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/photonics
https://www.mdpi.com
https://orcid.org/0000-0003-3258-8032
https://doi.org/10.3390/photonics11040286
https://www.mdpi.com/journal/photonics
https://www.mdpi.com/article/10.3390/photonics11040286?type=check_update&version=1


Photonics 2024, 11, 286 2 of 15

Consequently, the spatial distribution of the FP polarization state can be highly sensitive to
disturbances in the propagation path [26–29], and the speckle effect cannot be disregarded
during light-matter interactions due to fully coherent light modulations [30].

In this work, we propose an alternative method to synthesize the FP polarization
state, which exhibits robust characteristics when the beam encounters disturbances in its
propagation path. Our method relies on the spatial coherence engineering of a partially
coherent light beam, as opposed to a fully coherent light modulation. The spatial coherence
engineering refers to the modulation of the second-order spatial coherence structure of a
partially coherent beam, which has found use in a variety of applications including sub-
Rayleigh optical imaging, optical encryption, beam shaping, and optical measurement and
sensing [31–33]. Here, we use the technique of spatial coherence engineering to encode the
FP polarization state into the spatial coherence structure of the partially coherent beam. We
show that the vector nature of the FP polarization state transitions to the spatial coherence
structure during the encoding process, while the vectorness of the beam transitions back
to the polarization state during the partially coherent beam propagation. Consequently,
the encoded FP polarization state shows up again in the beam. Through spatial coherence
engineering, we show that the synthesized FP polarization state exhibits robust properties
even when a large obstacle is present to disturb the partially coherent source. The effect of
the spatial coherence area of the beam on the quality of the reconstructed FP polarization
state in the receive plane is also examined in this work.

This paper is organized as follows. In Section 2, we present the fundamental theory
of the FP beam and investigate the vector nature of the FP polarization state. Section 3
introduces the theory of spatial coherence engineering and elucidates how the FP polariza-
tion state encodes into the spatial coherence structure of a partially coherent beam source.
Theoretical analyses of the propagation properties of the partially coherent beam in the
source plane and during propagation in a stigmatic ABCD optical system are also provided
in Section 3. In Section 4, we detail the experimental setup for synthesizing the FP polar-
ization state and encoding it into the spatial coherence structure of the partially coherent
beam source. The experimental results are presented in Section 5. The robustness of the
fully coherent FP beam and the FP polarization state generated by the spatial coherence
engineering method is investigated in the same section. Finally, Section 6 summarizes the
main conclusions.

2. Theory of FP Beams

The polarization properties of a FP beam can be represented by the polarization
matrix [34]

Φ(v) = E∗(v)ET(v), (1)

where v is the transverse position vector, and the asterisk and the superscript T denote
the complex conjugate and matrix transpose, respectively. For the FP beam, its electric
field E(v) can be expressed as a linear summation of the fields located on the poles of a
higher-order Poincaré sphere, i.e., [11,17]:

E(v) = cos
(

Θ
2

)
EN(v) + sin

(
Θ
2

)
ES(v), (2)

where Θ ∈ [0, π] represents the polar angle in the spherical polar coordinates of the higher-
order Poincaré sphere. This angle governs the contributions of the fields on the poles to the
total electric field. When Θ = π/2, the contributions are equal, placing the polarization
state directly on the equator of the higher-order Poincaré sphere. Additionally, EN(v) and
ES(v) denote the electric fields at the north and south poles, respectively, and they are
expressed as

EN(v) = E0LG0,0(v)êR, (3)

ES(v) = E0LG0,l(v)êL. (4)
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Above, E0 is a real-valued coefficient specifying the amplitude, êR and êL are the unit
polarization vectors for the right- and left-handed circular polarization states, and

LG0,l(v) =

√
2

π|l|!

(√
2v

w0

)|l|

exp

(
−v2

w2
0

)
L|l|

0

(
2v2

w2
0

)
exp(ilφ), (5)

is the spatial profile for a Laguerre–Gaussian mode, where L|l|
0 (·) is the generalized Laguerre

polynomial, w0 is the waist radius, and (v, φ) are the polar coordinates of v. The phase
factor exp(ilφ) denotes the vortex phase with l being its topological charge. It is noted here
that in Equation (3), when l = 0, LG0,0(v) reduces to a fundamental Gaussian mode. The
superposition of a Gaussian mode and a Laguerre–Gaussian mode with opposite circular
polarization states creates the vector FP beams. From Equation (2), it is noticed that the
polarization state of the synthesized FP beam is closely related to the polar angle Θ. For
instance, when Θ = 0 or Θ = π, the total field E(v) is contributed only by EN(v) or
ES(v). Therefore, the beam will exhibit a spatially uniform polarization state (i.e., circular
polarization state). However, for other values of Θ, the synthesized beam will show the
spatially nonuniform polarization state. To describe the non-separable spatial mode and
polarization state of the synthesized beam, we may use the definition of the vector quality
factor [35], i.e.,

V =
√

1 −P2, (6)

where
P =

√
S2

1 + S2
2 + S2

3 /S0, (7)

denotes the global degree of polarization of the beam with Sj, j ∈ (0, 1, 2, 3) being the
spatial integral of the local Stokes parameters, i.e., Sj =

∫
Sj(v)d2v. Here, the local Stokes

parameters can be obtained by Sj(v) = tr[Φ(v)σ j], in which σ0 is the 2 × 2 identity matrix,
and σ1, σ2, and σ3 are the three Pauli spin matrices, expressed as

σ1 =

[
1 0
0 −1

]
, σ2 =

[
0 1
1 0

]
, σ3 =

[
0 i
−i 0

]
. (8)

From Equation (6), it is found that the vector quality factor V and the global degree of
polarization P are complementary. Both are positive real quantities confined within the
range of 0 to 1. The vector quality factor characterizes non-separability in spatial mode
and polarization, reflecting the vector nature of the beam. When V = 1, the beam is
purely non-separable in spatial mode and polarization, representing a pure vector beam.
Conversely, for V = 0, the spatial mode and polarization of the beam can be effectively
separated, reducing it to a scalar beam. In the intermediate range 0 < V < 1, the beam
retains a vector nature, yet its spatial mode and polarization are not purely non-separable.
Utilizing Equations (1)–(7), we determine that the vector quality factor of the FP beam is
obtained as

V = | sin Θ|, (9)

which depends only on the polar angle Θ. A pivotal observation is that when Θ = π/2,
V = 1, indicating the FP beam, with its polarization state positioned on the equator of the
higher-order Poincaré sphere, is purely vector. Conversely, at Θ = 0 and π (poles of the
sphere), V = 0, rendering the FP beams scalar in both scenarios. Generally, the degree of
vectorness diminishes as the polarization state moves farther away from the equator on the
higher-order Poincaré sphere.

3. Spatial Coherence Engineering

Previous studies have mainly focused on the FP polarization state carried by the fully
coherent beam. However, the polarization states are highly sensitive to disturbances in
the propagation path for the fully coherent vector beams. Although it has been proven
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recently that the degree of vectorness of a vector beam remains unchanged through complex
channels [36], such as atmospheric turbulence, the polarization state still suffers from beam
wander and Stokes-parameter scintillations induced by the fluctuations of the complex
media [37]. These disturbances distort the spatial distribution of polarization states in
vector beams, potentially making the encoded information challenging to discern.

To address these issues and synthesize the robust FP polarization states, here we
adopt the method based on spatial coherence engineering. Through this approach, the
FP polarization state can be embedded into the spatial coherence structure of a partially
coherent beam. Importantly, this strategy enhances robustness against disturbances owing
to the low-coherence property of the partially coherent beam. For a partially coherent beam,
its statistical properties can be characterized by a cross-spectral density matrix, i.e., [38]

Wαβ(r1, r2) = KαβT∗(r1)T(r2)µαβ(r1, r2), (10)

where Wαβ(r1, r2) with (α, β) ∈ (x, y) are the elements of the coherence matrix, r1 and r2
are two arbitrary spatial positions in the source plane of the partially coherent beam, Kαβ

are the constant factors, T(r) denotes the amplitude of the beam in the source plane, while
µαβ(r1, r2) is the normalized correlation function between the field components along the α
and β directions at two points r1 and r2. Through the spatial coherence engineering, the
polarization state of the FP beam is encoded in this correlation function. The normalized
correlation function can be represented by the polarization matrix of the FP beam as

µαβ(r1, r2) =
1

Kαβ

∫
Φαβ(v) exp[i2πv · (r1 − r2)]d2v, (11)

where the constant factor in such a case is equal to Kαβ = [
∫

Φαα(v)d2v
∫

Φββ(v)d2v]1/2,
ensuring that µαβ(r1, r2) is the normalized correlation function, and Φαβ(v) is the element
of the polarization matrix shown in Equation (1). The above equation can be viewed
as a generalized form of the van Cittert–Zernike theorem, in which the incoherent light
beam with an FP polarization state [Φαβ(v)] is transformed into a partially coherent beam
[µαβ(r1, r2)] by a Fourier transform system, e.g., the incoherent light beam is focused by a
thin lens.

The polarization state of the partially coherent beam with the encoded FP polarization
state can be described by the polarization matrix, which can be obtained by [34]

Φ(r) = W(r, r), (12)

where W(r, r) is the cross-spectral density matrix of the partially coherent beam with
r1 = r2 = r. Taking Equations (10) and (11) into Equation (12), we obtain that the polariza-
tion matrix for the partially coherent beam, which can be expressed as

Φ(r) = |T(r)|2
[

1 1
Kxy

∫
Φxy(v)d2v

1
Kyx

∫
Φyx(v)d2v 1

]
. (13)

Examining the polarization matrix, it becomes evident that the state of polarization is
spatially uniform for the partially coherent beam source. Moreover, we find that both the
local and global degree of polarization are independent of the spatial position and share a
common value:

P(r) = P = | cos Θ|. (14)

Considering Equations (6), (9), and (14), we observe that the local degree of polarization
of the synthesized partially coherent beam is equal to the global degree of polarization
of the encoded FP polarization state. Interestingly, throughout the transformation from
incoherent light to a partially coherent beam, both the global degree of polarization and the
vector quality factor of the beam remain constant. Notably, when a partially coherent beam
encodes a purely vector FP polarization state, it becomes completely unpolarized with a
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local degree of polarization P(r) = 0. However, even in this unpolarized state, the vector
quality factor V = 1 still holds, indicating that the unpolarized partially coherent beam is
purely vector. It is worth noting that the vectorness of the beam is now embedded in the
spatial coherence structure of the partially coherent beam rather than the polarization state.

During the propagation of the partially coherent beam, the evolution of its vectorness
transitions gradually from the spatial coherence structure to the polarization state. The
polarization matrix of the partially coherent beam, as it propagates through a stigmatic
ABCD optical system described by the transfer matrix with elements A, B, C, and D, is
obtained using a convolution relation [39]:

Φαβ(ρ) =
Kαβ

(λB)2 |T̃ (ρ/λB)|2 ⊗ µ̃αβ(ρ/λB), (15)

where ρ is the spatial position in the output plane, λ denotes the wavelength, the superscript
tilde denotes the Fourier transform, and ⊗ signifies convolution. In addition, the function
T (r) = T(r) exp(ikAr2/2B) with k = 2π/λ being the wavenumber and µ(r) is given
in Equation (11) by setting r1 − r2 = r. It is found in Equation (15) that, in general, the
polarization properties of the partially coherent beam during propagation are influenced by
both the amplitude and the spatial coherence structure of the beam source. However, when
the spatial coherence area for the beam source is sufficiently small, i.e., the Fourier transform
of T (r) is much faster compared to the Fourier transform of µ(r), the contribution from the
beam source’s amplitude can be neglected. In such a case, the polarization matrix during
propagation can be obtained as

Φαβ(ρ) ∝ µ̃αβ(ρ/λB), (16)

which means that the polarization properties of the beam are determined mainly by the
spatial coherence structure of the source. In addition, it can be seen from Equation (11)
that the Fourier transform of the spatial coherence function is connected to the polarization
matrix of the encoded FP polarization state. Consequently, the FP polarization state re-
emerges during the propagation of the partially coherent beam, even if the beam in the
source plane has a spatially uniform polarization distribution. The relationship illustrated in
Equation (16) establishes that the vectorness of the beam manifests again in the polarization
state of the beam.

We now turn to discuss the robustness of such a partially coherent beam. When
the beam is blocked partially in the source plane, the polarization matrix during prop-
agation can still be obtained by Equation (15), but with the function T (r) replaced by
T (r) = O(r)T(r) exp(ikAr2/2B), where O(r) denotes the transmission function of the
obstacle in the source plane. If the spatial coherence area Sc of the partially coherent beam
is significantly smaller than the aperture area So of the obstacle, the relation in Equation (16)
remains valid. This suggests that the encoded FP polarization state can be effectively
reconstructed in the output plane even when the beam source is blocked by the obstacle.
Notably, the quality of the recovered polarization state is independent of the shape of the
obstacle; it is solely determined by the relationship between the spatial coherence area and
the aperture area of the obstacle.

4. Experimental Setup

In this section, we discuss the experimental synthesis of the FP beams and encode the
FP polarization state into the partially coherent beam. The experimental setup is illustrated
in Figure 1a. A linearly y-polarized laser beam with a wavelength λ = 532 nm passes
through a beam expander (BE) and a reflecting mirror (RM) before being incident upon a
spatial light modulator (SLM). As depicted in Figure 1b, the screen of the SLM is divided
into two halves to independently generate two optical modes [40]. To synthesize the fully
coherent FP beam, the two modes correspond to the amplitudes of the x and y components,
respectively, for the FP beam. Both the amplitudes can be obtained from Equations (2)–(5).
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For the synthesis of the partially coherent beam, the SLM loads dynamic holograms, with
each hologram designed to generate the x and y components of the random vector mode.
Combining these random vector modes results in the synthesis of the partially coherent
beam. The physics behind is based on the complex random-mode representation of the
partially coherent beam [41,42], in which the cross-spectral density matrix can be written
as follows:

Laser

CCDRG L3L2HWPsSLM L1 Filter

0 3

0

3 1

0
0 3

0

3 1

0

RG L3 CCD

Partially coherent beam

(a)

(b) (c)

(e)(d)
Fully coherent beams

RM

BE

0 30 3

l = 1 l = 2 l = 3

+1

+1

(mm)x (mm)x (mm)x (mm)x

y 
(m

m
)

y 
(m

m
)

−3
−3

−3
−3

−3 −3

Figure 1. (a) Experimental setup for synthesizing the FP beam and encoding it into the spatial coher-
ence structure of a partially coherent beam. (b) Synthesis of vector mode by a spatial light modulator
with its screen split into two halves. (c) Experimental setup for studying the focusing properties
of the synthesized beams. (d) Simulation results of the instantaneous intensities and polarization
states of the random field realizations, as well as the averaged intensity, for the synthesized partially
coherent beam source with an FP polarization state of l = 1 and Θ = π/2 encoded. (e) Simulation
results of the intensities and polarization states for the synthesized fully coherent FP beams with
l = 1, 2 and 3 (Θ = π/2).

W(r1, r2) =
M

∑
m=1

λmE∗
m(r1)ET

m(r2), (17)

where Em(r) and λm are the complex random vector mode and the corresponding modal
weight of order m, respectively. In the complex random-mode representation method,
λm = 1 holds for all modes, and the complex random vector mode is obtained through

Em(r) = T(r)
∫

E(v)[am(v) + ibm(v)]/
√

2 exp[(−i2πr · v]d2v, (18)

where E(v) denotes the electric field for the FP beam [as given in Equation (2)], and
{am(v)} and {bm(v)}, with m ∈ (1, ..., M), are sets of outcomes of mutually uncorrelated,
real Gaussian random variables with unit variance and zero mean. In our experiment,
the amplitude function T(r) = exp[−r2/(4σ2

0 )], with σ0 being the beam waist. The FP
polarization states with different topological charges l can be encoded into the partially
coherent beam by modulating E(v) in Equation (18). In addition, the spatial coherence area
of the synthesized partially coherent beam can be controlled by modulating the spot size
of E(v). In general, a larger spot size will create a partially coherent beam with a smaller
spatial coherence area.
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The diffracted light from the SLM then enters a 4 f common path interferometric
system, which is composed of two thin lenses L1 and L2. The SLM is positioned in the
input plane of the 4 f system, while a two-pinhole filter is located in the frequency plane
(rear focal plane of L1) to selectively extract two +1 diffraction orders. These beams are
subsequently converted into x- and y-polarized states using half-wave plates (HWPs). In
the output plane (rear focal plane of L2), a Ronchi grating (RG) is employed to superpose the
two orthogonal modes into a single random vector mode [43]. By dynamically displaying
the holograms on the SLM, the partially coherent beam source with an FP polarization state
encoded in it can be synthesized immediately after the RG. The number of the holograms
required for synthesizing the partially coherent beam depends on the spatial coherence area
of the beam. As the spatial coherence area decreases, the necessary number of holograms
increases. In our experiment, we utilize M = 1000 holograms to synthesize the partially
coherent beam with low spatial coherence, which shows a good robustness property during
propagation. The thin lens L3 in Figure 1a is used to image the beam source onto the CCD.
The distances between the RG and L3, and between L3 and CCD, are both equal to 2 f3,
where f3 is the focal distance of L3. As shown in Figure 1c, when L3 is placed immediately
after RG, the focusing properties of the partially coherent beam can be studied.

To demonstrate the feasibility of the complex random-mode representation method,
we first conduct the simulations based on Equations (17) and (18). Figure 1d shows the
simulation results of the instantaneous intensities and polarization states of the random
field realizations for the partially coherent beam in the source plane. The averaged intensity
of the partially coherent beam with M = 1000 realizations is also shown in Figure 1d.
The encoded FP polarization state has parameters l = 1 and Θ = π/2. In such a case,
the vector quality factor of the FP beam is V = 1, and the synthesized partially coherent
beam is unpolarized. It is noteworthy that the random modes are fully coherent and fully
polarized despite the intensity and polarization state being spatially random. By adding
these random modes in an incoherent manner, the resulting field becomes partially coherent
and unpolarized. The simulation results in Figure 1d align well with our predictions. In
Figure 1e, we display the simulation results of the intensities and polarization states for
the fully coherent FP beams with different topological charges. For all three cases, the
polarization states are located on the equators of the higher-order Poincaré spheres. It is
clearly seen that the polarization states for the FP beams exhibit spatial nonuniformity.

5. Results and Discussion

In this section, we present and discuss the experimental results. In Figure 2, the
experimental results of the measured local Stokes parameters, polarization states, and
degrees of polarization for the FP polarization states with different polar angles are shown.
The experimental results for the corresponding partially coherent beams in the source
plane are also presented. For all three cases, the topological charges are equal to 1. The
polarization state for the FP beam with polar angle Θ = π/3, π/2, and 2π/3 is located in
the northern part, on the equator, and in the southern part of the higher-order Poincaré
sphere, respectively. The Stokes parameters for the partially coherent beam are measured
with the standard method [44].

When the polarization state is located in the northern part, we find in Figure 2a that
more right-handed circular (or elliptical) polarization states are present in the FP beam with∫

S3(v)d2v > 0. The resulting partially coherent beam in the source plane is, therefore,
partially polarized with the polarization state and the degree of polarization being uniform
in the space [see Figure 2b]. When Θ = π/2, we find

∫
S3(v)d2v = 0 for the FP beam. The

corresponding partially coherent beam source is unpolarized as illustrated in Figure 2d.
When the FP polarization state moves to the southern part of the higher-order Poincaré
sphere (Θ = 2π/3), we find that the beam predominantly exhibits left-handed circular (or
elliptical) polarization states with

∫
S3(v)d2v < 0. The corresponding partially coherent

source becomes partially polarized again with spatially uniform polarization properties
within the effective beam spot.
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Figure 2. Experimental results of the measured intensities, Stokes parameters, polarization states, and
degrees of polarization for the synthesized fully coherent FP beams (left panels) and the corresponding
partially coherent beam sources (right panels). In (a,b), l = 1 and Θ = π/3. In (c,d), l = 1 and Θ = π/2.
In (e,f), l = 1 and Θ = 2π/3. The red ellipses denote the right-handed circular (or elliptical) polarization
states, while the green ones denote the left-handed circular (or elliptical) polarization states.

To examine whether the condition shown in Equation (14) holds, we present experi-
mental results (depicted as blue dots) in Figure 3 for the variation of the local degree of
polarization P for the partially coherent beam in the source plane with the polar angle
Θ of the encoded FP polarization state. The red solid curve in Figure 3 represents the
theoretical result based on Equation (14). It is evident that the local degree of polarization
of the synthesized partially coherent beam can be controlled by the polar angle of the FP
polarization state. For the cases when Θ = 0 and Π, the polarization states for the FP
beams are located at the northern and southern poles, respectively. The FP beams, therefore,
become uniformly polarized with the vector quality factor V = 0. The local degree of
polarization for the corresponding partially coherent beams becomes 1. When Θ = π/2,
the vector quality factor V = 1 for the FP beam and the local degree of polarization for
the corresponding partially coherent beam becomes 0. For other values of Θ, the local
degrees of polarization for the partially coherent beams align well with the condition in
Equation (14). Our experimental results are consistent with the theoretical predications.

Next, we study the propagation properties for the fully coherent FP beams and for
the partially coherent beams with FP polarization states encoded in the spatial coherence
structures. Figure 4a–c present the experimental results for the Stokes parameters and
polarization states of the focused fully coherent FP beam with l = 1 and Θ = π/2 at
various propagation distances. In the source plane (z = 0), we find that the fully coherent
FP beam is well synthesized in the experiment with its polarization state being consistent
with the simulation result shown in Figure 1e. Both the spatial distributions for S1 and
S2 exhibit the two-petal shape, with S2 mirroring the shape of S1 through a 90-degree
clockwise rotation. The spatial distribution of S3, on the other hand, displays rotational
symmetry, featuring positive S3 in the central area and negative S3 in the surrounding
regions. As the fully coherent FP beam propagates, its polarization state undergoes a
counterclockwise rotation. Upon reaching the focal plane (z = f ), the polarization state
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rotates 90 degrees counterclockwise compared to its orientation in the source plane. This
rotation is attributed to the vortex phase embedded in the left-handed circularly polarized
mode [refer to ES(v) in Equation (4)] of the FP polarization state. The asymmetry in
vortex phase distributions within EN(v) and ES(v) contributes to the observable rotation.
In contrast, if the vortex phases in EN(v) and ES(v) are symmetric (e.g., for a radially
polarized beam), the rotation of the polarization state would not be visible during beam
propagation. Figure 4d,e showcase experimental results for the focal-plane intensities and
polarization states of FP beams with topological charges l = 2 and l = 3. Notably, the
observed rotation angle θ of the polarization state adheres to the condition θ = lπ/2.

P

0.75

0

0.25

0.5

1

0

Figure 3. The variation of the local degree of polarization P for the synthesized partially coherent
beam source with the polar angle Θ of the encoded FP polarization state. The blue dots denote the
experimental results, while the red curve is calculated by Equation (14).
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Figure 4. Experimental results of the intensities, Stokes parameters, polarization states, and degrees
of polarization for the focused fully coherent FP beam with l = 1 and Θ = π/2 at (a) z = 0 (source),
(b) z = 0.9 f , and (c) z = f (focal plane). (d,e) show the experimental results of the intensities and
polarization states for the fully coherent FP beams in the focal plane with l = 2 and l = 3.

In addition to the asymmetry vortex phases, the obstruction encountered by the
fully FP beam during its propagation also influences its polarization distributions. In
our experiment, we introduce a sector-shaped obstacle with an angle of 3π/2 and place
it in the source plane to partially block the FP beam. Figure 5a shows the blocked FP
beam with l = 1 in the source plane, where both the intensity and polarization state of
the beam are affected due to the obstacle. We can see that only the unobstructed part
of the FP beam is retained. The experimental results depicting the distributions of the
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polarization information in the focal plane for the FP beams with different topological
charges are presented in Figure 5b–d. As expected, the Stokes parameters (and, therefore,
the polarization state) in the focal plane undergo distortion due to the obstacle placed in
the source plane. These findings suggest that fully coherent FP beams are highly sensitive
to disturbances in their propagation path. Even when the fully coherent FP beam is not
completely blocked, the asymmetry in vortex phases within the beam induces rotation
during its propagation.
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Figure 5. Experimental results of the intensities, Stokes parameters, polarization states, and degrees
of polarization for the fully coherent FP beam (l = 1 and Θ = π/2) blocked by a sector-shaped
obstacle with an angle of 3π/2 at (a) z = 0 and (b) z = f . (c,d) show the experimental results for the
FP beams with l = 2 and l = 3 in the focal plane. The beams are blocked by the same obstacle shown
in (a,b).

We now turn to discuss the synthesis of a robust FP polarization state through the
spatial coherence engineering of the partially coherent beam. Figure 6a shows the average
intensity, Stokes parameters, and local degree of polarization of the synthesized partially
coherent beam in the source plane. The partially coherent beam source is created with
1000 complex random modes, and with the FP polarization state of Θ = π/2 and l = 1
encoded in it. As we have predicted, when the encoded beam has a vector quality factor
V = 1, the synthesized partially coherent beam in the source plane is locally unpolar-
ized. The experimental results shown in Figure 6a align with our predictions. Due to the
modulation of the vectorial spatial coherence structure, the encoded FP polarization state
reappears during the propagation of the partially coherent beam. This is confirmed in
our experimental results presented in Figure 6b,c. Comparing the spatial distributions of
the Stokes parameters shown in Figure 6b,c with those for the encoded FP polarization
state shown in Figure 4a, we find that, indeed, the polarization state appears in the beam
again. Notably, unlike the polarization state of a fully coherent FP beam, which undergoes
rotation during propagation, the partially coherent beam maintains a consistent spatial dis-
tribution of the polarization state at various propagation distances. This consistency arises
from the fact that the polarization state is locked in the spatial coherence structure of the
partially coherent beam source. Furthermore, when comparing the degree of polarization
in Figure 6a–c, it is observed that the beam becomes more polarized with an increase in
propagation distance. In the focal plane, we find that the beam is nearly fully polarized
within the effective beam region. By modulating the dynamic holograms loaded in the
SLM [achieved through modulating E(v) in Equation (18)], FP polarization states with
different topological charges can be encoded into the partially coherent beam. Figure 6d,e
show the experimental results for the focal-plane intensities and polarization states of the
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partially coherent beams with l = 2 and l = 3. Comparing Figure 6d,e with Figure 1e, we
find that the encoded higher-order FP polarization states are recovered in the focal plane.
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Figure 6. Experimental results of the intensities, Stokes parameters, polarization states, and degrees of
polarization for the focused partially coherent beam, with FP polarization state of l = 1 and Θ = π/2
encoded, at (a) z = 0 (source), (b) z = 0.9 f , and (c) z = f (focal plane). (d,e) show the experimental
results of the intensities and polarization states for the partially coherent beams in the focal plane
with the FP polarization states of l = 2 and l = 3 encoded.

The robustness of the partially coherent beam is assessed by introducing the same
sector-shaped obstacle used in Figure 5 into the source plane of the partially coherent
beam. We note that only the initial intensity and polarization are affected by the obstacle, as
depicted in Figure 7a. The second-order spatial coherence structure of the partially coherent
source remains unaffected. Since the FP polarization state is encoded only in the spatial
coherence structure, the focal-plane polarization state can, therefore, be well recovered.
Figure 7b–d present the recovered polarization distributions for the partially coherent
beams with l = 1, l = 2, and l = 3 that are obstructed by the sector-shaped obstacle. We
find that the recovered polarization states in the focal plane are consistent with the encoded
FP polarization states and are nearly unaffected by the obstacle placed in the source plane.
These experimental results are in agreement with the theoretical predication outlined in
Equation (15). When the spatial coherence area of the beam source is significantly smaller
than the opening area of the obstacle, the recovered focal-plane polarization state is solely
determined by the encoded state in the partially coherent beam source.

The quality of the focal-plane FP polarization state is clearly related to the spatial
coherence of the engineered partially coherent beam source. In our experiment, we in-
vestigated the relationship between the source’s spatial coherence and the quality of the
focal-plane polarization by manipulating the spatial coherence of the beam source and
adjusting the size of the obstacle. In Figure 8, we examine two scenarios with lower and
higher spatial coherence compared to Figures 6 and 7. The sector-shaped obstacles have
angles of θ = π and θ = 7π/4, representing smaller and larger obstacles, respectively. The
spatial coherence of the partially coherent beam is controlled by varying the beam waist
of E(v) in the experiment. Figure 8a illustrates the spatial distributions of polarization
information in the case of a lower spatial coherence and a smaller obstacle, demonstrating
the attainment of a high-quality FP polarization state in the received plane. In contrast,
Figure 8b presents spatial distributions for a higher spatial coherence and a smaller obstacle,
revealing slightly distorted patterns in intensity and polarization state, lower contrast in
the Stokes parameters, and a reduced degree of polarization. This emphasizes that a higher
spatial coherence results in the lower quality and less robustness of the focal-plane FP polar-
ization state. Subsequently, we increased the angle of the sector-shaped obstacle. As shown
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in Figure 8c, due to the smaller spatial coherence, the high-quality FP polarization state can
still maintain in the focal plane. However, in the case of the higher spatial coherence, the
quality of the FP polarization state in the focal plane is obviously abnormal as shown in
Figure 8d. A comparison of the degrees of polarization between Figure 8b,d reveals that
with the increase in obstacle area, the beam in the focal plane becomes less polarized.
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Figure 7. Experimental results of the intensities, Stokes parameters, polarization states, and degrees
of polarization for the partially coherent beam (with FP polarization state of l = 1 and Θ = π/2
encoded) blocked by a sector-shaped obstacle with an angle of 3π/2 at (a) z = 0 and (b) z = f .
(c,d) show the experimental results for the partially coherent beams with l = 2 and l = 3 in the focal
plane. The beam sources are blocked by the same obstacle shown in (a,b).
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Figure 8. Experimental results of the focal-plane intensities, Stokes parameters, polarization states,
and degrees of polarization for the partially coherent beams with FP polarization state of l = 1
and Θ = π/2 encoded. In (a,c), the spatial coherence area of the beam source is smaller than that
in Figures 6 and 7, while in (b,d), the spatial coherence area of the source is larger than that in
Figures 6 and 7. In (a,b), the beam sources are blocked by the sector-shaped obstacle with an angle of
π, while in (c,d), the beam sources are blocked by the sector-shaped obstacle with an angle of 7π/4.

6. Conclusions

In summary, we introduced a novel approach to synthesize robust full Poincaré (FP)
polarization states through the spatial coherence engineering of a partially coherent light
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beam. The experimental demonstration illustrated the effective encoding of FP polarization
states into the second-order spatial coherence structure of the partially coherent beam
source using the complex random-mode representation method. Throughout the encoding
process, we found that although the vectorness of the beam remained constant, the vector
nature transitioned from the polarization state of the FP beam to the spatial coherence
structure of the partially coherent source. Remarkably, during the propagation of the
engineered partially coherent beam, the vectorness reverted to the polarization state,
leading to the reemergence of the encoded FP polarization state in the beam. Our findings
indicate that, with a sufficiently small spatial coherence area for the partially coherent
source, a high-quality FP polarization state with a high local degree of polarization could
be synthesized in the focal plane of the focused partially coherent beam. Notably, the high
quality and high degree of polarization of the FP polarization state persisted even when
the engineered partially coherent beam source was significantly obstructed by an obstacle.
These results present a novel method for synthesizing robust FP polarization states, with
potential applications in optical imaging and optical trapping through complex media.
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