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Simultaneous dynamic detection of phase and polarization
topological charges of Poincaré beams

Xiangle Li*, Junna Yao?, Shuimei Wu?, Qiwen Zhan? and Anting Wang*

Abstract: Poincaré beams (PBs), characterized by their entanglement between helical wavefronts and vectorial polar-
ization, serve as high-dimensional information carriers in classical and quantum optics. The topological charge (TC) is
the fundamental parameter governing their singularity structure; however, characterizing the phase and polarization
TCs simultaneously remains a significant challenge. Conventional approaches are often limited to static measure-
ments or decouple these parameters through complex, multi-step processes, failing to capture the real-time dynam-
ics essential for modern optical communications. Here, we demonstrate a robust, single-shot detection system capa-
ble of simultaneously resolving phase and polarization TCs for arbitrary states on the hybrid-order Poincaré sphere
(HyPS). By leveraging a pair of Pancharatnam-Berry optical elements (PBOEs), we implement a conformal mapping
that transforms the full angular momentum eigenstates into spatially separated coordinates. This unigue configura-
tion allows for the direct readout of TCs through position encoding, effectively decoupling the spin and orbital angu-
lar momentum components. We experimentally validate this method by detecting the dynamic evolution of PBs
across eight different HyPSs with component orders up to 20, confirming its capability to distinguish between scalar,
vector, and hybrid modes in real-time. This work establishes a versatile framework for the dynamic decoding of
structured light, holding profound implications for high-capacity optical communications and information encryption.
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1 Introduction

Light possesses diverse degrees of freedom that can be
harnessed to carry information. Beyond the spin angular
momentum (SAM) associated with circular polarization',
vortex beams endowed with helical phase structures carry
orbital angular momentum (OAM) of A per photon, where
I denotes the topological charge (TC)>*. SAM is associated
with the circular polarization state of light, while OAM is
related to its phase distribution*°. Poincaré beams (PBs),
as typical vector vortex beams, can be generated by the
superposition of two orthogonally circularly polarized
vortex beams with different phase TCs. Due to their rich
spatial polarization variations and unique helical wavefronts,

PBs have found widespread applications in fields such as
optical microscopy’, laser remote sensing®, and optical
communications®'2

Recently, switchable PBs have been generated by rotating
optical elements and all states on the hybrid-order Poincaré
sphere (HyPS) can be obtained!®. The HyPS serves as a
geometric framework for PBs, generalizing both the high-
order Poincaré sphere (HOPS) and the traditional Poincaré
sphere (TPS)'*2°. Within this framework, PBs are uniquely
characterized by two types of topological indices: the phase
TC and the polarization TC*?2. The phase TC describes
the global helical wavefront and the overall OAM carried by
the PBs, while the polarization TC governs the spatial distri-
bution of the polarization vector??. These two param-
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eters together determine the singularity structure and the
high-dimensional information capacity of the structured
light. Although the HyPS framework enables the descrip-
tion of polarization-phase evolution, current studies have
primarily focused on total angular momentum or static
polarization states, often neglecting the dynamic interplay
between phase and polarization TCs?%".

Numerous breakthroughs have been achieved in the
manipulation of structured light in recent years*—. The
explosive growth of techniques for generating complex
optical fields has led to an urgent demand for detecting and
decoding phase and polarization TCs, particularly in practi-
cal applications such as optical communications and quan-
tum information processing®*?. Conventional detection
methods, such as Stokes polarimetry, typically require
sequential measurements and extensive post-processing,
rendering them unsuitable for capturing rapid state evolu-
tions*3. Since 2010, optical conformal transformation
corresponding to the coordinate transformation of beams
have promoted the development of separation and measure-
ment for OAM beams carrying phase TC*~*". Furthermore,
the spin-dependent response of Pancharatnam-Berry opti-
cal elements (PBOEs) has been utilized to effectively
measure the polarization TC of cylindrical vector beams™.
However, a unified approach that combines conformal
mapping with PBOEs to simultaneously disentangle and
measure both phase and polarization TCs during the
dynamic evolution of orthogonal eigenstates remains
elusive.

In this work, we propose and experimentally demonstrate
a compact optical system that bridges this gap. By combin-
ing switchable PBs and conformal transformation, we
achieve the simultaneous characterization of total angular
momentum eigenstates on the HyPSs via a single measure-
ment. We utilize PBOEs to introduce conjugate spatial phase
modulations, which reshape the donut-shaped PBs into two
distinct linear patterns. The transverse displacements of
these patterns directly correlate with the phase and polariza-
tion TCs, effectively separating the orthogonal eigenmodes
to the encoding positions of the channels. Here we demon-
strate the real-time detection of phase and polarization TCs
during dynamic switching of PBs across 8 different HyPSs
with component orders reaching up to 20. This work offers a
solution to efficiently and dynamically analyze the TCs and
orthogonal eigenstates of PBs and show whether the modes
are pure scalar, pure vector, or hybrid, which may find
applications in optical communications, information
encryption, and quantum information science.

2 Methods
2.1 Switchable generation of PBs on HyPS

As shown in Fig. 1, the HyPS framework geometrically char-
acterizes: i) the vector vortex beams with States A-D on the

equator and States G-H between the equator and the poles,
ii) the right circularly polarized vortex beam such as State E
is at the north pole, and the left circularly polarized vortex

beam such as State F is at the south pole. Any state ’ Wm,n>

on HyPS can be mapped to the space-variant polarization
field of a light beam carrying OAM, which can be repre-
sented by a linear superposition of the two poles.

V) = V2 [R) + v7 L) W

where {|R,), |L,)} are the orthonormal circular polariza-
tion components that represent the right and left circularly
polarized optical vortex with phase TC of m and n, {y%, y" }
are the coefficients. The components are defined as

exp (img) [1,1]"
RI=T
. AT 2)
_ exp (ing) [1, —]
\/i )
where ¢ is the azimuthal angle. HyPS reduces to HOPS
when m = —n # 0, and further degenerates to the typical
TPS when m = —n = 0. The variations of all states are
manifested both geometrically through (26, 2¢) coordinates
and algebraically via superposition coefficients {y, y}.
Equation (1) can be further rewritten as

\wm,n> = exp (iAg) - (v [R-s) + 7 [Ls)) . (3)

where A = (m + n)/2 and B = (n — m)/2 are the topologi-
cal indices of the PBs. Physically, A is defined as the phase
TC, representing the global helical phase of the beam. Mean-
while, B is defined as the polarization TC, which dictates the
local polarization rotation rate and the vector topological
structure. Figure 1 shows how the HyPS represents the PBs
when m = 0 and »n = 2. In this case, both the phase and
polarization TCs are 1,i.e, A =B =1.

By comparing with Eq. (1), we see that an additional heli-
cal phase added to HOPS will evolve into HyPS. Therefore,
VPs were used in our experiment to achieve this effect. The
VP is essentially a half-wave retarder that produces either a
vector polarized beam or a vortex beam, depending on the
polarization state of the incident beam. The fast axis « of VP
rotates continuously in the optical area:

| L)

_ by
T2
where [ and «, are the order and initial orientation of the
optical axis of the VP. Here we default the phase retardance
of VP to mand «, to 0. The Jones matrix of VP is defined by

o + & (4)

cos (lp)  sin (lp) 5)
sin (lp) —cos (lp)| ~
The VP can introduce a geometric phase to modulate the

wavefront of the incident beam. An arbitrary uniformly
polarized vortex beam with the phase TC of I, passing

=
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Fig. 1 | The geometric framework of the HyPS for m = 0 and n = 2 is defined by the Stokes parameters §,,S, and S, as the primary axes. Points on
the sphere are denoted by the coordinates (20, 2¢), where 26 is equal to the initial phase difference between |R,,)and |L,), and 2¢ is determined by y

and y?. The inset shows the intensity and polarization distributions of States A—H on the sphere. Black circles, white circles, and red line segments repre-
sent the right circular polarization, the left circular polarization, and linear polarization, respectively.

through a VP of order J, can be expressed as

ly) =M, - (exp (iLo) - “/’0,0>>
=exp (ihg) - ‘vczz,zz>
= ‘1//11—12,11+12> ) (6)

where ‘ 1//o,o> is the state on the TPS. Comparing Egs. (1),
(3) and (6), it can be found that using VPs of order f,and [,
is able to generate PBs on HyPS of m =1L — L,yn =1 + .
All states ‘ 1//m7n> on this HyPS can be obtained by changing
the polarization state of the incident vortex beam.

2.2 Conformal transformation theory of PBOEs

PBOE is essentially a half-waveplate with two-dimensional
orientation patterns, and its Jones matrix is as shown in
Eq. (5):

sin2a(x, y)
—cos2a(x, )

cos2a(x, y)

T(xy) = sin2a(x, y)

; @)
here, « (x,y) denotes its optical axis distribution. For an
incident field with circularly polarized components
{|R), |L)}, the PBOEs will introduce conjugate spatial

phase modulations of —2c (x,y) and 2a (x, y), respectively,
while the circularly polarized components of the output field
are converted to {|L), |R)}. Since PBOEs are pure phase
optical elements that act independently on the two SAM
eigenstates, we exploit this property to design a pair of
PBOEs and construct a 4-f imaging system. This system
enables the simultaneous separation of OAM and SAM
of PBs, represented by their orthogonal eigenstates
{|Rw), |L,)}. This process is achieved through a confor-
mal mapping that transforms PBs from the initial Cartesian
coordinates (x,y) to the final log-polar coordinates (u,v).
The Cartesian-to-log-polar coordinate transformation
requires 4 = —a - In (/% + »*/b) and v = a - arctan (y/x).
PBOE1 performs the phase transformation from a donut-
shaped beam to two relatively parallel rectangular beams,
and its optical axis distribution o, (x,y) can be derived
through stationary phase approximation as*!

/ A2 2
a (x,y) = 7;—;_ ly'arctan (%) —x-In <xb+y> +x

i

(8)
where A is the wavelength, f is the focal length of the lens
between the two PBOEs, and a and b are used to adjust the
beam size and position in the (u,v) plane. PBOE2 performs
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phase correction to compensate for the phase. Similarly,
o, (u,v) can be derived as

M+ﬂib.ex _M -COSK (9)
p Af P a a’

According to Fourier optics, a linear phase gradient on
the plane is transformed by the lens into a spatial shift at the
focal plane. As a tilt phase parameter, p is used to adjust the
beam shift on the CCD3 plane. To achieve more accurate
OAM spectra, we replace the spherical lens with a cylindri-
cal lens (CL) after PBOE2, focusing the rectangular beams
into narrow lines to preserve spatial information integrity*.
The parameters of PBOEs are a=1 mm, b=3 mm, p=1.5 mm,
and f=100 mm.

o, (u,v) =

3 Results and discussions

The paraxial fundamental Gaussian beam at 532 nm from
the LD is applied as the laser source. The experimental setup
is composed of three functional parts as shown in Fig. 2:
Beam Switcher, Phase Transformer, and Phase Corrector.
For clearer description, these components in Fig. 2 are
marked in yellow, pink, and cyan, respectively. The optical
elements used in Beam Switcher include LPs, VPs, and
QWPs, which can be used to switch PBs on the same HyPS
or across different HyPSs. Phase Transformer consists of
PBOEL and a lens with a focal length of 100 mm, while
Phase Corrector includes PBOE2 and CL with a focal length
of 100 mm. The PBOEs are fabricated using the photo-align-
ment liquid-crystal in a thin film with a total pixel count of
1920x1920 and an individual pixel size of 5 um.

As shown in Fig. 3, the eight optical path configurations
of Beam Switcher are listed, with the corresponding HyPSs
labeled as Sphere 1 to Sphere 8. The orders of VP1 and VP2
are 2 and 4, respectively, and VPs are employed to generate

helical phases or inhomogeneous polarization distributions.
In addition, the angles in the figure represent the transmis-
sion axis of LP or the fast axis of QWP relative to the x-axis.
By rotating the optical elements in the setup, all states of the
HyPSs can be obtained. These are categorized and described
by color: the first four Spheres (Sphere 1 to Sphere 4, high-
lighted with a green background) represent specific HyPSs,
while the latter four Spheres (Sphere 5 to Sphere 8, high-
lighted with a blue background) correspond to HOPSs.

Taking Sphere 1 as an example, LP and QWP1 are used to
generate a right circularly polarized beam, which is
converted to a left circularly polarized beam with an addi-
tional phase TC when passing through VP1. QWP2 and
QWP3 transform it into an arbitrarily polarized vortex
beam. Subsequently, VP2 is used to modulate the polariza-
tion distribution of the beam, which ultimately produces
PBs on the HyPS with m = —2 and n = 6. Orthogonal opti-
cal axes in QWP4 and QWP5 create compensating phase
differences, nullifying their effects on the polarization and
phase distribution of the beam.

Figure 4(a) and (b) show the generation of PBs on Sphere
1 and Sphere 5, respectively, by comparing States A, E, and
F. Each row displays the intensity profiles of the beams
before and after passing through different polarization
analyzers, with the transmission axes of the analyzers labeled
above the figures. The number of lobes in the images after
the polarization analyzers is twice the absolute value of the
order of VP2. In Fig. 4(a), it can be observed that the right
and left circularly polarized vortex beams of State A on
Sphere 1 have different central dark spot sizes, which proves
that the beam is formed by the superposition of compo-
nents with different TCs. This is further validated by
the images before and after the polarization analyzers for
States E and F, where the north pole State E is a right circu-
larly polarized optical vortex with phase TC of -2, and the

Laser source

CCD1 CCD2 CCD3
Laser source® Beam Switcher sy ® Phase Transformer B ® Phase Corrector B

a, (u, v) of PBOE2

Fig. 2 | (a) Schematic of the experimental setup for generating switchable PBs and detecting TCs. (b) The angle functions g, (x, y) of PBOEL and a, (u, v) of

PBOE2 are on the right side of the schematic. (c) PBs are generated using Beam Switcher (yellow), then mapped through Phase Transformer (pink) and
Phase Corrector (cyan). LP: linear polarizer; QWP: quarter wave plate; VP: vortex plate; BS: beam splitter; CL: cylindrical lens; CCD: charge-coupled device.
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Spheriements (LP, QWP1) g\‘jsi (QWP2, QWP3) ggs; (QWP4, QWPS) | (m, n)
1 (0°, 45°) varied (0°,90°) (-2, 6)
2 (0°, -45°) varied (0°,90°) (-6, 2)
3 (0°, 45°) varied (0°, 0°) (6,-2)
4 (0°, -45°) varied (0°, 0°) (2,-6)
2 4
5 varied (0°,0°) (0°,90°) (-6, 6)
6 varied (0°,90°) (0°,90°) (-2,2)
7 varied (0°,0°) (0°,0°) (6, -6)
8 varied (0%, 90°) (0°,0°) (2,-2)

Fig. 3 | HyPSs obtained corresponding to different optical path settings.
(green), and Spheres 5-8 are HOPSs (blue). m and n are TCs of the north an

Elements are the devices used in the Beam Switcher, Spheres 1-4 are HyPSs
d south poles, respectively.

south pole State F is a left circularly polarized optical vortex
with phase TC of 6 (ie, {|R_,), |Ls)}). In contrast,
Fig. 4(b) shows that the central dark spots of the right and
left circularly polarized components of State A on Sphere 5
are of the same size, as State E is a right circularly polarized
optical vortex with phase TC of -6, and State F is a left circu-
larly polarized optical vortex with phase TC of 6 (ie.,

{IR=s), [Ls) })-

50 um — /N (OO

=
Sphere 1

E

Fig. 4 | Generation of PBs on Sphere 1 and Sphere 5. (a) States A, E and F
on Sphere 1. (b) States A, E and F on Sphere 5. Intensity profiles show pre-

and post-analysis states, with analyzer orientations indicated above
columns.

After generating switchable PBs using Beam Switcher, the
beam sequentially passes through Phase Transformer and
Phase Corrector. Figure 5(a) numerically simulates the
evolution of the intensity distribution of State A on Sphere
1. Initially, a donut shape (z = 0, at the PBOEI plane which
is also the CCD1 plane) transforms into two parallel rectan-
gles (z =200 mm, at the PBOE2 plane which is also the

260005 (

CCD2 plane), which further evolve into two straight lines
through focusing by CL (z =400 mm at CCD3 plane).
Additionally, the optical elements encountered by the beam
at different propagation distances are labeled along the z-
axis. It can be found that the two circularly polarized
components are unfolded in different ways after passing
through PBOEL, with |R) above and |L) below. The unique
optical axis distribution of PBOE2 allows for distinct phase
corrections on the two rectangles, enabling the beam to
propagate in parallel. As shown in Fig. 5(b), we divide the
image plane into four quadrants along the white dashed
lines at x = 0 and y = 0, which can intuitively characterize
the full angular momentum eigenstates of switchable PBs.
The right circularly polarized components |R) appears in
the +y regions and |L) in the —y, while |R,~,) and | L,<,)
are focused on the +x side, and |R,,) and |L,.,) are
focused on the —x side. It is precisely due to the unique
properties and phase distribution of PBOEs that act like a
diffraction grating, effectively separating {|R,), |L,) } and
sorting them by their signs.

As shown in Fig. 6, the experimental and simulated results
of the optical conformal transformation for State A on
Sphere 1 and Sphere 5 (as illustrated in Fig. 4) are presented.
The image captured by CCD3 is similarly divided into four
quadrants like in Fig. 5(b). By comparing the experimental
results with the simulation results, two main differences can
be found. First, PBs emitted from the Beam Switcher are
visible at the center of the experimental images, which is
because the optical elements used are all transmissive, and
the conversion efficiency of the phase elements is not 100%;
second, some side lobes are generated around the central
components at the CCD3 plane, which is because the rectan-
gular plane wave exhibits as an amplitude profile of a sinc
function in the Fourier plane.

As shown in Fig. 6(b) and (f), the two circularly polarized
components {|R_,), |Ls)} of State A on Sphere 1 are
located on opposite sides in the y-direction and are offset in

Page 5 of 10)
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a

48
€
£ 0
N

_48 .

3 100 200 300
PBOE 1 Lens PBOE 2 .
z (mm) CCD3

Fig. 5 | Simulation of the propagation of State A on Sphere 1. (a) The intensity profiles of PBs as it propagates through Phase transformer and Phase correc-
tor sequentially. Pink and cyan are used on the x-z propagation plane to differentiate between the two parts. (b) The four quadrants of the image plane

represent different PB eigenstates.

State A on Sphere 1

State A on Sphere 5

CCD2

CCD2

Exp.

IRl |+66x

Sim.

[Lg) —| }<—b.ﬁu 50 um

Fig. 6 | Intensity distributions of optical conformal transformation of State A on Sphere 1 (a, b, e, f) and Sphere 5 (c, d, g, h). (a—d) are the experimental
results recorded by CCD2 or CCD3, while (e—h) are the corresponding simulation results.

the x-direction. In contrast, as shown in Fig. 6(d) and (h),
the two circularly polarized components {|R_4), |Ls) } of
State A on Sphere 5 lie on a straight line in the x-direction.
According to the theory of optical conformal transforma-
tion, the displacement of the focused lines in the x-direction
is determined by TC. For |R), the sign of the displacement
matches the sign of TC, while for |L), the sign of the
displacement is opposite to that of TC. Moreover, their rela-
tionship is linear®, with the spacing between adjacent TCs
for both components being dx = Af/2ma. Calculations show
that the distance in the x-direction between {|R_,), | L)}
is A = 46x ~ 33.9 um, which is close to the experimentally
measured distance A = 33.6 um in Fig. 6(b). Therefore,
arbitrary PBs with unknown TCs can still be regarded as a
superposition of two orthogonal circularly polarized compo-
nents after undergoing geometric transformation. The
designed PBOEs remain effective in separating and sorting
these components according to their OAM signs. By directly
identifying the mode orders m and n from the output inten-
sity distribution, the phase TC A = (m+n)/2 and the
polarization TC B = (n — m)/2 can be rapidly calculated.
By rotating QWP2 and QWP3 in Beam Switcher, States

A-H shown in Fig. 1 can be obtained on Sphere 1. Different
eigenmode compositions of switchable PBs are observed in
the image plane of CL. Figure 7(a-h) show experimental
results, while Fig. 7(al-h1) present simulations, both aligned
with States A-H. As mentioned earlier, the latitude 2¢ of PBs
on the sphere determines the superposition coefficients of
the orthogonal circularly polarized components at the poles.
The relative intensities of the focused lines on either side of
the y-axis in the image plane of CL directly reflect the rela-
tive magnitudes of the two components, i.e., their contribu-
tions to the total field of PBs. As a state approaches the north
pole, the right circularly polarized component |R)

contributes increasingly to the total field, with its propor-
tion rising until only |R) remains at the pole, while the left
circularly polarized component |L) diminishes to zero.
Similarly, the opposite occurs at the south pole, where | L)

dominates and |R) vanishes. Figure 7(a-d) and 7(al-d1)
correspond to States A-D on the equator of the HyPS, where
both components have equal intensity. Figure 7(e) and 7(el)
represent the north pole State E, where only |R) exists, and
|L) is absent. Figure 7(f) and 7(f1) correspond to the south
pole State F, where only |L) exists, and |R) is absent.

260005 (Page 6 of 10)
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Figure 7(g) and 7(gl) show State G at latitude 2e = n/4,
where |R) has a larger proportion and higher intensity,
appearing brighter. Conversely, Fig. 7(h) and 7(h1) show the
inverse scenario. It can be observed that the experimental
results are in good agreement with the numerical simula-
tions. Figure 7(i) depicts the normalized intensity profiles of
the orthogonal circularly polarized components {|R_,) ,

|Ls) } of State A on Sphere 1 along the horizontal cut. Here,
the horizontal axis represents the detected TCs, while the
vertical axis represents the normalized intensities of |R)

(red) and |L) (blue) respectively. The normalized intensity
is the power of the detected TC accounting for the total
power of all channels in their respective eigenmodes. As
mentioned above, some light will leak into adjacent regions.
Therefore, the crosstalk ratio can be quantitatively defined
as the proportion of optical energy leaking from the target
state into adjacent detection regions. This implies that the
side lobes generated by the sinc function may lead to
crosstalk and overlap between neighboring TCs*. However,
in our work, due to the inherent properties of the PBs and
the designed PBOEs, the output intensity of |R) appears
above x = 0, while that of |L) lies below x = 0. This natu-
ral separation effectively avoids central intensity competi-
tion between the two modes, thus ensuring high accuracy
and reliability of the detection results.

By changing the orders of VP1 and VP2 in the optical
setup in Fig.2 to 4 and 16, respectively, we can generate PBs
on the HyPS with m = —12 and n = 20. Its two orthogonal
circularly polarized components are {|R_1,), | L) }. Exper-
imental results and numerical simulations of State A on this
sphere are shown in Fig. 8, where Fig. 8(a,b) and 8(e,f) are
the images captured by CCD1. The white arrows at the
bottom right of the images are the directions of the trans-
mission axis of the polarizer. Fig. 8(b) and (f) display the
images after passing through a polarizer in the x-direction,
with the number of lobes in the images being 32. Figure 8(c)
and (g) are the images captured by CCD2, compared with
the unfolded PBs on the previous spheres, it can be observed

that the two rectangular beams not only have bigger left-
right misalignment in the x-direction but also exhibit
increased curvature due to the higher TC. Figure 8(d) and
(h) are CCD3 images, in which the distances between the
two circularly polarized components and the white dashed
line at x=0 are labeled. Here, |L,,) exhibits greater x-direc-
tional displacement and deformation than |R_,,) , making it
more prone to crosstalk in TC channels, as evidenced by
both experimental and simulated data.

Building on this, we explored the evolution of the orthog-
onal eigenstates during the PBs switching process. Video
1 demonstrates continuous state transformation (E->A-F)
on Sphere 1 (see Visualization 1), whereas Video 2 illus-
trates transformation between spheres: E (Sphere 6) > A
(Sphere 1) > F (Sphere 5) (see Visualization 2). The former
illustrates the evolution of different states on the same
sphere, while the latter describes the evolution of different
states across different spheres. The switching of PBs is not
only reflected in the central dark spot of the CCD1 images
but also can be observed through the relative positions and
intensities of the dual rectangular beams or eigenmode
composition. We believe that the discrepancies between the
experimental results and numerical simulations are primar-
ily due to imperfections in the fabrication of our PBOEs and
the optical misalignment introduced during the modulation
process of the whole system, which lead to incomplete phase
transformation and correction. Nevertheless, we can still
detect the prominent central components of the two orthog-
onal eigenstates in the image plane. Compared with the
widely used interferometry for detecting the phase TC or
Stokes parameter analysis for detecting the polarization TC,
our proposed system requires neither a stable reference
beam nor frequent adjustments of optical components,
making it simpler for the dynamic detection of both phase
and polarization TCs in a single measurement. Furthermore,
in practical applications, CCD1 and CCD2 can be omitted,
and CCD3 is needed to accomplish single-shot measure-
ment of the PBs. In addition, CCD3 can also be replaced by
a 1D line-scan CMOS sensor. This hardware simplification

200 pum

TC of detection of |R)
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Fig. 7 | Intensity profiles of the components of States A-H on Sphere 1. (a—h) are the experimental records, while (al-h1) are the corresponding simulation
results. (i) normalized intensity profiles along a horizontal cut of | R) (red) and | L) (blue) of State A on Sphere 1.
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Fig. 8 | Intensity distributions over the entire light path of State A on HyPS

are the corresponding simulation results.

with m = —12 and n = 20. (a)—(d) are the experimental records, while (e)—(h)

drastically reduces both the overall cost and the system
footprint, while effectively enabling real-time, high-speed
decoding.

4 Conclusions

In this paper, we propose and experimentally demonstrate a
system based on the optical conformal transform, which can
not only detect the phase and polarization TC of PBs, but
also be used to characterize eigenmode decomposition for
switchable PBs with different TCs. By engineering the
geometric phase through a pair of PBOEs, our system imple-
ments a polarization-selective mapping that unfolds the heli-
cal phase gradients of orthogonal eigenstates into spatially
separated, linear coordinates. This approach overcomes the
limitations of traditional methods by eliminating the need
for iterative measurements, thereby allowing for the
dynamic resolution of both isolated and coupled TCs. The
experimental results, covering dynamic switching across
various HyPSs, confirm that the system can intuitively visu-
alize the eigenmode composition and evolution of complex
vector beams. Even under the influence of turbulence or
disturbances, the structured vector field is transformed
through conformal mapping, which reduces it to a simple
one-dimensional displacement. A single peak under
crosstalk can still be easily detected. This greatly facilitates
subsequent mode recognition and error compensation
through integration with machine learning or detector
arrays. Consequently, this technique serves not only as a
robust characterization tool for researching vector field
singularities but also as a high-speed decoder for switchable
optical signals. We anticipate that this capability for instan-
taneous characterization will play a pivotal role in advanc-
ing technologies dependent on real-time mode analysis,
including optical communications, high-dimensional quan-
tum key distribution, and optical information security.

5 Experimental section

The light source is a continuous-wave solid-state laser (MW-
GL-532) operating at a wavelength of A = 532 nm. The
intensity distributions at different propagation planes are
captured by three identical Charge-Coupled Device cameras
(Thorlabs DCC1240c). A pair of Pancharatnam-Berry opti-
cal elements are fabricated using the photo-alignment
liquid-crystal in a thin film with a total pixel count of 1920 x
1920 and an individual pixel size of 5 pm. The optical
components such as the vortex plate (VPm-532), the quar-
ter wave plate (QWP10-532B) and the beam splitter
(MBS1455-A) were manufactured by LBTEK.
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