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Abstract

The vectorial structure of light—amplitude, phase, and polarization—encodes essential
information for applications ranging from super-resolution microscopy to high-capacity
communications and quantum information processing. However, existing characterization
methods either rely on multiple sequential measurements or require bulky polarization-splitting
optics in the signal path. Here we propose and experimentally demonstrate a single-shot
holographic multiplexed detector that retrieves the full vectorial information from a single
intensity recording. Two orthogonally polarized reference beams with distinct off-axis carriers
interfere with the unknown vectorial light field, encoding both polarization channels into one
off-axis hologram. Digital holographic reconstruction combined with a self-calibrated global phase
retrieval recovers the complex wavefronts in the two channels without any additional
measurements. We validate our approach by characterizing the polarization structures and
concurrence of various vectorial structured light beams on a higher-order Poincaré sphere (/=2).
This compact, efficient detector may open new routes for real-time vectorial metrology in light—
matter interaction, chiral sensing, vectorial adaptive optics, and dynamic structured light

applications.



Introduction

Polarization is the vectorial signature of light, as fundamental as its intensity or wavelength yet encoding
distinct and invisible structural information!. From ellipsometric thin-film characterization and remote
sensing of aerosol particles to secure quantum key distribution, this vectorial dimension is indispensable
wherever light interacts with matter or carries information3’. Recently, manipulation of the polarization
of light beams has evolved from spatially homogeneous polarized light to arbitrary vectorial light fields®

13, Such vectorial fields have become enabling tools in super-resolution microscopy'4, optical

15,16 17,18 19,20

, optical communications'”'®, and structured light quantum information processing

trapping
Dealing with them, however, involves more complex scenarios. This increasing complexity, in turn,
places higher demands on the techniques used to detect and characterize the full vectorial information of
such light fields, including polarization structures, vectorness/concurrence, and polarization topology, to
name a few?!"4,

To characterize the polarization state of light, two vectorial formalisms have been established: the
Stokes vector and the Jones vector?. The Stokes vector consists of four real parameters that describe the
polarization state in terms of measurable intensities>?’. The Jones vector, in contrast, represents fully
polarized light with two complex amplitudes, encoding the relative amplitude and phase between
orthogonal polarization components?®2?°. Correspondingly, measuring either the Stokes or Jones vector
at each point across the transverse plane defines two major approaches for spatially resolved vectorial

light field characterization. The former requires Stokes polarimetry!'’-30-33,

ie., four intensity
measurements for the Stokes parameters, whereas the latter requires measuring the complex wavefronts
of the beam in two orthogonal uniformly, polarized channels**3¢. Both methods are powerful, yet their
complexity motivates the development of a truly single-shot approach that can efficiently retrieve the
full vectorial information.

In this work, we propose and experimentally demonstrate a truly single-shot holographic multiplexed
detector for efficient vectorial structure measurement. Two reference beams, uniformly polarized in
orthogonal channels, are directed to off-axis interfere with the unknown vectorial light field. By
introducing distinct off-axis angles for the two orthogonally polarized reference beams, we achieve
multiplexing of two off-axis interferences in a single hologram. Performing off-axis digital holography
on the recorded multiplexed hologram enables efficient retrieval of the complex wavefronts in the two
orthogonally polarized channels. Considering the optical path difference between the two reference
beams, a global phase calibration is performed on the complex wavefronts of the two channels to recover
the full vector information. Using the proposed detector, we characterize the full vectorial structures of
various vectorial structured light beams on a higher-order Poincaré sphere (HOPS). This approach offers
new insights for vectorial information measurement and is expected to empower a broad class of light—

matter interaction studies.
Concept

To begin with, we recall the concept of traditional vectorial light detection methods based on Jones matrix
characterization. Such an approach requires measuring the complex wavefronts of the tested vectorial

structured light in two orthogonal polarization channels, e.g., H-(horizontal) and V-(vertical) polarization



channels. Without loss of generality, off-axis digital holography can be employed to measure the complex
wavefronts in these two orthogonal channels. Consider an unknown signal beam FE(x,y) =
|E,(x,)|€s*) that interferes off-axis with a reference Gaussian beam Eg(x,y)=|Eg|e®x"™0)  The
interference intensity can be expressed as,

|E(x )+ Ere) P=|E (o) P+ Eg PHE (o)l | Egle st 2Rl e 2ro{ | E (x,p)| | Eg e oo orl e 2oy, (1)
where 27muyx denotes the off-axis carrier in the x-direction, and * is complex conjugation. In off-axis
digital holography, a large Gaussian beam (much larger than the tested beam) is used, such that its
intensity distribution and phasefront can be approximated by |Eg| and global phase term ez,
respectively. Performing a 2D fast Fourier transform (FFT) on the interference intensity, the cross-
correlation (CC) term becomes separated from the direct-current (DC) term due to the Fourier shift factor
e?m0%_ This FFT process can be expressed as’’,

FLUE (o)t E(xp)IP}=DC(u,v)+CC(urtug,v)+CClu-ug,v) 2
where DC term is the FFT of |E,(x,y)|*+|Eg|?, CC term is the FFT of |E,(x,y)||Eg|es®")¢&] Thus, by
filtering out the CC(u-u(,v) term in the spatial-frequency (SF) domain, shifting it to the center, and
performing inverse fast Fourier transform (FFT), one can rapidly acquire the complex wavefront term
|Ey )l | Eglees2nl,

As illustrated in Fig. 1a and b, after splitting the vectorial structured light beam into two orthogonal
polarization components, off-axis digital holography can be performed in both channels to retrieve their
complex wavefronts. The polarization structure of the tested vectorial structured light beam can then be
determined from these measured complex wavefronts. It is worth noting that a global phase calibration
process is required because of the optical path difference between the two reference beams. Once the
polarization structure is obtained, a wealth of vectorial information can be characterized, including, for
example, concurrence, vectorness, non-separability, or the polarization topology of skymirons. While
this traditional approach is effective for characterizing vectorial light fields, it still suffers from several
drawbacks, such as requiring at least two measurements and introducing polarization beam-splitting
devices into the signal path.

To overcome these drawbacks, we propose and experimentally demonstrate a truly single-shot
holographic multiplexed detector for efficient vectorial structure measurement, as displayed in Fig. 1 c.
By providing different off-axis carriers for the two H-and V-polarized reference Gaussian beams and
allowing them to interfere with a vectorial structured light beam, two off-axis interference holograms
can be multiplexed into a single intensity profile. The tested vectorial structured light beam and the off-
axis reference beams can be respectively expressed as,

{ES,H(X,J/)_ |Eg pi(x.p)| s {ER,H(X,J/): |Eg el O 2709 3)
Es V(X,y):|ES, V(an’)lewS' p? Eg V(an)zlER,V|ei(¢R' yrame) ?

where |E s, H(x,y)| and ¢ ,(x,y) are the amplitude and phasefront terms of the H-polarized component
of the tested vectorial structured light beam, |E s, V(x,y)l and ¢ (x,y) are the amplitude and phasefront

terms of the V-polarized component of tested vectorial structured light beam, ¢, ,, and ¢, , are global

phase terms of the H-polarized and V-polarized reference beams respectively, 2zugx and 27zuyy are

different off-axis carriers towards the x and y directions. The multiplexed interference intensity profile



can be written as,
Inveerence @) = |Es eV B e+ Es e B )|
= |ES,H(xay)|2+|ER,H|2+|ES,V(xay)|2+|ER,V|2+CCI+CCT+CCZ+CC; 4
where |ES,H(x,y)|2+|ER‘ H|2+|ES, V(x,y)|2+|ER,V|2 is the direct current term, cc; and cc, are CC terms
which can be expressed as cc, = |Eg H(x,y)||ER,H|ei[‘”SxH(x’y)"pRyH]e'iz’”‘ox and cc, =
|ES,,,(x,y)||ER’V|e’4[“)S’V(X’y)'V’RrV]e'iz”voy . Performing 2D FFT on Iy ference(¥.y) , the corresponding SF
domain can be written as,

F Uinterference (69 VY=DCu I HCC (urutg,v)+CC (umttg,v) +CCo(u 4y +CCo (1,v-0) (5)
the CC, and CC, terms are separated due to their distinct Fourier shift factors ¢2™0* and e 20,
Thus, performing a 2D IFFT on CC;(u,v) and CC,(u,v) enables rapid acquisition of the terms
|ES,H(x,y)||ER_H|ei["’SvH(x‘y)"”R'H] and |Eg V(x,y)||ER,V|ei["’S.V(x’y)'(”RvV] in a single-shot process, as indicated

in Fig. 1d. Since large Gaussian beams serve as reference beams, |E R H|, |E R‘V|, and Ppy can be

P
approximately treated as constants. Ensuring that the two reference beams have the same power (i.e.,
|E R, Hl = |E R, V| = constant), these amplitude terms do not affect the final retrieved polarization structures.
However, because the two reference beams propagate along distinct optical paths, their different global
phase terms ¢ REH and ¢ RV introduce measurement errors in the final polarization structures. Therefore,

a global phase calibration process is required to accurately characterize the polarization structure of the

measured vectorial structured light beam.
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Fig 1 | A conceptual comparison between the traditional holographic vectorial light field detector and the proposed
holographic multiplexed detector. a, Off-axis hologram acquisition process for the traditional detector. The tested vectorial
structured light beam is polarization-split into H- and V- polarized components, which then respectively interfere off-axis with two
reference beams. b, Digital processing principle for the traditional detector, including performing FFT to obtain the spatial
frequency (SF) domain, acquiring complex wavefronts via IFFT, and applying global phase calibration to retrieve the final
polarization structure. ¢ Off-axis hologram acquisition process for our proposed detector. The tested vectorial structured light beam
directly interferes off-axis with two reference beams. d Digital processing principle for the proposed detector, including performing
FFT to obtain the SF domain, acquiring complex wavefronts via IFFT, and applying global phase calibration to obtain the final

polarization structure.



In this work, we propose a self-calibrated method to determine the global phase difference ¢, -0,
for calibration. For the vectorial structured light beam shown in Fig. lc, because the integrals of ¢ S (X))
and ¢ s ,(x,y) over the entire plane are equal, one can calculate the difference between the mean values
of the measured phasefronts in H- and V- polarization channels to obtain ¢ i PRy (see Supplementary

Note 2 for details). Such a digital self-calibrated approach does not require any additional measurement,

thereby ensuring the efficiency of our proposed detector.
Simulation and experimental results

To test the efficiency of the proposed holographic multiplexed detector, we first characterize the
polarization structure of a specific vector beam with a modal index of 2 in both simulation and experiment.
Such a vector beam can be generated by a linear superposition of two optical vortex (OV) beams with
opposite orbital angular momenta (OAM) and spin angular momenta (SAM), expressed as
OV ,R+OV,L, where OV,, and OV, are OV beams with topological charges (TCs) of +2 and -2
respectively, and R and L correspond to right and left circular polarizations.

Figures 2a to 2g illustrate the simulation results for characterizing the polarization structure of such a
vector beam. Shown in Fig. 2a is the simulated off-axis hologram for multiplexed interference. Since the
two reference beams possess orthogonal off-axis carriers in the x and y directions, linear fringes along
two different directions can be observed in the off-axis hologram, particularly in the enlarged view.
Performing a FFT on this hologram yields the SF domain shown in Fig. 2b. In the SF domain, the CC,,
CC,, and DC terms are completely separated. Therefore, by extracting the CC; and CC, terms,
shifting them to the center of the SF domain, and performing an IFFT on them, the complex wavefronts
of the H- and V- polarized components can be acquired. Correspondingly, Figs. 2¢ and 2d present the
retrieved complex wavefront of the H- polarized component, while Figs. 2e and 2f show that of the V-
polarized component. Once the complex wavefronts of the H- and V- polarized components are known,
a global phase calibration process enables obtaining the accurate Jones vector of each point on the
transverse plane. Finally, plotting polarization ellipses on the intensity profile®® (i.e., the sum of the
intensity profiles in Figs. 2c and 2¢) of the vector beam allows one to determine the polarization structure,
as shown in Fig. 2g.

Correspondingly, Figs. 2h-—2n present the experimental results for characterizing the polarization
structure of the vector beam. Figure 2h shows the captured off-axis hologram, with its enlarged view
displayed on the right. It can be observed that the contrast of the interference fringes decreases to some
extent in the experiment, which may be caused by mechanical jitter during the single exposure time.
Although this reduction in interference contrast affects the signal-to-noise ratio (SNR), the SNR remains
sufficiently high to extract the polarization information of the vector beam. Figure 2i shows the
corresponding SF domain, where the CC terms are well separated from the DC term. The retrieved
intensity profiles and phasefronts of the H- and V- polarized channels are displayed in Figs. 2j—2m.
Finally, applying a global phase calibration process enables determination of the experimentally
measured polarization structure, as illustrated in Fig. 2n, which is in good agreement with the simulation

result shown in Fig. 2g.
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Fig 2 | Simulation and experimental results for detecting the polarization structure of a vector beam with modal index of 2.
a-g, Simulation results, including a, simulated off-axis hologram; b, corresponding SF domain; ¢ and d, retrieved intensity
distribution and phasefront of H-polarized component; e and f, retrieved intensity distribution and phasefront of V-polarized
component; g, calculated polarization structure. h-n, Experimental results, including h, captured off-axis hologram; i,
corresponding SF domain; j and Kk, retrieved intensity distribution and phasefront of H-polarized component; 1 and m, retrieved
intensity distribution and phasefront of V-polarized component; n, calculated polarization structure.

Then we test the proposed detector by characterizing the vectorial structures of different vectorial
structured light beams. Without loss of generality, we choose light beams on the HOPS of /=2 as an
example. Such vectorial structured light beams can be mathematically expressed as,

cosf0V ., R+sinfe OV , L, (6)
where 26 and 2¢ are the polar angle and azimuthal angle on the HOPS of /=2, respectively. Here, 26
determines the power ratio between OV,,R and OV,,L states, while 2¢ serves as the relative phase
between them. Varying 26 causes the light state to move along a meridian, whereas varying 2¢ leads to
motion along a latitude. In this work, we present the characterization of the vectorial structures for two
sets of vectorial structured light beams: one set lies on the equator, and the other lies on the meridian
with a longitude of 2¢= 0, as displayed in Fig. 3a.

Figure 3b presents both simulation and experimental results for characterizing the polarization

structures of vectorial structured light beams on the equator of the HOPS. Six states are tested: by fixing
. 5 . .
2622 and varying 2¢ from 0 to 7 in steps of g, these vectorial states are generated. The captured off-

axis holograms and the retrieved polarization structures of the measured beams are shown in Fig. 3b. As
the relative phase term 2¢ changes, the transverse polarization structures rotate clockwise. When
plotting the polarization ellipses, linear polarizations are colored in blue, while left-elliptical/circular and
right-elliptical/circular polarizations are colored red and green, respectively. To distinguish linear
polarization from elliptical/circular polarization, we characterize the ellipticity of each polarization state
and set an ellipticity threshold. Specifically, points whose polarization ellipses fall within the threshold

are plotted in blue.



Figure 3c presents both simulation and experimental results for measuring the polarization structures
of vectorial structured light beams on the meridian at a longitude of 2¢= 0. By fixing 2¢= 0 and varying
20 from 0 to m, we generate 11 vectorial states for testing. As the power ratio term 26 changes, the
dominant polarization components within the transverse plane transition from right circular/elliptical to

linear and then to left circular/elliptical.
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Fig 3 | Simulation and experimental results for detecting the vectorial structures of different vectorial structured light
beams on the HOPS with /=2. a, Representation of all tested vectorial structured light beams on a HOPS with /=2. The top row
corresponds to distinct vectorial structured light beams on the same equator, while the bottom row represents multiple vectorial

structured light beams on the same meridian. b, Simulation and experimental results for detecting the vectorial structured light
beams on the same equator, with 2¢ varies from 0 to Zn in steps of % ¢, Simulation and experimental results for detecting the

vectorial structured light beams on the same meridian, with 26 varies from -90° to 90°. d, Simulation and experimental results for
characterizing the concurrence of generated vectorial structured light beams in b. e, Simulation and experimental results for

characterizing the concurrence of generated vectorial structured light beams in c.



For vectorial light fields, an important metric describing the degree of entanglement is the concurrence
(also referred to as vectorness, non-separability, or vector quality factor). The concurrence of vectorial
light fields remains invariant in many complex media, making it a powerful metric for communication
and sensing applications in such environments. Therefore, efficiently measuring the concurrence of
different vectorial light fields is of great significance. Since our proposed detector retrieves the complex
wavefronts in two orthogonal polarization channels, it provides all the necessary information to
characterize concurrence values. We therefore apply our detector to characterize all the vectorial states
generated in Fig. 3. For vectorial structured light beams expressed by Eq. (6), the concurrence equals
[sin26|. Consequently, for the vectorial structured light beams on the equator, all possess a concurrence
of 1. Figure 3d shows the theoretical, simulated, and experimentally measured concurrence values for
the six vectorial states on the equator of the HOPS. The black solid line represents the theoretical values,
while hollow circles and solid squares denote the simulated and experimentally measured values,
respectively. For the experimentally measured concurrence, 50 off-axis holograms were rapidly recorded,
and the standard deviation of these 50 measurements is shown as the error bar in Fig. 3d. In addition, we
characterize the concurrence values of 11 vectorial structured light states on the meridian at a longitude
of 2¢=0. As 26 varies from 0 to © along this meridian, the concurrence first increases from 0 to 1 and
then decreases back to 0. It is worth noting that low concurrence values correspond to cases where the
power ratio between the two orthogonally polarized components is highly imbalanced. In such cases,
imperfect polarization extinction of the experimental devices introduces larger measurement errors.

The above results demonstrate that the proposed detector is efficient in detecting the polarization
structures and vectorial metrics of different vectorial light fields. Of course, the detector proposed in this
paper still has some limitations in its use. Because the detector highly depends on multiplexing two
orthogonal off-axis holograms in a single-shot process, the successful implementation of off-axis digital
holography is the premise of the detector. To illustrate the boundaries of successful implementation of
the proposed detector, we show some detection failure cases in Fig. 4.

For off-axis digital holography, the off-axis angle of the reference beam directly determines the spatial
shift of the CC term within the spectral plane: a larger angle displaces the center of the CC term farther
from the spectral origin. Thus, it is of great importance to choose suitable off-axis angles for the
interference. For instance, the off-axis angle difference between two polarization channels should ensure
a complete separation of CC; and CC, terms. As indicated in Fig. 4a, insufficient spectral separation
between CC; and CC, terms results in incorrectly retrieved complex wavefronts. Furthermore, the off-
axis angle between the tested beam and the reference beam should be large enough to ensure a complete
separation of CC and DC terms. Shown in Fig. 4b is a case that breaks this requirement. In this case,
the retrieved intensity profiles and phasefronts are all unwanted ones with high errors. The root cause of
these distortions lies in the irreversible overlap of wanted spectral component and unwanted spectral
components, which fundamentally compromises the fidelity of complex amplitude retrieval of off-axis
digital holography. Thus, these requirements together put some lower limit of the off-axis angles of our
proposed detector.

Nevertheless, the off-axis angle cannot be increased indefinitely. In our experiment, we systematically

increase the off-axis angle and retrieved the intensity profiles of the tested beam. As shown in Fig. 4c,



the absolute intensity of the demodulated signal decreases monotonically as the off-axis angle increases.
This behavior arises from the changing microscopic structure of the interference fringes. A larger off-
axis angle corresponds to a finer fringe period. When the fringe period approaches or falls below the
pixel size of the detector, two adverse effects occur. First, a single pixel spatially averages over adjacent
bright and dark fringes, reducing the fringe modulation depth and consequently the reconstructed
intensity. Second, when the off-axis angle is too large, the carrier frequency may exceed the Nyquist limit
of the detector, causing spectral aliasing. Aliasing manifests as pseudo-periodic fringes correlated with
the pixel grid, leading to severe non-physical distortions in the reconstructed image. According to the
Nyquist criterion, accurate recording of interference fringes without aliasing requires at least two pixels

per fringe period.
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Fig 4 | Some unsuitable conditions leading to detection failure — illustrating the boundaries of successful implementation
of the proposed detector. a, Incomplete separation of CC; and CC, terms. b, Incomplete separation of CC and DC terms. ¢,

Excessively large off-axis angles introduced between the reference beam and the tested beam.

Discussion

In this work, we propose and experimentally demonstrate a single-shot holographic multiplexed detector
capable of capturing the complete vectorial information of light fields. Unlike traditional Jones-matrix
or  Stokes-polarimetry  methods that require sequential —measurements or  bulky
polarization-beam-splitting optics in the signal path, our approach encodes the two orthogonal
polarization channels into a single off-axis interference hologram using two reference beams with
different carrier frequencies. A fast Fourier transform, followed by filtering and inverse transform,
simultaneously recovers the complex wavefronts of both polarization components. The remaining global
phase difference between the two reference arms is eliminated by a self-calibration procedure that relies
on the equality of the mean phasefronts of the signal components—requiring no extra measurements. We
have successfully applied the detector to a series of vectorial structured light beams on the HOPS of / =2,
retrieving their polarization structures and concurrence values in excellent agreement with simulations.
We also analyze the operating conditions of the detector: the off-axis angles must be chosen to satisfy
the requirements of off-axis digital holography.

Our approach offers several distinct advantages over existing techniques. For instance, the proposed
detector provides a compact, efficient, and truly single-shot solution for spatially resolved vectorial light

characterization. It eliminates temporal fluctuations and misalignment errors associated with sequential



measurements, and the absence of polarization splitting devices in the signal path preserves the integrity
of the test beam, which may be particularly beneficial for measuring weak or photosensitive samples.
Nevertheless, the detector inherits the fundamental prerequisites of off-axis digital holography: a
coherent light source is necessary to produce stable interference fringes, which places high demands on
the coherence of the light source. Looking forward, we anticipate that the single-shot, full-field vectorial
measurement capability will be particularly impactful in studies of light-matter interaction, real-time
quantum state tomography, vectorial adaptive optics in complex media’®, and chiral sensing, as
dynamical vectorial fields evolve on fast timescales and require real-time capture in these challenging

scenarios.
Methods

Concurrence measurement
The concurrence value of vectorial light fields can be expressed as V1-s2, where s is the length of the

Bloch vector, given by s=4/Y:_{(5;)*. Here, o,, 0, and o3 represent the expectation values of the

Pauli matrices. These expectation values can be calculated from the power coefficients of the field

projected onto six different basis states, according to the following formula,

(01)=(P3+P3p)Psp+Pay)
(02)=(Psy+Psy)-Peu+Pey), @)
(03)=(P 1+ P1p)-APop+Pay)

where P;y; and P, (with i=1,...,6) denote the power coefficients for the H- and V-polarized channels
corresponding to the i-th basis state, respectively. These coefficients can be measured by digitally
calculate the overlap integrals between measured wavefronts and six different basic states:**

. 2
Pi=| [ EnCey)E; ;i (x,y) dxdy|

. 5> (®
Py=|ff Ev(x0)E; y(x,y) dxdy|

where Ey(x,y) and Ep{(x,y) are measured complex wavefronts in H- and V-polarized channels.
E;y(xy) and E;,(xy) arethe complex conjugations of the complex wavefronts for the i-th basic states
in H- and V-polarized channels, respectively. For vectorial structured light beams expressed by Eq. (6),

the six basic states include two pure OAM modes OV,, and OV, and four superposition states

OV.,,+eP0V ., characterized by different inter-modal phase =0, 72—[, T, 32—7[
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Supplementary Note 1. Simulation principle

Here we introduce the principle for our numerical simulation process. Without loss of generality, we
consider a vector beam constructed by the superposition of two optical vortex beams carrying opposite
spin and orbital angular momentum (OAM). As illustrated in Fig. s1, two Laguerre-Gaussian (LG) beams
with mode indices /== 2 and radial index p=0 are employed. The scalar electric field of an LG;, beam

in cylindrical coordinates is described by:

12 [r@ 17

[(Lﬁ(n¢z):(néfhy) @ e eXp['ng]lyl(;Z;)
kor?z

, (S1)
exp [—i e )] exp [—i(2p+|l |+ arctan (i)] exp(ilp)

where (1¢,z) are the cylindrical coordinates, w(z) defines the 1/e radius of the beam at distance z,
12 . . .
and w(z)=wy[(z*+23)/z2] . Here z; is the Rayleigh range, k0:27" is the vacuum wave number, and

Lll,l| (x) represents the associated Laguerre polynomial, related to the standard Laguerre polynomials
Lp+|[| by

LI =DM L, 000, (s2)

In the simulation, to efficiently determine the Jones vectors of each pixel of light fields and plot the
corresponding polarization structures, all light fields are simulated in the H- (horizontal) and V- (vertical)
polarization channels. Thus, the H-polarization component E, and V-polarization component £, of the

vector beam in Fig. sl are given by:
E =cosPLG, (r,p,2) +sin LG, o (1,9,2) €™

T L3P (s3)
E,=CosPLG, o (r:p.2)e2+sImPLG 5 (1,9,2)e 2™

here, cosf and sinf determine the power ratio between LG,, and LG,, components, while the
factor e>* introduces a relative phase difference of 2a between the two LG beams. The spherical angle
parameters (21,2a) provide a geometric representation of all vectorial structured light beams on the
higher-order Poincaré sphere (HOPS).

Subsequently, two off-axis Gaussian beams are generated to interfere with the vector beam. The two

reference Gaussian beams can be described by:

2nx
=
EGaussian,x =L GO,O (7’; (D)Z) e %
2my> (54)
i 7,

EGaussian,y =L GO,O (I”, (p,Z) e

where Eguygsianx 804 EGaygsian,, are the scalar electric fields of H- and V-polarized reference Gaussian
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beams, ¢ % and e "% are x- and y-directional gratings which lead to x- and y-directional diffraction

angles, d, and d, are the periods of such gratings. The resulting off-axis hologram formed by the three-

beam interference can be expressed as:

Lot =+ Euussians|” +Es Eguusians (55)

By performing a 2-dimensional(2D) FFT on the off-axis hologram, the SF domain is acquired. The
CC terms are then filtered out, and applying a 2D IFFT to these terms enables the rapid retrieval of the
complex wavefronts for the two orthogonal polarization components of the optical vortex beam.
Subsequently, the polarization structure of the vector structured beam can be fully characterized by
calculating the Jones vector at each pixel of the light field. In our simulation, the computational resolution
of the light field is set to 300x300 pixels. To facilitate the overlay of the polarization map onto the
intensity profile, the original field is divided into 15x15 superpixel regions. Each superpixel encompasses
a 20x20 array of original pixels, and its effective Jones vector is determined by averaging the Jones
vectors of all constituent 20x20 pixels. Plotting polarization ellipses on superpixel regions enables
visualizing the polarization structure of simulated vector beam. In addition, the concurrence value of
vector beams can also be characterized by calculating the overlapping degree between retrieved complex

wavefronts and six basic spatial modes (see Supplementary Note 5).
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Fig s1 | Simulation principle for single-shot characterizing the full vectorial structure of a vector beam.

Supplementary Note 2. Global phase calibration

As mentioned in the Main Text, a global phase difference exists for two reference beams in the
experiment. This phase discrepancy superimposes directly onto the phasefronts retrieved from the

holograms, thereby introducing measurement errors on polarization structures. In this case, it is essential



to calibrate such a global phase difference to accurately characterize the polarization structures of
generated vectorial structured light beams.

Here we propose a self-calibrated approach to characterizing the global phase difference for calibration.
For instance, considering the experimentally generated vector beam |+2)|L)+|-2)|R), where |+2)and
|-2) are OAM beams with topological charges of +2 and -2, |L) and |R) denote left and right circular
polarization states. In the experiment, the measured phasefronts in H- and V- polarization channels can
be described as:

{(omeasured,H(x’y) =gDS, H(x’y)_(pR,H (86)

Prneasured, VW) =05 XV 0
where ¢ J yxy) and o d ,(x,y) are measured phasefronts in /- and /- polarization channels,
respectively. The measured phasefronts include the accurate phasefronts of signal beams — i.e., the
scalar phasefronts of the H-and V-polarized components of the measured vector beam, denoted as
g (%) and g /(x,y) — as well as the global phase terms of the reference beams, Prn and i
Here, for better clarification, we illustrate these phase terms in Fig. s2. Note that the integral of g (X))

and ¢4 (x,y) over the whole plane is always the same, we have:

1,05 yep)dxdy =[], o (x.p)dxdy (s7)

where 4 denotes the transverse beam plane. That is, the mean value of ¢, (x,y) and ¢ (x,y) are the

same. Considering calculating the mean value of ¢ . (x,y) and ¢ . (x,), which can be

written as:

(Omeasured,H(x’y)-¢measured, V(x’y) = (¢S,H(x’y)-¢R,H) - ((ﬂS,y(x’y)-goR, V) :(pR, V-goR,H’ (S8)

where ¢ o ayy) and ¢ o .(xy) denote the mean value of ¢ . .. (xy) and

P oasure d,V(x,y) respectively, (oS’H(x,y) and 95,/ (x.y) are the mean value of P (%)) and goS’V(x,y)

respectively. Due to ¢, ,, and ¢, are global phase term, their mean value are still themselves. Thus,

we finally obtain the global phase difference for calibration.
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Fig s2 | Illustration of performing phase calibration process.



It is worth mentioning that such a digital self-calibrated approach is efficient for accurately measure
the polarization structures of vectorial structured light beams, which doesn’t require any additional
measurements. This approach can also be extended to other situations, as long as there is some connection
between the mean values of ¢ S ,(x.y) and g (x,y). Obviously, there maybe some extreme cases where
g ;(x.y) and s x,y) are both random phasefronts. In such cases, one can adopt the configuration
illustrated in Fig. S2 for pre-calibration; that is, only one additional measurement is needed to obtain the
calibrated phase, thereby providing a benchmark for a series of subsequent measurements of different

random vectorial light fields.
Supplementary Note 3. Experimental setup

Figure s3 illustrates the experimental setup for our proposed single-shot holographic multiplexed
vectorial structured light detector. As indicated in Fig. s3, a 532-nm laser creates a free-space Gaussian
beam. After passing through a polarizer (Pol. 1), the Gaussian beam is converted into a linearly polarized
Gaussian beam. Then a beam splitter separates the Gaussian beam into two parts, one is the signal arm

(direct path), and the other is the reference arm (reflective path).
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Fig s3 | Experimental setup for the single-shot holographic multiplexed detector. Pol., polarizer; BS, beam splitter; QWP,
quarter-wave plate; HWP, half-wave plate; L, lens; PBS, polarization beam splitter.

For the signal arm, a Q-plate is utilized to convert an input Gaussian beam into a vectorial structured
light beam. A quarter-wave plate is applied to create different kinds of vectorial structured light beams
which can be represented as distinct points on the meridians of a higher-order Poincaré sphere (HOPS).
Similarly, a half-wave plate (HWP) is used to provide phase difference between two circularly polarized
optical vortex beams. Thus, the HWP is applied to produce variations on the latitudes of a HOPS (see

Supplementary Note 4 for more details).



For the reference arm, a 3x beam expander consists of two lenses (L1, /=5 cm, and L2, /=15 cm) is
utilized to enlarge the Gaussian beam to generate a large beam as a reference beam for off-axis digital
holographic multiplexing. Pol. 2 ensures the diagonal polarization of the reference beam, so that it can
be divided in to two parts by a polarization beam splitter (PBS). And the two parts possess the same
power yet orthogonal polarizations (H and V polarizations). Finally, both the two reference beams off-
axis interfere with the signal beam with different off-axis angles. A camera captures the multiplexed off-

axis interference hologram to achieve single-shot vectorial structure reconstruction.
Supplementary Note 4. Control the states of measured vectorial structured light fields

This section details the method for controlling the states of the measured vectorial structured light. We
use a Q-plate with g=1 to generate vectorial structured light beams with a modal index of 2. Upon a
Gaussian beam incident on the Q-plate, opposite SAM states experience opposite OAM modulations, as

expressed by,

{IO)IR) = |[2g)IL)

[0)|L) = | 2¢)|R)’ (S9)

where |0) denotes the fundamental Gaussian mode, |+2g) and [-2g) are OAM modes with
topological charges of 2¢ and -2¢q, |L) and |R) correspond to left circular polarization and right circular
polarization respectively. Thus, a linear polarization state input results in a full vector beam output, that
is, vectorial structured light on the equator of +2 HOPS. In the experiment, two series of vectorial
structured light beams on the +2 HOPS are generated to test the efficiency of the proposed detector,
namely states on the equator or meridian.

To generate distinct states on the equator, an adjustable relative phase is required when forming a 1:1

superposition of the |+2¢)|L) and |-2¢)|R) states. This is achieved using the HWP shown in Fig. S3 in

icos26  isin28

isin2§ -icos261’ the

the Supplementary Information. Considering the Jones matrix of a HWP as [

transmission of the |L) or |R) state through it can be described as follows,

0 [ o L] = ool =[] (310)

IR): [00320 sin20] [_ll] _ [cosZG-isin28] _ [” o,

sin26  -cos26. sin26+icos26. (S11)



where 6 suggests that the angle between the x axis and HWP’s fast axis. Thus, adjusting the HWP leads
to a relative global phase of 46, which creates multiple vectorial structured light states on the same
equator.

To generate different states on the same meridian, one needs to control the power ratio of two [+2¢)|L)

and |-2¢)|R) components. This is accomplished using the QWP illustrated in Fig. S3 in the
Supplementary Information. Considering a linear polarization state [1/;] input the QWP, such a Jones
matrix can be projected onto the fast and slow axes, as shown in Fig. S4. The newly obtained matrix is a

polarization matrix with respect to the fast and slow axes, given by:

{A ',=A cos a +Bsin a (S12)
B=Asina-Bcosa

where [g ] represents the newly obtained polarization matrix, and a is the angle between the QWP’s

fast axis and the x axis. The resulting vector in the fast—slow basis is given by:

[ sne ][], (s13)

Next, the effect of the QWP is taken into account. The QWP introduces a phase delay of g between the

fast and slow axes, which can be written as:

£Ho A6

We then perform the inverse coordinate transformation (from the fast/slow axes back to the x/y axes) on
[’; ] to obtain the output Jones vector. Thus, the final Jones vector describing the polarization state of

the light field exiting the QWP is:

[CFfcose sineq [ B e e [4), 519)

where [g] is the output Jones matrix, and o is the angle between the fast axis and x axis of QWP.
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Fig s4 | Illustration of the coordinate transformation process of a QWP.

Note that there is a polarizer before the QWP (Pol. 1), the polarization state input the QWP is controlled

to a horizontal polarization state with a Jones matrix of [(1)] Hence, Eq. (S15) can be expressed as,

He nelly sl el [i]

:[ cos?o+isina ]
COS o, Sin o - iCOS @ Sin o

—VZcos (2-a) & [:] +VZsin (o) e[ ] (S16)

=1

This means that by adjusting the QWP to control the parameter «, one can obtain a superposition of two
circularly polarized beams with different power ratios. Consequently, the power ratio of the two
components |[+2¢)|L) and |-2¢)|R) can be tailored to generate different states on the same meridian of

a HOPS.

Supplementary Note 5. Additional results for vectorial structured light measurements in the Main

Text

In this section, we show some additional results for vectorial structured light measurements in the Main
Text. Displayed in Fig. s5 are additional results for measuring the full vectorial structures of vectorial
structured light beams on the equator of HOPS, corresponding to results in Fig. 3 b in the main text. We
detail the transferred spatial frequency (SF) domain, retrieved H- and V- polarized intensity profiles and
phasefronts of the measured multiplexed hologram in Fig. 3 b in the main text. Both simulation and
experimental results are shown in Fig. s5. Based on these detailed results, one can characterize the full

vectorial structures of generated vectorial structured light beams.
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the equator of HOPS, which corresponds to results in Fig. 3 b in the main text.



Figure S6 presents additional results for measuring the full vectorial structures of vectorial structured
light beams on the meridian of the HOPS, corresponding to the results shown in Fig. 3¢ of the main text.
Similarly, we detail the transferred spatial frequency (SF) domain, along with the retrieved H- and V-
polarized intensity profiles and phasefronts of the measured multiplexed hologram from Fig. 3c. Both
simulation and experimental results are displayed in Fig. S6. Based on these detailed results, one can

fully characterize the vectorial structures of the generated vectorial structured light beams.
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Fig s6 | Additional experimental results for measuring the full vectorial structures of vectorial structured light beams on

the meridian of HOPS, which corresponds to results in Fig. 3 ¢ in the main text.



