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ABSTRACT 

A compact and broadband polarimetric imaging platform is presented, based on second-harmonic generation (SHG) in nonlinear 
flat-optics. The system employs periodic all-dielectric AlGaAs gratings to induce polarization-dependent SH emission, enabling 
pixel by pixel direct retrieval of the full Stokes vector from an input intensity distribution in the near-infrared range. By engineering 
the geometry and orientation of the polarimetric units, sensitivity to linear and circular polarization components is achieved. A 

superpixel design comprising four polarimetric structures allows accurate reconstruction of the polarization state without moving 
parts or sequential measurements. This approach offers a scalable, passive, and cost-effective solution for polarimetric imaging, 
particularly suited for near-infrared applications. 

1

A  

d  

p  

p  

(  

i  

i  

f  

o  

o  

i  

q  

p  

a  

v  

s  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

T
o
©

L
h

 Introduction 

n electromagnetic (EM) monochromatic plane wave has four
egrees of freedom, namely the amplitude 𝐴, the phase 𝜙, the
olarization orientation 𝜓, and ellipticity 𝜒 [ 1 ]. In fact, the
arameters 𝜓 and 𝜒 describe the so-called State of Polarization
SoP) and specify the properties of the electric field oscillations
n the plane perpendicular to the propagation direction. This
ntrinsic property of radiation plays a crucial role in both the
undamental understanding of light features and in a variety
f applications [ 2 ]. Indeed, the measurements and the analysis
f the SoP (i.e., polarimetry [ 3 ]) is of paramount importance
n various fields, such as astronomy [ 4 ], remote sensing [ 3 ],
uantum optics [ 5 ], and biology [ 6 ]. In particular, imaging
olarimetry (the technique aiming at mapping the SoP across
 vast scene of interest), given its ability to analyze spatially
arying light beams, allows one to retrieve information about the
hape [ 7–9 ] and arrangement [ 10, 11 ] of the reflecting structures,
his is an open access article under the terms of the Creative Commons Attribution Licen
riginal work is properly cited. 
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the orientation of light emitters [ 12–14 ], or the optical activity
of various materials [ 15 ]. Therefore, in the last decades, several
methods have been developed to measure the SoP in an extended
scene [ 3 ]. 

A widely spread representation of the SoP is given by the
Stokes vector formalism [ 1, 16 ]. Within this framework, the SoP
of an arbitrary polarized wavefront is represented as a four-
element vector, i.e., the Stokes vector, 𝐒 = ( 𝑆0 , 𝑆1 , 𝑆2 , 𝑆3 ) . Given
a Cartesian reference frame 𝑥𝑦𝑧, with 𝑧 being the propagation
direction, the vector components are defined as 𝑆0 = 𝐼, 𝑆1 =
𝐼𝑥 − 𝐼𝑦 , 𝑆2 = 𝐼𝐿+ 45 − 𝐼𝐿− 45 , and 𝑆3 = 𝐼RCP − 𝐼LCP . In the previous
expressions, 𝐼 is the total intensity of the light-field and the
terms 𝐼𝑥 , 𝐼𝑦 , 𝐼𝐿+ 45 , and 𝐼𝐿− 45 are the intensity of light in linear
polarization component along the 𝑥 (horizontal, H), 𝑦 (vertical,
V), + 45◦, and − 45◦ direction, respectively. The terms 𝐼RCP and 𝐼LCP 
denote the intensity of the right-hand (RCP) and left-hand (LCP)
circularly polarized light, respectively. From a conceptual point
se, which permits use, distribution and reproduction in any medium, provided the 
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f view, the Stokes vector formalism allows to describe the SoP of
he input light as the projection on three polarization basis sets:
) H/V ( 𝑆1 ), ii) ± 45◦ ( 𝑆2 ), and iii) RCP/LCP ( 𝑆3 ). Practically, this
eans that the value of the components 𝑆0 , 𝑆1 , 𝑆2 , and 𝑆3 can be
irectly determined by measuring the intensity (or power) in the
ifferent polarization bases. From an experimental point of view,
his is a big advantage, since standard photodetectors operating at
ptical frequencies typically respond to changes in the intensity
f the EM field (not to its phase). 

 typical polarimetry assessment setup always contains two
arts: the polarization analyzer and the detection system (electric
eadout). The light detector probes the output response (such as
n optical signal or photocurrent) resulting from the interaction
etween the analyzer and the incident radiation with unknown
oP. In the traditional approach, the radiation under analysis
ropagates sequentially through rotating polarizing elements
optical analyzer) and the transmitted intensity is measured by
 photodetector [ 16 ]. The SoP is thus determined from several (a
inimum of four) intensity measurements by properly arranging
he polarizing elements in front of the detector. This takes
elatively long acquisition times and it is not capable to monitor
ransient events. Another method consists in performing parallel
easurements by splitting the beam into several optical paths
nd using multiple polarizers and detectors [ 3, 17 ], but result
n inherently complex and bulky systems. These limitations
ere alleviated with the development of integrated polarimetric
evices employing variable liquid crystal retarders [ 18, 19 ]. These
evices are designed to dynamically modulate the retardance
alues under an external voltage, allowing the full polarization
tate to be reconstructed from sequential measurements. More
ompact implementations include thin-film analyzers (microp-
larizer gratings) [ 20, 21 ] and devices based on two-dimensional
2D) materials, exploiting their anisotropic absorption [ 22 ]. While
oth types of devices exhibit strong sensitivity to linear polariza-
ion, their response to circular components is usually absent or
uite limited, requiring more advanced designs [ 23–25 ]. 

n the past decade, metasurfaces (optical elements composed of
udiciously arranged nanoscatterers) have opened new avenues
n the manipulation of light’s amplitude, phase, and SoP [ 26–
8 ]. Among a wide variety of applications, dielectric metasurfaces
ave been successfully employed also for imaging polarime-
ry [ 29–31 ]. In these devices, the extended wavefront impinges
nto the polarimetric unit composed of an ordered array of
nit elements with specific shapes and/or orientations. The
ndividual polarimetric units (called super-pixels) comprise a
et of optical metasurfaces, each one being designed to respond
nly to one of the three polarization basis (e.g., H/V, ± 45◦, or
CP/LCP) and it splits the two orthogonal states of polarization
o different points on the detection plane. The determination of
he Stokes parameters is achieved by measuring the intensity
t image sensor pixels on the detector plane, corresponding to
ne single super-pixel on the analyzer plane. Further advances
long this path are represented by the integration of a metasurface
nalyzer directly with a photodetector, enabling an extremely
ompact and self-contained polarimetric platform [ 32–34 ]. In
his case, the individual super-pixel comprises a few sensing
nits (three or four depending on the implementations), whose
utput photocurrent depends on the SoP of the input light. The
tokes parameters are extracted by measuring the photocurrent
of 10
levels from the various sensing units, each one addressing one
specific polarization basis. Successful implementations of this
working principle include, for example, integrated metasurface
polarization filters [ 34 ], chiral plasmonic metasurfaces integrated
with graphene–silicon photodetectors [ 32 ], or Weyl semimetal
sensing units accompanied by integrated grating waveplates
[ 33 ]. 

Here, we propose a novel method to determine the SoP of
polarized light at fundamental frequency (FF) based on second-
harmonic (SH) generation process in a nonlinear all-dielectric
platform. We show that in specifically optimized periodic struc-
tures, the intensity of SH radiation depends on the SoP of the
FF, allowing for full Stokes polarization retrieval. Namely, we
show that polarization-dependent SH generation can be induced
by grating units fabricated from [001] ||𝑧-oriented aluminum
gallium arsenide (AlGaAs) thin film each featuring an identical,
nonchiral geometry but differing in the bars orientation within
the ⟨001 ⟩ plane of the crystalline lattice. To fully explain the
process, we introduce an analytical description of the properties
of the nonlinear radiation from the periodic polarimetric unit.
Finally, we numerically demonstrate the capability of a four-unit
super-pixel as polarization analyzer for imaging polarimetry. We
show that the full set of Stokes parameters can be extracted from
the intensity measurements of the SH radiation from individual
scatterers using an image sensor placed at the detection plane.
Our results indicate that nonlinear optics holds strong potential
for developing broadband imaging polarimetry devices with low
fabrication complexity suitable for near-IR operation. 

2 Theory and Modeling 

Figure 1 illustrates the concept of a nonlinear all-dielectric
polarimetric imaging device. The device consists of an array of
polarimetric super-pixels, comprising four gratings made of a
thin layer of nonlinear medium (AlGaAs) on a Al 2 O 3 substrate,
as shown in Figure 1a . The gratings have the same geometrical
sizes, but are rotated at different angles 𝛽 with respect to the
crystalline lattice. Depending on the rotation angle, we denote
them as 𝑈𝑥 

𝐿 and 𝑈
𝑥 
𝑅 for the units rotated with respect to the

𝑥-axis, and 𝑈𝑦 

𝐿 and 𝑈
𝑦 

𝑅 for those rotated with respect to the 𝑦-
axis, where the 𝑅 and 𝐿 subscripts indicate the handedness that
maximizes the SH signal. The units are illuminated from the
substrate side and generate SH in the open 0 and ± 1 diffraction
orders in air (in the operating range 1450–1650 nm), as shown
in the left panel of Figure 1b . Further, when referring to the SH
signal, we mean total contribution from all diffraction orders.
After nonlinear interaction, both the transmitted fundamental
light ( 𝜔) and the generated SH signal ( 2 𝜔) are collected with a lens
(see Figure 1c ). Next, the SH signal is relayed onto a CCD camera
via a telescope system for analysis of the polarization dependent
nonlinear response. The fundamental harmonic, which is only
weakly influenced by its interaction with the units, can be
redirected away from the main optical path using a dichroic
mirror, which transmits the SH signal and reflects the pump. 

Twist between the gratings and the lattice allowed us to achieve
discrimination between the right and left-hand polarization
states. Here we exploit the phenomenon of circular dichroism at
second harmonic (SH-CD), or the sensitivity of the second-order
Laser & Photonics Reviews, 2026
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FIGURE 1 Visualization of the nonlinear polarimetric device. (a) The polarimetric super-pixel consists of four all-dielectric gratings tilted by ± 𝜋∕8 

( ± 22 . 5◦) with respect to the crystalline lattice of the AlGaAs film. (b) Under illumination by a pump irradiation, the fundamental field generates second 
harmonic signal in the 𝜒(2) layer, which is most prominent for RCP or linear input parallel to the grating bars, and negligible for the LCP or LP orthogonal 
to the bars. (c) SH response from the polarimetric units arranged in an array of super-pixels is relayed by the telescope formed by lenses 𝐿1 and 𝐿2 on 
the CCD, allowing for the imaging polarimetry. 
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onlinear response to the handedness of the circular polarization
 35 ], which quantitatively can be expressed through the ratio
H-CD = ( 𝐼2 𝜔 RCP − 𝐼2 𝜔 LCP )∕( 𝐼

2 𝜔 
RCP + 𝐼2 𝜔 LCP ) [ 36 ]. As we will show below,

he symmetry of the nonlinear crystal and the structure give rise
o particular angular terms in the dependence of SH power on the
nput polarization orientation angle, 𝜓, with their relative weights
etermined by the value of the SH-CD. We leverage this property
o obtain strong SH contrast between RCP and LCP excitation
nd a distinct SH response for input fields oriented parallel or
rthogonal to the grating bars, as schematically summarized in
igure 1b . Generally, the suggested units generate a SH response
imilar to the response of a rotated elliptical polarizer, allowing
or polarimetric measurements using a set of units with identical
eometries oriented differently in space [ 37 ]. 

he geometry of the device was optimized in COMSOL Mul-
iphysics software to exhibit maximal SH circular dichroism
 SH-CD = 0 . 981 with input at 1550 nm), resulting in a value of the
H linear dichroism of SH-LD = ( 𝐼2 𝜔 || − 𝐼2 𝜔 

⟂
)∕( 𝐼2 𝜔 || + 𝐼2 𝜔 

⟂
) = 0 . 956

see Section S1 ). The corresponding geometrical parameters are
 bar width 𝑤 = 653 nm, a period Λ = 1316 nm, and a height
 = 246 nm. We find that the simultaneous maximization of LP
nd CD in our design leads to minor variations in the optimized
eometrical parameters (see Section S2 ). 

.1 Nonlinear Response of Polarimetric Units 

igure 2a shows the numerical simulation of the SH power
mitted by the polarimetric units following FF excitation, whose
aser & Photonics Reviews, 2026
polarization state traverses the entire Poincaré sphere. Here we
utilize the formalism of a polarization ellipse SoP which is
parametrized by the ellipticity angle 𝜒 ∈ [− 𝜋∕4 , 𝜋∕4 ] and orien-
tation angle 𝜓 ∈ [0 , 𝜋] (see inset in Figure 2a ). From the map of
the polarimetric unit 𝑈𝑦 

𝑅 , having a 𝜋∕8 tilt with respect to the [010]
direction, one can observe strong dependence of the nonlinear
response on the input SoP. Rotation of the periodic structure
by the same angle, but in the opposite direction compared to
𝑈

𝑦 

𝑅 , i.e., 𝛽 = − 𝜋∕8 , results in a map obtained through inversion
about the point ( 𝜒, 𝜓) = (0 , 𝜋∕2) , corresponding to the behavior
of a 𝑈𝑦 

𝐿 unit. In turn, units 𝑈
𝑥 
𝐿 and 𝑈

𝑥 
𝑅 , tilted with respect to

the orthogonal [100] direction, demonstrate a 𝜋∕2 shift along
the 𝜓 axis, compared to the corresponding maps of 𝑈𝑦 

𝑅,𝐿 units.
Left panel of Figure 2b shows the vertical slices of the maps
( 𝜓 = 0 ). Here one can see that 𝑈𝑥,𝑦 

𝑅 units generate a negligibly
small SH signal under LCP input ( 𝜒 = − 𝜋∕4 ), with the signal
increasing toward the RCP input ( 𝜒 = 𝜋∕4 ). As expected, 𝑈𝑥,𝑦 

𝐿 

units feature the opposite dependence on the ellipticity angle.
In case of linearly polarized input (Figure 2b , right panel, 𝜒 =
0 ), the dependencies on the orientation angle 𝜓 exhibit one
maximum and one minimum for each value of the ellipticity
angle, approximating shifted cos 2 ( 𝜓 + 𝜓0 ) dependence, showed
by dashed lines. We observe that the SH-CD value monotonically
decreases as the FF wavelength is shifted away from 1550 nm,
at which it reaches its maximum, and drops to approximately
0.6 for a detuning of ± 100 nm (see Figure 2c ). The nonlinear
conversion efficiency of the unit can be described in terms of
the nonlinear conversion coefficient 𝜉2 𝜔 = 𝑃2 𝜔 ∕( 𝑃𝜔 )2 , where 𝑃2 𝜔 

and 𝑃𝜔 is the power of the output SH and input FF radiation,
respectively. From the numerical results shown in Figure 2 , we
3 of 10
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FIGURE 2 Second harmonic response from the polarimetric units with input intensity 𝐼𝜔 0 = 1 MW/ cm 

2 . (a) SH map at 1550 nm for the 𝑈𝑦 
𝑅 unit, 

rotated by the angle 𝛽 = 𝜋∕8 with respect to [010] direction ( y -axis), as a function of the ellipticity and orientation angles of the polarization ellipse. 
Structure 𝑈𝑦 

𝐿 ( 𝛽 = − 𝜋∕8 ) features inverted map, showing the opposite dependence to the handedness of the input. (b) Dependence of SH signal power 
on the orientation angle 𝜓 is similar to the response of a linear polarizer 𝐼 ∝ cos 2 𝜓 depicted by dashed lines; colored markers correspond to slices of SH 

maps with 𝜓 = 0 and 𝜒 = 0 . (c) Dependence of the nonlinear circular dichroism on the input wavelength features a maximum near 1550 nm. 
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btain 𝜉2 𝜔 ≃ 4 × 10− 9 W− 1 (see Section S3.1 for more details). The
fficiency value can be optimized, by specifically targeting high
-factor optical resonances, allowing to increase the conversion
fficiency of the process by several orders of magnitude [ 38–40 ].
e also note that the linear transmittance of the grating units
hows relatively weak dependence on the orientation angle 𝜓,
nd is not sensitive to the handedness of the excitation, due to
he nonchiral geometry (see Section S4 ). 

.2 Analytical Analysis of Nonlinear Response 

he analysis of the fields excited in the structures suggests that
he nonlinear response induced by an input with arbitrary SoP
an be expressed by a semi-analytical formula. Specifically, the
enerated SH field at position 𝐫 can be written in terms of
omplex-valued vector parameters 𝐄2 𝜔 

𝐴𝐵 . These parameters repre-
ent the second harmonic electric field components generated
y RCP and LCP photons, yielding four possible combinations:
xcitation by two RCP photons ( 𝐴𝐵 = 𝑅 𝑅 ), two LCP photons
 𝐿 𝐿 ), and the cross terms arising from the combinations of RCP
nd LCP photons ( 𝑅𝐿 , 𝐿 𝑅). This leads to the following response
or excitation with an arbitrary SoP (see Appendix A.1 for
etails): 

𝐄2 𝜔 ( 𝐫) = 

( 

cos 2 
𝜃

2 
𝐄2 𝜔 
𝑅𝑅 + cos 

𝜃

2 
sin 

𝜃

2 
𝑒− 2i𝜓 ( 𝐄2 𝜔 

𝑅𝐿 + 𝐄2 𝜔 
𝐿𝑅 ) 

+ sin 
2 𝜃

2 
𝑒− 4i𝜓 𝐄2 𝜔 

𝐿𝐿 

) 

(1)
of 10

t

where 𝜃∕2 = − 𝜒 + 𝜋∕4 , with 𝜒 being the ellipticity angle.
Notably, this formulation can be used to fully describe nonlinear
vector response for an arbitrary SoP using only four numerical
simulations, thus dramatically reducing the computational time
required to characterize the system. 

2.2.1 Nonlinear Response Under Linearly Polarized 
Excitation 

From analysis of Equation ( 1 ) we show that we show that struc-
tures with near unity SH-CD under linearly polarized excitation
( 𝜒 = 0 ) feature dependence of SH signal intensity approximated
by the following equation (see Appendix A.2 ): 

𝐼2 𝜔 ≈ 𝑎 + 𝑏 cos (2 𝜓 + 𝜓0 ) , (2)

Fitting of the normalized calculated dependencies at 1550 nm
gives for the coefficients 𝑎 and 𝑏 values of 0.507 and 0.489,
respectively. Given the close values of the coefficients, Equa-
tion ( 2 ) can be rewritten as 𝐼2 𝜔 ≈ 2 𝑏 cos 2 ( 𝜓 + 𝜓0 ∕2) + 𝜀, with 𝜀 =
𝑎 − 𝑏 = 0 . 018 . Such behavior closely resembles the conventional
dependence of light intensity transmitted through a rotated linear
polarizer [ 41, 42 ]. We should note that while working in the
region with near unity SH-CD approximately gives the cos 2 ( 𝜓)
law, detuning from the optimized wavelength results in decreased
SH-CD, changing the shape of the 𝜓 dependence. We find that in
the general case for our structure (including cases with the SH
response of the same order for RCP and LCP excitation) the fitting
Laser & Photonics Reviews, 2026
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unction includes an additional angular harmonic: 

𝐼2 𝜔 = 𝑎 + 𝑏 cos (2 𝜓 + 𝜓𝑏 ) + 𝑑 cos (4 𝜓 + 𝜓𝑑 ) , (3)

here the relative weight of the coefficient 𝑑 increases with
etuning from the optimized wavelength. The results of the fit
ith Equation ( 3 ) are in perfect agreement with the numerical
esults (see Appendix A.2 ). 

.2.2 Nonlinear Response Under Circularly Polarized 
xcitation 

ext, we focus on the description of SH response under circularly
olarized excitation. Periodic arrays of AlGaAs strips exhibit 𝐶2 𝑣 

ymmetry, for which the nonlinear polarization can be expressed
n cylindrical coordinates ( 𝑟, 𝜑, 𝑧) as follows [ 36, 43 ]: 

𝐏2 𝜔 
𝑚in ( 𝑟, 𝜑, 𝑧) ∝

∑
𝜈

𝑒i2 𝜑𝜈
(
𝐏2 𝜔 
− 2 + 2 𝑚in ,𝜈

( 𝑟, 𝑧) 𝑒± ( − 2 + 2 𝑚in )i𝜑 𝑒± 2i𝛽

+ 𝐏2 𝜔 
2 + 2 𝑚in ,𝜈

( 𝑟 , 𝑧) 𝑒± (2 + 2 𝑚in )i𝜑 𝑒∓ 2i𝛽
)

(4)

here summation is over 𝜈 ∈ ℤ , 𝛽 is the angle of the crystalline
attice rotation with respect to a vertical mirror plane, and
in is the total angular momentum (TAM) projection of the
ncident wave on the propagation 𝑧-axis ( 𝑚in = − 1 and + 1 for
CP and LCP, respectively). The dependence of each term on
corresponds to a TAM projection of the eigenmode, excited
y this term. Basically, in 𝐶2 𝑣 structures there are only 4 types
f eigenmodes: two of them have all possible even values of 𝑚
nd the other two have odd [ 44 ]. In our considerations, only
igenmodes with even 𝑚 are excited by all 𝐏2 𝜔 

𝑚,𝜈 terms. For
rthogonal inputs ( 𝑚in = ± 1 ) we can rewrite Equation ( 4 ) as
ollows: 

𝐏2 𝜔 
L ( 𝑟, 𝜑, 𝑧) ∝

∑
𝜈

𝑒2i𝜑𝜈
(
𝐏2 𝜔 
0 ,𝜈( 𝑟, 𝑧) + 𝐏2 𝜔 

4 ,𝜈( 𝑟, 𝑧) 𝑒
4i𝜑 𝑒− 4i𝛽

)
𝐏2 𝜔 
R ( 𝑟, 𝜑, 𝑧) ∝

∑
𝜈

𝑒2i𝜑𝜈
(
𝐏2 𝜔 
0 ,𝜈( 𝑟, 𝑧) + 𝐏2 𝜔 

− 4 ,𝜈( 𝑟, 𝑧) 𝑒
− 4i𝜑 𝑒4i𝛽

)
(5)

et us keep in mind that each polarization term then excites
igenmodes of the nanostructure of the corresponding symmetry.
n order to qualitatively analyze the nonlinear CD, we can
runcate the series to 𝜈 = 0 terms, assuming that they provide the
ominant contribution to the induced polarization. This approx-
mation makes considerations simpler, and does not change the
ualitative result. One can easily extend the analysis to higher-
rder terms, but the conditions for the dichroism will remain the
ame. 

𝐏2 𝜔 
L = 𝐏0 , 0 +

(
𝐏4 , 0 𝑒

4i𝜑 
)
𝑒− 4i𝛽

𝐏2 𝜔 
R = 𝐏0 , 0 +

(
𝐏− 4 , 0 𝑒

− 4i𝜑 )𝑒4i𝛽 (6)

e note that, as the periodic structure is not chiral, modes excited
y the polarization terms with |𝐏2 𝜔 

− 4 , 0 | and |𝐏2 𝜔 
4 , 0 | with opposite

AM projections must have the same magnitude. In general,
wo terms excite eigenmodes of the same symmetry, but with
ifferent amplitudes. One can assume that |𝐏2 𝜔 

0 , 0 | excites one
igenmode, and |𝐏2 𝜔 

± 4 , 0 | another one, with different phase and
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amplitude. The phase difference between the modes excited by
𝑚 = 0 term and terms with 𝑚 = ± 4 equals 𝛿m 

. Here, we also
assumed that each term excites mostly one mode, while in reality
both terms excite an infinite number of eigenmodes with different
amplitudes. Also, for tilt angles 𝛽 ≠ 𝜋𝜈

4 
= 0 , ± 45◦, ± 90◦, . . . , the

exponential factors in Equation ( 6 ) do not coincide 𝑒i 𝛿m − 4i 𝛽 ≠
𝑒i 𝛿m + 4i 𝛽 . Therefore, we see that the magnitude of the total
radiated power differs between LCP and RCP, enabling the chiral
discrimination and the access to the 𝑆3 component. 

Also assuming the same absolute values of the amplitudes of the
excited eigenmodes and integrating for the SH intensity [ 36 ] we
obtain: 

𝐼2 𝜔 ∝ (1 + cos ( 𝛿m 

∓ 4 𝛽))2 (7)

where 𝛿m 

is the relative phase between the modes, determining
the modulation depth of the SH-CD. Figure 2b (left panel) plots
the total power as a function of the ellipticity angle. It can be
seen that for 𝑈𝑅 units as the angle varies from − 𝜋∕4 (LCP) to
𝜋∕4 (RCP), the intensity of the SH signal gradually increases from
approximately zero to its nominal value. 

3 Stokes Parameters Retrieval and Performance 
Estimation 

After describing the properties of the nonlinear response of
the individual units, we will now discuss how the distinct SH
dependencies of a polarimetric super-pixel (or a set of four
dielectric polarimetric units) allow to connect the intensities
of the SH signal with the polarization state of the input light.
First, we consider the procedure allowing for the retrieval of
the polarization state from measured SH power. Next, we show
that the response of the units allows for full Stokes polarimetry
of fully polarized light using a LUT approach, described below.
The retrieval capabilities of the proposed method are reported in
Figure 3 , where the representation of the SoP under analysis is
described as a point located on the Poincaré sphere [ 1 ]. We note
that the nonlinear device enables polarimetric measurements of
partially polarized light (i.e., full Stokes polarimetry), for which
we propose an alternative approach detailed in Section S7 . 

3.1 Stokes Parameters Retrieval With Fully 
Polarized Input 

To retrieve the Stokes parameters of the input signal, we create
a set of lookup tables (LUTs), 𝑇𝑖 ( 𝜓, 𝜒) , of size 21 × 11 ( 𝜓 × 𝜒) ,
containing the SH power for the corresponding polarization states
with fully polarized input. Values between the calculated points
are evaluated using linear interpolation. A LUT is calculated for
each polarimetric unit at specified input signal intensities and
wavelengths. Given the quadratic dependence of the generated
SH signal, we assume that the value of the measured SH power,
𝑝𝑖 , can be obtained by scaling the values taken from the LUTs: 

𝑝′
𝑖 =

( 

𝐼 

𝐼𝑐 

) 2 

𝑇𝑖 ( 𝜓, 𝜒) (8)
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FIGURE 3 Stokes parameters retrieval from the second harmonic signal intensity measurements. (a) Reference input of the tested linear SoPs 
displayed on the Poincaré sphere (left panel) and the error of the retrieved Stokes parameters at input wavelength of 1550 nm (right panel). (b) Dependence 
of the normalized RMSE on the wavelength of linearly polarized input light. (c) Polarization states produced by a quarter-wave plate rotated by an angle 
𝜏 (left panel), and the corresponding retrieval error (right panel). (d) Dependence of the normalized RMSE on the wavelength of the input light. 
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here 𝑝′
𝑖 is the expected SH power from 𝑖-th structure, 𝐼 is the

nput intensity, 𝐼𝑐 is the intensity at which the LUT ( 𝑇𝑖 ) was
alculated. With this assumption, we optimize the polarization
llipse angles and the input intensity by minimizing the differ-
nce between the scaled LUT values and the measured SH power
rom each element: 

min 
𝐼> 0 , 𝜓, 𝜒

‖( 𝐩 − 𝛼 𝐓 ( 𝜓, 𝜒)) ‖2 , 𝛼 =
( 

𝐼 

𝐼𝑐 

) 2 

, (9)

with 𝐩 = [ 𝑝1 , 𝑝2 , 𝑝3 , 𝑝4 ] , 𝐓 = [ 𝑇1 , 𝑇2 , 𝑇3 , 𝑇4 ] . 

he minimization was performed using a simulated annealing
lgorithm. In order to estimate the accuracy of the retrieval we
ntroduce the retrieval error defined as follows: 

𝛿𝑆𝑖 =
𝑆fit 𝑖 − 𝑆in 𝑖 

𝑆in 0 

(10)

here 𝑆fit 𝑖 is the 𝑖-th Stokes parameter obtained during the
ptimization procedure, and 𝑆in 𝑖 is the parameter corresponding
o the SoP of the input. In order to estimate average error for a set
f points obtained with the same input intensity 𝐼𝜔 in = 𝑆in 0 , we use
he normalized root mean square error (NRMSE) defined as: 

NRMSE 𝑖 =
1 

𝑆in 0 

√ √ √ √ 

1 

𝑁 

𝑁 ∑
𝑛= 1 

(
𝑆fit 𝑖 ( 𝑛) − 𝑆in 𝑖 ( 𝑛)

)2 
(11)

.1.1 Linear Input Polarization States 

igure 3a illustrates the set of SoPs for linearly polarized input,
epresented by points on the equator of the Poincaré sphere ( 𝜒 =
 ), together with the error of the retrieved Stokes parameters
of 10
at an input wavelength of 1550 nm. Here, during optimization,
we did not enforce 𝜒 = 0 , allowing the algorithm to retrieve all
Stokes parameters. We observe that in this case the absolute
error is less than 4% . Notably, for points with 𝜓 equal to integer
multipliers of 𝜋∕4 , the error drops to near zero values compared to
neighboring points. This can be attributed to the overlap between
the points from the test set and the values from the LUTs, whereas
the neighboring test points correspond to linearly interpolated
LUT values. Figure 3b shows the normalized RMSE a s function
of the input wavelength, showing that in the whole range of
wavelengths the NRMSE does not exceed 4% . 

3.1.2 Elliptical Input Polarization States 

Next, we focus on full perform Stokes polarimetry using another
test set of polarization states, which can be produced experimen-
tally by passing a linearly polarized beam through a rotating
quarter-wave plate (QWP) (see Section S5 ). In this case the
trajectory of the input SoP forms on the sphere a lemniscate
like shape (see Figure 3c , left panel) parametrized by the QWP
rotation angle 𝜏. When the fast axis of QWP is aligned with the
input polarization ( 𝜏 = 0 ), the input state remains unchanged,
while at 𝜏 = 𝜋∕4 , the waveplate transforms the linear input into
circularly polarized one. The right panel of Figure 3c presents the
error of the retrieved Stokes parameters at 1550 nm, showing that
the absolute error does not exceed 2 % . The normalized RMSE for
retrieval in the wavelength range 1450–1650 nm remains below
3 % , as shown in Figure 3d . 

3.2 Performance Estimation 

Finally, regarding the realization of the proposed device, we
provide an estimation for the threshold value of the input power
Laser & Photonics Reviews, 2026
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t fundamental frequency required for the operation (see Sec-
ion S3.2 for more details). For this purpose, we consider a CCD
amera featuring a maximum well capacity of 23 000 electrons, an
fficiency of 𝜖 ∼ 40% at 𝜆SH = 775 nm (which corresponds to the
H of a FF beam at 1550 nm), and a pixel size of 𝑝 ∼ 5 𝜇m (e.g.,
horlabs CS2100-USB). Moreover, we consider the polarimetric
nit consisting in a grating structure covering a square region
ith area 𝐴𝑢 = 𝐿𝑁Λ, where 𝐿 is the bar length and𝑁 the number
f bars within the polarimetric unit. Given a value of 𝜉2 𝜔 ≃ 4 ×
0− 9 W− 1 for 𝐿 = 25 𝜇m and 𝑁 = 19 , in order to excite 𝑁𝑒 = 2000

lectrons in a time interval Δ𝑡 = 5 s in the case of a single pixel,
he required intensity of the pulsed FF excitation can be estimated
s 

𝐼𝜔 𝑚 

= 𝐼𝜔 0 

√ 

RR 𝜏 2 𝜋ℏ𝑐 𝑁𝑒 

𝑃̃2 𝜔 
0 𝐿𝑁𝜖 Δ𝑡 𝜆SH 

= 23mW ∕cm 

2 , (12)

here the pulse duration 𝜏 = 300 fs and the repetition rate
𝑅 = 1 MHz. We underline that this estimation is based on
he assumption that each single analyzer pixel (comprising one
olarimetric unit) is imaged onto one single detector pixel. 

 Conclusions 

n this work, we presented a novel approach to polarimetric
maging based on second-harmonic generation in nonlinear flat-
ptics platform. By exploiting the polarization dependence of
he nonlinear response in 𝜒(2) nonlinear crystal of AlGaAs, and
y optimizing the geometrical parameters of dielectric gratings,
e demonstrated that the intensity of the generated SH signal
ncodes the full state of polarization of the FF incident light.
e analytically analyzed the observed dependencies, revealing
he relation between the absolute value of SH dichroism and the
hape of the response to the polarization orientation angle. 

hrough numerical simulations, we showed that four identical
lements with simple geometry, can serve as micropolarizers of
oth linear and circular polarizations, selectively enhancing or
uppressing SH signals based on the input polarization state.
y assembling four such elements into super-pixel arrays, we
roposed a complete polarization analyzer capable of retrieving
ll four Stokes parameters from a single image capture of the
H intensity distribution. We find that such a device can operate
ith high accuracy (error < 4% ) in a wide range of wavelengths
panning from 1450 to 1650 nm. 

ur findings indicate that nonlinear harmonic generation offers
 promising route to compact, passive, and cost-effective polari-
etric imaging systems. 
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Appendix A 

A.1 Functional Dependence on the Incident Polarization 

In this section, we provide an analytical description of our system, offering
valuable insights into the underlying physics. Let us denote incident
left(right)-circularly polarized plane wave as |𝐿⟩ (|𝑅⟩) , or more generally,
a beam with TAM projection 𝑚in = − 1( + 1) . In this basis, the SoP of an
arbitrarily polarized input wave |𝐸𝜔 ⟩ can then be expressed as 
|𝐸𝜔 ⟩ ∝ ( 

cos 
𝜃

2 
𝑒i𝜓 |𝑅⟩ + sin 

𝜃

2 
𝑒− i𝜓 |𝐿⟩) 

∼

( 

cos 
𝜃

2 
|𝑅⟩ + sin 

𝜃

2 
𝑒− 2i𝜓 |𝐿⟩) 

(A1)
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FIGURE A1 Maps of SH response from 𝑈
𝑦 
𝑅 polarimetric unit at 1450 nm. (a) Numerical calculation for each input SoP, (b) semil-analytical approach 

expressed by Equation ( A4 ). 
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reat
he equivalence sign ∼ is used, because for these two formulae describe
he same polarization state, as long as we are not interested in the total
hase, but still care about the amplitude, to compare the SH responses
o different polarizations. We can then describe the input for the SHG
rocess as the tensor product of the incident wave [ 36, 45, 46 ], i.e.
𝐸𝜔 ⟩⊗ |𝐸𝜔 ⟩. Let us denote the whole process of SHG by  , because, in
his consideration, we are not interested in particular properties of this
rocess. The second harmonic field 𝐄2 𝜔 ( 𝐫) can then be written as 

𝐄2 𝜔 ( 𝐫) = ( 𝐫)(|𝐸⟩⊗ |𝐸⟩) = 

= ( 𝐫)
( ( 

cos 
𝜃

2 
|𝑅⟩ + sin 

𝜃

2 
𝑒− 2i𝜓 |𝐿⟩) 

⊗

( 

cos 
𝜃

2 
|𝑅⟩ + sin 

𝜃

2 
𝑒− 2i𝜓 |𝐿⟩) ) 

= (A2)

= ( 𝐫)
( 

cos 2 
𝜃

2 
|𝑅⟩⊗ |𝑅⟩ + cos 

𝜃

2 
sin 

𝜃

2 
𝑒− 2i𝜓 (|𝐿⟩⊗ |𝑅⟩

+ |𝑅⟩⊗ |𝐿⟩) + sin 
2 𝜃

2 
𝑒− 4i𝜓 |𝐿⟩⊗ |𝐿⟩) 

he question arises: is ( 𝐫) linear? First, the fields undergo linear
cattering. Fields inside the nanostructure do not possess the same shape
s for plane wave, but importantly, the scattering process is linear. If
he incident field is represented as a sum of two waves, the internal
ield is likewise represented as a sum of the internal fields generated
y these two waves. We now consider the action of the second-order
usceptibility 𝜒(2) , which is nonlinear in the usual sense. However, when
xpressed in the tensor-product formalism as in Equation ( A2 ), the
orresponding operator acts linearly on the tensor-product space. The
onlinear polarization then generates the second-harmonic field, which
an also be described linearly through Green’s functions. Specifically,
or any input |𝐸𝑖 ⟩, the output is expressed as ( 𝐫)(|𝐸1 ⟩⊗ |𝐸2 ⟩ + |𝐸3 ⟩⊗
𝐸4 ⟩) =  ( 𝐫) |𝐸1 ⟩⊗ |𝐸2 ⟩ +  ( 𝐫) |𝐸3 ⟩⊗ |𝐸4 ⟩. 
et us now introduce the notation for each term in Equation ( A2 ) of the
orm: 

( 𝐫)( |𝐴⟩⊗ |𝐵⟩) = 𝐄2 𝜔 
𝐴𝐵 

. (A3)

here 𝐴 and 𝐵 take values from the set { 𝑅, 𝐿} . Rewriting Equation ( A2 ),
e obtain the expression 

2 𝜔 ( 𝐫) =
( 

cos 2 
𝜃

2 
𝐄2 𝜔 
𝑅𝑅 + cos 

𝜃

2 
sin 

𝜃

2 
𝑒− 2i𝜓 ( 𝐄2 𝜔 

𝑅𝐿 + 𝐄2 𝜔 
𝐿𝑅 ) + sin 

2 𝜃

2 
𝑒− 4i𝜓 𝐄2 𝜔 

𝐿𝐿 

)
(A4)

his is the second-harmonic electric field at some point 𝐫 (an analogous
xpression holds for 𝐇2 𝜔 ( 𝐫) ). To obtain the total SH intensity, one must
alculate the local intensity by taking the square of the absolute value
aser & Photonics Reviews, 2026
of the field and then integrate it over space. The subtle part is that each
𝐄2 𝜔 
𝐴𝐵 

is a vector quantity depending on the coordinate, and determining it
requires additional calculations. However, we can look at the symmetry
behavior of each of these terms [ 36 ], and immediately determine whether
they interfere in the intensity, or not. They do interfere, if they possess at
least partially coinciding values of total angular momentum projections
𝑚. This rule is applicable almost always, except for very specific cases,
however, to be sure, one may also consider all the parities [ 47 ]. In our
case, the nanostructure is of 𝐶2 𝑣 symmetry with GaAs tensor [001] ||𝑧, so
each of the 4 terms generates all possible even 𝑚 values. This means that
all these partial SH-fields have the same symmetry behavior and interfere.
Figure A1 shows SH response maps for the 𝑈𝑦 

𝑅 unit at 1450 nm, obtained
from explicit calculations for each input SoP and from Equation ( A4 )
using only four simulations. One can observe close agreement between
the semi-analytical results and the fully numerical calculations. 

A.2 Dependence of the Response With Linearly Polarized 
Input 

Let us now focus on a specific case of linearly polarized input wave
( 𝜃 = 𝜋∕2 ) incident on a structure with unity SH circular dichroism. This
means, that one of the responses at SH, 𝐄2 𝜔 

𝑅𝑅 or 𝐄
2 𝜔 
𝐿𝐿 , is zero. Let us consider

𝐄2 𝜔 
𝐿𝐿 = 0 . Values of 𝐄2 𝜔 

𝑅𝐿 and 𝐄
2 𝜔 
𝐿𝑅 are not known, but let us assume that

they are comparable to 𝐄2 𝜔 
𝑅𝑅 . In this case from Equation ( A4 ) we get the

expression in the following form: 

𝑃2 𝜔 ∝ ∫ |𝑎( 𝐫) + 𝑒− i2 𝜓 𝑏( 𝐫) |2 d 𝐫 
= ∫

(|𝑎 ( 𝐫) |2 + |𝑏 ( 𝐫) |2 + 2 |𝑎 ( 𝐫) ||𝑏 ( 𝐫) | cos ( 𝛿( 𝐫) − 2 𝜓)
)
d 𝐫 (A5)

and in principle we can assume the phase difference 𝛿( 𝐫) between the
fields close to constant (which is quite natural for the far-field of two
interfering fields with the same 𝑚), getting the final expression (as in
Equation 2 ) for the dependence on 𝜓: 

𝐼2 𝜔 ∝ 𝑎 + 𝑏 cos (2 𝜓 + 𝜓𝑏 ) (A6)

In the case of imperfect SH circular dichroism (comparable response from
both 𝐄2 𝜔 

𝑅𝑅 and 𝐄
2 𝜔 
𝐿𝐿 terms), integration of Equation ( A4 ) gives: 

𝐼2 𝜔 ∝ 𝑎 + 𝑏 cos (2 𝜓 + 𝜓𝑏 ) + 𝑑 cos (4 𝜓 + 𝜓𝑑 ) . (A7)

Figure A2 shows the numerically calculated dependencies of SH power
under linearly polarized excitation on the orientation angle calculated at
various wavelengths (colored markers). Here we also provide fits of the
calculated dependencies with the expressions ( A6 ) and ( A7 ), showed by
dashed and solid lines, respectively. We find that the dependence at 1550
nm with SH-CD = 0.98, closely follows Equation ( A6 ). In this case, the use
of the more accurate expression ( A7 ) does not significantly improve the
accuracy of the fit, which is consistent with the derivation assumptions of
9 of 10

ive C
om

m
ons L

icense



FIGURE A2 Dependencies of the normalized SH power generated by the polarimetric unit on the orientation angle for an ellipticity angle 
𝜒 = 0 . For small SH-CD values, the angular dependence becomes distorted due to the appearance of an additional harmonic. The simulated data and 
corresponding fits are shown by markers and lines, respectively. 

TABLE A1 Fitted parameters for three input wavelengths using 
simplified and extended formulations. 

𝝀in , nm Model 𝒂 𝒃 𝝍𝒃 , rad. 𝒅 𝝍𝒅 , rad. 

1550 Simplified 0.5067 0.4892 2.3475 — —
Extended 0.5060 0.4902 2.3497 0.01763 − 0.3081 

1650 Simplified 0.4593 0.4597 2.1451 — —
Extended 0.4583 0.4608 2.1488 0.09605 − 1.3270 

1450 Simplified 0.3733 0.4431 1.9062 — —
Extended 0.3808 0.4384 1.8742 0.18610 − 2.7527 
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f 0.57 and 0.55 respectively), Equation ( A6 ) fails to describe the observed
ependence, resulting in a relatively large error, whereas Equation ( A7 )
rovides an excellent fit. Table A1 shows the fitting coefficients for the
wo expressions. 
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