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The manipulation and detection of polarization states play a crucial role in the application of 6G terahertz com-
munication. Nonetheless, the development of compact and versatile polarization detection devices capable of
detecting arbitrary polarizations continues to be a challenging endeavor. Here, we demonstrate a terahertz polari-
zation detection scheme by performing mode purity analysis and multidimensional analysis of the transmitted
vortex field. The power of the proposed polarization recognition is verified by using three polarization trajecto-
ries, including linear polarizations, circular polarizations, and elliptical polarizations. Using the reconstructed
complete polarization parameters, the detected polarization states are characterized using polarization ellipses,
Poincaré sphere, and full-Stokes parameters. The experimental results validate the power of this scheme in
polarization detection. This scheme holds promise for applications in polarization imaging and terahertz
communication. © 2023 Chinese Laser Press

https://doi.org/10.1364/PRJ.506746

1. INTRODUCTION

Ametasurface is capable of finely modulating incident waves on
a subwavelength scale, pixel by pixel, profiting from its remark-
able capabilities of manipulating electromagnetic waves [1].
The range includes, but is not limited to, the frequency, am-
plitude, phase, and polarization of the electromagnetic waves
[2,3]. This modulation implementation originated from the
concept of introducing phase discontinuities at interfaces, pro-
posed by Capasso’s group in 2011 [1]. Based on such strategies,
researchers have developed various functional devices [4–16].
In addition to achieving functions that traditional optics and
diffractive optical elements can accomplish, a metasurface in-
troduces more degrees of freedom for modulating the optical
field. By adjusting the phase gradient at the interface, incident
waves can be deflected in any desired direction, and the gen-
eration and control of multiple beams can be achieved [4,5].
Furthermore, it can be used for polarization conversion

[6,7], holography [8,9], metalenses [10,11], vortex beams
[12–14], and other functionalities, offering tremendous pros-
pects for applications in imaging, communication, sensing, and
other fields.

Vortex beams, which carry orbital angular momentum
(OAM) during propagation, have been widely used in fields
such as OAM communication, optical trapping, and edge-
enhanced imaging [17–19]. There are various methods to
generate such beams, including mode conversion, spiral phase
plates, spiral zone plates, q-plates, and metasurfaces [19–22].
The topological charge of the generated vortex can be flexibly
adjusted through designing the structure or phase profile of the
element. In addition to generating and controlling a single vor-
tex state, the orthogonality between vortex beams with different
topological charges makes the superposition of multiple vortex
modes useful in quantum science and communication [23,24].
Vortex superposition states can be utilized to record and trans-
mit information.
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Polarization, as a fundamental characteristic of electromag-
netic waves, has important applications in communications,
light–matter interactions, and so on. In addition to generating
specific polarization beams, the detection of polarization is
equally important. Methods such as Jones vector analysis,
Stokes parameters, and Poincaré spheres can be used to char-
acterize the polarization state of a light field. Traditional polari-
zation detection methods involve the use of polarizers,
waveplates, and the introduction of electro-optic crystals. In
recent years, the development of metasurfaces has provided
new solutions for polarization detection [24–27]. Zhang et al.
demonstrated a polarimeter that can detect the incident angle
and polarization state of incident light simultaneously [25]. Hu
et al. experimentally demonstrated an ultracompact all-dielec-
tric pixelated full-Stokes metasurface; each pixel consists of
three linear polarizers and one circular polarizer with a sin-
gle-layer planar structure [26]. Jiang et al. proposed a metallic
waveguide array to measure the polarization state of continuous
terahertz waves by measuring the phase difference and ampli-
tude ratio of its two orthogonal components based on polari-
zation-multiplexing vortex beams [27]. Liu et al. reported a
bionic metasurface that can realize full-Stokes polarization im-
aging in a wide field of view [24]. However, current polariza-
tion detection schemes mostly rely on beam splitting and
sub-region designs, which have larger dimensions and are not
conducive to lightweight and integrated designs. Moreover,
most of these schemes can only detect specific linear or circular
polarization states.

In this work, we propose a novel terahertz polarization de-
tection scheme. The scheme relies on a spin-decoupled all-
dielectric metasurface that generates a pair of vortex beams with
opposite topological charges based on the independent control
of left-handed and right-handed circularly polarized incidences.
Through the mode analysis of the transmitted field modulated
by a metasurface, the parameters describing the incident polari-
zation states are obtained completely, and then the incident
polarization states are reconstructed by the full-Stokes param-
eters and Poincaré sphere. In order to verify the feasibility of
such a polarization detection scheme, we simulate several
polarization curves: the trajectory of the incident wave’s polari-
zation state following the meridian direction, the trajectory fol-
lowing the equatorial direction, and five arbitrarily selected
elliptical polarization states. The experimental results also val-
idate the power of this scheme in polarization detection. The
device has great potential for the development of ultra-compact
terahertz polarization detection devices, polarization imaging,
and related applications.

2. DESIGN AND METHOD

In this paper, we employ a meticulous design of the metasur-
face’s phase profile to effectively reconstruct the polarization
state of the incident wave. This is achieved through a compre-
hensive analysis of the mode exhibited by the transmitted field.
Figure 1 shows the schematic of the proposed all-dielectric
metasurface for terahertz polarization detection. For arbitrarily
polarized wave incidence (linearly polarized, circularly polar-
ized, or elliptically polarized), the transmitted field will behave
as a superposition of two vortices or as a single vortex state. We

take a comprehensive analysis of the transmitted field’s mode
(polarization, intensity, phase, etc.), allowing us to extract the
complete polarization parameters of the incident field. Here, we
use the Poincaré sphere as an example to characterize the polari-
zation state of the incident field [Fig. 1(b)], requiring the
parameters of angle of amplitude ratio α, azimuth angle ψ ,
and ellipticity angle ε. These parameters can also be used to
reconstruct the full-Stokes parameters of the incident field.
The mode analysis of the transmitted field mainly consists
of three parts, as shown in Fig. 1(c). In the first part, the de-
composition of the mode purity of the transmitted vortex field
is performed, allowing us to obtain ellipticity angle ε. In the
second part, we determine the orientation angle ϑ of the
x-polarized component in the transmitted field, which is related
to azimuth angle ψ . The third part involves extracting the in-
cident field’s handedness based on the phase distribution of the
x-polarized component. Additionally, the angle of amplitude
ratio α is related to ellipticity angle ε and azimuth angle ψ ,
and can be calculated based on the other two quantities. By
utilizing these reconstructed parameters, the polarization state
of the incident field can be described using the Poincaré sphere
and full-Stokes parameters.

The metasurface polarization detection scheme proposed in
this paper is based on independent control of left-handed and
right-handed circularly polarized incidences. In order to achieve
this goal, we employ the principle of spin-decoupling to design

Fig. 1. Schematic of the proposed all-dielectric metasurface for tera-
hertz polarization detection. (a) For arbitrarily polarized wave inci-
dence, the incident polarization state can be obtained by analyzing
the mode of the transmitted field. (b) Diagram of a Poincaré sphere;
arbitrary polarization state on the spherical surface can be represented
using three coordinates (2α, 2ψ , 2ε). (c) The mode analysis of the
transmitted field mainly consists of three parts: first, the decomposi-
tion of the mode purity of the transmitted vortex field; second, the
orientation angle of the transmitted x-polarized field; third, the phase
distribution of the transmitted x-polarized component.

Research Article Vol. 11, No. 12 / December 2023 / Photonics Research 2257



this device [28,29]. By fully utilizing the degrees of freedom of
propagation phase and geometric phase, we can arbitrarily de-
sign the phase profiles of left-handed and right-handed circu-
larly polarized waves by designing the structural parameters
(length l and width w) and rotation angle ϑ of the anisotropic
meta-atoms [Fig. 2(a)]. When arranging the meta-atoms, the
relationship between the phase responses and rotation angle
of the meta-atoms under linear polarizations and the phase pro-
files of circular polarizations can be described by the following
equations:

φxx � �φLCP � φRCP�∕2,
φyy � �φLCP � φRCP�∕2 − π,
θ � �φRCP − φLCP�∕4: (1)

The phase responses of the meta-atoms under linear polar-
izations can be flexibly changed by adjusting the structural
parameters of the meta-atoms. The operation frequency for
the designed metasurface is 0.9 THz. The period of the de-
signed meta-atom is 150 μm, and the height of the silicon pil-
lars is 200 μm. After a series of parameter sweeps, we have
selected 15 meta-atoms that satisfy the conditions. And their
phase differences under linear polarizations remain about 180°,
with high polarization conversion efficiencies. Their transmis-
sion amplitudes and phase shifts of the selected meta-atoms
under the x- and y-polarized incidences are shown in Fig. 2(b).
According to the description of Eq. (1), the spatial diagram of
the meta-atom library used to achieve spin-decoupling is given
in Fig. 2(c). For each row of eight meta-atoms, they have the
same phase shifts when the left-handed circularly polarized light
is incident. When the incident wave is right-handed circularly
polarized, their phase shifts increase at 45° intervals from left
to right.

The key of this scheme is to generate two vortex beams with
topological charges of �1 and −1, respectively, under left-
handed and right-handed circularly polarized incidences. Then
the relative intensities of the left-handed and right-handed cir-
cularly polarized components can be analyzed by investigating
the purity of these two vortex modes. In order to achieve the
generation of such vortex field on a single metasurface device,
the theoretically required phase profiles can be expressed as

φLR � 2π

λ

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2 � f 2

q
− f

�
� ϕ,

φRL � 2π

λ

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2 � f 2

q
− f

�
− ϕ, (2)

where φLR represents the phase profile of the transmitted right-
handed circularly polarized component in response to left-
handed circularly polarized incidence. The focal length f is
set as f � 4 mm. After an arbitrarily polarized terahertz wave
is incident on the device, the mode purities of the transmitted
vortex field need to be decomposed, using the equations:

E�r, z� � 1ffiffiffiffiffi
2π

p
Xl�∞

l�−∞
al �r, z� exp�ilϕ�,

al �r, z� �
1ffiffiffiffiffi
2π

p
Z

2π

0

E�r, z� exp�−ilϕ�dϕ,

Cl �
Z

∞

0

jal �r, z�j
2

rdr, Pl � Cl∕
Xl�∞

l�−∞
Cl , (3)

where E�r, z� is the transmitted vortex field, and Cl represents
the energy of the vortex field E�r, z� at harmonic exp�ilϕ�.
Mode purities with topological charges of �1 and −1 are used
in this paper to represent the relative intensities of the left-
handed and right-handed circular polarizations in the incident
wave. These two purities are denoted byM�1 andM −1, respec-
tively. According to the definition of Stokes parameters and the
parameters of the polarization ellipse, it can be obtained that

sin 2ε � S3
S0

� M −1 −M�1

M −1 �M�1

: (4)

The ellipticity angle ε can be analyzed from the relative
mode purity. For any polarization state, the Jones vector can
be expressed as

J �
�

cos α
sin αeiδ

�
, (5)

where α represents the angle of amplitude ratio, δ is the phase
difference of x- and y-polarizations. The transmitted field con-
sisting of two vortex modes can be expressed as

Et � ELeiϕ
�
1

−i

�
� ERe−iϕ

�
1

i

�

� 1

2
�cos α� i sin αeiδ�eiϕ

�
1

−i

�

� 1

2
�cos α − i sin αeiδ�e−iϕ

�
1

i

�
, (6)

where Et represents the transmitted field, and EL �ER� repre-
sents the amplitude of left-handed (right-handed) circular
polarization in the incident wave. The expression of the

Fig. 2. Characterization of the used meta-atoms. (a) Diagram of the
anisotropic rectangular pillar. (b) Simulated transmission amplitudes
(blue) and phase shifts (red) of the selected 15 meta-atoms under
the x- and y-polarized incidences. (c) Spatial diagram of the selected
meta-atoms for realizing spin-decoupling. For each row of eight meta-
atoms, they have the same phase shifts when the left-handed circularly
polarized light is incident; for each column of eight meta-atoms, they
have the same phase shifts when the incident wave is right-handed
circularly polarized.
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transmitted x-polarization component can be decomposed
from Eq. (6) as

Ex � cos α cos ϕ − sin α sin ϕeiδ: (7)

Taking the phase difference δ � 0 as an example, it can be
obtained that Ex has the greatest intensity when ϕ � nπ − α (n
is an integer). From the subsequent simulation results, the
relationship between azimuth angle ψ and orientation angle
ϑ is summarized as ψ � π − ϑ.

The relationships of several parameters between the polari-
zation ellipse and Poincaré sphere are as follows:

cos 2α � cos 2ε cos 2ψ ,

� sin 2ε � sin 2α sin δ: (8)

Using the known parameters of ellipticity angle ε and azi-
muth angle ψ , the remaining polarization parameters can be
calculated, the polarization ellipse of the incident wave can
be plotted, and the full-Stokes parameters can be obtained.

3. RESULTS AND DISCUSSION

Before applying this all-dielectric metasurface device to tera-
hertz polarization detection, we simulate its transmission field.
A vortex beam with a topological charge of �1 is generated in
the transmitted right-handed circularly polarized channel under
left-handed circularly polarized incidence (see Appendix A).
For the right-handed circularly polarized incidence, there is
a vortex beam with a topological charge of −1 generated in
the other polarization channel. These results validate the func-
tional design of the metasurface generating vortex fields, which
lays a foundation for its application to the polarization detec-
tion of terahertz waves.

To verify the feasibility of the polarization detection scheme
of this metasurface, three polarization trajectories will be used
to demonstrate that. As the first part, the trajectory of the
incident polarization state follows the meridian direction, tran-
sitioning from x-polarization to right-handed circular polariza-
tion, and then to y-polarization. For any polarization state
on this trajectory, the incident polarization can be set by chang-
ing its axial ratio. In the actual simulations, 21 polarization
states are selected along this trajectory for simulation
(x-polarization, axial ratio � 0.1, 0.2,…, 0.9, 1, 1∕0.9,…,
1∕0.1, y-polarization). Seven sets of these results are shown
in Figs. 3(a)–3(g). Their corresponding polarizations are
x-polarization, axial ratio � 0.3, 0.6, 1, 1/0.6, 1/0.3, and
y-polarization, respectively.

The first to third rows in Figs. 3(a)–3(g) correspond to the
intensity distributions of the transmitted x-polarized compo-
nents, the mode purity spectra of the transmitted vortex fields,
and the comparisons of polarization ellipses between the inci-
dent polarization states and the detected polarization states, re-
spectively. The azimuth angle ψ in the polarization parameter
can be extracted from the orientation angle ϑ of the transmitted
x-polarization component. It can be observed that when axial
ratios are less than one, the orientation angles ϑ are always along
the x-direction. And orientation angles ϑ are always along the
y-direction when axis ratios are greater than one. The ellipticity
angle ε is extracted from the relative mode purity. The purity

spectra of each polarization state are shown in the second row of
Figs. 3(a)–3(g). It can be seen that, under linearly polarized
incidences, the mode purities of vortex fields with topological
charges of �1 and −1 are almost the same. As the axial ratio
gradually increases to one, the proportion of modes with a
topological charge of −1 increases, corresponding to an increase
in the right-handed circularly polarized component in the
incident field. Detailed data of the orientation angles ϑ and
mode purity spectra of each polarization state are in Table 1
(see Appendix B). The comparisons of polarization ellipses in
the third row of Figs. 3(a)–3(g) and the points on the Poincaré
sphere in Fig. 3(h) qualitatively show the difference between
the detected and incident polarization states. The angle of
amplitude ratio α is used to quantitatively compare the differ-
ence between incident and transmitted polarization states in
Fig. 3(i). It can be seen that all the data points are around
the line along the 45° direction.

As the second part, the trajectory of the incident wave’s
polarization state follows the equatorial direction, from
−45°-linear polarization through x-polarization, and then to
45°-linear polarization. The incident polarization states on this
trajectory can be set by changing the angle of amplitude ratio;

Fig. 3. Characterization of the proposed all-dielectric metasurface
for polarization detection: the trajectory of the incident wave’s polari-
zation state follows the meridian direction, transitioning from
x-polarization to right-handed circular polarization, and then to
y-polarization. (a)–(g) Intensity distributions, mode purity spectra
of the transmitted vortex fields, and comparisons of polarization ellip-
ses between the incident polarization states (blue) and the detected
polarization states (red). (h) Representation as points on the
Poincaré sphere of the input states (spheres) and the corresponding
states identified by the metasurface (hexagrams). (i) Comparison of
theoretical angles of amplitude ratio and obtained angles through
simulations.
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the selected angles are −π∕4, −3π∕16, −π∕8, −π∕16, 0,
π∕16, π∕8, π∕16, and π∕4. The intensity distributions of
the transmitted x-polarized field under different linearly polar-
ized incidences are shown in Fig. 4(c). Their orientation rotates
continuously clockwise as the incident polarization changes.
The detailed orientation angles are listed in Table 2 (see
Appendix C). The mode purity spectra of transmitted vortex
fields under each linearly polarized incidence are also simulated,
and detailed data are shown in Table 2. Using the calculated
parameters of azimuth angle ψ and ellipticity angle ε, the other
parameters, including angle of amplitude ratio α and phase dif-
ference δ, can be further calculated. The polarization ellipses of
the incident polarization states and the detected polarization
states are plotted in Fig. 4(d). The detected polarization states
are generally consistent with the incident polarization states,
except for a few slight angle deviations. The Poincaré sphere
[Fig. 4(a)] and full-Stokes parameters [Fig. 4(b)] are also used
to compare the differences between theoretical and simulated
results. The Stokes parameter S3 is essentially zero, indicating
that the intensities of the left-handed and right-handed circu-
larly polarized components in the transmitted field are almost
the same. The simulated Stokes parameters S1 and S2, which

are used to characterize the intensity difference in linear polar-
izations, show slight discrepancies compared to the theoreti-
cal data.

In addition to selecting specific polarization states on certain
trajectories in the previous two parts, the performance of the
proposed metasurface in identifying arbitrary elliptical polari-
zation states is also tested. Five arbitrarily selected elliptically
polarized waves are incident on the proposed device, and then
the incident polarization states are detected by analyzing the
distributions of the transmitted field. The intensity distribu-
tions of the transmitted x-polarized field are shown in Fig. 5(a).
Their orientation angles can be analyzed from these figures,
which in turn provide the azimuth angles ψ . The correspond-
ing phase distributions are shown in the insets, where the fifth
phase profile exhibits opposite rotation compared to the others,
indicating left-handedness. Then their ellipticity angles ε are
calculated by analyzing the mode purities of the transmitted
field. Detailed simulation data are recorded in Table 3 (see
Appendix D). The polarization ellipses of the incident polari-
zation states and the detected polarization states are shown in
Fig. 5(b). They have the same rotation directions, except for
slight deviations, and essentially have the same shapes. In ad-
dition, Poincaré spheres and full-Stokes parameters are used to
characterize them. There are small shifts in their positions
(marked as hexagram and �) on the Poincaré sphere. Their
Stokes parameters have similar values.

In addition to the above simulations, one sample is fabri-
cated for experimental characterization, using the standard ul-
traviolet lithography process and inductively coupled plasma
etching techniques. The scanning electron microscopy
(SEM) image is shown in Fig. 6(a), and the inset shows its side
view. The sample contains 50 × 50 meta-atoms and the side

Fig. 4. Characterization of the proposed all-dielectric metasurface
for polarization detection: the trajectory of the incident wave’s polari-
zation state follows the equatorial direction, from −45°-linear polari-
zation through x-polarization, and then to 45°-linear polarization.
(a) Representation as points on the Poincaré sphere of the input states
(spheres) and the corresponding states identified by the metasurface
(hexagrams). (b) Full-Stokes parameters of the incident polarization
states and the corresponding states identified by the proposed metasur-
face. (c) Intensity distributions of the transmitted x-polarized field.
(d) Polarization ellipses of the incident polarization states (blue)
and the detected polarization states (red).

Fig. 5. Characterization of the proposed all-dielectric metasurface
for polarization detection: five arbitrarily selected elliptical polarization
states. (a) Intensity distributions of the transmitted x-polarized field.
The insets are corresponding phase distributions. (b) Polarization el-
lipses of the incident polarization states and the detected polarization
states. (c) Representation as points on the Poincaré sphere of the input
states (hexagrams) and the corresponding states identified by the
metasurface (�). (d) Full-Stokes parameters of the incident polariza-
tion states and the corresponding states identified by the proposed
metasurface.

2260 Vol. 11, No. 12 / December 2023 / Photonics Research Research Article



length is 7.5 mm. A laboratory-built terahertz digital holo-
graphic imaging system is used to test the performance of
the fabricated sample. The intensity distributions of the exper-
imentally measured x-polarized components are shown in the
first and third rows of Fig. 6(c). The incident polarization
states are x-polarization, y-polarization, 45°-polarization, −45°-
polarization, right-handed circular polarization, left-handed
circular polarization, 22.5°-polarization, and −11.25°-
polarization. The azimuth angles ψ are extracted from the in-
tensity distributions of the x-polarized component, and the
ellipticity angles ε are calculated from the total transmitted
fields. These results are recorded in Table 4 (see Appendix E).
For two circular polarizations of these states, their rotations can
be extracted from the phase distributions of the x-polarized
component, and they are right-handed and left-handed circular
polarizations. The comparisons of polarization ellipses between
the incident polarization states and the measured polarization
states are shown in the second and fourth rows of Fig. 6(c). In
addition, full-Stokes parameters of each polarization are com-
pared in Fig. 6(b); magenta bars represent the measured results

and the blue ones are corresponding theoretical values. When
the polarization state is x-polarization or y-polarization, Stokes
parameter S1 is �1 or −1, while the other two parameters are
almost always zero. For the incident 45°-polarization or
−45°-polarization, S2 has a value of �1 or −1, while the other
two are close to zero. When the incident wave is circularly
polarized, S3 takes the value of �1 or −1. Generally speaking,
experimental results are in good agreement with the theoreti-
cal data.

4. CONCLUSION

In summary, we demonstrate a novel scheme for terahertz
polarization detection using an all-dielectric metasurface. By
performing mode purity analysis of the transmitted vortex field
and conducting multidimensional analysis of the transmitted
field, complete polarization parameters of the incident field
are resolved. Polarization ellipses, Poincaré spheres, and full-
Stokes parameters are used to reconstruct the polarization states
of the incident wave. The power of the proposed metasurface in
polarization recognition is verified by using three polarization
trajectories, including linear polarizations, circular polariza-
tions, and elliptical polarizations. The metasurface sample is
fabricated, and the performance of polarization detection is
characterized by experiments. The experimental results are
in good agreement with the theoretical values, which indicates
the potential of the metasurface in polarization detection. The
proposal of this approach has played a significant role in the
development of ultra-compact terahertz polarization detection
devices, effectively advancing the application of terahertz
technology.

APPENDIX A: TRANSMITTED FIELDS OF THE
PROPOSED ALL-DIELECTRIC METASURFACE
UNDER LEFT-HANDED AND RIGHT-HANDED
CIRCULARLY POLARIZED INCIDENCES

Fig. 6. Experimental characterization of the proposed all-dielectric
metasurface for terahertz polarization detection. (a) SEM image of
fabricated metasurface. The inset is a partially enlarged side view.
(b) Full-Stokes parameters of the incident polarization states and the
corresponding states experimentally identified by the proposed
polarization detection scheme. (c) Intensity distributions, phase distri-
butions, and comparisons of polarization ellipses between the incident
polarization states (blue) and the measured polarization states
(magenta).

Fig. 7. Transmitted fields of the proposed all-dielectric metasurface
under left-handed and right-handed circularly polarized incidences.
(a) Intensity distribution of the transmitted right-handed circularly po-
larized channel under left-handed circularly polarized incidence. The
inset is corresponding phase distribution. (b) Intensity distribution of
the transmitted left-handed circularly polarized channel under right-
handed circularly polarized incidence. The inset is corresponding
phase distribution.
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APPENDIX B: SIMULATED ORIENTATION
ANGLES ϑ AND MODE PURITY SPECTRA OF
EACH POLARIZATION STATE OF THE FIRST
TRAJECTORY

APPENDIX C: SIMULATED ORIENTATION
ANGLES ϑ AND MODE PURITY SPECTRA OF
EACH POLARIZATION STATE OF THE SECOND
TRAJECTORY

APPENDIX D: SIMULATED ORIENTATION
ANGLES ϑ AND MODE PURITY SPECTRA OF
EACH POLARIZATION STATE OF THE THIRD
TRAJECTORY

APPENDIX E: MEASURED ORIENTATION
ANGLES ϑ AND MODE PURITY SPECTRA OF
EACH POLARIZATION STATE
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