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Abstract
Polarization control is crucial in contemporary photonics, but achieving broad bandwidths and
high efficiencies remains a significant challenge. Here, we propose a wideband and
high-efficiency metasurface designed for linear polarization conversion and asymmetric
transmission (AT) in the terahertz region based on a three-layered chiral structure. By
integrating a double-split ring resonator with a strip resonator, the proposed design can improve
bandwidth and efficiency cross-polarization conversion and AT capabilities for a linearly
polarized wave. The operating band for AT is 0.73–3.01 THz with an efficiency above 0.8, while
the polarization conversion ratio exceeds 0.99 across the 0.56–3.94 THz range. The underlying
physical mechanism behind wideband transmission polarization conversion is fully elucidated
through theoretical analysis and the characterization of surface current distribution. The
designed structure can be used in terahertz imaging, sensing, and communication.
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1. Introduction

Terahertz (THz) technology, spanning frequencies from 0.1
to 10 THz, is a rapidly advancing field with significant poten-
tial for applications in imaging, non-destructive sensing, and
communication systems [1, 2]. Nevertheless, conventional
materials demonstrate limited electromagnetic (EM) response
within the THz range, primarily due to the non-ionizing char-
acteristics of THz radiation [3]. Recently, metasurfaces, the
two-dimensional counterparts of metamaterials, have attrac-
ted growing interest for their ability to manipulate EM waves
across a wide range of frequencies, from microwave and THz
to visible light, enabling control over the amplitude [4–6],
phase [7, 8], and polarization [9–11]. Since the asymmet-
ric transmission (AT) effect was first demonstrated in 2006
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[12], many designs of transmission polarization conversion
with AT effect for linearly or circularly polarized waves have
been developed for a wideband from microwave frequencies
to optical frequencies [13–17]. AT refers to the phenomenon
where EM waves can pass through a designed structure in one
direction while being blocked in the opposite direction. This
effect plays a crucial role in various fields, including imaging,
sensing, and communication.

To achieve AT polarization conversion, various chiral
metasurface structures, that can overcome the concept of dir-
ectional transmission symmetry, have garnered significant
attention in recent years. For instance, Zhao et al used chiral
metasurface to achieve ultrabroadband for linear polarization
conversion (LPC) and AT across a frequency range from 3.7 to
18GHz; however, its AT efficiency was still low (∼0.5) [18].
Similarly, Huang et al designed a three-layered chiral metasur-
face to achieve an ultra-wideband linear-polarization converter
with excellent efficient AT characteristics at 4.6–14.0GHz
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and its AT parameter reached 0.7 at the same frequency
region [19]. Furthermore, Zhang et al designed a three-
layered chiral metasurface composed of cross-shaped struc-
tures, which showed an ultra-broadband PC from 0.41 to
2.38 THz for linearly polarized (LP) waves, but AT parameter
was less than 0.64 [20]. The low efficiency of the AT effect
can limit the practical application of chiral metamaterials.
Therefore, developing chiral metasurfaces that exhibit the AT
effect for LP waves across a broad bandwidth while maintain-
ing high efficiency remains a significant challenge.

In this paper, we propose a wideband and high-efficiency
bi-functional metasurface for LCP and AT in the THz region.
The design is based on a three-layered chiral metasurface
comprising orthogonal metal gratings, a metal resonator, and
a polyimide dielectric spacer. By integrating a double-split
ring resonator with a strip resonator, the proposed design
enhances the bandwidth and efficiency of LCP and AT sim-
ultaneously. The metasurface demonstrates the ability to con-
vert an incident LPwave to its orthogonal transmitted compon-
ent, achieving a polarization conversion ratio (PCR) exceed-
ing 0.99 across a broad frequency range of 0.56–3.94 THz.
Additionally, it exhibits a highAT effect from 0.73 to 3.01 THz
with an efficiency above 0.8. The working mechanism of the
proposed metasurface is also thoroughly analyzed using theor-
etical analysis and surface current distribution analysis. These
findings emphasize the considerable potential of the proposed
structure for various THz applications such as imaging and
communication.

2. Structure design and method

The schematic of the proposed bi-functional metasurface
(BFM) with LPC and AT functionalities working at THz fre-
quencies is illustrated in figure 1. The metasurface is com-
posed of two orthogonal metal gratings, a metal resonator
and two dielectric spacers. In this structure, the top and
bottom orthogonal metallic gratings function as polariza-
tion selectors, while the middle metallic resonator, charac-
terized by its diagonal symmetry, acts as a polarization con-
verter. Specifically, the top metallic layer operates as a hori-
zontal grating that selectively transmits y-polarization (TE)
and reflects x-polarization (TM). On the other hand, the bot-
tom metallic layer serves as a vertical grating that selects x-
polarization and reflects y-polarization. The combination of
the middle layer with the top and bottom gratings forms a
Fabry–Pérot-like cavity [21]. To enhance the bandwidth and
efficiency of the proposed structure, innovative geometric con-
figurations for the polarization conversion resonator are being
developed. In this design, we employ a combination of two res-
onators, a double-split ring associated with a strip (DSRCT),
to create a polarization conversion metasurface with diagonal
symmetry, aimed at designing an efficient wideband polar-
ization conversion, as illustrated in figure 1(c). Moreover,
the polarization selecting capability of the top and bottom

orthogonal metallic gratings enables the proposed structure to
achieve a high-efficiency AT effect. Therefore, the proposed
structure can simultaneously achieve high performance in both
PCR and the AT effect. The metal layers are made of gold with
conductivity of 4.56× 107 (Sm)−1. The thickness of the gold
layers (t) is 0.3 µm. Polyimide is used as the dielectric spacers
with dielectric constant of 3.5 and a loss tangent of 0.0027.

To aid the optimize and analyze the proposed BFM struc-
ture, the commercial software CST Microwave Studio based
a finite integration technique is conducted. In the simulation
setup, the unit cell boundary conditions are applied in the
x− and y− directions, while the z− direction has an open
boundary condition. The design process of the proposed struc-
ture was systematically simulated to ensure optimized per-
formance for polarization conversion and AT modes simul-
taneously. Initially, the dielectric thickness (d) and unit cell
periodicity (P) were optimized to achieve the widest band-
width and highest efficiency for the PCR andAT spectra across
the target frequency range of 0.1 THz–10THz. After optim-
izing these primary parameters, the remaining dimensions of
the unit cells were carefully tuned to further enhance PCR
and AT performance. The results of this design process are
presented in the following section (Influence of Structural
Parameters). Based on this design process, the optimized geo-
metrical parameters of the unit cell for the proposed BFM are
P= 42 µm, d= 17 µm, R= 18.7 µm, b= 3 µm, c= 10 µm,
i= 4 µm, l= 43.5 µm, w= 3 µm, and s= 6 µm, as depicted in
figures 1(b)–(d), respectively. It should be noted that the pro-
posed metasurface has unit cell dimensions of 42µm× 42µm
× 17 µm, making it well-suited to standard fabrication tech-
niques. The micro-scale structure is patterned using conven-
tional photolithography, while polyimide and gold thin films
are deposited via spin coating and sputtering, respectively [22,
23]. Transmission spectra of the metasurface in the THz range
can be characterized using THz Time-Domain Spectroscopy
(THz-TDS). The feasibility of fabricating our structure is
demonstrated through several steps in the fabrication process.
First, a layer of photoresist is spin-coated onto a substrate,
such as a silicon wafer, and optical lithography is employed
to pattern the bottom gratings. A 200-nm-thick gold layer is
subsequently deposited via sputtering, and the photoresist is
removed through a lift-off process to form the gold bottom
gratings. Next, a 17-µm-thick polyimide layer is applied using
spin coating. A second layer of photoresist is then spin-coated
and patterned via optical lithography to define the resonator
structure. Afterward, a 200-nm-thick gold layer is deposited
by sputtering, and the photoresist is removed through lift-off to
form the Au DSRCT-shaped resonator. Another 17-µm-thick
polyimide layer is then applied using spin coating. In the final
steps, a thin layer of photoresist is spin-coated and patterned
using optical lithography to form the top gratings, followed
by the deposition of a third 200-nm-thick gold layer via sput-
tering. The photoresist is again removed through lift-off, com-
pleting the fabrication of the gold top gratings and yielding the
final device.
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Figure 1. Schematic diagram for the proposed BFM structure for transmission cross-polarization conversion and asymmetric transmission:
(a) 3D view and its enlarged unit cell and 2D view of (b) top metal gratings, (c) metal resonator, and (d) bottom metal gratings.

The Jonesmatrix (T) characterizes the relationship between
the incident and transmitted waves, and is given by [24, 25]:(

Etrx
Etry

)
=

[
t f(b)xx t f(b)xy

t f(b)yx t f(b)yy

](
Einx
Einy

)
= t f(b)lin

(
Einx
Einy

)
. (1)

Here, the superscripts f and b indicate the propagation of
the EM waves in the forward (+z) and backward (−z) direc-
tions, respectively, while the subscripts x and y represent the
polarization directions of the EM waves.

To assess the performance of LCP, a PCR is used. PCR is
defined by equations (2) and (3) [26].

PCRx =
|tyx|2

|tyx|2 + |txx|2
(2)

PCRy =
|txy|2

|txy|2 + |tyy|2
(3)

Tij = |tij|. (4)

Here, tij denotes the transmission coefficient of the transmit-
ted wave polarized in the i direction caused by the j polarized
incident wave (i, j = x or y).

The AT parameter (∆) for a LP wave is defined as the dif-
ference between the total transmission in the forward direction
and the backward direction. This parameter measures the AT
capability of the device and can be expressed as follows [26]:

∆x
lin = |tfxx|2 + |tfyx|2 − |tbyx|2 − |tbxx|2 = |tfyx|2 − |tfxy|2 (5)

∆y
lin =−∆x

lin. (6)

3. Results and discussion

3.1. Performance characterizations

Figures 2(a) and (b) display the transmission coefficients (txx,
tyx, txy, tyy) of the proposed BFM for the normally incident
x-polarized and y-polarized waves propagating along the for-
ward (+z) and backward (−z) directions, respectively. It is
observed that the cross-polarization transmission coefficients
(txy and tyx) of the proposed BFM exceed 0.9 over a wide
frequency range from 0.73 to 3.0 THz for normally incident
forward y-polarized waves and backward x-polarized waves.
Within this frequency band, five resonance frequencies can be
observed at 0.72, 0.92, 1.37, 2.03 and 2.76 THz. Additionally,
the co-polarization transmission coefficients (tyy and txx) of
the proposed BFM are below 0.015 over the aforementioned
wide frequency range for both incident forward and backward
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Figure 2. Amplitude of transmission efficiencies for (a) forward y-polarized wave and (b) backward x-polarized wave and (c) PCR and (d)
AT spectra for forward y-polarized wave and backward x-polarized wave of the proposed metasurface.

x- and y- polarized waves. Meanwhile, the magnitudes of tyx
and txy are near zero across the entire frequency range for
normal incident forward x− polarized waves and backward
y- polarized waves, respectively. This reveals that the pro-
posed BFM efficiently converts the linearly incident y−/x−
polarized waves along the +z(−z) direction into transmitted
x/y-polarized waves over wideband frequency range, respect-
ively. And, there is no polarization conversion of the incident
x-polarized wave along the +z direction, or the y-polarized
wave along the −z direction. Figure 2(c) shows PCRy and
PCRx for the incident forward y− polarized and backward x−
polarized waves. The PCR remains above 0.99 in the wide
frequency band of 0.56–3.94 THz under a normal incidence
wave along forward y− polarized and backward x− polar-
ized waves. The calculated relative bandwidth (RBW), defined
as RBW= 2( fH− fL)/( fH+ fL) where fH and f L are the high
and low limits of a frequency with efficiency above 0.99,
respectively, reaches about 150.2%. Moreover, the AT effi-
ciency is over 0.8 for forward y-polarized wave and backward
x-polarized wave in the frequency range of 0.73–3.01 THz,
with PBW of 124.9 %. (figure 2(d)). It indicates that the
proposed BFM structure can achieve wideband LPC and AT
characteristics.

To study the chirality property of the proposed BFM
structure, we analyze the transmission coefficients for both
left circularly polarized (LCP) and right circularly polarized

(RCP) light. The chirality parameter can be determined by
examining the difference between the transmission of right-
handed circularly polarized light (TRCP) and left-handed circu-
larly polarized light (TLCP), known as circular dichroism (CD).
The CD is calculated by equation [27]:

CD= TRCP −TLCP =
(
|tRR|2 + |tLR|2

)
−
(
|tRL|2 + |tLL|2

)
(7)

where tRR represents the transmission coefficient of RCP light
caused by the incident RCP light, while tLR denotes the trans-
mission coefficient for LCP light caused by the incident RCP
light. Similarly, tLL refers to the transmission coefficient for
LCP light caused by the incident LCP light, and tRL indicates
the transmission coefficient for RCP light caused by the incid-
ent LCP light. Figures 3(a) and (b) present the circular polar-
ization transmission coefficients and CD spectrum for both
forward and backward directions, respectively. The diagonal
symmetry of the designed structure, which also exhibits mir-
ror symmetry, results in a nearly equal response to LCP and
RCP transmitted light, leading to a CD value close to zero,
as illustrated in figures 3(a) and (b). This indicates that the
designed BFM structure exhibits minimal chiral properties due
to its symmetrical response to both LCP and RCP light.

To illustrate the contribution of the various resonators in
the middle layer of the proposed metasurface to LCP and AT
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Figure 3. The circular polarization transmission coefficients and CD spectra for (a) forward and (b) backward directions.

Figure 4. (a) PCR and (b) AT spectra with different shapes of resonance metasurface for forward y-polarized wave.

effect, we simulate the PCR and AT parameters for only strip,
only double-split ring, and combination of double-split ring
and strip resonators, as shown in figures 4(a) and (b), respect-
ively. At higher frequencies, the PCR efficiency of the strip
resonator is higher than that of the double-split resonator. The
combination of the double-split resonator and strip resonators
significantly enhances the PCR compared to those, as shown
in figure 4(a). Furthermore, with the integration of the double-
split resonator and strip resonators, the proposed metasurface
can improve the AT efficiency across the entire working band
of 0.73–3.01 THz, as depicted in figure 4(b). Therefore, it is
clear that the combination of the strip with the double-split
ring promotes the bandwidth of LPC at higher frequencies
and improves the efficiency of the AT parameter over a wide
bandwidth.

In practical applications, the incident EM waves are not
always perpendicular to the surface of the structure. Hence,
it is crucial to investigate the incident angle stability of the
metasurface structure. Figure 5 demonstrates the influence of
the incident angle on the transmission and PCR performances.
As the incidence angle increases up to 80◦, the amplitudes of
the cross-transmission coefficients (tyx and txy) decrease across

the investigated frequency range for both the backward x-
polarized wave (figure 5(a)) and the forward y-polarized wave
(figure 5(b)). This reduction can be attributed to increased
absorption losses resulting from the longer effective path
length of the wave as the angle of incidence rises. Conversely,
the amplitudes of the co-polarized transmission coefficients
(txx and tyy) remain nearly constant at zero across the investig-
ated frequency range for both the backward x-polarized wave
(figure 5(a)) and the forward y-polarized wave (figure 5(b))
as the incident angle increases up to 80◦. Consequently,
although the magnitudes of the cross-polarization coefficients
significantly decrease as the incident angle increases up to
80◦, they remain substantially larger than those of the co-
polarization coefficients. This disparity results in the calcu-
lated PCRx and PCRy, as described by equations (2) and (3),
maintaining an almost constant PCR efficiency above 0.99
across the wide frequency range of 0.57–3.6 THz under
both forward y− and backward x-polarized incidences as
the incident angle increases up to 80◦, as illustrated in
figures 5(c) and (d), respectively. This behavior indicates
excellent angular insensitivity of the designed structure for
LPC.
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Figure 5. Selected transmission spectra and PCR map as a function of incident angle for (a, c) backward x-polarized wave and (b, d)
forward y-polarized wave, respectively. In figure plots the black dashed contour curve indicates the 0.9 PCR efficiency.

Figure 6. AT efficiency as a function of incident angle for forward
y-polarized wave (ATy). In figure plots the black dashed contour
curve indicates the 0.7 AT efficiency.

Figure 6 presents the influence of the incident angle on the
AT performance. The AT performance is significantly influ-
enced by the incident angle. The decline in AT perform-
ance at oblique incidence can be attributed to destructive
effects caused by additional propagation phases as EM waves
travel through the dielectric substrate in both directions [28].
However, with an incident angle up to 35◦, the AT efficiency
can remain as high as 0.7 across the entire operating band,
except for a frequency peak near 1.9 THz. The AT efficiency

drops around 1.9 THz, likely due to the strong absorption pro-
duced by the resonator shape of the metasurface unit at this
frequency [29, 30].

3.2. Mechanisms of transmission polarization conversion

To illustrate the working principle responsible for the trans-
mission polarization conversion characteristics, theoretical
analysis is carried out as shown in figures 7(a) and (b).
Assuming that the incident EM wave (Ei) is along to the y/x-
axis propagating along the forward (+z)/backward (−z) dir-
ection, respectively, decomposed into two orthogonal u- and
v-components. The u- and v-axes are rotated ±450 to y/x-
axis, respectively, as shown in figures 7(a) and (b). For the
incident forward y− polarized wave, the incident and transmit-
ted waves can be given as equations (8) and (9), respectively
[20, 31].

Ei = ŷEi = ûEi+ v̂Ei (8)

Et = x̂txyEi = ûtuuEiue
iΦuu + v̂tvvEive

iΦvv (9)

where, x̂, ŷ, û, v̂ are the unit vector, tuu, tvv and Φuu, Φvv are
the magnitude and phase of u- and v-components of the co-
polarization transmission coefficients, respectively. If tuu = tvv
and ∆φ = |Φuu−Φvv|= 180◦ + 2kπ (where k is an integer),
the synthetic fields of Etu and Etv will align with the x− axis
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Figure 7. Working principle of the proposed BFM for (a) normal incidence forward y-polarized wave and (b) normal incidence backward
x-polarized wave. Phase difference between the decomposed u- and v-components for (c) forward y-polarized wave and (d) backward
x-polarized wave.

and y− axis for forward y-polarized waves and backward x-
polarized waves, as illustrated in figures 7(a) and (b), respect-
ively. This indicates that the incoming forward y-polarized
wave is rotated by 90◦, resulting in the action of a transmis-
sion cross-polarization converter. Figures 7(c) and (d) show
the phase difference of co-polarization in the u- and v-axes dir-
ections for incident forward y-polarized wave and backward x-
polarized wave, respectively. In figures 7(a) and (b), the phase
difference (∆φ) remains near 180◦ over a broad frequency
range of 0.56–3.94 THz. This observation suggests that perfect
transmission cross-polarization conversion is achieved within
this frequency band.

To explore the transmission polarization conversion mech-
anism of the proposed BFM, the surface current distributions
of the five resonant modes at 0.72, 0.92, 1.37, 2.03, and 2.76
THz are simulated under normally incident on the metasur-
face. It was reported that the orthogonal metallic gratings act
as selectors for x- and y-polarization [21].When an x-polarized
(or y-polarized) incident wave is directed in the forward (or
backward) direction, it undergoes reflection, respectively. In
this case, the surface current distributions on the orthogonal
metallic gratings are nearly negligible as confirmed by simu-
lations (data not shown here). Conversely, a y-polarized (or
x-polarized) incident wave can traverse through the upper
layer and interact with the middle layer, converting to its

cross polarization. Therefore, to study the physical mechanism
behind polarization conversion in the proposed structure that
simultaneously realizes the AT effect, which arises from mag-
netic and/or electric resonances, we examine the surface cur-
rent distributions of the orthogonal metallic gratings on the top
and bottom layers, as well as the middle resonator structure,
at the resonant frequencies for a forward y-polarized wave, as
shown in figure 8. As seen in figure 8, the surface current dis-
tributions on the orthogonal metal gratings is perpendicular,
indicating the cross-polarization conversion characteristics of
the proposed BFM structure. In figures 8(b) and (h), the sur-
face currents of the resonator structure are concentrated on
both the split ring and strip resonators, creating two oppos-
ite current loops at the resonant frequencies of 0.72 THz and
1.37 THz. This indicates that magnetic resonance is gener-
ated in the upper left and lower right parts of the split rings
at these frequencies. In figure 8(e), the surface currents are
mainly concentrated on the split ring resonator and are antipar-
allel to the orthogonal gratings at 0.92 THz, inducingmagnetic
resonance excited by the incident EM field. Additionally, the
parallel direction of the surface currents in the left and right
parts of the strip suggests the presence of electric resonance.
In figure 8(k), the surface currents are predominantly concen-
trated on the split ring resonator, with directions parallel to the
top gratings layer and antiparallel to the bottom gratings layer
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Figure 8. Surface current distributions on the top grating, resonance
structure, and bottom grating layers for forward y-polarized wave at
various resonant frequencies of (a–c) 0.72 THz, (d–f) 0.92 THz,
(g–i) 1.37 THz, (j–l) 2.03 THz, and (m–o) 2.76 THz, respectively.

at 2.03 THz, inducing both electric and magnetic resonances.
In figure 8(n), the surface currents are mainly concentrated
on the split ring resonator, with current directions opposite
to those of the orthogonal metal grating at 2.76 THz, gener-
ating magnetic resonance between the resonator structure and
the orthogonal metal gratings. These observations indicate that
the superposition of magnetic and electric resonances contrib-
utes to the bandwidth expansion of transmission polarization
conversion.

3.3. Influence of structural parameters

To understand the influence of the geometrical parameters
of the proposed structure on the PCR and AT characterist-
ics, numerical simulations are performed with changing one
variable and fixing other parameters for forward y-polarized
waves. Figure 9 shows the influence of structural parameters
P and d on PCR and AT efficiencies when other parameters

are fixed. As seen in figures 9(a) and (b), as the thickness (d)
increases from 13 µm to 21 µm in steps of 0.5 µm, the PCR
bandwidth slightly narrows, while theAT bandwidth fluctuates
significantly. The AT bandwidth, defined by AT efficiency
above 0.8, widens with increasing d up to 17 µm. However,
with d value higher than 1.7 µm, the AT bandwidth deterior-
ates. Thus, considering both PCR and AT bandwidths, d = 17
µm is the optimal value. A similar trend is observed when the
period (P) increases from 38.5 µm to 45.5 µm in steps of 0.7
µm (figures 9(c) and (d)). This indicates that P= 42 µm is the
optimal value.

The influence of structural parameters i and l on PCR and
AT efficiencies is illustrated in figures 10(a), (c) and (b), (d),
respectively. The PCR efficiency and bandwidth of the pro-
posed BFM are hardly affected by the structural parameters
i and l. Meanwhile, the AT bandwidth undergoes significant
changes with varying the values of i and l. The AT bandwidth
is widest with the optimized values of i = 4 µm and l in the
range of 42.5–45.5 µm.

Furthermore, the influence of other geometrical parameters
R, b, and c on PCR and AT efficiencies is also investigated and
depicted in figures 11. The PCR bandwidth of the proposed
BFM shows insensitivity to the structural parameters of R, b,
and c, as illustrated in figures 11(a), (c), and (e), respectively.
In contrast, AT exhibits significant variation with changes inR,
b, and c. The widest AT bandwidth is observed atR= 18.7µm,
b = 3.0 µm, c = 10 µm, which are chosen as the optimal val-
ues for these structural parameters. The above analysis results
indicate that while PCR remains hardly affected by geometric
parameters, the bandwidth of AT can be notably influenced.

Besides the dimensional parameters of the structure, the
influence of the dielectric material properties on the perform-
ance of the proposed BFM structure is investigated. The PCR
and AT spectra are simulated by varying the loss tangent and
dielectric constant of the dielectric material within the ranges
of 0.007 to 0.057 and 2.0 to 5.0, respectively, as shown in
figures 12(a)–(d). As illustrated in figure 12(a), both the PCR
bandwidth and efficiency remain unchanged with variations
in the loss tangent within this range. However, the AT effi-
ciency shows a slight decrease with increasing loss tangent
while remaining above 0.8 when the loss tangent is below
0.027, as shown in figure 12(b). As the dielectric constant
increases from 2.0 to 5.0, both the PCR and AT spectra shift
to higher frequencies (figures 12(c) and (d)). Additionally,
the PCR efficiency remains above 0.99 (figure 12(c)), while
the AT efficiency decreases but stays above 0.8 when the
dielectric constant is below 3.5 (figure 12(d)). These find-
ings demonstrate that the PCR and AT performance of
the proposed BFM structure remains highly efficient across
a wide range of dielectric properties, particularly with a
loss tangent below 0.027 and a dielectric constant below
3.5. This suggests that the BFM structure can be fabric-
ated using a variety of commercially available dielectric
materials.

By analyzing and discussing the results from the three
aforementioned sections, it can be seen that the proposed
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Figure 9. PCR and AT efficiencies as a function of (a), (b) d and (c), (d) P values for forward y-polarized wave, respectively. In figure plots
the black dashed contour curve indicates the 0.99 and 0.8 PCR and AT efficiencies, respectively.

Figure 10. PCR and AT efficiencies as a function of (a), (b) i and (c), (d) l values for forward y-polarized wave, respectively. In figure plots
the black dashed contour curve indicates the 0.99 and 0.8 PCR and AT efficiencies, respectively.
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Figure 11. PCR and AT efficiencies with different parameters of (a), (b) R, (c), (d) b, and (e), (f) c values for forward y-polarized wave,
respectively. In figure plots the black dashed contour curve indicates the 0.99 and 0.8 PCR and AT efficiencies, respectively.

structure exhibits perfect PCR and a high AT effect across a
wide bandwidth in the THz region. To emphasize the advant-
ages of the proposed BFM structure, we have compared it
with previous works exhibiting similar characteristics, as illus-
trated in table 1. The comparison includes the working band
for LPC andAT functionalities, alongwith their corresponding

RBW and efficiency. Our design, when compared with sim-
ilar metasurfaces in the THz range, achieves superior wide-
band performance and high efficiency in both PCR and AT,
suggesting significant potential for the proposed structure in a
wide range of THz applications, including imaging, sensing,
and communication.
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Figure 12. The dependence of PCR and AT efficiencies as a function of (a), (b) the loss tangent and (c), (d) dielectric constant of the
dielectric layer of the proposed BFM structure, respectively.

Table 1. Performance comparison of the proposed BFM with previous works in the THz range.

References Function Working Band (THz) RBW (%) Efficiency

[32] LPC 0.2–1.6 155.6 0.99
AT ∼0.54–1.38 87.5 0.6

[25] LPC 1.67–2.05 20.4 0.9
AT 1.67–2.05 20.4 0.6

[20] LPC 0.41–2.38 141.22 0.99
AT 0.5–2.41 131.27 0.64

[33] LPC NA NA NA
AT 124–244 65.22 0.8

Our work LPC 0.56–3.94 150.2 0.99
AT 0.73–3.01 124.9 0.8

4. Conclusion

A wideband and high efficient BFM based on a three-layer
structure comprising orthogonal metal gratings, a metal res-
onator, and a polyimide dielectric spacer was proposed. By
integrating double-split ring and strip resonator, our design
achieves effective LPC and AT capabilities. The underlying
physical mechanism driving wideband transmission polariz-
ation conversion was comprehensively elucidated using the-
oretical analysis and surface current distribution analysis. The
proposed BFM reveals effective LPC across a broad frequency

range of 0.56–3.94 THz with PCR exceeding 0.99 and AT
effect from 0.73-3.01 THz with performance surpassing 0.8.
The wideband and high-efficiency of both LPC and AT were
maintained for wide incident angles. This design shows sig-
nificant promise for applications in imaging, sensing, and
communication.
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