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Wideband and Tunable Reflective Cross-Polarization
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Abstract—An ultrathin and wideband reflective cross-
polarization converter is presented in this paper. The design
consists of a pair of modified dumbbell shaped resonators
which are connected together with a conductive strip. The
proposed single-layer THz metasurface achieved a high
polarization conversion ratio (PCR) of ≥95% in the operating
frequency ranging from 1.76–4.26 THz. This wide-bandwidth
cross-polarization conversion is obtained by exciting multiple
closely spaced resonant frequencies at 1.98 THz, 2.61 THz, 2.95
THz, and 3.93 THz. The working mechanism of the proposed
structure is analyzed and the polarizer exhibits an excellent
angular stability upto 400 of incidence. Further, the proposed
cross-polarizer exhibits continuous tunability of PCR over the
operating frequencies when photoconductive silicon (Si) is filled
in the gap between pair of dumbbell-resonators. The wideband
characteristics and the switchable property show that the proposed
reflective cross polarizer is an excellent candidate for manipulation
and control of polarization in THz communication systems.

Index Terms—Cross-polarization, metasurface, polarization
conversion ratio (PCR), switchable, wideband.

I. INTRODUCTION

W ITH the advancement of communication systems and
the growing demand for ultra high speed communica-

tions, the electronics and photonics communities are witness-
ing the emergence of waveguides, filters, sensors, amplifiers,
polarization converters, etc in the THz regime (around 0.1 - 10
THz) for a variety of applications including imaging [1], [2], [3],
sensing [4], [5], [6], and communications [7], [8], [9]. However,
there is a limited research in the development of wideband
polarization converters together with dynamically controlling
the polarization state of THz waves.

Metasurfaces employing sub-wavelength resonant structures
are widely being used for polarization control purposes. In
the literature, metasurface polarization converters have been
designed based on transmissive mode [10], [11], [12], [13], [14],
transmissive and reflective mode [15] and reflective modes [16],
[17], [18], [19], [20], [21], [22], [23], [24], [25], [26], [27],
[28]. The transmissive type polarization converters suffer due
to narrow bandwidth [13], [14] or require multilayer topologies
to provide wideband operation [11]. On the other hand, the
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reflective type polarizers have significant anisotropic properties
compared to transmissive polarizers [29], [30] and the resonator
approach is the most sought method to realize wideband fre-
quency response. There are several techniques to excite multiple
modes of the resonator to achieve wideband response. In [16],
a reflective cross-polarizer is designed based on conventional
split ring resonator with the combination of metallic disks and
achieved 0.8 THz bandwidth due to the superposition of three
resonance modes at 0.71 THz, 0.99 THz, and 1.37 THz. The
same idea was extended in [17] to realize four resonant modes
and achieved greater bandwidth ranging from 0.65-1.58 THz.
However, because of the highly resonant characteristics of the
split-ring, the polarization conversion ratio (PCR) is limited to
only 80% in these works. In [19], [20], an array of H-shaped unit
cell structures are introduced for reflecting phases, resulting in
cross- polarization conversion bandwidth of 0.2 THz and 0.3
THz, respectively. The PCR of these reported works are ≥ 85%.
But, owing to the dielectric losses, it is observed that there is a
trade-off between wide angle of incidence and broad bandwidth,
and it is difficult to sustain the PCR for larger incidence angles.
To overcome this issue, a broadband THz cross-polarization
converter is designed based on low loss dielectric layers and
T-shaped resonators which achieved a stable bandwidth of 0.72
THz (0.36-1.08 THz) up to 45◦ angle of incidence [18]. To
achieve tunability of PCR, a center-cut cross shaped resonator
has been designed in which the gap is filled with photoconductive
silicon (Si) [21]. This reflective cross-polarizer achieved high
polarization efficiency of > 95% over a significant bandwidth
of 1.08 THz. On the other hand, without center-cut for the cross
shaped resoantor and using graphene for tunability [22], the
bandwidth was enhanced up to 1.85 THz in the operating band
of 2.15-4 THz. However, the minimum PCR reduced to 80%,
thereby justifying that there is a trade-off between the wide po-
larization bandwidth and PCR. In order to achieve simultaneous
enhancement in bandwidth and PCR, a reflective cross-polarizer
has been designed using anchor-shaped resonator [23]. This
structure realizes a bandwidth of 1.62 THz by the combination
of two resonant frequencies at 1.34 THz and 2.06 THz with
a conversion efficiency greater than 93%. Gradient structures
and multi-layered polarizers have also resulted in wide cross-
polarization bandwidth [24], [25], [26]. For example, the com-
bination of a rectangular-shaped resonator and a circular-shaped
resonator employing graphene for tunability [26] resulted in
a record bandwidth enhancement up to 2.51 THz, but at a
minimum PCR of only 80%. All of the reported works either
have a narrow bandwidth with a high PCR (≥ 90%), or designed
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Fig. 1. Geometry of the unit cell. (a) top-view and (b) side-view.

on a thicker substrate or do not support tunability. Therefore,
designing a low profile wideband THz reflective cross-polarizer
with a high PCR and switchable characteristics is still an open
challenge for research.

In this paper, a switchable wideband reflective cross-
polarization converter operating in the THz region is proposed.
The cross-polarizer in this work consists of a periodic array of
modified dumbbell-shaped resonators connected with conduc-
tive strip. Photoconductive silicon is filled in the gap between
dumbbell resonators. The designed structure achieves wideband
cross-polarization conversion from 1.76–4.26 THz and a high
polarization conversion efficiency of 95% with ON and OFF
states. In the following sections, the proposed structure and its
working principle are described in detail.

II. POLARIZATION CONVERTER DESIGN

A. Unit Cell Geometry and Fabrication

The geometry of the unit cell of the proposed reflective cross-
polarization converter is shown in Fig. 1(a) and it’s side-view
is shown in Fig. 1(b). The top layer of the unit cell consists of
modified dumbbell-shaped resonators connected together by a
metallic strip. These metallic structures along with the ground
plane at the bottom layer are made up of gold with a conduc-
tivity (σ) of 4.56 × 107 S/m and a thickness (hm) of 0.2 μm.
The middle layer is a 15 μm thick (hs) polydimethylsiloxane
(PDMS) substrate with a relative permittivity (εr) of 2.7 and a
dielectric loss tangent of 0.02. The optimized parameters of the
unit cell are as follows: periodicity (p) =48, l1 = 13.5, l2 = 3,
w1 = 14, w2 = 3, w3 = 5 and w4 = 3 (all the dimensions are in
μm).

The dimensions of the polarization converter make the
structure suitable for fabrication using the well-known micro-
fabrication process. The steps in the fabrication of the polariza-
tion converter are illustrated in Fig. 2 and can be described as

Fig. 2. Fabrication process of the polarization converter.

follows: Initially, quartz is taken as a carrier substrate and 0.2μm
(hm) thick layer of gold is magnetron-sputtered on the quartz
wafer. Later, a 15 μm (hs) thick layer of PDMS is spin-coated
onto the reflecting gold layer. The metallic patterns on top
of PDMS are deposited using photolithography followed by
magnetron sputtering. Firstly, two layers of photoresist (AZ1500
series on top of LOR) are spin-coated onto the PDMS surface.
The photoresist is then exposed to UV light passing through
the mask while the non-masked part was washed away with
the developing solution to obtain the pattern. Subsequently, a
0.2 μm (hs) thick layer of gold is deposited on the exposed
photoresist using magnetron sputtering. Finally, the reflecting
layer, substrate and the metallic pattern in the top-plane are
peeled off from the carrier substrate to realize the proposed
structure.

B. Working Principle

Simulations are carried out in order to understand the working
principle of the metasurface. For the proposed unit cell, periodic
boundary conditions are applied along the x and y directions,
while the open space boundary condition is applied along the
+z direction. A linearly polarized plane wave is incident along
the +z direction and the simulation was performed using com-
mercial full-wave simulator to obtain the magnitude and phase
of the reflection coefficients. Consider a y-polarized EM wave
incident on the unit cell as shown in Fig. 3. It is decomposed into
two orthogonal components: u-component along the u-axis and
v-component along the v-axis. The u-and v-axes are oriented at
45◦ anti-clockwise with respect to x-and y-axis, respectively.

From Fig. 3,Eiu andEiv are the incident electric field compo-
nents along u- and v-axis, respectively. The incident y-polarized
wave can now be represented as

Ei = ŷEie
−jkz = (ûEiu + v̂Eiv)e

−jkz (1)

At z = 0,

Ei = ŷEi = (ûEiu + v̂Eiv) (2)

Similarly, the reflected wave Er from the polarizer at z = 0 in
terms of reflected electric field components Eru along u-axis
and Erv along v-axis, can be represented as

Er = (ûEru + v̂Erv) (3)
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Fig. 3. Decomposition of electric field components.

Fig. 4. Magnitude of reflection coefficients for u and v-polarization.

In terms of the reflection of decomposed co-polarization com-
ponents (Ruu , Rvv ) and cross-polarization components (Ruv ,
Rvu ) along u and v-axes and the phase differences between
the corresponding components (φuu , φvv , φuv and φvu ), the
reflected wave Er from the polarizer is

Er = û(RuuEiue
jφuu +RuvEive

jφuv )

+ v̂(RvuEiue
jφvu +RvvEive

jφvv ) (4)

For cross-polarization conversion, the reflected wave has to
be x-polarized. This can be achieved under two conditions:

Condition 1: The co-polarization and cross-polarization re-
flection components along the u- and v-axes should have magni-
tudes |Ruu| = |Rvv| ≈ 1 and |Ruv| = |Rvu| ≈ 0, respectively.
This can be verified from Fig. 4 where the magnitudes of Ruu

and Rvv are close to unity and the magnitudes of Ruv and Rvu

are almost zero, satisfying this theoretical condition. So, from
(4), the reflected wave now becomes,

Er = ûEiue
jφuu + v̂Eive

jφvv (5)

Fig. 5. Phase difference between u and v-polarized waves.

Condition 2 : The proposed polarizer should satisfy the or-
thogonality condition (Ei.Er = 0) between the incident and
reflected waves for cross polarization conversion. From (2) and
(5), this orthogonality condition leads to a relation |(φvv − φuu)|
= 180◦. To verify this, the phase difference between the co-
polarized reflected waves in the u- and v- axes of the polarizer is
plotted as shown in Fig. 5. In general, a phase difference of 180◦

± 300 between the u and v- reflection components is considered
acceptable for cross-polarization conversion [31]. It can be
observed (from the hatched area) that the phase difference of
180◦±300 is maintained over a wide range of frequencies from
1.76-4.26 THz. Structurally, the proposed polarizer is asymmet-
ric and obeys anisotropic properties. Due to this, the electric field
components Eru and Eiu are in the same direction, whereas the
electric field components Erv and Eiv are in opposite direction
leading to a phase difference of 180◦ between Ruu and Rvv.
Therefore, according to the orthogonality condition and from
Fig. 4, it can be observed that for a y-polarized incident wave, the
direction of the reflected wave is along the x-axis and hence the
proposed metasurface converter exhibits the cross-polarization
conversion.

In order to study the polarization purity and the efficiency
of the proposed polarizer, the co-polarized (Ryy) and cross-
polarized (Rxy) reflection coefficients are plotted in Fig. 6. The
polarization converter exhibits four resonant frequencies at 1.98
THz, 2.61 THz. 2.95 THz and 3.93 THz. It can be observed
that the co-polarization (cross-polarization) reflected component
has the magnitudes of 0.94 (0.05), 0.94 (0.16), 0.96 (0.001),
and 0.95 (0.04) at the corresponding resonant frequencies. The
magnitude of cross-polarization reflection coefficient (|Rxy|) is
higher than 0.94 and the co-polarization reflection coefficient
(|Ryy|) is equal to near zero in the wideband frequency range
of 1.76–4.26 THz.

Using these results in eq. (6), the polarization conversion ratio
is plotted in Fig. 7 to evaluate the efficiency of the proposed
cross-polarization converter.

PCR =
|Rxy|2

|Rxy|2 + |Ryy|2 (6)
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Fig. 6. Magnitude of co and cross-polarized reflection coefficients for x and
y-polarization.

Fig. 7. PCR of proposed polarization converter.

At the resonant frequencies of 1.98 THz, 2.61 THz, 2.95 THz
and 3.93 THz, the achieved PCR is 99.65%, 99.88%, 99.74%
and 99.81% which signifies that the y-polarized incident wave
is converted to an x-polarized reflected wave with an extremely
good efficiency. Also, the PCR is greater than 95% over the
frequency range from 1.76–4.26 THz.

C. Design Procedure

The design steps of proposed polarization converter are as
follows. Firstly, as step 1 a pair of dumbbell-shaped resonators
(Arm 1 and Arm 2) with single-sided bars offset from the center
by a = 10 μm are designed as shown in Fig. 8. It can be
observed from Fig. 9(a), that this structure resonates at 4.07
THz. The two dumbbell-shaped resonators are connected using
a conductive strip of length 2a and width w3 as shown in step
2. This connection puts together Arm 1 and Arm 2 as a single
resonator resulting in a lower order resonant mode at 2.26 THz
as shown in Fig. 9(b). It is worth mentioning that the frequency
band due to Arm 1 and Arm 2 at 4.07 THz is preserved. This
structure provides a dual-band response and it is evident that the
magnitude of reflection coefficient in between 2.26-4.07 THz

is very poor. To futher better the reflection coefficient between
the two existing resonant frequencies, a pair of dumbbell bars
are added on top of Arm 1 and bottom of Arm 2. It can be
observed that, when the gap between the bars of the dumbbell
is optimized to l2, better impedance matching is achieved and a
pair of resonant modes occurs at 2.61 and 2.95 THz as shown in
Fig. 9(c).

Thus, this strucuture provides four closely spaced resonant
frquencies at 1.98 THz, 2.61 THz, 2.95 THz and 3.93 THz.
The combination of these closely spaced modes results in wide-
bandwidth for polarization conversion.

III. RESULTS AND DISCUSSION

To understand the physical mechanism of the proposed re-
flective cross-polarization converter, the surface current distri-
butions at top and bottom planes of the THz metasurface are
presented as shown in Fig. 10. At resonant frequencies f1 = 1.98
THz and at f2 = 2.61 THz, the surface currents on the top of the
metallic conductor and bottom ground plane flow in opposite
direction. As the directions of current are anti-parallel, it can be
inferred that the cross-polarizer exhibits magnetic resonance at
1.98 and 2.61 THz. Also, most of the current is concentrated
along the metallic strip which is responsible for the resonant
frequency f1 that can be observed from Fig. 10. At third and
fourth resonant frequencies f3 = 2.95 THz and f4 = 3.93 THz,
the flow of currents on the top and bottom plane are parallel,
leading to electric resonance. It is also proved that the resonant
frequency f4 is because of the dumbbell strips of the resonator
as high intensity current is concentrated at that region as seen in
Fig. 10.

A. PCR Analysis

Metasurfaces are structure dependent and the PCR depends
on the dimensions of the metasurface. Therefore, the effect of
geometrical parameters on the PCR is analyzed by varying the
width of the rectangular strip (w3), the gap between the pair of
dumbbells (l2) and the width of the resonator arms. When the
width of the rectangular strip (w3) is increased from 3 to 7 μm,
it is observed that the highest resonant frequency remains intact
at 3.93 THz as shown in Fig. 11(a). Although the PCR is above
90% for w3 > 5 μm, there is a significant red shift in the first
resonant frequency from 1.76 to 1.84 THz, thereby reducing
the effective cross-polarization bandwidth. On the other hand,
when w3 < 5 μm, the efficiency of polarization conversion is
significantly effected falling down to < 80% when w3 = 3 μm.
Thus, for w3 = 5 μm, the metasurface provides wide-bandwidth
with highest PCR. On the other hand, when the gap between
the dumbbells (l2) is increased from 2 to 5 μm, the PCR is
observed to be within the permissible limits (>90%). However,
the PCR deteriorates rapidly when l2 is reduced below 2 μm
as shown in Fig. 11(b). The width of the dumbbell arm (w4)
has a severe effect on the highest operating frequencies. As
shown in Fig. 11(c), when w4 is increased, there is no change
in the lowest resonant frequency, but, the PCR drops to 69%
when the width of the arm is 5 μm. This is due to the blue
shift in the upper resonant frequencies. Therefore, the optimized
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Fig. 8. Design evolution of the proposed polarizer.

Fig. 9. Reflection coefficients based on design steps.

Fig. 10. Current distributions of the proposed structure at 1.98 THz, 2.61 THz, 2.95 THz and 3.93 THz.

value of w4 is chosen as 3 μm to achieve maximum polarization
conversion efficiency. Thus, the proposed polarization converter
provides the optimization of the individual resonant frequen-
cies by the proper choice of parameters of the metasurface
structure.

The response of the polarizer is also analyzed for different
angles of incidence as shown in Fig. 11(d). At low frequencies,
below 3 THz, there is insignificant change in the polarization

efficiency up to 40◦ of incidence. However, at higher resonating
modes above 3 THz, the polarizer is sensitive to the incidence
angle and PCR of >90% is maintained up to 40◦ of oblique
incidence. It is observed that the PCR bandwidth reduces beyond
this incidence angle and the higher frequency is red shifted from
3.93 to 3.98 THz. Therefore, the proposed metasurface provides
stable response up to an angle of 40◦ which makes it suitable for
THz polarization-control applications.
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Fig. 11. PCR analysis with variation in (a) Width of the rectangular conductive strip, (b) gap between the dumbbells, (c) arm width of proposed polarization
converter and (d) Stability analysis of PCR.

TABLE I
PERFORMANCE COMPARISON WITH EXISTING CROSS-POLARIZATION CONVERTERS
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Fig. 12. Excitation using external optical pump on the array of the polarization
converter.

Fig. 13. Co-polarized and cross-polarized reflection coefficients for (a) σ =
1 S/m and, (b) σ = 105 S/m.

B. Tunability Analysis

Photoconductive silicon material of 3 μm × 3 μm is inte-
grated in the gap (l2) between the dumbbell resonators to obtain
the switchable polarization conversion. Silicon is chosen over
graphene for tunability because of it’s high relative permittivity
(εr) of 11.7 and low absorption loss at THz frequencies. To
achieve tunability, the sample metasurface consisting of an array
of periodic unit cells is initially subjected to external optical
excitation as shown in Fig. 12. A continuous wave laser can be
used to obliquely irradiate the entire area of the metasurface [34].
The dynamic changes in the conductivity of silicon is then
observed by varying the optical pump beam power. When there is
no optical illumination, silicon has minimum conductivity σ= 1
S/m and behaves as an insulator [35]. In this case, the photocon-
ductive silicon essentially disconnects the dumbbell resonators,
leaving a gap of l2 between them. The unit cell in Fig. 12 is
now equivalent to the proposed unit cell shown in the inset
of Fig. 13(a). Therefore, the integrated metasurface provides
the polarization conversion as per the discussion in Section-II
and the polarizer is said to be in it’s ON state and provides
wideband cross-polarization conversion as shown in Fig. 13(a).
When the pump beam energy is greater than the energy band gap
of silicon, the carrier density in silicon increases and thereby it’s
conductivity increases. The maximum conductivity of the silicon

Fig. 14. Illustrtaion of tunability.

is 105 S/m due to the maximum limiting value of the energy flux
of the pump [35]. At this maximum conductivity, silicon bridges
the gap between the dumbbell resonators (l2 = 0) as shown in
the inset of Fig. 13(b). In this case, the magnitude of reflected
co-polarized component (Ryy) is dominant than the reflected
cross-polar component (Rxy) as shown in Fig. 13(b). Therefore,
the integrated metasurface is said to be in OFF state and does
not provide cross-polarization conversion. To further verify the
same, as shown in Fig. 14, it is clear that the PCR is ≥ 80% for
the ON-state and ≤ 80% for the OFF-state. Thus, integrating the
structure with Si material provides the switching characteristics
for the reflective polarization converter.

The performance comparison of the proposed reflective cross
polarizer with the existing polarizers is listed in Table. I. The pro-
posed structure exhibits superior performance compared with
other existing reflective cross polarizers. Although the band-
width of the structure in [26] is the highest, it was reported for a
PCR of 80%. In this work, similar range of bandwidth is reported
for PCR 95% The polarizer in [33] has the highest PCR of 98%,
but the structure suffers from low bandwidth and limited angular
stability. In summary, it can be observed that the proposed cross
polarizer has wide bandwidth, high PCR, low profile and decent
angular stability with switchable characteristics.

IV. CONCLUSION

A switchable reflective cross-polarization converter based on
modified dumbbell-shaped resonators is proposed for THz appli-
cations. Wideband cross-polarization is achieved from 1.76-4.26
THz with PCR of ≥ 95% and the proposed polarizer exhibits
up to 40◦ of angular stability. Tunability of PCR is achieved by
integrating photoconductive silicon in the polarization converter
and varying the optical pump power. The polarization conversion
mechanism is explained by using decomposition of electric field
components. The design steps are discussed to eludicate the
origin of closely spaced four resonant frequencies (1.98 THz,
2.61 THz, 2.95 THz, and 3.93 THz) for wideband response. The
current distributions are illustrated for a better understanding of
the principle of operation of cross polarization converter. The
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proposed wideband cross poalrizer has potential applications in
polarization control of THz waves in active switches, sensing
and imaging.
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