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Ultra‐broadband terahertz
polarization transformers
using dispersion‐engineered
anisotropic metamaterials
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Abstract: We propose the design of anisotropic metamaterials with cascading meta-atoms. Each meta-atom array
behaves as an impedance-tuned interface and dramatically modifies the complex reflection and transmission coefficients. By engineering the frequency-dependent impedances, the reflection phase difference along the two axes of
anisotropic metamaterials approximates to a constant in a wide range. We numerically demonstrate the proposed
anisotropic metamaterials can accomplish achromatic polarization transformation from 0.5 THz to 3.1 THz. The polarization conversion ratio is higher than 80%, which exhibits excellent agreements with the theoretical calculation.
Such design is scalable to other bands and can provide helpful guidance in broadband devices design.
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shortages above.
However, most existing metasurfaces also suffer from
narrow bandwidth due to their highly dispersive metamolecules. Many excellent attempts were carried out to
extend the working bandwidth in different frequency
regimes[16]. The most direct way is superimposing different resonance modes within a unit cell[17-18]. For example,
Cui et al. have proposed a broadband half-wave retarder
consisting of multi-layer non-resonant meta-molecule in
gigahertz frequency[19]. By stacking periodically multilayered structures comprising of two different types of
arrays of nanorods, Jen et al. have experimentally
demonstrated a broadband wave plate at visible frequencies[20]. However, the extended operation bandwidth is at
a cost of increased physical thickness, ruled by the thickness-to-bandwidth ratio limit presented by Romanov[21].
To overcome this issue, the metasurface-assisted Fresnel’s equation is proposed[5-6]. Following the general
strategy of dispersion engineering[22-24], ultra-broadband
polarization conversion were obtained[25-27], demonstrating unprecedented performance compared with traditional devices. The bandwidth-thickness limit of the perfect absorber and waveplate is also unified with the above
principle [25]. It was shown that the thickness of broadband waveplates could be suppressed close to or even
below the classic limit set by Max Planck almost a century ago[5].
Achromatic polarization converters operating in the

Introduction

The ability to manipulate the polarization of electromagnetic waves is sought-after for numerous applications.
Traditional polarization rotation devices utilizing natural
occurring birefringence or total internal reflection effects
are bulky. As an alternative solution, metamaterial-based
converters exhibiting strong anisotropy or chiral can be
extremely compact and thus flourished in the last decade
[1-3]
. Nevertheless, metamaterial-based schemes suffer
from the complex fabrication technology and tremendous loss. The gradient phase metasurface, because of the
reduced dimension and loss as well as powerful phase
engineering ability, is taken as a promising approach for
polarization manipulation [4-9]. Traditional metasurfaces
are composed of discrete meta-atoms and the phase profile is approximated by several levels of phase discontinuities, which inevitably degrades the overall performance
of metasurfaces. Quite recently, semicontinuous supermeta-atoms including catenary[10-11] and trapezoid shaped
structure[12] as well as truecontinuous super-meta-atoms
including annular slits[13-14] and sinusoidal metallic
strips[15] are adopted in metasurfaces to overcome the
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terahertz band are highly anticipated due to the lack of
suitable natural materials for terahertz device applications[28-29]. If the dispersion is engineered properly so that
the thickness-dependent dispersion of the dielectric
spacing layer can be conjugated cancelled by the dispersion of metasurface, the operation bandwidth can be extended to octave scale [25-26, 30-32]. In this paper, we proposed an ultra-broadband terahertz transformer with
cascaded meta-atoms, in which dispersions are dedicatedly engineered. Both theoretical and numerical results
demonstrated the bandwidth of our proposed transformer exceeds 2-octave.

2

By adjusting the scale factor, arbitrarily polarization state
can be achieved. Specially, if ρ = τ1/2 (τ1/4), Δ= π (π/2)
achromatic half- (quarter-) wave plate is realized.
Enlightened by the conceptual configuration above, we
design an achromatic transformer, which is composed of
a dielectric coating layer, two meta-atoms array deposited
on dielectric substrate, and a metallic reflection plane, as
sketched in Fig. 2. For clarity of contents, the upper and
lower meta-atoms arrays are denoted by subscripts 1 and
2, respectively. Each metasurface is composed of
subwavelength metallic cut-wire array and the lateral
period of the metasurface 2 is twice of the metasurface 1.
The metallic parts are made of gold with thickness of 0.25
μm. Polymide dielectric spacer has a relative dielectric
permittivity εr ∼ 3 and a moderate loss tangent tanδ ∼
0.005[31]. In the design process, we first consider a metamirror with the single metasurface, in which geometric
parameters are optimized by parameters sweep. Then
another metasurface can be easily obtained by scaling the
first one and rotating it with an angle of 90o[27]. The final
optimal geometrical parameters of proposed meta-mirror
for achromatic polarization manipulation can be quickly
obtained with further numerical simulations.

Theory

Fig.1 illustrates a schematic concept of broadband polarization-transforming electromagnetic mirror constructed
by alternately stacked metallic cut-wires with orthogonal
orientation and each polarized set is arranged in a
log-periodic configuration [33-34]. The scaling factor that
governs the relation between consecutive antenna dimension and location is defined as τ. According to the
transmission line circuit theory, the phase of the reflection coefficient of each set of arrays varies essentially
linearly with the logarithm of frequency as follows [35]:
x  0  (2π / log  ) log( f / f x ) ,
(1)
 y  0  (2π / log  ) log( f / f y ) ,
(2)

3

In order to check the performance of the proposed metamirror, numerical simulation is performed within CST
Microwave Studio. In the simulation, unit cell boundary
condition is adopted along x and y directions, whereas
the open boundary condition is applied for z direction.
To function as a half-wave plate, the geometric parameters of meta-mirror are optimized as Px = 68 μm, Py = 57
μm, x1 = 67 μm, y1 = 13 μm, x2 = 8 μm, y2 = 23 μm, d0 =
24 μm, d1 = 13 μm, d2 =31 μm. A left-handed circularly

where 0 is constant, f is the incidence frequency, fx and fy
are the resonant frequencies of X- and Y- polarized array.
The phase difference between them is expressed as:
(3)
  (2π / log  ) log( f x / f y ) .
From equation (3), we find the phase difference is frequency-independent, which is only a function of the scale
factor ρ between adjacent orthogonally polarized arrays.
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Fig.1 Schematic concept of wideband polarization-transforming electromagnetic mirror based on
log-periodic antennas.
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Fig.2 Schematic of the proposed anisotropic meta-mirrors for achromatic
polarization manipulation, which is constructed by two meta-atoms array
and a metallic reflection plane separated by dielectric spacers. The dielectric
thicknesses from top to bottom are d0, d1 and d2, respectively. The period of
the metasurface is (Px/2, Py/2) and (Px, Py) for the upper one and bottom
one, respectively.
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polarized (LCP) plane wave is normally incident on the
sample, which is likely to achromatically convert its polarization to right-handed circularly polarized (RCP)
after the reflection, where the handedness of the circular
polarization is defined from the source plane.
The simulated circular polarization reflectance is presented in Fig. 3(a). It can be found that the oppositepolarized reflection carries more than 80% of the incident power in the range of 0.53.1 THz (beyond 2-octave
bandwidth), while the co-polarized component is mostly
below 20%. The polarization conversion ratio (PCR) is
also calculated and plotted in Fig. 3(b). We can see the
PCR is larger than 0.8 in the range of 0.51.8 THz, and
larger than 0.9 in the range of 1.83.1 THz. Especially, the
LCP is totally converter to the RCP at six frequency
points of 0.54 THz, 1.1 THz, 1.9 THz, 2.2 THz, 2.5 THz,
and 3 THz. Obviously, our design has superiorities compared with the previous couterparts. Initially, the bandwidth is beyond 2-octave, about three times of previous
design. Moreover, there is no extra process to ensure the
alignment between the two meta-atoms array, which releases the fabrication requirements.

Analysis

Fig.4 reveals the anisotropic reflection phase of the metamirror, from which we can see the phase difference (red
solid line) fluctuates around desired –180o (-160o, -210o)
in the operation band. Outside of the operation band, the
phase retardation severely changes to 0 or -360o. There
are six intersections between the phase difference and the
-180o, which correspond to the six conversion peaks
above.
Subsequently, we resort to the transmission line model
(TLM) to illustrate the underlying physical mechanism of
polarization manipulation, where we consider the presence of the metal array as a thin impedance sheet, as
illustrated in Fig. 5. Ignoring the loss, the metallic
cut-wire can be taken regarding as a combination of an
effective inductor and capacitor, in which impedance is
expressed as:
Z1(2), x ( y )  j L1(2), x ( y )  1/ jC1(2), x ( y )
(4)
To fit the anisotropic dispersions in Fig. 4, the effective
circuit parameters are estimated as (L1, x, C1, x) = (2 × 10-12
H, 5 × 10-17 F), (L1, y, C1, y) = (7.5 × 10-12 H, 2.8 × 10-16 F),
(b)
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Fig.3 (a) Simulated reflectance of the co- and opposite- circular polarizations. (b) Simulated and theoretically calculated
polarization conversion ratio.
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Fig.4 Simulated (solid line) and calculated (dash line) anisotropic
dispersions of the metasurface and the phase difference ∆. TLM:
transmission line model.

Fig.5 Schematic of the transmission line mode for achromatic
polarization conversion.
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(L2, x, C2, x) = (1.4 × 10-11 H, 1.8× 10-15 F) and (L2, y, C2, y) =
(3 × 10-11 H, 5.3 × 10-17 F). With these parameters, the
calculated PCR is illustrated in Fig. 3, which agrees with
the simulation results well. The impedances of the meta-atoms array are elucidated in Fig. 6, which can be taken as impedance-tuned interfaces with dramatically
modified complex reflection and transmission coefficients. The achromatic performance is attributed to the
conjugation compensation of the dispersion of metasurface and the thickness-dependent dispersion of the
dielectric spacing layer.
The magnetic field distributions at the cross section of
x-z plane are investigated and shown in Fig. 7. Obviously,
the Metasurface 1 mainly responses to the y-component
of higher frequencies while Metasurface 2 mainly responses to the x-component of lower frequencies. More(a)

over, each metasurface can interact with the incidence in
a broad range. Therefore, the dispersion of the metamirror can be engineered in a broad range.

5

In summary, an anisotropic meta-mirror with cascading
meta-atoms array has been proposed to behave as a
half-wave plate. In order to obtain a broadband operation
bandwidth beyond 2-octave band, the design principle of
the cascading meta-atoms array follow the log-periodic
configuration. In principle, the bandwidth can be further
expanded by cascading more meta-atoms array or
adopting more elaborate design for dispersion engineering. The proposed strategy may pave the way for the design of broadband metamaterial-based devices and in(b)

500
-500

500
-500

Impedance\Ω

Impedance\Ω

Conclusions

-1500
-2500
-3500

-1500
-2500
-3500

Z1x
Z1y

-4500
0

0.5

1.0

1.5

2.0

2.5

3.0

Z2x
Z2y

-4500
3.5

0.5

0

Fig.6

1.0

1.5

2.0

2.5

3.0

Frequency/THz

Frequency/THz

Retrieved impedance of (a) Metasurface 1 and (b) Metasurface 2 by equivalent circuit theory.

(a)

(b)

(c)

z
1 THz
y

2 THz

1.5 THz

(d)

(e)

z

x

Fig.7

2.5 THz

3 THz

(a)(e) Magnetic field distributions of the unit cell at frequencies of 1, 1.5, 2, 2.5 and 3 THz, respectively.
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spire the applications in integrated photonics. Furthermore, by utilizing dynamic control method[2, 29], the performance of our device can be significantly improved.
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