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ABSTRACT A self-complementary metasurface is presented for application in multiband terahertz filters.
The unit cell structures of the self-complementary metasurface consist of a combination of an ordinary
Jerusalem cross and its complementary counterpart that resonates in the THz regime. The columnar repetition
of ordinary and complementary resonator structures enables complementary spectral responses for incident
waves with mutually orthogonal linear polarizations. The operating principles of the self-complementary
metamaterial with the interaction between the juxtaposed ordinary and complementary Jerusalem crosses are
explained using an equivalent circuit method and are confirmed with a full-wave electromagnetic simulation.
The designed self-complementary metasurface functions as a selective bandstop filter (BSF) or bandpass
filter (BPF) depending on the polarization states of the incident wave. The fabricated metasurface exhibits
high polarization purity, exemplified by a polarization extinction ratio as high as 24 dB. The transmittance
phases of the two orthogonally polarized waves have phase differences between−73◦ and 83◦ within a broad
frequency range.

INDEX TERMS Terahertz, metasurface, bandpass filter, bandstop filter, multiband.

I. INTRODUCTION
Terahertz (THz) technology deals with electromagnetic
waves with wavelengths between 3 mm and 30 µm. In recent
years, terahertz technology has attracted considerable atten-
tion due to its potential applications [1], and the number of
published reports on it has increased rapidly [2]. Due to their
nonionizing low-energy characteristics as well as their high
transmission through dielectric materials, THz waves have
the benefit of being able to penetrate visually opaque mate-
rials while being harmless to the human body. Thus, these
waves are used in applications such as biosensing [3], imag-
ing [4] and material characterization [5]. With the growth
of wireless data traffic, the THz frequency band can be a
promising candidate for supporting future ultrabroadband
communications, bridging the gap between millimeter wave
(mm-wave) and optical frequency ranges [6]. THz com-
munications for short-range wireless links [7] and satellite
links [8] have been reported. Moreover, spectrum regulations
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and ongoing standardization activities have been presented in
the field of THz communications [9].

However, further development of the technology is still
hindered by a lack of devices that can effectively control
and manipulate THz waves, such as modulators, filters and
polarizers. THz active and passive components are still under
development to make it possible for THz technology to pen-
etrate niche industrial applications [10].

Metamaterials play an important role in active and pas-
sive device design due to their versatility in being able to
be tailored for desired functionalities in a broad spectral
range from the microwave region to the visible region [11].
Metamaterials have also had a profound impact on advances
in THz science and technology by realizing appropriate spec-
tral responses in the THz frequency band [12].

Various metamaterial designs have been reported to
demonstrate THz devices, such as absorbers, polarization
converters, quarter wave plates, and filters. A six-band
terahertz metamaterial absorber was presented [13], and
alignment-insensitive THz absorbers were demonstrated by
using a bilayer metasurface [14]. A multiple reflection and
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interference model of a metamaterial was developed to
guide the design of THz absorbers [15]. Metamaterials were
also utilized to control the polarization of incident waves.
A nondispersive cross polarization converter structure con-
verts linearly polarized waves to cross-polarized waves [16].
A trilayered chiral metasurface was proposed for linear
polarization conversion [17]. A metasurface antenna with
wide-gain-bandwidth was reported to demonstrate high-
efficiency THz radiation [18]. A THz quarter-wave plate was
demonstrated with an anisotropic metasurface [19]. To elec-
trically control THz wave transmission, metamaterial-based
amplitudemodulators were realized on top of GaAs [20], [21]
and GaN electron device platforms [22].

Most of the metamaterials operating at THz frequencies
consist of metallic resonators arrayed on top of electromag-
netically transparent substrates. Ordinary metamaterials are
composed of unit cell structures that are electrically isolated
resonators, while complementary metamaterials have nega-
tive metallic images of ordinary metamaterials. They exhibit
complementary spectral responses. The most common unit
cell structures are based on split-ring resonators (SRRs) and
the complementary SRR (CSRR), and they exhibit bandstop
filter (BSF) and bandpass filter (BPF) responses, respec-
tively [23]. A CSRR-based BPF using a lossy glass substrate
was reported with a high spurious band rejection ratio [24].
Nested SRR (NeSRR) structures where a smaller SRR was
nested in a larger SRR were realized on a flexible mate-
rial [25] and a quartz substrate with subwavelength structures
(SWSs) [26].

Another way to realize a THz filter is to utilize the interfer-
ence in a multilayer structure. A BSFwas demonstrated using
a stack of several ultrathin silicon wafers and air gaps with
a proper index arrangement [27]. A cascaded bilayer meta-
surface demonstrated antireflection structures with a narrow
band filter response [28]. Amultilayer BPF was implemented
using a wire-and-plate structure on benzocyclobutene (BCB)
films [29]. Pairs ofmetallic crosses were located on both sides
of the complementary cross structure, and all were embedded
in a dielectric bar to decrease the reflection loss [30].

Various unit cell designs have been proposed to realize
multiband spectral characteristics. Symmetric SRRs with dif-
ferent sizes have been utilized to achieve two distinct electric
resonances as a step towards broadband THz devices [31].
Polarization-insensitive filter characteristics were real-
ized using a metasurface consisting of symmetric cross
pillars [32]. Multiple-resonance excitation was realized in
a composite metamaterial for ultrawide BPFs [33]. Tunable
filters and polarization rotators were also realized using
vanadium oxide (VO2). The operational characteristics of
the device were tuned by the temperature-sensitive electrical
conductivity of VO2 [34], [35].

The above described filters exhibit either bandpass or
bandstop frequency responses. For cases where only one
response type is required, a filter with polarization-insensitive
characteristics may be preferred because of easy alignment.
From the point of view of functionality, it may be beneficial

to have a filter capable of offering bandpass and bandstop
responses at the same frequency band.

This paper reports a multiband THz filter based
on a self-complementary metasurface. A self-complementary
metamaterial consists of an ordinary resonator and its com-
plementary counterpart placed side by side. For the one linear
polarized incident wave, a self-complementary metasurface
operates as a BSFwhile showing a BPF response for the other
orthogonally polarized incident wave. The characteristics
of a self-complementary metamaterial make it possible to
design a 2-in-1 filter, whose response can be easily switched
between a BSF and a BPF by mechanically rotating the
device by 90◦. In a GHz frequency range, simulation studies
of a self-complementary metasurface consisting of an SRR
and a CSRR have been reported [36], and similar structures
were experimentally realized [37]. A self-complementary
metasurface consisting of rectangular patches and holes was
reported for a polarization conversion [38]. Even though
these devices showed BSF/BPF spectral responses depending
on the incident polarization, their polarization extinction
ratio (PER) performance have large room to improve because
their resonance frequencies were different for the two orthog-
onal polarizations or their band rejection properties are not
good.

In this paper, the proposed multi-band THz metasurface
exhibits the well matched resonance frequencies for x- and
y-polarization in the triple THz frequencies so that the polar-
ization rejection properties are much better than those of
other reported self-complimentary metasurfaces. The operat-
ing principles and design guidelines of this THz multiband
self-complementary metasurface are presented using electro-
magnetic simulation and an equivalent circuit method, and
their performance is experimentally verified.

II. DESIGN AND EQUIVALENT CIRCUIT REPRESENTATION
The metasurface chosen to realize the THz filter in this
work is based on a self-complementary Jerusalem cross struc-
ture. The Jerusalem-cross shape has been used for other
applications, such as a quasi-optical diplexer [39], a THz
absorber [40] and frequency-selective surfaces (FSSs) [41].
The unit cell in this metasurface consists of a metallic
Jerusalem cross and its complementary counterpart. The
schematic of the unit cell is shown in Fig. 1.

Rotational symmetric metasurfaces exhibit the same fre-
quency response for the incident x- and y-polarizations,
so they can be described by the same equivalent circuit for
both incident polarizations. The gap between the metal acts
like a capacitor, and the metal line acts like an inductor.
An ordinary metasurface, consisting of periodically arranged
isolated metallic resonators, resembles a light field metal
mask on a quartz substrate and can be analyzed by a serial
LC resonator [42], [43] with a bandstop frequency response.
On the other hand, a complementary metasurface, which
has a negative image of the ordinary metasurface, operates
like a parallel LC resonator [44] with a bandpass frequency
response. A self-complementary metasurface exhibits an
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FIGURE 1. Self-complementary metasurface unit cell using a Jerusalem
cross design. (WT = LL = 25 µm, WH = LV = 35 µm, T = 5 µm,
LV = 50 µm, WU = 100 µm).

anisotropic structure, and its response depends on the polar-
ization of the incident wave. Therefore, it has a polarization-
dependent spectral response, and it should be represented
by two distinct equivalent circuits depending on the incident
polarizations.

Fig. 2 and 3 show the simplified equivalent circuits of the
self-complementary metasurface for x- and y-polarization,
respectively. The substrate effect considered in the equivalent
circuit presented in [45] is neglected in the equivalent cir-
cuits to derive an analytic expression of the reactance and to
determine the resonance frequencies in closed form. The gap
between the loading ends acts as a capacitor, and the metal
line of the cross acts as an inductor. The series connected
LS and CS are from the equivalent circuit of the ordinary
metasurface, while the parallel connected LP and CP are from
the equivalent circuit of the complementary metasurface.

To examine the response to the x-polarized incident wave,
the equivalent circuit shown in Fig. 2(b) was analyzed. The
reactance X1 of the circuit is

X1(ω) =
−ω4L2PC

2
Pxy+ ω

2LPCP(xy+ y+ 1)− 1
ωCS (1− ω2LPCP)

(1)

where x = LS/LP, y = CS/CP. At the low frequency limit,
X1(ω) → −∞ when ω → 0, implying that the circuit acts
as an open circuit where the signal is transmitted. In a similar
way, the circuit acts as an open circuit, X1(ω) → ∞ when
ω→∞ at the high frequency limit.WhenX1(ω) = 0, the cir-
cuit operates as a short circuit that allows no transmission;
then, the frequency satisfying this condition is given by

ω1,3 =

√
(xy+ y+ 1)±

√
(xy+ y+ 1)2 − 4xy

2LSCS
(2)

By solving for the open-circuited case, X1(ω)→∞, the fre-
quency, where the transmission is high, is found to be

ω2 =
1

√
LPCP

(3)

When x = y = 1, ω2 is determined to be the geometric mean
of ω1 and ω3 so that ω2 = (ω1ω3)1/2.

FIGURE 2. Equivalent circuit of the self-complementary metasurface for
the x-polarized wave in the (a) plane view and (b) side view.

FIGURE 3. Equivalent circuit of the self-complementary metasurface for
the y-polarized wave in the (a) plane view and (b) side view.

For the y-polarized incident wave, the reactance of the
circuit represented in Fig. 3(b) can be represented by (4).

X2(ω) =
ωLP(1− ω2LSCS )

ω4L2PC
2
Pxy− ω

2LPCP(xy+ y+ 1)+ 1
(4)
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This circuit acts as a short circuit at the low and high fre-
quency limits, (X2(ω → 0) = 0 and X2(ω → ∞) = 0),
exhibiting low transmission. The frequencies satisfying
X2(ω) → ∞, where the circuit exhibits high transmission,
exactly matches the solutions of X1(ω) = 0, which are ω1
andω3 represented by (2). By solving X2(ω) = 0 for the short
circuit, the frequency where the transmission is low is

ω2 =
1

√
LSCS

(5)

When the condition of xy = 1 (LSCS =LPCP) is satisfied,
the values of ω2 for both the x- and y-polarizations are
identical. This analysis clearly shows that the equivalent cir-
cuits exhibit complementary responses for x- and y-polarized
incident waves, and their resonant frequencies exactly match.

The reactance and complementary filter responses
obtained from the equivalent circuit analysis are shown
in Fig. 4. The device exhibits a BSF response for the
x-polarized incident wave, while it shows a bandpass
response for the y-polarized wave.

FIGURE 4. (a) Reactance and (b) filter responses obtained by the
equivalent circuit analysis for x-polarization (red line)
and y-polarization (blue line).

FIGURE 5. Simulation results of the self-complementary metasurface
whose dimensions are shown in Fig. 1. (red line: x-polarization, blue line:
y-polarization) (a) reactance, (b) transmittance, (c) phase response.

It is noteworthy that the self-complementary metasurface
consisting of juxtaposed ordinary and complementary res-
onators can realize complementary spectral responses for the
two orthogonal polarizations along with the two optical axes
of the metasurface. It can achieve BPF for BSF responses
with high polarization extinction ratios at multiple frequency
bands owing to the complementary responses.
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FIGURE 6. Surface current distribution for x-polarization at frequencies
of (a) 0.85 THz, (b) 1.10 THz, and (c) 1.35 THz.

FIGURE 7. Transmittance for x-polarization depending on (a) top/bottom
loading end widths and (b) horizontal cross widths.

III. SIMULATION AND CHARACTERIZATION
The operational principles of the self-complementary meta-
surface are understood by using the equivalent circuit method.

FIGURE 8. Surface current distribution for y-polarization at frequencies of
(a) 0.83 THz, (b) 1.10 THz, and (c) 1.37 THz.

However, the detailed design should be carried out using
an electromagnetic simulation method. The response of the
proposed device was simulated using a commercial electro-
magnetic (EM) simulation tool. A linearized plane wave was
adopted as thewave source, and periodic boundary conditions
were applied to the unit cell to account for the device consist-
ing of an array of hundreds of unit cells. The 300-µm-thick
quartz substrate and Ti/Au (20/300 nm) metal were used for
the metasurface. The Drude model was utilized to consider
the material properties of gold [46].

Fig. 5(a) and (b) show the electromagnetically simu-
lated reactance and the transmittance of the Jerusalem-cross-
shaped self-complementary metasurface, whose dimensional
parameters are shown in Fig. 1. When the calculation results
obtained by the equivalent circuit method and EM simulation
are compared, theymatch quite well. The electromagnetically
simulated reactance of the metasurface exhibits essentially
the same behavior as the result calculated with the equivalent
circuit shown in Fig. 4(a). This result implies that the equiva-
lent circuits shown in Fig. 2(a) and Fig. 3(a) are valid and can
provide insight into how the self-complementary metasurface
operates by visualizing the interaction between the ordinary
and complementary resonator structures.

As expected from the analysis of the equivalent circuits
shown in Fig. 4, the spectral responses in Fig. 5(b) show
the BSF and BPF responses for the x- and y-polarized
incident waves, respectively. For the x-polarized wave,
the designed structure shows a multiband response with
resonance peaks at 0.85, 1.10 and 1.35 THz. For the
y-polarized wave, resonance peaks were observed at 0.83,
1.10 and 1.37 THz.
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FIGURE 9. Transmittance for y-polarization depending on (a) vertical
cross lengths and (b) left/right loading end lengths.

Fig. 5(c) shows the phase response for the two orthog-
onally polarized waves. The differential phase response,
1ϕ, is approximately −90◦ or 86◦ within a broad frequency
range.

By analyzing the surface current, the most dominant struc-
tural parameters that determine the resonance frequencies can
be found for ω1, ω2 and ω3. Fig. 6 shows the surface current
distributions for the x-polarized incident wave. At 0.85 and
1.10 THz, the surface current is mainly concentrated between
the top and bottom loading ends of the complementary res-
onator, as shown in Fig. 6(a) and (b). This result exemplifies
that ω1 and ω2 can be controlled by changing the width of
the top and bottom loading ends, WT, as shown in Fig. 7(a).
At the third resonance frequency of 1.35 THz, a strong res-
onating surface current is observed at the horizontal element
of the ordinary Jerusalem cross, as shown in Fig. 6(c), which
implies that ω3 can be tuned by changing the width of the
horizontal element of the cross, WH. This possibility is con-
firmed by the parametric study given in Fig. 7(b).

The same parametric EM simulation studies were carried
out for the y-polarized incident wave. The dominant geo-
metric parameters that determine ω1, ω2 and ω3 for the
y-polarized wave can be identified from the surface current

FIGURE 10. Optical image of fabricated self-complementary
metasurfaces using the Jerusalem cross design.

FIGURE 11. Measurement and simulation results (dotted line: simulation
of the metasurface with a rounded corner, solid line: measurement) (a)
transmittance (red line: x-polarization, blue line: y-polarization),
(b) phase difference.

distribution represented in Fig. 8. The surface current is con-
centrated in the vertical element at 0.83 THz and 1.10 THz,
as shown in Fig. 8(a) and (b). Fig. 9(a) verifies that ω1 and
ω2 can be controlled by adjusting the length of the vertical
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TABLE 1. Performance summary and comparison with the previously
reported self-complementary metasurface.

bar, LV, of the Jerusalem cross. On the other hand, a strong
surface current flow is observed around the left/right loading
ends of the complementary resonator at 1.37 THz, as shown
in Fig. 8(c). By controlling the length of the left/right loading
ends, LL, ω3 can be tuned, as shown in Fig. 9(b).

Fig. 10 shows an optical microscope image of the fabri-
cated device for characterization. The Ti/Au metal patterns
were delineated with a standard optical lithography process
followed by a lift-off process on top of a 300-µm thick quartz
substrate. The dimensions of the fabricated device are slightly
different from the mask layout with the dimensions shown
in Fig. 1 due to the imperfect fabrication process. The devices
exhibit approximately 1% fabrication error in dimensions and
rounded corners instead of right angles.

The fabricated device was characterized using a com-
mercial THz time-domain spectroscopy (TDS) system
(TPS 3000) based on linearly polarized photoconductive
antennas [47]. The measurements were carried out in a N2
atmosphere to avoid the effect of water vapor in air.

Fig. 11(a) shows the measured transmittance of the fabri-
cated device. The performance of self-complementary meta-
surface is compared with previously reported metasurfaces
in Table 1. In this work, the three resonance frequencies for
the x-polarized incident wave are almost the same as those for
the y-polarized wave, and complementary spectral responses
are achieved. Furthermore, themeasured transmittance shows
high polarization purity. The polarization extinction ratios
(PERs), the ratios of the desired polarization component to
the undesired component (PER = 10log(Pwanted/Punwanted )),
are 18 dB, 24 dB and 18 dB at ω1, ω2 and ω3, respectively.

The insertion losses are 0.17 dB, 0.46 dB and 0.69 dB at ω1,
ω2 and ω3, respectively. The fractional bandwidths are 33,
21 and 19% at ω1, ω2 and ω3, respectively. Fig. 11(b) shows
the measured phase responses. The phase difference of the
two orthogonally polarized waves ranges from −73◦ to 83◦

within a broad frequency range.
The simulation and measurement results are in fairly good

agreement at the resonance frequencies, but the loss proper-
ties show 5.9% and 9.8% error at ω2 and ω3, respectively.
The difference in the measurement and simulation results can
be ascribed to the nonuniform dimensions as well as the line
edge roughness of the fabricated metal patterns caused by the
fabrication error inevitable in the contact aligner-based opti-
cal lithography and lift-off processes. Although the measured
loss performance is quite good, it can be further improved by
adopting more precise fabrication processes.

IV. CONCLUSION
Amultiband THz filter based on a self-complementary meta-
surface was demonstrated. Using equivalent circuits and
EM simulation, its operational principles are presented, and
the dominant geometric parameters that determine the res-
onance frequencies are identified. The self-complementary
structures make it possible to design a 2-in-1 THz filter whose
function can be chosen between BPF and BSF depending on
the incident polarization. In addition to the filtering function,
the two transmitted orthogonally polarized waves exhibit
phase differences ranging from −73◦ to 83◦ within a broad
frequency range.
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