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We report a gradient metasurface design at microwave bands as an elegant approach to realize the goal
of “rainbow trapping” for the storage of waves involving wave localization and absorption phenomena.
A longitudinally placed coplanar waveguide is loaded with gradient metasurfaces on both sides, where
split-ring resonators (SRRs) are the basic cell. The same SRRs are arranged along the transverse direc-
tion to establish magnetoinductive channels. Waves of different frequencies are coupled to corresponding
SRRs at different positions in metasurfaces. Resonant trapping with a long oscillation life time enhances
the absorption caused by inherent losses of the materials, thereby suppressing reflections. Both simulations
and measurements verify the existence of “rainbow trapping.” The proposed strategy enhances the inter-
action between waves and matter, opening an avenue for further component designs, including absorptive
filters, multiplexers, and buffers.
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I. INTRODUCTION

Rainbow trapping can be regarded as a phenomenon
where propagating waves of different wavelengths are spa-
tially separated, mimicking the separation of colors when
light transmits through a prism. Since the first theoret-
ical proposal of rainbow trapping in metamaterials [1],
many metamaterials have been designed to observe sim-
ilar interesting phenomena [2–8]. Beyond understanding
fundamental properties, research has been exploring this
topic in large part because of its potential applications:
the enhanced wave-matter interaction characteristic can
be used to design broadband optical absorbers based
on gradual structures [9,10] as well as nonlinear optical
devices [11–14]; the spectrum splitting characteristic gives
an alternative approach to designing wavelength division
multiplexers utilized in antenna feeding networks [15,16];
the localization characteristic can potentially bring revolu-
tionary changes to wave focusing [16,17].

Most previous works can be classified as dispersion
engineering, where waveguides with tailored dispersion
characteristics are the key to make waves of different
wavelengths halt at desirable positions. Gratings were
widely utilized to slow down surface plasmons to a
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standstill to obtain rainbow trapping [18–21]. Similar phe-
nomena were also reported in photonic crystals [22–24]
as well as metal-insulator-metal tapered plasmonic waveg-
uides [16]. However, taking material loss and energy
leakage into consideration, pioneers found a troubling phe-
nomenon where rainbow trapping could suffer from strong
coupling between forward and backward modes such that
it might be impossible to completely stop the light unless
using special materials [25–28]. In order to achieve true
rainbow trapping with fully stopped light, tapered mag-
netic fields have been utilized in nonreciprocal waveg-
uides [29]. However, these designs rely on the use of a
gyromagnetic material and an external magnetic field to
achieve the desired property, which increases the complex-
ity of the system. It is, therefore, clear that further research
is needed to overcome the reflected waves in rainbow trap-
ping within a broadband spectrum. Since loss and disper-
sion are two inherent features of materials, it is natural to
consider utilizing Ohmic loss to absorb unwanted signals
to break couplings between forward and backward waves.
Frequency selective surfaces were designed to utilize the
inherent loss of unit cells to absorb energy [30]. Reflection-
less filters are becoming mature in recent circuit research,
where resonators are usually loaded with resistors [31–34]
to absorb backward waves. Without complex loaded net-
works, recent works also utilize the loss in dielectrics and
metals to suppress backward reflections [35,36]. In these
designs, the absorption performance relies on the posi-
tion of resonators, where the distance between neighboring
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artificial transmission lines needs to be sufficiently large to
obtain a desirable performance, increasing the size of the
device.

In this work, a different strategy is proposed to achieve
broadband rainbow trapping, suppressing reflections and
trapping waves of different frequencies at different posi-
tions. We apply the concept of gradient metasurfaces
[37–40], which is widely used in scattering problems,
to the transmission problem. We develop a hybrid trans-
mission system: a coplanar waveguide (CPW) supporting
a quasitransverse electromagnetic (QTEM) mode whose
ground planes on both sides are gradient modified by
magnetoinductive (MI) metasurfaces. Gradient MI meta-
surfaces are made up of gradient split-ring resonators
(SRRs) whose geometric parameters adiabatically change
along the longitudinal direction to obtain different fre-
quency responses at different positions. Inherent loss in the
metal and the dielectric substrate is the primary mecha-
nism to suppress backward waves. It is foreseeable that
by controlling the number of gradient SRRs operating at
different frequencies along the longitudinal direction, we
can arbitrarily control the working bandwidth, and by tai-
loring the number of SRRs along the transverse direction,
we can even manipulate the zone where rainbow trap-
ping happens. CST Microwave Studio is used to simulate S
parameters, field distributions, and loss analysis, and from
detected time-domain signals, we can investigate the oscil-
lation life time of trapped modes. To verify the simulations,
a sample is fabricated where we further use a network
analyzer to measure the S parameters and conduct near-
field scanning. It should be mentioned that because of the
existence of a nonradiating anapole mode, dielectric par-
ticles have potentials to be the alternative unit cell to trap
energy at optical bands [41–43]. But it is quite challenging
to excite the mode [44]. Thus, once finding an appropri-
ate coupling method in waveguide systems, we can further
design gradient metasurfaces based on dielectric particles
to realize a true rainbow trapping effect at an optical band.
The controllable zone, band width, and reflectionless fea-
tures all have potential usefulness in future devices based
on the concept of rainbow trapping.

II. RESULTS AND DISCUSSIONS

A. Structure designs

The proposed topology is shown in Fig. 1(a). We con-
sider a normal waveguide placed along the longitudinal
direction, with two gradient metasurfaces attached on both
sides. In this work, every transverse MI channel consists
of SRRs with identical geometric parameters operating at
the same frequency. Thus, signals of different frequencies
are guided in different MI channels. These MI channels can
be regarded as strong resonant channels where the effect of
Ohmic loss becomes prominent. Compared to a mechan-
ical topology using only one mass-spring resonator along
the transverse direction [7], this work uses resonator chains
to establish MI channels to make the trapped “rainbow”
interact more strongly with the surrounding environment.
In this case, Ohmic losses will be enhanced to suppress
the reflection. Besides enhanced Ohmic losses in reso-
nant MI channels, another key to suppressed reflection is
the arrangement method. Despite the square lattice, the
transverse MI strength is bit stronger than the longitudi-
nal MI strength due to the gradual change of the response
frequency of neighboring MI channels. This means the pre-
ferred route of coupling waves is the transverse direction,
orthogonal to the waveguide. Thus, the reflection signals
can be further suppressed. As a comparison, without uti-
lizing the transverse transmission, it becomes difficult to
overcome reflected signals in previous SRR-loaded trans-
mission line designs [45]. Figure 1(b) shows the detailed
structure of the model operating at microwave bands in
further simulations and measurements, where the array
of SRRs are etched above the CPW. The near-field cou-
plings happen near the slots. To people familiar with tensor
impedance metasurfaces, the structure might be associated
with sandwichlike impedance surface waveguides [46–
49]. The key difference is the resonance. Impedance
waveguides do not rely on resonance. Different impedance
surfaces on both sides of the interface suppress trans-
verse surface waves to establish waveguides and gradient
changing of impedance further controls the propagation of
surface waves. In this design, different parts of the gradient

(a) (b) FIG. 1. (a) The proposed rain-
bow trapping topology, where
solid lines represent strong cou-
plings and dash lines represent
weak couplings. (b) Detailed
structure where the CPW is
etched on one side of the substrate
(brown) and loaded SRRs are
etched on the other side (gold).
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(a) (b) FIG. 2. The geometry of the
proposed transmission line system
consisting of CPW and MI meta-
surfaces.

metasurface perform at different frequencies. Only within
the resonant band can waves be coupled into metasurfaces.
When out of the resonant band, MI metasurfaces become
transparent to the waves.

The whole structure is shown in Fig. 2. The CPW is
etched on one side and metasurfaces are etched on the
other side of a Rogers 4350B substrate of 0.762-mm thick-
ness whose permittivity is 3.66 and loss tangent is 0.0037.
The total length of the structure L is 120 mm, the width W
is 33 mm, and the section of CPW without loaded meta-
surfaces L1 is 11.4 mm. The geometric parameters of the
CPW are listed as: wg is 15.3 mm, wi is 2 mm, and ws
is 0.2 mm. The geometric parameters of metasurfaces are
listed as: d is 2.5 mm, a is 2.2 mm, w1 is 0.2 mm, s is
0.2 mm, and Lf is changing on a gradient from 0.7 to
1.6 mm along the x axis (longitudinal direction), which is
the key element to trap waves of different frequencies in
different parts. The distance of the center of the first row of
SRRs to the center of the CPW middle strip wc is 1.9 mm.
The Q factor of an individual SRR unit cell is around 250,
as obtained by the eigenmode solver of CST Microwave
Studio. The value is common to patch resonators at the
microwave band [50,51]. Simulated electric field distribu-
tions 1 mm above the structure at typical frequencies are
shown in Fig. 5(a) to illustrate the rainbow trapping. Con-
sidering the symmetry, we only show results when energy
is input into one port (x = −60 mm). Waves with different
frequencies are trapped in different MI channels at differ-
ent positions. Further, we conduct a loss analysis and find
that losses in the substrate and copper are the two dominant
sources of absorption, while the radiation loss is negligible.

B. Simulations and measurements

The fabricated sample with sub-miniature version A
(SMA) connectors is shown in Fig. 3(a), where the gra-
dient metasurfaces are etched on the top layer and the
CPW is etched on the bottom layer. The operating fre-
quency ranges from approximately 8 to 10 GHz. From
the simulation results, we distinguish losses coming from

different sources, including Ohmic losses and radiation
losses, as shown in Fig. 3(b). Ohmic loss in the dielectric
and metal accounts for the largest portion, while radiation
loss is negligible. About 60% of the total input energy from
one terminal is absorbed by the dielectric substrate and
40% is absorbed by the metallic patch. Thus, most input
power dissipates as heat in metasurfaces. Compared to the
low-loss transmission state of CPW, the absorption of the
gradient metasurface is perfect. The remarkable absorption
is the result of the resonant energy storage accompanied
by long-time oscillation among unit cells, and the local-
ized electromagnetic field in unit cells further enhance the
absorption [52,53].

Further, we use a network analyzer (N5242A) to mea-
sure S parameters to check the transmission and reflection
characteristics of the structure. S11 and S21 are shown in
Figs. 3(c) and 3(d), respectively. Simulated and measured
curves match well overall. Within the operating band,
S11 stays below about −10 dB, while S21 is below about
−20 dB, supporting the fact that most energy is dissipated
in MI channels. There exist some discrepancies between
simulated and measured results, which is caused by sim-
ulation and fabrication errors. The time-domain solver we
use here is really difficult to get perfect convergence due to
the long-term time-domain signals of the resonant states of
the low-loss materials, thus, simulated curves, especially
within the resonant band, will have some acceptable errors.
In addition, the resonant performance is sensitive to geo-
metric parameters and fabrication error is inevitable. A bit
of reflection within the resonant band is inevitable because
the coupling between metasurfaces and the CPW influ-
ences the characteristic impedance. Due to the resonance, S
parameters’ curves fluctuate randomly. Here, we can tune
the overlap of the MI metasurface and the slot of the CPW
to tailor the coupling. It is a tradeoff between the reflection
and absorption. If coupling is too strong, the impedance of
the CPW changes abruptly, then the MI metasurfaces do
not work, only the nearest SRRs at both slots of the CPW
make sense, and the design acts as a traditional SRRs-load

024043-3



Z. XU et al. PHYS. REV. APPLIED 12, 024043 (2019)

(a) (b)

(c) (d)

FIG. 3. (a) Photograph of fab-
ricated sample. (b) Loss analysis.
Measured and simulated (c) S11
and (d) S21.

reflective filter [45]. When we decrease the coupling, the
impedance does not change too abruptly and most energy
can permeate into MI metasurfaces and be absorbed. But,
when we further decrease the coupling, almost no energy
can be coupled to the MI metasurfaces, thus the device
does not work anymore.

Note that the number of unit cells in the transverse
direction (Nt) is set as 6 in this example. Usually, we can
increase the absorption area to improve the performance of
this device, especially the impedance matching. As shown
in Fig. 4, S11 is more sensitive to Nt compared to S21. When
Nt increases from 2 to 10, S11 decreases. There is probably
a tradeoff between the transverse size of the MI metasur-
face and impedance matching at the terminals. Here, we
set Nt as 6 to keep S11 around −10 dB and the size is not
too large.

In order to observe the distribution of the trapped
“rainbow,” we analyze the field distribution as well as

time-domain signals at different positions. The simulated
electric field distributions at 8.2, 8.8, and 10 GHz are
presented in Fig. 5(a), where waves of different frequen-
cies are located at different positions. Field distributions
in corresponding MI channels differ from each other. If
we neglect longitudinal MI strength, the analysis can be
simplified. The wavevector of MI is k, with the lattice con-
stant of a square lattice being d. The current on the nth,
(n − 1)th, and (n + 1)th elements have the following rela-
tionships in MI channels, where ω is the angular frequency,
Z0 is the self-impedance of each element, and M is the
mutual inductance [54,55]

In = In−1e−jkd, (1)

Z0In + j ωM (In−1 + In+1) = 0. (2)

Two terminals of each MI channel can be assumed to
be open terminals. Hence, current distributions could

(a) (b) FIG. 4. S parameters of designs
with different Nt (a) S11 and (b)
S21.
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(a)
(b) FIG. 5. (a) Simulated electric

field distributions at different fre-
quencies, 8.2 GHz (red), 8.8 GHz
(green), and 10 GHz (pink).
(b) Time domain signals, the exci-
tation signal (black), signal at P1
(pink), P2 (green), and P3 (red).

be regarded as linear combinations of eigenstates with
open boundary conditions. The currents can be assumed
to vary sinusoidally between two terminals. Hence, the
lth eigenvector in the nth element could be written
as [56,57]

I (l)
n = I0 sin

(
nlπ

N + 1

)
. (3)

Thus, it is reasonable to observe that the electromagnetic
field is localized strongly in some elements while fields in
other neighboring elements are weak.

We further investigate time-domain signals at the mid-
dle of different MI channels to evaluate the trapping ability
in Fig. 5(b). The excitation is designed to be a Gaus-
sian modulated wave. In order to record the evolution of
electric signals, we set several ideal probes along the x
direction, parallel to the split, which is the orientation of
the strongest components of electric vectors in a SRR.
Although the excitation signal can be seen to end before
1 ns, extended ringing of the signals can be overserved
even well after 15 ns, proving the fact that lasting trap-
ping effects happen in these resonant MI channels. We can
also see envelopes of signals decay with time due to the

existence of damping. This means the “rainbow” is really
trapped in the MI channels and interacts sufficiently with
the surrounding environment, giving a possible solution to
achieve true rainbow trapping with suppressed reflection.

Figure 6(a) shows the photograph of the near-field scan-
ning, where one port of the sample is connected to a
broadband load and the other port of the sample is con-
nected to one port of the network analyzer whose second
port is connected to the electric probe. The energy is input
at the left terminal in figures of measured results. It is clear
that waves of different frequencies are trapped at differ-
ent positions, which is the key property of this gradient MI
metasurface. The fluctuation of field strength along the lon-
gitudinal direction indicates a mix of traveling waves and
standing waves. But it is still difficult to precisely estimate
the matching property and we can only evaluate reflection
from terminals, as shown in Fig. 3. Due to the limitations
of the equipment, we can only measure the electric field
along the z axis. Therefore, it may be a bit difficult to iden-
tify the total electric field because the main electric field
of each SRR is along the x axis around each split instead
of along the z axis. Due to the symmetry, if we excite the
structure from another port, it is foreseeable to get the same
result.

(a)

(b)

(c)

(d)

(e)

FIG. 6. (a) The near-field
scanning experiments where two
insets show the details of the
electric probe and electric field
distribution of SRRs, respec-
tively. Measured electric field
distributions at (b) 7.2 GHz,
(c) 8.4 GHz, (d) 9.0 GHz, and
(e) 9.6 GHz.
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III. CONCLUSION

In conclusion, the proposed structure takes advantage
of the gradient MI metasurface and a CPW to highlight
potential advantages of rainbow trapping with suppressed
reflection at the input port. Different from previous designs
realizing rainbow trapping based on gradual dispersion of
metamaterials, the proposed structure utilizes gradual res-
onant channels to trap waves with a long oscillation life
time, enhancing the interactions between waves and the
structure. Further, inherent losses of materials are utilized
to sufficiently absorb the trapped energy. The proposed
design can simplify absorptive filter designs, which are
commonly loaded with complex resistor networks. We
can further use this structure to design compact multi-
plexers. Moreover, by carefully and periodically changing
loaded metasurfaces, we may generate spatial harmonic
waves to design leaky wave antennas. Although simula-
tions and experiments are conducted at microwave bands,
such a phenomenon could be exploited in device designs
from mechanical waves all the way to photonics, targeted
toward applications in absorptive filters, antennas, optical
buffers, and multiplexers.

ACKNOWLEDGMENTS

This work was supported by National Natural Sci-
ence Foundation of China (Grants No. 61771127 and No.
61427801), Scientific Research Foundation of Graduate
School of Southeast University (Grant No. YBJJ1814), and
Postgraduate Research & Practice Innovation Program of
Jiangsu Province (Grant No. KYCX18_0098) as well as
AFOSR Grant No. FA9550-16-1-0093.

Zhixia Xu and Jun Shi contributed equally to this work.
The authors also acknowledge useful discussions with
Shufan Wang and Yun Zhou.

[1] K. L. Tsakmakidis, A. D. Boardman, and O. Hess, “Trapped
rainbow” storage of light in metamaterials, Nature 450, 397
(2007).

[2] P. Celli, B. Yousefzadeh, C. Daraio, and S. Gonella,
Bandgap widening by disorder in rainbow metamaterials,
Appl. Phys. Lett. 114, 091903 (2019).

[3] P. Li and L. Cheng, Shear horizontal wave propagation
in a periodic stubbed plate and its application in rainbow
trapping, Ultrasonics 84, 244 (2018).

[4] V. N. Smolyaninova, I. I. Smolyaninov, A. V. Kildishev,
and V. M. Shalaev, Experimental observation of the trapped
rainbow, Appl. Phys. Lett. 96, 211121 (2010).

[5] M. Strebel, T.-O. Müller, B. Ruff, F. Stienkemeier, and
M. Mudrich, Quantum rainbow scattering at tunable veloc-
ities, Phys. Rev. A 86, 062711 (2012).

[6] N. Jiménez, V. Romero-García, V. Pagneux, and J.-P.
Groby, Rainbow-trapping absorbers: Broadband, perfect
and asymmetric sound absorption by subwavelength panels
for transmission problems, Sci. Rep. 7, 13595 (2017).

[7] E. A. Skelton, R. V. Craster, A. Colombi, and D. J.
Colquitt, The multi-physics metawedge: Graded arrays on
fluid-loaded elastic plates and the mechanical analogues of
rainbow trapping and mode conversion, New J. Phys. 20,
053017 (2018).

[8] L. Chen, G. P. Wang, Q. Gan, and F. J. Bartoli, Rainbow
trapping and releasing by chirped plasmonic waveguides at
visible frequencies, Appl. Phys. Lett. 97, 153115 (2010).

[9] F. Ding, Y. Jin, B. Li, H. Cheng, L. Mo, and S. He,
Ultrabroadband strong light absorption based on thin
multilayered metamaterials, Laser Photonics Rev. 8, 946
(2014).

[10] Y. Cui, K. H. Fung, J. Xu, H. Ma, Y. Jin, S. He, and
N. X. Fang, Ultrabroadband light absorption by a saw-
tooth anisotropic metamaterial slab, Nano Lett. 12, 1443
(2012).

[11] H. Hu, D. Ji, X. Zeng, K. Liu, and Q. Gan, Rainbow trap-
ping in hyperbolic metamaterial waveguide, Sci. Rep. 3,
1249 (2013).

[12] V. Romero-García, R. Picó, A. Cebrecos, V. J. Sánchez-
Morcillo, and K. Staliunas, Enhancement of sound in
chirped sonic crystals, Appl. Phys. Lett. 102, 091906
(2013).

[13] U. Langbein, F. Lederer, T. Peschel, U. Trutschel, and D.
Mihalache, Nonlinear transmission resonances at stratified
dielectric media, Phys. Rep. 194, 325 (1990).

[14] U. Langbein, F. Lederer, and H.-E. Ponath, General-
ized dispersion relations for nonlinear slab-guided waves,
Opt. Commun. 53, 417 (1985).

[15] H. Takahashi, S. Suzuki, K. Kato, and I. Nishi,
Arrayed-waveguide grating for wavelength division multi/
demultiplexer with nanometre resolution, Electron. Lett.
26, 87 (1990).

[16] M. S. Jang and H. Atwater, Plasmonic Rainbow Trapping
Structures for Light Localization and Spectrum Splitting,
Phys. Rev. Lett. 107, 207401 (2011).

[17] A. Colombi, V. Ageeva, R. J. Smith, A. Clare, R. Patel,
M. Clark, D. Colquitt, P. Roux, S. Guenneau, and R. V.
Craster, Enhanced sensing and conversion of ultrasonic
Rayleigh waves by elastic metasurfaces, Sci. Rep. 7, 6750
(2017).

[18] Q. Gan, Y. Gao, K. Wagner, D. Vezenov, Y. J. Ding,
and F. J. Bartoli, Experimental verification of the rainbow
trapping effect in adiabatic plasmonic gratings, Proc. Natl.
Acad. Sci. 108, 5169 (2011).

[19] Q. Gan, Y. J. Ding, and F. J. Bartoli, “Rainbow” Trapping
and Releasing at Telecommunication Wavelengths, Phys.
Rev. Lett. 102, 056801 (2009).

[20] N. Kazemi-Zanjani, M. Shayegannia, R. Prinja, A. O. Mon-
tazeri, A. Mohammadzadeh, K. Dixon, S. Zhu, P. R. Selva-
ganapathy, A. Zavodni, N. Matsuura, and N. P. Kherani,
Multiwavelength surface-enhanced raman spectroscopy
using rainbow trapping in width-graded plasmonic gratings,
Adv. Opt. Mater. 6, 1701136 (2018).

[21] K. L. Tsakmakidis, O. Hess, R. W. Boyd, and X. Zhang,
Ultraslow waves on the nanoscale, Science 358, eaan5196
(2017).

[22] R. J. P. Engelen, D. Mori, T. Baba, and L. Kuipers, Two
Regimes of Slow-Light Losses Revealed by Adiabatic
Reduction of Group Velocity, Phys. Rev. Lett. 101, 103901
(2008).

024043-6

https://doi.org/10.1038/nature06285
https://doi.org/10.1063/1.5081916
https://doi.org/10.1016/j.ultras.2017.11.010
https://doi.org/10.1063/1.3442501
https://doi.org/10.1103/PhysRevA.86.062711
https://doi.org/10.1038/s41598-017-13706-4
https://doi.org/10.1088/1367-2630/aabecf
https://doi.org/10.1063/1.3502487
https://doi.org/10.1002/lpor.201400157
https://doi.org/10.1021/nl204118h
https://doi.org/10.1038/srep01249
https://doi.org/10.1063/1.4793575
https://doi.org/10.1016/0370-1573(90)90032-W
https://doi.org/10.1016/0030-4018(85)90030-6
https://doi.org/10.1049/el:19900058
https://doi.org/10.1103/PhysRevLett.107.207401
https://doi.org/10.1038/s41598-017-07151-6
https://doi.org/10.1073/pnas.1014963108
https://doi.org/10.1103/PhysRevLett.102.056801
https://doi.org/10.1002/adom.201701136
https://doi.org/10.1126/science.aan5196
https://doi.org/10.1103/PhysRevLett.101.103901


RAINBOW TRAPPING WITH LONG OSCILLATION. . . PHYS. REV. APPLIED 12, 024043 (2019)

[23] H. Kurt and D. Yilmaz, Rainbow trapping using chirped
all-dielectric periodic structures, Appl. Phys. B 110, 411
(2013).

[24] A. Arreola-Lucas, G. Báez, F. Cervera, A. Climente, R.
A. Méndez-Sánchez, and J. Sánchez-Dehesa, Experimental
evidence of rainbow trapping and bloch oscillations of tor-
sional waves in chirped metallic beams, Sci. Rep. 9, 1860
(2019).

[25] S. He, Y. He, and Y. Jin, Revealing the truth about “trapped
rainbow” storage of light in metamaterials, Sci. Rep. 2,
00583 (2012).

[26] A. Reza, M. M. Dignam, and S. Hughes, Can light
be stopped in realistic metamaterials?, Nature 455, E10
(2008).

[27] K. L. Tsakmakidis, A. D. Boardman, and O. Hess, Tsak-
makidis, et al. reply, Nature 455, E11 (2008).

[28] X. Zhang and DÖ Guney, Adverse effect of material absorp-
tion on stopped light hollow waveguides with negative
index metamaterial cladding, JOSA B 36, 248 (2019).

[29] K. Liu and S. He, Truly trapped rainbow by utilizing
nonreciprocal waveguides, Sci. Rep. 6, 30206 (2016).

[30] V. S. Asadchy, I. A. Faniayeu, Y. Ra’di, S. A. Khakho-
mov, I. V. Semchenko, and S. A. Tretyakov, Broadband
Reflectionless Metasheets: Frequency-Selective Transmis-
sion and Perfect Absorption, Phys. Rev. X 5, 031005
(2015).

[31] M. A. Morgan and T. A. Boyd, Theoretical and experimen-
tal study of a new class of reflectionless filter, IEEE Trans.
Microw. Theory Tech. 59, 1214 (2011).

[32] M. Khalaj-Amirhosseini and M. Taskhiri, Twofold reflec-
tionless filters of inverse-chebyshev response with arbitrary
attenuation, IEEE Trans. Microw. Theory Tech. 65, 4616
(2017).

[33] R. Gómez-García, J. Muñoz-Ferreras, W. Feng, and D. Psy-
chogiou, Balanced symmetrical quasi-reflectionless single-
and dual-band bandpass planar filters, IEEE Microw. Wirel.
Compon. Lett. 28, 798 (2018).

[34] M. A. Morgan and T. A. Boyd, Reflectionless filter struc-
tures, IEEE Trans. Microw. Theory Tech. 63, 1263 (2015).

[35] J. Shi, Z. Xu, and X. Yin, Broadband-rejection filter topol-
ogy with a reflectionless feature inspired by the orthogo-
nal distribution of gradual-changing artificial transmission
structures, Appl. Phys. Express. 12, 074501 (2019).

[36] Z. Xu, H. Zhao, and X. Yin, New filter topology with a
reflectionless feature based on slow-wave structures loaded
with resonator arrays, Jpn. J. Appl. Phys. 58, 030913
(2019).

[37] A. Pors, M. G. Nielsen, R. L. Eriksen, and S. I. Bozhevol-
nyi, Broadband focusing flat mirrors based on plasmonic
gradient metasurfaces, Nano Lett. 13, 829 (2013).

[38] Y. Xu, Y. Fu, and H. Chen, Planar gradient metamaterials,
Nat. Rev. Mater. 1, 16067 (2016).

[39] D. Lin, P. Fan, E. Hasman, and M. L. Brongersma, Dielec-
tric gradient metasurface optical elements, Science 345,
298 (2014).

[40] Z. Li, M.-H. Kim, C. Wang, Z. Han, S. Shrestha, A. C.
Overvig, M. Lu, A. Stein, A. M. Agarwal, M. Lončar, and

N. Yu, Controlling propagation and coupling of waveguide
modes using phase-gradient metasurfaces, Nat. Nanotech-
nol. 12, 675 (2017).

[41] S. Lannebère and M. G. Silveirinha, Optical meta-atom for
localization of light with quantized energy, Nat. Commun.
6, 8766 (2015).

[42] D. A. Powell, Interference Between the Modes of an All-
Dielectric Meta-atom, Phys. Rev. Appl. 7, 034006 (2017).

[43] A. K. Ospanova, G. Labate, L. Matekovits, and A. A.
Basharin, Multipolar passive cloaking by nonradiating
anapole excitation, Sci. Rep. 8, 12514 (2018).

[44] L. Wei, Z. Xi, N. Bhattacharya, and H. P. Urbach, Exci-
tation of the radiationless anapole mode, Optica 3, 799
(2016).

[45] J. D. Baena, J. Bonache, F. Martin, R. M. Sillero, F. Fal-
cone, T. Lopetegi, M. A. G. Laso, J. Garcia-Garcia, I. Gil,
M. F. Portillo, and M. Sorolla, Equivalent-circuit models
for split-ring resonators and complementary split-ring res-
onators coupled to planar transmission lines, IEEE Trans.
Microw. Theory Tech. 53, 1451 (2005).

[46] R. G. Quarfoth and D. F. Sievenpiper, Nonscattering
waveguides based on tensor impedance surfaces, IEEE
Trans. Antennas Propag. 63, 1746 (2015).

[47] J. Lee and D. F. Sievenpiper, Method for extracting the
effective tensor surface impedance function from nonuni-
form, anisotropic, conductive patterns, IEEE Trans. Anten-
nas Propag. 67, 3171 (2019).

[48] Z. Xu, X. Yin, and D. F. Sievenpiper, Adiabatic Mode-
Matching Techniques for Coupling Between Conventional
Microwave Transmission Lines and One-Dimensional
Impedance-Interface Waveguides, Phys. Rev. Appl. 11,
044071 (2019).

[49] D. J. Bisharat and D. F. Sievenpiper, Guiding Waves Along
an Infinitesimal Line Between Impedance Surfaces, Phys.
Rev. Lett. 119, 106802 (2017).

[50] A. Gopinath, Maximum Q-factor of microstrip resonators,
IEEE Trans. Microw. Theory Tech. 29, 128 (1981).

[51] R. Azadegan and K. Sarabandi, Miniature high-Q double-
spiral slot-line resonator filters, IEEE Trans. Microw. The-
ory Tech. 52, 1548 (2004).

[52] J. B. Khurgin, How to deal with the loss in plasmonics and
metamaterials, Nat. Nanotechnol. 10, 2 (2015).

[53] T. Lu and J. Jin, Electrical-thermal co-simulation for analy-
sis of high-power RF/microwave components, IEEE Trans.
Electromagn. Compat. 59, 93 (2017).

[54] E. Shamonina, V. A. Kalinin, K. H. Ringhofer, and L.
Solymar, Magnetoinductive waves in one, two, and three
dimensions, J. Appl. Phys. 92, 6252 (2002).

[55] Z. Xu, S. Liu, S. Li, H. Zhao, L. Liu, and X. Yin, Tunneling
of spoof surface plasmon polaritons through magnetoin-
ductive metamaterial channels, Appl. Phys. Express. 11,
042002 (2018).

[56] L. Solymar and E. Shamonina, Waves in Metamaterials
(OUP Oxford, New York, 2009).

[57] E. Shamonina, Magnetoinductive polaritons: Hybrid modes
of metamaterials with interelement coupling, Phys. Rev. B
85, 155146 (2012).

024043-7

https://doi.org/10.1007/s00340-012-5270-8
https://doi.org/10.1038/s41598-018-37842-7
https://doi.org/10.1038/srep00583
https://doi.org/10.1038/nature07359
https://doi.org/10.1038/nature07360
https://doi.org/10.1364/JOSAB.36.000248
https://doi.org/10.1038/srep30206
https://doi.org/10.1103/PhysRevX.5.031005
https://doi.org/10.1109/TMTT.2011.2113189
https://doi.org/10.1109/TMTT.2017.2716940
https://doi.org/10.1109/LMWC.2018.2856400
https://doi.org/10.1109/TMTT.2015.2403841
https://doi.org/10.7567/1882-0786/ab2812
https://doi.org/10.7567/1347-4065/aafca4
https://doi.org/10.1021/nl304761m
https://doi.org/10.1038/natrevmats.2016.67
https://doi.org/10.1126/science.1253213
https://doi.org/10.1038/nnano.2017.50
https://doi.org/10.1038/ncomms9766
https://doi.org/10.1103/PhysRevApplied.7.034006
https://doi.org/10.1038/s41598-018-30935-3
https://doi.org/10.1364/OPTICA.3.000799
https://doi.org/10.1109/TMTT.2005.845211
https://doi.org/10.1109/TAP.2015.2401051
https://doi.org/10.1109/TAP.2019.2896714
https://doi.org/10.1103/PhysRevApplied.11.044071
https://doi.org/10.1103/PhysRevLett.119.106802
https://doi.org/10.1109/TMTT.1981.1130308
https://doi.org/10.1109/TMTT.2004.827044
https://doi.org/10.1038/nnano.2014.310
https://doi.org/10.1109/TEMC.2016.2597311
https://doi.org/10.1063/1.1510945
https://doi.org/10.7567/APEX.11.042002
https://doi.org/10.1103/PhysRevB.85.155146

	I. INTRODUCTION
	II. RESULTS AND DISCUSSIONS
	A. Structure designs
	B. Simulations and measurements

	III. CONCLUSION
	ACKNOWLEDGMENTS
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


