aps CHCRUS

physics

This is the accepted manuscript made available via CHORUS. The article has been
published as:

Rainbow Trapping with Long Oscillation Lifetimes in
Gradient Magnetoinductive Metasurfaces
Zhixia Xu, Jun Shi, Robert J. Davis, Xiaoxing Yin, and Daniel F. Sievenpiper
Phys. Rev. Applied 12, 024043 — Published 21 August 2019
DOI: 10.1103/PhysRevApplied.12.024043


http://dx.doi.org/10.1103/PhysRevApplied.12.024043

Rainbow trapping with long oscillation life-time in gradient
magnetoinductive metasurfaces

Zhixia Xu"%", Jun Shi* T, Robert J. Davis?, Xiaoxing Yin" ¥, and Daniel F. Sievenpiperz’§
! State Key Laboratory of Millimeter Waves, Southeast University, Nanjing 210096, China
?Electrical and Computer Engineering Department, University of California, San Diego,
California 92093, USA
? Department of Electrical Engineering, California Institute of Technology, Pasadena,
California 91125 USA

"Zhixia Xu: 230159363@seu.edu.cn;

Jun Shi: shijun@caltech.edu;

iXiaoxing Yin: 101010074@seu.edu.cn;

YDaniel F. Sievenpiper: dsievenpiper@eng.ucsd.edu.

Abstract

We report a gradient metasurface design at microwave bands as an elegant approach
to realize the goal of ‘rainbow trapping’ for storage of waves, involving wave
localization and absorption phenomena. A longitudinally placed coplanar waveguide
are loaded with gradient metasurfaces on both sides, where split-ring resonators
(SRRs) are the basic cell. Same SRRs are arranged along the transverse direction to
establish magnetoinductive (MI) 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 interaction
between waves and matters, opening an avenue for further component designs,
including absorptive filters, multiplexers, and buffers.

Introduction

Rainbow trapping can be regarded as a phenomenon where propagating waves of
different wavelengths are spatially separated, mimicking the separation of colors
when light transmits through a prism. Since the first theoretical proposal of the
rainbow trapping in metamaterials(/), many metamaterials have been designed to
observe similar interesting phenomena(2—S§). Beyond understanding fundamental
properties, researches have been exploring this topic in large part because of the
potential applications: the enhanced wave-matter interaction characteristic can be
used to design broadband optical absorbers based on gradual structures(9, /0) as well
as nonlinear optical devices(//—14); the spectrum splitting characteristic gives an
alternative approach to designing wavelength division multiplexers utilized in antenna
feeding networks(/5, 16); the localization characteristic can potentially bring
revolutionary changes to wave focusing (16, 17).



Most of 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 standstill to obtain the rainbow trapping (/8-21).
Similar phenomena were also reported in photonic crystals(22—24) as well as
metal-insulator-metal taper plasmonic waveguides(/6). However, taking material loss
and energy leakage into consideration, pioneers found a troubling phenomenon where
rainbow trapping could suffer from strong coupling between forward and backward
modes, such that it may 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 magnetic fields have been utilized in nonreciprocal waveguides(29).
However, these designs rely on the use of gyromagnetic material and an external
magnetic field to achieve the desired property, which increases the complexity of the
system. It is therefore clear that further researches are needed to overcome the
reflected waves in rainbow trapping within a broadband spectrum. Since loss and
dispersion 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 inherent loss
of unit cells to absorb energy(30). And reflectionless filters are becoming mature in
recent circuits researches, where resonators are usually loaded with resistors(3/—34)
to absorb backward waves. Without complex loaded networks, recent works also
utilize loss in dielectrics and metals to suppress backward reflections(35, 36). In these
designs, absorption performance relies on the position of resonators, where distance
between neighboring artificial transmission lines need to be sufficiently large to
obtain desirable performance, increasing the size of device.

In this work, a different strategy is proposed to achieve the broadband rainbow
trapping, suppressing reflections and trapping waves of different frequencies at
different positions. We apply the concept of gradient metasurfaces(37-40), which is
widely used in scattering problems, to the transmission problem. We develop a hybrid
transmission system: a coplanar waveguide (CPW) supporting a quasi-transverse
electromagnetic (Q-TEM) mode whose ground planes on both sides are
gradient-modified by magnetoinductive (MI) metasurfaces. Gradient MI metasurfaces
are made up of gradient split-ring resonators (SRRs) whose geometric parameters
adiabatically change along the longitudinal direction to obtain different frequency
responses at different positions. Inherent loss in the metal and the dielectric substrate
is the primary mechanism 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
tailoring the number of SRRs along the transverse direction, we can even manipulate
the zone where rainbow trapping happens. CST microwave studio was used to
simulate S-parameters, field distributions, and loss analysis, and from detected time
domain signals, we could investigate the oscillation life-time of trapped modes. To
verify the simulations, a sample was fabricated, where we further used a network
analyzer to measure the S-parameters and conduct near-field scanning. It should be



mentioned that because of the existence of non-radiating anapole mode, dielectric
particles have potentials to be the alternative unit cell to trap energy at optical
band(47/-43). But it is quite challenging to excite the mode(44). Thus, once finding
appropriate coupling method in waveguide systems, we can further design gradient
metasurfaces based on dielectric particles to realize true rainbow trapping effect at
optical band. The controllable zone, bandwidth, and reflectionless features all have
potential usefulness in future devices based on the concept of rainbow trapping.

Results and Discussions

A. Structure designs

The proposed topology is shown in Fig. 1(a). We consider 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 mechanical 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 resonant MI channels, another key to suppressed reflection
is the arrangement method. Despite the square lattice, transverse MI strength is bit
stronger than longitudinal MI strength due to the gradual change of the response
frequency of neighboring MI channels. That means the preferred route of coupling
waves is transverse direction, orthogonal to the waveguide. Thus, the reflection
signals can be further suppressed. As a comparison, without utilizing the transverse
transmission, it becomes difficult to overcome reflected signals in previous
SRR-loaded transmission line designs(45). Fig. 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 couplings happen
near the slots. To people familiar with tensor impedance metasurfaces, the structure
might be associated with sandwich-like 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 interface suppress transverse 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
metasurface perform at different frequencies. Only within the resonant band, waves
can be coupled into metasurfaces. When out of the resonant band, MI metasurfaces
become transparent to the waves.
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Fig. 1. (a) The proposed rainbow trapping topology, where solid lines represent strong couplings
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).

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
thickness whose permittivity is 3.66 and loss tangent is 0.0037. The total length of the
structure L is 120 mm, the width / is 33 mm, and the section of CPW without loaded
metasurfaces L; is 11.4 mm. The geometric parameters of the CPW are listed as: wy is
15.3 mm, w; is 2 mm, and wy is 0.2 mm. The geometric parameters of metasurfaces
are listed as: d is 2.5 mm, a is 2.2 mm, w; is 0.2 mm, s is 0.2 mm, and L is changing
on a gradient from 0.7 mm to 1.6 mm along x-axis (longitudinal direction), which is
the key element to trap waves of different frequencies in different parts. The distance
of the center of first row of SRRs to the center of CPW middle strip w, is 1.9 mm.
Q-factor of an individual SRR unit cell is around 250, obtained by the eigenmode
solver of CST microwave studio. The value is common to patch resonators at
microwave band(50, 57). Simulated electric field distributions 1 mm above the
structure at typical frequencies are shown in Fig. 5 (a) to illustrate the rainbow
trapping. Considering 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 different positions. Further, we conducted a loss analysis and found that
losses in the substrate and copper are the two dominant sources of absorption, while
the radiation loss is negligible.
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Fig. 2. The geometry of the proposed transmission line system consisting of CPW and MI
metasurfaces.

B. Simulations and Measurements

The fabricated sample with SMA connectors is shown in Fig. 3(a), where the gradient
metasurfaces are etched on the top layer and the CPW is etched on the bottom layer.
The operating frequency ranges approximately from 8 GHz to 10 GHz. From the
simulation results, we distinguished 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 total input energy from one terminal is absorbed by dielectric substrate, and
40% is absorbed by metallic patch. Thus, most input power dissipates as heat in
metasurfaces. Compared to low-loss transmission state of CPW, the absorption of the
gradient metasurface is perfect. The remarkable absorption is brought by the resonant
energy storage accompanied by long-time oscillation among unit cells, and the
localized electromagnetic field in unit cells further enhance the absorption(52, 53).
Further, we used a network analyzer (N5242A) to measure S-parameters to check the
transmission and reflection characteristics of the structure. S;; and S;; are shown in
Fig. 3(c) and Fig. 3(d), respectively. Simulated and measured curves match well
overall. Within the operating band, S;; stays below about —10 dB, while S;; 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
simulation and fabrication errors. The time-domain solver used here is really difficult
to get perfect convergence due to the long-term time-domain signals of resonant states
of the low-loss materials, thus, simulated curves, especially within the resonant band,
will have some acceptable errors. Besides, the resonant performance is sensitive to
geometric parameters, and the fabrication error is inevitable. A bit of reflection within
the resonant band is inevitable because the coupling between metasurfaces and CPW
influences the characteristic impedance. Due to the resonance, S-parameters’ curves
fluctuate impetuously. Here, we can tune the overlap of the MI metasurface and the



slot of CPW to tailor the coupling. It is a trade-off between the reflection and
absorption. If coupling is too strong, the impedance of CPW change abruptly. MI
metasurfaces don’t work, only the nearest SRRs at both slots of CPW make sense, and
the design acts as a traditional SRRs-load reflective filter(45). When we decrease the
coupling, the impedance doesn’t change too abruptly, most energy can permeate into
MI metasurfaces and be absorbed. But, when we further decrease the coupling, almost
no energy can be coupled to MI metasurfaces, the device doesn’t work anymore.
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Fig. 3. (a) Photograph of fabricated sample. (b) Loss analysis. Measured and simulated (c) Sy; and
(d) Sar.

Note that the number of unit cells in the transverse direction (Ny) 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, S;; is more
sensitive to Ny, compared to S;;. When N; increases from 2 to 10, S;; decreases. There
is probably a trade-off between the transverse size of MI metasurface and impedance
matching at terminals. Here, we set N; as 6 to keep S;; around -10 dB and the size is
not too large.
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Fig. 4. S-parameters of designs with different N (a) Sy; and (b) S;;.

In order to observe the distribution of the trapped ‘rainbow’, we analyzed the field
distribution as well as time domain signals at different positions. The simulated
electric field distributions at 8.2 GHz, 8.8 GHz, and 10 GHz are presented in Fig. 5(a),
where waves of different frequencies 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 Ml is k ,
lattice constant of a square lattice being d. The current on n', (n—l)th, and (n+1)th
elements have the following relationships in MI channels, where @ is the angular
frequency, Z; is the self-impedance of each element, and M is the mutual
inductance(54, 55),

]n = [n—leijkd (1)
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Two terminals of each MI channel could be assumed as open terminals. Hence,
current distributions could be regarded as linear combinations of eigenstates with
open boundary conditions. The currents can be assumed vary sinusoidally between
two terminals. Hence, the /™ eigenvector in n™ element could be written as(56, 57),

Iz
1O =7 sin(- 3
0 0 (N+1) 3)

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

We further investigated time-domain signals at the middle of different MI channels to
evaluate the trapping ability in Fig. 5(b). The excitation was designed to be a
Gaussian 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 an SRR. Although the excitation
signal can be seen to end before 1 ns, extended ringing of signals can be overserved
well even after 15 ns, proving the fact that the lasting trapping effects happen in these
resonant M1 channels. We can also see envelopes of signals decay with time due to the
existence of damping. That means the ‘rainbow’ is really trapped in the MI channels




and interacts sufficiently with the surrounding environment, giving a possible solution
to achieve the true rainbow trapping with suppressed reflection.
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Fig. 5. (a) Simulated electric field distributions at different frequencies, 8.2 GHz (red), 8.8 GHz
(green), and 10 GHz (pink). (b) Time domain signals, the excitation signal (black), signal at P,
(pink), P, (green), and P; (red).

Fig. 6(a) shows the photograph of the near-field scanning, one port of the sample is
connected to a broadband load and the other port of the sample is connected to one
port of 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 clearly to find
that waves of different frequencies are trapped at different positions, which is the key
property of this gradient MI metasurface. The fluctuation of field strength along the
longitudinal direction indicates a mix of travelling waves and standing waves. But it is
still difficult to estimate the matching property precisely. And we can only evaluate
reflection from terminals, as shown in Fig. 3. Due to the limitations of the equipment,
we could only measure the electric field along z-axis. Therefore, it may be a bit
difficult to identify total electric field, for the reason that 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.



Fig. 6. (a) The near-field scanning experiments where two insets show the detail of the electric
probe and electric field distribution of SRRs, respectively. Measured electric field distributions at
(b) 7.2 GHz, (c) 8.4 GHz, (d) 9.0 GHz, (e) 9.6 GHz.

Conclusion

In conclusion, the proposed structure takes advantage of the gradient MI metasurface
and a CPW to highlight potential advantages of the 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
resonant channels to trap waves with a long oscillation life-time, enhancing the
interactions between waves and the structure. And further, inherent losses of materials
are utilized to absorb the trapped energy sufficiently. The proposed design can
simplify the absorptive filter designs, which is commonly loaded with complex
resistor networks. And we can further use this structure to design compact
multiplexers. Moreover, by carefully changing loaded metasurfaces periodically, we
may generate spatial harmonic waves to design leaky wave antennas. Although
simulations and experiments were conducted at microwave bands, such a
phenomenon could be exploited in device designs from mechanical waves all way to
photonics, targeted towards applications in absorptive filters, antennas, optical buffers,
and multiplexers.
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