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We have used finite-element methods to design and simulate a tuneable terahertz frequency
range band-stop filter based on coupled split-ring resonators integrated into planar Goubau-
line waveguide. Two split-ring resonators with different geometrical lengths and gap widths
were designed to resonate at the same frequency. When the two resonators were coupled,
resonance splitting was observed in the transmission spectra controlled by the distance between
them. The electric field distribution and surface current modes in the coupled resonators were
used to identify the origin of the resonance modes. In order to dynamically tune the coupled
resonance frequencies, a cantilevered microelectromechanical scheme is proposed, in which
the radius of curvature of one split-ring resonator is adjusted with respect to a fixed second
split-ring resonator. The coupling strength of the coupled resonators was investigated as a
function of the relative separation of the resonators revealing a dispersion relation which shows
anti-crossing of the coupled resonances as the cantilever bends.

INTRODUCTION

On-chip terahertz time-domain spectroscopy (THz-TDS) has been used previously to
investigate the THz frequency range response of polycrystalline materials,' liquids? and even
of low-dimensional systems.? Such on-chip THz spectroscopies enhance interaction of THz
radiation with the target material compared to free-space measurements,* relying on the
injection and propagation of THz pulses through a planar waveguide.®> These pulses can be
coupled to materials in close proximity either by the evanescent THz electric field,’ or by the
direct injection and extraction of the THz currents.® It has been demonstrated that frequency
components within such pulses can be filtered through integration of resonant stub filters into
the waveguide, for example.’

Wireless communication traffic has drastically increased in recent years along with a demand
for higher data rates.® This increase in traffic in turn increases the demand for a greater
bandwidth of available frequencies, which is now pushing into the THz range for some
systems.’ For practical THz communication devices to become a reality there is a compelling
need to understand the behaviour of THz waves in on-chip systems, so permitting the
development of components that can manipulate them.!® Filtering of THz waves has been
widely demonstrated in free-space THz systems,!! though it has also been shown in on-chip
devices by integrating split-ring resonators (SRRs),'?!3 following earlier demonstrations of the
use of stub filters,'* for example.



SRRs are particularly promising components for the manipulation of THz waves propagating
in a waveguide; they typically comprise metal resonators'> acting as an inductive-capacitive
(LC) circuit'® able to resonate with electromagnetic waves over a specific range of frequencies
controlled by their geometry. The geometrical parameters of an SRR (the width of the gap and
the length of the ring) determine the resonant frequency.!” Liu e al. demonstrated that two
vertically aligned and coupled SRRs can produce a transmittance spectra containing multiple
discrete resonance modes when the SRRs are rotated at varying angles to one another.'8
Furthermore, when two or more THz resonators are in close proximity, they experience near-
field coupling, which modifies their response.!® It has also been shown that the response of a
THz SRR can be adjusted by making a microelectromechanical systems (MEMS) cantilever
from one arm of the SRR,? whose position and resonant response can then be adjusted using
voltage. Tuneability of the resonances of the SRR was demonstrated in the frequency range of
200 — 450 GHz for LC resonance and 700 — 1000 GHz for dipole resonance by changing the
cantilever position.

Here, we propose to integrate two coupled THz SRRs in close proximity with an on-chip
Goubau-line waveguide, to form a coupled system whose frequency response can be controlled
within a MEMS approach. We first investigate resonance splitting of the coupled two-SRR
system as a function of their proximity to one another. Then, by introducing a cantilever to the
outer ring, we explore the effect of the curvature radius of the cantilever on the propagating
radiation, demonstrating that the system acts as a tuneable band-stop filter. The coupling
strength between the resonators is extracted with respect to the interaction between the two
SRRs. A dispersion relation obtained by varying the curvature radius of the cantilever shows
an anti-crossing of the coupled resonances.

SIMULATION RESULTS AND DISCUSSIONS

The two SRRs coupled to a PGL waveguide were simulated using ANSYS High-Frequency
Structure Simulator (HFSS), allowing the system’s frequency-dependent transmission and
resonant frequencies to be calculated. Each SRR was geometry was first tuned to give a
resonant frequency at 272.5 GHz, chosen to lie in an easily accessible region of frequency for
on-chip THz TDS.! Figure 1(a) shows the system of two coupled SRRs, one inside the another;
we refer to the two SRRs as the “inner-SRR” and “outer-SRR” accordingly. The edge of the
outer SRR was placed 1.5 um away from a 1 mm long 5 um wide PGL waveguide, to which it
is then coupled by evanescent electric field extending from the waveguide. Other geometrical
parameters of the two SRRs are shown in Fig. 1(b), with the corresponding dimensions given
in Table 1.

Two-port S-parameter simulations were carried out to obtain the transmission spectra (Sz21) for
the two SRRs using HFSS. The THz signals were generated at a wave-port and were then
directly coupled to the PGL waveguide.! A radiation boundary was assigned to the air box
(1000x250%250 pm) containing the device structures to mimic continued propagation beyond
the boundary plane. It has been previously confirmed that this configuration produces a PGL
mode propagating along the PGL, suitable for characterisation of a series of coupled SRRs.?!
Our simulations were carried out for a loss-free?? gallium arsenide substrate with permittivity
of 12.9, suitable for developing MEMS based cantilever devices.?®> We note that a loss tangent
of gallium arsenide substrate is negligibly small, yielding 0.0006 at 300 GHz.** Figure 1(c)
shows the resonances observed for each SRR when the other is not present, with both centred
on 272.5 GHz. The inner SRR has a higher quality factor (Q = 60.43) compared to the outer
SRR (Q = 9.44) as a result of the radiative damping factor increasing with [,..>> We note that



the outer SRR show a greater depth of resonance since its edge was closer to the Goubau line
compared to the inner SRR.
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FIG. 1. (a) Schematic of the simulated geometry. Two SRRs (inner and outer) are located next

to a PGL on top of a GaAs substrate. (b) An example of an SRR pattern labelled with its

geometrical factors, Iy, Iy, t, g and w. The values for each SRR are given in Table 1. (c) The

transmission parameter S21 calculated for each SRR without the other present.

TABLE 1 | Geometrical parameters of SRRs used in this work.

SRR f(GHz)  L(um) L(um)  w(mm) g(pm)  ¢(nm)
Inner 272.5 18 97 4 2 150
Outer 272.5 36 94 4 23 150

In order to explore the coupling between the two SRRs, the system was then simulated with
both rings present for a variable 5 to 160 pum relative distance (d) between the rings. Figures
2(a) and 2(b) illustrate the two SRRs at separations of 140 um (uncoupled) and 10 pum
(coupled), respectively. Figure 2(c) shows the separated S»1 transmission parameters
highlighting the single resonance at d = 140 pm (red solid line), with a full-width at half-
maximum (FWHM) of 18.6 GHz, a Q-factor of 14.6 and an extinction ratio of -16.4 dB, and
the full separation of this resonance into two distinct resonances at d = 10 um (black solid line),
with FWHMSs of 7 GHz and 15.1 GHz, Q-factors of 35.88 and 22, and an extinction ratio of -
15 dB and -6.1 dB for lower frequency resonance and higher frequency resonance, respectively.
We note that a simple resonance overlap occurs when d =140 pm, hence the Q-factor is mainly
dominated by the outer SRR which has a relatively low Q-factor compared to the inner SRR.
When d = 10 um, however, the Q-factors are determined by resonance mode hybridisation
between the outer (low Q-factor) and the inner (high Q-factor) SRRs causing an increase in the
Q-factor compared to when d =140 um. We also note that the depth of the resonances when d
= 10 um could be enhanced by adding a number of the coupled SRRs along the THz wave
propagation path. Figure 2(d) shows a colour-scale plot of all the S21 parameters across the
range of values for d. When d is increased to greater than 100 pm, only a single resonance is
visible since they are then fully uncoupled and so act independently of one another. The SRRs
then resonate at the same frequency producing one resonance.?® By situating two SRRs in close



proximity they experience near-field capacitive coupling however,'” which causes resonant
splitting for relative distances of less of than 100 pum into two modes. Figure 2(e) shows the
electrical field distribution and circulating surface current modes for the uncoupled inner and
outer SRRs when d = 140 pm. Figure 2(f) presents the electric field distribution and surface
current directions of the coupled SRRs when d = 10 um. The coupled system is simulated at
the two resonant frequencies identified in Fig. 2(c), showing that the surface current directions
in the coupled SRRs are in phase at 221 GHz, and out of phase at 332 GHz.
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FIG. 2. (a) The system when the two SRRs are uncoupled at a relative distance d of 140 pum.
(b) The system when the two SRRs are coupled together and have a relative distance d of 10
um. (c¢) S21 Transmission parameters calculated for relative distance d = 10 um and 140 pm.
(d) S21 parameter for relative distances from 160 pm to 5 um demonstrating the formation of a
split resonance at a relative distance of ~100 um. (e) A colour scale plot of field magnitude
(plotted in arbitrary units) and the surface current direction (black arrows) for the outer and
inner SRR when separated, d = 140 um, at the frequency of 272.5 GHz. (f) A colour scale plot
of field magnitude (plotted in arbitrary units) and the surface current direction (black arrows)
for the coupled SRRs, relative distance d = 10 um, at the two resonant frequencies, 221 GHz
and 332 GHz.

A cantilever comprising the arms of the outer SRR was then introduced to actively control the
coupling between the two SRRs. It altered the geometry of one SRR by bending it away from
the other SRR, so also controlling the coupling between the two SRRs. We mimic a MEMS
cantilever for actuation of the cantilever.'? Figure 3(a) illustrates the method used, in which
we simulate the outer SRR bending away from the substrate while the position of the inner
SRR remains fixed. We varied curvature of the outer SRR so that it adopted the progressive
range of radii depicted in Figure 3(a). The range of radii values simulated was based on
experimental results?’ that show a minimum value of bend radius of 45 pm can be achieved for
a71-um-long moving GaAs MEMS cantilever, the ratio between the radius and the length thus
being 0.63. Figure 3(b) shows our SRR outer cantilever which was carved out of the smallest



of the rings shown in Figure 3(a). The radius of its curvature was set at a minimum simulated
value of 57 um to keep the same ratio (of 0.63) between the radius and the length of the
cantilever as demonstrated in experiments.?’ Figure 3(c) presents the electric field distribution
and surface current for the system when d = 10 um and with the cantilever r is set at three
different values, 0.1 m, 0.01 m, and 57 um. The figure shows that the field amplitude in the
outer SRR decreases as the radius is decreased whilst it increases for the inner SRR. This is to
be expected for as it bends away it is then increasingly difficult for the incident THz wave to
couple with the outer SRR.
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FIG. 3. (a) Cylinders showing how the cantilever bend was varied by changing its radius. (b)
The outer SRR displaying curvature with a radius of 57 um, by which point it can no longer
tune the signal. (¢) Five colour scale plots of the field magnitude (plotted in arbitrary units) and
surface current direction at the resonant frequencies when d = 10 pm and the resonator radius
is set at 0.1 m, 0.01 m, and 57 um. The black arrows represent the direction of the surface
current.

The cantilevered system was simulated at both a relative distance of 10 pm and 140 pm to show
the response for cases when the SRRs where strongly coupled and completely uncoupled. In
the case of 10 pum, the SRRs were coupled and the cantilever controlled the coupling efficiency
as well tuning the frequency. This contrasts with the 140 um case, where the SRRs were
completely uncoupled and so the action of the cantilever purely tunes the resonant frequency
of the outer SRR. Figure 4(a) presents the S21 parameters of the SRRs when d is 10 pym and r
was set at 0.1 m, 0.01 m and 57 um. When the radius is 0.1 m two resonances are visible owing



to the capacitive coupling between two SRRs; as the radius decreases the upper frequency
branch disappears while the lower frequency branch is left at 270 GHz. Figure 4(b) presents a
2D colour plot scale of the case d = 10 pm when the SRRs are strongly coupled. As the outer
SRR cantilever bends the split resonances blue-shift. The second resonance is no longer visible
again when the cantilever has a radius less than 0.001 m, therefore demonstrating the system’s
ability to tune the resonating modes. We note that the operating frequency can be tuned in the
range of 220 — 250 GHz and 335 — 427 GHz for the lower frequency resonance and higher
frequency resonance, respectively. Figure 4(c) shows the S21 parameters of the SRRs when d
is 140 um for »=0.1, 0.01 and 5.7x10-3 m. When r = 0.1 m only a single resonance is observed,
but when r drops to 0.01 m, a second resonance can also be observed at a frequency of 272.5
GHz. This is attributed to the inner SRR which does not have a cantilever then being uncoupled
to the outer SRR. Figure 4(d) illustrates this more clearly by showing the S21 parameters with
the initial single resonance visibly blue-shifted as the radius is decreased, with a sharp
resonance remaining at the initial frequency. For values of radius of less than 0.001 m the tuned
resonance is no longer visible owing to the outer SRR bending too far away to interact
appreciably with incident THz wave.
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FIG. 4. (a) Three S21 Transmission parameters calculated for radii 0.1 m, 0.01 m and 57 um
when d = 10 pm. (b) The S21 parameters for the integrated outer SRR (cantilever) and inner
SRR, separated by a distance d = 10 pm, as a function of radius. (¢) Three S21 Transmission
parameters calculated for radii 0.1 m, 0.01 m and 57 pm when d = 140 um. (d) The S21
parameters for the integrated outer SRR (cantilever) and inner SRR, separated by a distance d
= 140 pum, as a function of radius.

To describe the coupling behaviour in our geometry more quantitatively, we calculate the
coupling strength (Va) of the coupled SRRs as a function of d. The resonance splitting can be
interpreted by obtaining the solution of a coupled oscillator model for Esrr.o = Esrr.i, where
Esrr.0 and Esrriare the resonant energy of outer SRR and inner SRR, respectively. The Rabi



splitting energy (2Qrabi) caused by the SRRs coupling can be described by Equation (1), where
#1 1s the reduced Planck’s constant, I'srr,0 and I'srr,i are the half-width at half-maximum of the
resonance of outer SRR and inner SRR, respectively.?’-28

1
AQRab; = 2 J Va® = () (hTsgr0 — MTspr )2 (1

From Equation (1), Va was extracted as a function of d as shown in Fig. 5(a). It is noteworthy
that the coupling occurs when d < 100 um and Va gradually increases up to 0.24 meV as d
decreases to 10 um. Here, strong coupling regime can be defined where V, >
V (WTsgr0)? + (hlsgr)%)/2.% which leads to Va > 0.057 meV (red solid line). We note that
the strong coupling is required to achieve frequency tuning of split resonances. The dispersion
curve presented in Fig. 5(b) shows the S21 parameters of the SRRs as a function of fsrr.o. fSRR.0
was tuned by changing the bend of the cantilever of the outer SRR when d = 10 pm. Black and
green dashed lines show simulations of the uncoupled outer and inner SRR, respectively,
converging on one another as fsrr.o approaches to fsrr.i. On the other hand, blue dashed lines
show the case for the coupled SRRs for which an anti-crossing emerges compared to the
uncoupled case as fsrr.o approaches to fsrr.i. We again obtained Va of 0.24 meV when fsrr,o =
fsrr.i (r = 0.1 m) in the coupled case. We can thus expect to be able to control the anti-crossing
behaviour in our device with applied cantilever voltage and have shown that this behaviour
needs to be taken into consideration in the overall design of such systems.
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FIG. 5. (a) Coupling strength as a function of d. The Red solid line represents the criterion for
the strong coupling regime (Va = 0.057 meV). (b) A dispersion curve showing the Sai
parameters of the SRRs as a function of fszr.o.

CONCLUSIONS

We have proposed a new on-chip device capable of frequency filtering in the THz range (200
— 400GHz) formed from two interacting SRRs. By situating one SRR inside the other they
experience strong capacitive coupling causing the resonant frequency to split into two. Splitting
of the resonant frequency with respect to the relative distance of the two SRRs was investigated
thus allowing us to determine their coupling strength. We demonstrated that forming a
cantilever from the outer SRR allows control of the degree of capacitive coupling between the
two, and thus the resonant frequencies. Anti-crossing behaviour was observed in the dispersion
curve, confirming that our system can achieve strong coupling between the SRRs dependent
on the cantilever position, so confirming that such effects need to be considered in overall
system design and optimisation of on-chip filters using coupled THz SRRs.
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