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Abstract — Ring resonators are capable of providing
high-quality factors with low insertion loss, which are
the factors for considering it as a potential technique of
guiding signal in the nanometer wavelengths. In this
paper, a Nanoplasmonic configuration of a resonator
comprising of the square ring known as Square Ring
Resonator (SRR) is designed and analyzed for multiple
band characteristics. The performance analysis of two
different structures of the square ring resonators are
presented in terms of the simulation reports like reflection
and transmission coefficients, and field distribution
plots. The designed Band Pass Filter (BPF) expressed
excellent performance in the optical bands and hence
are best suitable for Photonic Integrated Circuit (PIC)
applications.

Index Terms —BPF, dual band, MIM, PIC, SRR,
surface plasmons, triple band.

I. INTRODUCTION

Surface plasmons (SPs) have drawn awareness in
the past few years due to their excellent functionality in
plasmonic Metal-Insulator-Metal (MIM) waveguides.
They have the potential to manipulate and guide the light
at sub-wavelength because of the strong localization of
surface plasmon polaritons (SPPs) at the metal dielectric
interface [1-2]. Nanowires [3], nanoparticles [4], metal
wedges [5], metallic grooves [6], MIM waveguides [7]
are designed and developed based on the above
characteristics. Moreover, among these, MIM waveguides
have exceptional and significant advantages such as
miniaturization and ultra-high density photonic integrated
circuits (PICs) capability. As a result, it is possible to
create nanoscale MIM waveguides such as power splitters/
combiners [8-9], couplers [10-11], interferometers [12].
All these considered promising candidates for future
plasmonic devices with their nanometric sizes [13-14].

Rather than conventional split ring geometry, square
ring resonator geometry with MIM configuration is
demonstrated for THz or optical frequencies applications
in [15-16]. In terms of the improved Q-factor, the SRR
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outperformed the linear resonator because of the obvious
advantages of the effects of open-end. Integrated
electronic devices require optical excitation, electronic
tuning, electronic switching etc. Several structural
geometries based on MIM configurations have been
studied and numerically analyzed using coupled mode
theory (CMT) [17].

This paper reports the study of the dual-band and
triple-band SRR using distributed transmission line
model. The SRR transmitted modes at an optical
frequency range at optical bands (O and L). Both the
filtering characteristics and transmission characteristics
of the SRR are studied by the full-wave simulation
method. It is observed that the resonant modes can be
adjusted by manipulating the radius of the SRR. The
designs can minimize the filter dimensions and other
important optical applications in the PIC. The simulation
and analysis are carried out using Finite Differential
Time Domain (FDTD) based solver known as CST
Microwave studio suite. The wave port is used for
excitation in MIM waveguide, Dual-band SRR and
Triple-band SRR.

Section Il describes the Basic MIM waveguide
characteristics in terms of effective refractive Index
(Neff) and propagation length (PL). In Section Il and
Section 1V, the characteristics of band-pass filters like
transmission and insertion losses of the Dual-band SRR
and triple-band SRR have been described. Finally, some
conclusions about band-pass filter characteristics in
nano-scale MIM wave guiding structures are concluded
in Section V.

1. MIM WAVEGUIDE DESIGN AND
ANALYSIS

Figure 1 (a) represents the schematic diagram of
the MIM waveguide structure with two metal slabs and
one dielectric slab. Silica (SiO2) is used as a dielectric
material at the interface of the two metal layers with a
dielectric constant £€SiO2 = 2.50 [18], and the silver is
used as a metal. The silver dielectric properties can be
adopted by using the Drude model [19]:
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Where wp = 1.38x10% rad/sec and yp = 2.73x10* rad/sec.
Figure 1 (b) shows the equivalent distributed lumped

model for MIM waveguide for single conductor standard
transmission line.
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Fig. 1. (a) Basic MIM waveguide structure with two
metal slabs with silica (SiO2) insulator, and (b)
distributed circuit for MIM waveguide.

The MIM waveguide supports the TM wave
propagation and the field components can be calculated
using Maxwell equations as:

Ey = kle'ﬂX kl +iB—— kle'ﬂx klz
X a)s 6‘1 e, 81
E; = Aiﬂ e"Bxekl + Biﬁ e/ Xe_klz,
a)é‘oé‘l a)é‘oé‘l
H y = Aeiﬂxeklz + Beiﬂxe_klZ . 2

Here S is a propagation constant of a MIM

2 2

waveguide and k, = —ks is the wave-vector
1 0

perpendicular to the propagation direction (k, is the

propagation constant of free space).
The wavevector of SPPs in MIM waveguide is given
1/2

by ksp = (2“/}\,0)[8m8|/(8m +8i ):|

. Here /10 is the
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wavelength in air, ¢, is dielectric constant of metal and
&, is the dielectric constant of insulator.

The gap dispersion relation can be written as

2 .2
g-,’ﬂ —kSe
'2—02m W is the
em(A” —Kgéi

width of the insulator, Re (ﬂ) is the phase velocity of

tanh( ,82 kggl w/2):—

SPP in the insulator slit and Im (ﬁ) is the energy loss,

effective mode index of the gap SPP s

Neff = Re(ﬂ)/ko and propagation length (PL) of the
-1
MIM waveguide is expressed as [2 Im (ﬂ)]
The propagation constant of gap SPPs is expressed

as [20]:
4 g 4 2
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where ¢ _,’k — & k2
0 Sp

z, =PV

0= Z0 is the characteristic impedance, W
a).gi

is the width of the Insulator, and @ is the angular
frequency. AL of the MIM waveguide (L is length of

the MIM waveguide) is plays a dominant role in phase
shift:
L L
d =y T eff - ®)
p
Here t;, is the time delay of MIM waveguide for

transmitting the signal from port 1 to port 2. Phase shift
corresponding to a time delay is ¢ = a)td .

Effeclive Refractive Index
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Fig. 2. Real part of Nest as a function of width of the
insulator.

The effective refraction index ( Re(N off ) = ﬁ/ Ko )

1177



1178

for three wavelengths (1200 nm, 1350 nm and 1550 nm)
by varying width of the insulator is represented in Fig.

2. The propagation length (Lgpp =]/2Im(,8)) as a

function of width of the dielectric is simulated at three
wavelengths (1200 nm, 1350 nm and 1550 nm) are
represented in Fig. 3. In the plot, the PL is varied
between (20-50) pm for a corresponding insulator width
in the range of 50 nm to 180 nm. It is possible to infer
from Fig. 3 that, as the width of the insulator increases
Ness Of the MIM waveguide will decrease. The thickness
of the silver and SiO2 taken as 50 nm.
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Fig. 3. Propagation length vs width of the insulator at
various wavelengths.

I11. DESIGN AND ANALYSIS OF DUAL
BAND SRR - BPF

Figure 4 (a) represents the schematic diagram of
the Dual-band SRR based BPF; these are composed of
plasmonic MIM waveguides and a ring resonator. The
transmission properties of the MIM waveguide have
been studied by using the full-wave Electromagnetic
simulation method. The perfectly matched layer (PML)
boundary conditions have been used along x and z
directions. The mesh sizes are taken as 5 nm x 5 nm, and
these are sufficient for numerical convergence. The
lumped model for the SRR is represented in Fig. 4 (b).

The width (W3) of the dielectric is smaller than
the operating wavelength, due to that only TM mode of
propagation can exist in the MIM waveguide. The
generated SPPs at the input port (port 1), part of EM
waves, will be reflected at the interface of two metal
slabs, the remaining portion of the EM waves coupled to
the cavity of the small width of the gap. The transmitting
and reflecting EM waves in the cavity form the standing
waves. These standing waves, coupled at the output port
(port 2). The rectangular ring cavity resonance condition
is given by [21]:

A bl @

(B,/8,) m

where m = 0,1,2,3...... , and (Bg/Po) is the normalized

m
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propagation constant, Ag is fundamental wavelength.
The overall length of the SRR can be calculated

from L= N2, =N (4/Re(ny ))where N =1,2,3,....

The first resonance and second resonances valleys are
observed at 1600 (N=1) and 1300 (N=2) nm respectively.
The effective refractive index at 1300 nm and 1600 nm
are 2.1464 and 2.07 respectively. From the above
equation, the effective length of the resonator is 772.94
and 1211.28 nm respectively. The optimized length for
the square ring resonator for the proposed design is
980 nm.

Port 1

| wa}

(@)

(b)

Fig. 4. (a) Dual band SRR-BPF, and (b) distributed
model for dual band SRR.

The transmission characteristics of the MIM
waveguide-based SRR have been carried out using a
commercially available FDTD solver-based CST
microwave studio suite under PML boundary conditions
with the fixed widths of the waveguide and cavity
respectively. L = 980 nm (4*L1) is the total length of
the SRR with individual dimensions L; = 245 nm, L, =
145nm, d =50 nm, g =10 nm, W3 =50 nm and L3 = 100
nm as shown in Fig. 4. The reflection and transmission
coefficients are measured in dB throughout the paper.
The odd mode analysis of dual-band SRR is giving good
results than even mode analysis.

Figure 5 and Fig. 6 represent the transmission
characteristics of the proposed device of SRR for length
(L) and gap (g) as a function of wavelength. Figure 7
shows the magnetic field distribution at 1300 nm and
1600 nm wavelengths, respectively. The energy of the
SPP wave at resonance wavelengths shows stronger
coupling of the Dual band BPF.
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Fig. 5. Reflection and transmission coefficients of dual
band SRR-BPF by varying overall length (L) of the
square ring.
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Fig. 6. Reflection and transmission coefficients of dual
band SRR-BPF by varying gap (g).
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Fig. 7. Field distribution at: (a) 1300 nm (230.6 THz),
and (b) 1600 nm (187.37 THz).

IV. DESIGN AND ANALYSIS OF TRIPLE
BAND SRR-BPF
To obtain triple band pass response based on the
dual band filter layout, additional four open stubs are
added on the four sides of the SRR represented in Fig. 8
(3). The length of the stub is L3 = 4, /4 where 4 is the

guided wavelength. The optimized length of the open-
ended stub is 350 nm. By including the stub in the dual-
band SRR the performance of filter improves in
operating to triple bands. The slot width and length are
adjusted to get the better operating bands. The optimized
dimensions of the proposed triple-band SRR-BPF are
L1= 1050 nm, W1= 50 nm, L4=100 nm, W4=50 nm,
L2= 950 nm, L3= 350 nm, g= 10 nm and W3 = 50 nm.
The designed triple-band BPF is simulated under PML
boundary conditions. The obtained simulation results
show that the proposed filter gives triple operating
bands. The operating bands are 1201 nm (249.6 THz),
1354 nm (221.4 THz), and 1544 nm (194.16 THz). The
lumped model for triple band SRR is represented in Fig.
8 (b).
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Fig. 8. (a) Triple band SRR-BPF, and (b) distributed
model for triple band SRR.

Figure 9 shows the transmission and reflection
coefficient of the triple-band SRR-BPF by varying the
side length (L1) of the square ring, the best value for the
L1 is 1050 nm.

Figure 10 shows the varying L3 parameter (vertical
strip length) length from 345 nm to 355 nm by
incrementing the 5 nm length. With the increase in
length, the resonant valley is moved from higher to lower
wavelengths. The optimized value of L3 is 350 nm.
Figure 11 shows the variation of the gap from 8 nm to
14 nm with an increment of 2 nm. As the gap increases,
the change in resonant valleys decreased along with
bandwidth. Finally, the optimized value for the gap is 10
nm. Figure 12 shows the field distributions at the three
resonant frequencies. The energy intensity of the SPP
waves is more accumulated on the metal and insulator
region of the resonant wavelengths of the triple-band
BPF for improving the transmission. According to the
simulation results the Odd mode analysis giving better
results than even mode analysis of triple band BPF.
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Fig. 9. Reflection and transmission coefficients of triple
band SRR-BPF by varying L1.
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Fig. 11. Reflection and transmission coefficients of triple
band SRR-BPF by varying gap (g).
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V. CONCLUSION
In this paper, a novel Nanoplasmonic square ring
resonator is designed and investigated. The structure was
comprised of a square ring with a MIM configuration.
Dual and triple-band characteristics square ring resonators
are analyzed with two different designs. The first design
with a square ring and resonated at 230.6 THz (1300 nm)
and 187.37 THz (1600 nm). Further, the inclusion of
four more stubs inside the ring shifted the lower and
upper resonant frequencies. Also, it included another
intermediate frequency with corresponding resonating
frequencies as 1201 nm (249.6 THz), 1354 nm (221.4
THz), and 1544 nm (194.16 THz). Both the designs have
excellently contributed to the multi-band characteristics
with the corresponding reflection coefficients well below
-18 dB for all the resonant frequencies. Further, array
configuration development using this basic geometry

would be a proper scope of future work.
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