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A nano-plasmonic HMIM waveguide based concurrent 
dual-band BPF using circular ring resonator 
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This article analyzes the transmission line characteristics of plasmonic hybrid metal insulator metal (HMIM) wave-
guide, circular ring resonator (CRR) based dual-band band-pass filters with two transmission poles in both pass-bands 
in the optical regime using coupled line feed. The transmission line characteristics of an HMIM waveguide, such as 
characteristic impedance (ZPV), effective refractive index (neff) and propagation length (Lspp), have been obtained by 
using full wave simulation. Using basic HMIM slot waveguide, a CRR with periodic loading of double- and triple-ring 
CRR is numerically analyzed. Two input ports have been used for excitation, which are located at the separation of 
180° positions along the CRR, and are coupled with the ring by parallel coupled lines, producing the dual pass-bands 
with the synchronous excitation of two transmission poles. The proposed double-ring dual-band band-pass filter 
(DR-DB-BPF) offers 35 dB extinction ratio (ER), 299.69 nm free spectral range (FSR) and narrow band full width half 
maximum (FWHM) of 78.057—112.43 nm. The triple-ring DB-BPF (TR-DB-BPF) has 22.5 dB ER, FSR of 
292.18 nm and FWHM of 42.751—59.58 nm. The proposed filters are very useful in the development of dual-band 
filters for electronic photonic integrated circuits (EPICs), as the optical signals are filtered at two wavelengths simul-
taneously. 
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Hybrid metal insulator metal (HMIM) plasmonic wave-
guide is currently fascinated considerably in high density 
electronic photonic integrated circuits (EPICs) due to 
their confinement outside the diffraction limit[1]. Along 
with various nanoplasmonic waveguides, HMIM wave-
guides contain the properties like simple fabrication, 
strong field strength, as well as comparatively lower 
propagation and bending losses[2-6]. Several HMIM wa-
veguide devices like 90° bends, couplers, Y-splitter and 
ring resonators (RRs) at 1 550 nm are analyzed theoreti-
cally[7-11]. The RRs are indispensable components in the 
nanoscale communication systems. The HMIM based 
optical logic gates are investigated at 1 550 nm with a 
confinement area of 0.25 μm×0.04 μm[12]. A very limited 
work is carried out in HMIM based dual-band filters in 
the previous literature. The proposed HMIM 
(Ag-SiO2-Si-SiO2-Ag) waveguide based plasmonic de-
vices consist of two metal claddings and an insulator of 
high and low dielectrics, which can confine the incident 
light in the dielectric region as shown in Fig.1. The SiO2 
material is used as substrate. The HMIM waveguide pro-

vides a longer propagation distance compared to the 
metal insulator metal (MIM) and hybrid metal insulator 
(HMI) waveguide with the similar optical mode con-
finement[5,11,12]. The band-pass filter (BPF) with mul-
ti-channel operation using coupled arrow shape is ana-
lyzed[13]. The HMIM waveguide-based coupler and wa-
veguide with triangular grooves are investigated[14,15]. A 
circular ring resonator (CRR) of single section is de-
signed and investigated for dual-band BPF applica-
tions[16]. In this work, we propose the HMIM based 
dual-ring dual-band BPF (DR-DB-BPF) and triple-ring 
dual-band BPF (TR-DB-BPF) for operating in O and L 
bands. All the simulations are carried out using the finite 
differential time domain (FDTD) solver of CST studio 
suite.  
  The mesh sizes are taken as 4 nm×4 nm. To obtain 
accurate results, perfect matched layer (PML) boundary 
conditions are used.  The plasmonic filters and CRRs 
are  crucial  structural  components  in  the  wave-
length-selective devices due to their regularity, simplicity 
and ease of fabrication. The HMIM waveguide and CRR 
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structures are fabricated easily using CMOS       
technology[2,17]. More than three decades ago, WOLFF's 
research revealed the coexistence of two degenerate 
modes within two resonant frequency ranges[18]. Typi-
cally, these two modes are separated by manipulating the 
similarity of an RR to ensure excitation of the two 
transmission poles within the primary passband. To ad-
dress the growing demand driven by the advancement of 
multi-functional wireless systems, there is a need for 
multiple dual-band BPFs. Specifically, dual-mode RR, 
which relies on dual-band filters, has garnered significant 
attention recently due to its compact size and improved 
performance[19-24]. One approach that attempted to ex-
ploit this specific characteristic was the design of a 
dual-band BPF using the first and second resonant modes 
of a stepped-impedance RR[16]. However, this method 
fell short in creating two transmission poles in the second 
passband. In another study[20], two distinct RRs, featuring 
varying shapes or diameters and utilizing single and 
two-layer substrates, were appropriately fabricated. In 
this scenario, the dual pass-bands, each with two poles, 
were achieved through two different degenerate modes in 
two separate RRs. Surprisingly, limited research has fo-
cused on developing dual-band filters with two transmis-
sion poles in both pass-bands using an RR. With this in 
mind, our investigation delves into the transmission line 
properties of a plasmonic HMIM waveguide and the 
dual-band filter characteristics of CRR. In this paper, we 
present the design and exploration of a CRR for a 
dual-band BPF application. 

HMIM (Ag-SiO2-Si-SiO2-Ag) plasmonic waveguide is 
sandwiched with two metal layers of Ag with an insula-
tor of high and low dielectric slabs of Si and SiO2, which 
is illustrated in Fig.1(a). The Ag is used as metal and is 
defined using Drude model[19], i.e., ε=ε∞−ωp/ω2+jωΓ, 
where ε∞=1 is the dielectric constant at infinite angular 
frequency. ω=1.39×1016 is plasma frequency and 
ωp=3.08×1013 is damping frequency. The refractive in-
dices of Si and SiO2 are 1.44 and 3.48[19], respectively. 
The thicknesses of the HMIM waveguide layers are 
tSi=150 nm, tSiO2=20 nm, tm=100 nm and the height of the 
substrate is 200 nm. 

 

 

Fig.1 (a) Schematic of HMIM waveguide; (b) Field dis-
tribution; (c) Equivalent model 

  All the simulations are carried out using full wave 

electromagnetic simulator CST studio suite, as the wave 
propagation takes place through Ag-SiO2 interface. 
  The significant plasmonic modes are due to the metal 
and dielectric (Ag-SiO2) interface. The conventional 
modes are made possible with the Si slab. Both the mod-
es are combined to generate the hybrid modes as re-
quired. The HMIM waveguide field distribution is rep-
resented in Fig.1(b). The equivalent circuit of the HMIM 
waveguide is given in Fig.1(c).    

The complex propagation constant is given as γ=α+jβ. 
The propagation length (Lspp=1/2α) is inversely propor-
tional to attenuation constant (α), which deals with scat-
tering and metal absorption losses. 

For deep insight into the material properties in re-
sponse to the corresponding operating wavelength, the 
wavelength response plots pertaining to characteristic 
impedance (ZPV), effective refractive index (Real(neff)) 
and propagation length (Lspp) are plotted as represented 
in Figs.2—4, respectively for varying slot widths (W).  

The ZPV of the HMIM slot waveguide increases by de-
creasing W. The W takes different values form 50 nm to 
180 nm with 10 nm interval, and the corresponding im-
pedance drops from 290 Ω to 170 Ω of its peak values. 
The relation is constant throughout the wavelength range 
from 1 000 nm to 3 000 nm shown in Fig.2. The varia-
tion of Real(neff) increases as the slot width (W) increases 
represented in Fig.3. The Lspp reported a parabolic 
growth with wavelength by varying W shown in Fig.4. 

 

 

Fig.2 Variation in characteristic impedance with slot 
width as a function of wavelength  

  
Fig.3 Variation in Real(neff) with slot width as a func-
tion of wavelength
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Fig.4 Variation in propagation length with slot width 
as a function of wavelength  

     
Due to the simplicity and easy designing, RRs are us-

able in a variety of applications like filters, delay lines or 
buffers, etc[20-24], which are useful for communication 
purposes in photonic integrated circuits. The RRs are 
storing the energy at the resonance, and also they can be 
used for optical delay lines. The HMIM wave-
guide-based DR-DB-BPF is sketched in Fig.5. Fig.5 il-
lustrates HMIM waveguide-based DR-DB-BPF consist-
ing of two circular rings with gap g1 and placed in the 
middle of the two feed lines. The CRR is placed in close 
vicinity of a straight HMIM waveguide with a gap g to 
allow coupling. The characteristics of metals and insula-
tors have been described earlier. The configuration ac-
commodates waves with a wavelength that is a whole 
number multiple of the guided wavelength and matches 
the average circumference.  
  The resonant wavelengths of a CRR are obtained 
by[23,24]                               
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where k=ω(ε0εrμ0)1/2, and εr=(neff)2/μ0 is the relative per-
mittivity. Jn and Nn are the first and the second kinds of 
Bessel functions of order n. Jn' and Nn' are derivations of 
the Bessel functions with respect of the argument (kR). 
Eq.(1) is solved for getting resonant wavelengths of the 
proposed structure.  
 

 

Fig.5 The proposed structure of dual-CRR 

The DR-DB-BPF structure consists of two coupled 
HMIM waveguides as represented in Fig.5, in which the 
inner radius is denoted by Rinner and outer radius by Rout. 
The actual radius (R) of the ring is considered to be the 

mean value of Rout and Rinner, i.e., R=(Rout+Rinner)/2. The 
optimized length for mean radius (R) is 596 nm. The 
width W1 of the coupled HMIM waveguide is 70 nm, 
length L1 is 200 nm, and g is the gap between CRR and 
HMIM waveguide and is 2 nm.  
  The reflection and transmission coefficients of 
DR-DB-CRR with respect to the wavelength are repre-
sented in Fig.6. The physical dimensions of the proposed 
structure are W1=70 nm, L1=100 nm, R=590 nm, g=2 nm 
and g1=2 nm. The overall size of the DR-DB-BPF is 
2 790 nm×1 384 nm. The first pass-band occurred at the 
fundamental frequency of ffundamental=230.6 THz 
(1 300.5 nm) at the same time as second pass band oc-
curred at the spurious frequency of fspurious=187.4 THz 
(1 599.74 nm). The energy gets coupled to the 
DR-DB-CRR at two wavelengths as shown in Fig.7. 

The spectral characteristics of extinction ratio (ER) 
(~35 dB), free spectral range (FSR) (299.69 nm), full 
width half maximum (FWHM) (78.057 nm at 1 300.5 nm 
and 112.43 nm at 1 599.74 nm), finesse (3.839 at 
1 300.5 nm and 2.665 at 1 599.74 nm), and Q factors 
(21.987 at 1 300.5 nm and 18.556 at 1 599.74 nm) are 
observed at the resonant wavelengths. 

 

 
Fig.6 Transmission and reflection coefficients varia-
tions with wavelength for the proposed DR-DB-BPF 

 

 
Fig.7 Field distributions at wavelengths of (a) 1 300.5 nm 
(230.6 THz) and (b) 1 599.74 nm (187.4 THz) 
  

The energy is directly coupled through CRR from the 
waveguide. The field distributions at the fundamental 
wavelength of 1 300.5 nm (230.6 THz) and the spurious 
wavelength of 1 599.74 nm (187.4 THz) are represented 
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(
in Fig.7(a) and (b), respectively. 

By including another circular ring in the DR-DB-BPF, 
the design of TR-DB-BPF is proposed. The CRR with 
radius r (580 nm) connected to HMIM waveguide of 
width (W1=60 nm) and length (L1=200 nm) is repre-
sented in Fig.8. The gap between the waveguide and cir-
cular ring is g (2 nm) and gap between two rings is g1 
(2 nm). The overall size of the proposed TR-DB-BPF is 
3 888 nm×1 310 nm. The HMIM waveguide supports the 
transverse magnetic (TM) mode of propagation. The 
reflection and transmission coefficients of TR-DB-CRR 
with respect to the wavelength are represented in Fig.9.  

The first pass-band of TR-DB-BPF occurs at the 
236.2 THz (1 269.23 nm) at the same time as second 
pass-band has occurred at 192 THz (1 561.41 nm). The 
energy gets coupled to the TR-DB-CRR at two wave-
lengths shown in Fig.10. The field distributions are 
mainly concentrated on the metal insulator regions of the 
HMIM based CRR and the strong energy fields are ob-
served from port 1 to port 2 at the resonating wave-
lengths.  

 
Fig.8 Triple-ring CRR 

The proposed TR-DB-CRR have ~22.5 dB of ER, 
292.18 nm of FSR, 42.751 nm and 59.58 nm of FWHM 
at 1 269.23 nm and 1 561.41 nm, respectively, finesse 
(6.834 at 1 269.23 nm and 4.903 at 1 561.41 nm) and Q 
factors (37.57 at 1 269.23 nm and 55.60 at 1 561.41 nm) 
observed at the resonant wavelengths. The reflection and 
transmission coefficients of the TR-DB-BPF at funda-
mental wavelength are 236.2 THz (1 269.23 nm) which 
is equivalent to 3λg/2 as shown in Fig.9.  

The field distributions at wavelengths of 1 269.23 nm 
(236.2 THz) and 1 561.41 nm (192 THz) are represented 
in Fig.10. The proposed DR-DB-BPF and TR-DB-BPF 
are useful for developing EPICs. These proposed silicon 
waveguides and BPFs are fabricated using E-beam or 
optical lithography techniques and CMOS manufacturing 
process. 

The HMIM waveguide basic characteristics have been 
studied and numerically analyzed. The reflection and 
transmission coefficients of HMIM slot waveguide based 
CRR along with the resonant behavior of RR have been 
studied and numerically investigated. DB characteristics 
of RR have been found and useful in the design of DB 
EPICs. The DR-DB-BPF is operated at 1 300.5 nm and 
1 599.74 nm, respectively. The spectral analysis parame-
ters ER, FSR, FWHM, finesse and Q-factor of 
DR-DB-BPF are 35 dB, 299.69 nm, 78.057—112.43 nm, 

 

Fig.9 Transmission and reflection coefficients varia-
tions with wavelength for the proposed TR-DB-BPF 

 

Fig.10 Field distributions at wavelengths of (a) 
1 269.23 nm (236.2 THz) and (b) 1 561.41 nm (192 THz)           
  
3.84—2.64 and 21.9—18.556, respectively. The pro-
posed TR-DB-BPF are operated at 1 260 nm and 
1 560 nm, respectively, and have 25.6 dB, 279.25 nm, 
22—38 nm, 7—12 and 40—54 of ER, FSR, FWHM, 
finesse and Q-factor, respectively. The HMIM wave-
guide structures can be further extended to design several 
other plasmonic components, such as diplexers, power 
dividers/splitters and couplers.  
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