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Abstract
We modeled a compact side-coupled plasmonic Fabry–Perot (FP) waveguide filter using a combination of several funda-
mental waveguide parts, and compared its characteristics with those obtained using finite-difference time-domain (FDTD) 
simulations. The equivalent model of the proposed filter was regarded as three cascaded resonators, two symmetric overlap-
ping regions as two directional couplers (DCs), and one side-coupled cavity as an FP resonator. A scattering matrix (S-matrix) 
analysis was employed to reveal the origin of the spectral responses. The obtained characteristics, such as different peak 
transmittance (mainly influenced by the DCs’ overlapping length) and wide free spectral range (FSR) between two resonance 
modes, showed a good agreement with those obtained using FDTD simulations. By suppressing the neighboring resonance 
mode, through an adjustment of the DCs’ overlapping length, we demonstrated a potential design of a 1 × 2 ultra-wide-FSR 
wavelength demultiplexing filter.

1 Introduction

The field of surface plasmon polaritons (SPPs) has been rap-
idly developing in recent years owing to their outstanding 
performance of guiding and manipulating light at the deep-
subwavelength scale [1, 2]. Among the various plasmonic 
structures, metal–dielectric–metal (MDM) [or metal–insula-
tor–metal (MIM)] [3, 4] structures are particularly promis-
ing owing to their superior functionalities while maintaining 
propagation efficiency, simple fabrication, and low bending 
loss [5]. Various optical devices based on a plasmonic MDM 
waveguide platform, such as waveguide combiners [6–8], 
filters [9, 10], and sensors [11–14] have been designed and 
investigated. In the recent years, the graphene-supported 
MDM waveguides have been successfully reported, which 
shows a new approach to control and modulate SPPs waves 
[15]. Owing to the remarkable properties of MDM plas-
monic waveguides, they are very promising for applications 
in next-generation optical integrated circuits.

Wavelength selection (filtering) is one of the key tech-
nologies in optical communications. Various wavelength-
selective structures based on MDM waveguides have been 

developed. Side-coupled ring [16], stub [17–19], and cavity-
type [20, 21] two-dimensional (2D) MDM-based resonant 
filters have been investigated. Temporal coupled-mode 
theory (CMT) has been employed for the analysis of MDM 
filters with a side-coupled ring cavity [22], slot cavity [23], 
and cascaded double cavities [24].

In this study, we present a scattering-parameter model 
[25] of the side-coupled cavity-type plasmonic wave-
guide filters. We divided the whole structure into three 
cascaded resonators, two directional couplers (DCs) and 
a Fabry–Perot (FP) cavity. The overlapping regions of the 
former resonators also act as a mirror for the FP resona-
tor. We obtained the S-parameters of each section using the 
finite-difference time-domain (FDTD) simulation results. 
The consistency between the above semi-analytical model 
and FDTD simulations results validates the feasibility of the 
proposed method. In the FDTD simulations, the computa-
tional domain of a uniform orthogonal 2D mesh was used. 
The grid size was 2 nm for both directions. The ends of the 
domain were terminated by Berenger’s perfectly matched 
layers (PMLs). The thicknesses of the PMLs are 20 layers 
for each boundary.
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2  Analytical model

The side-coupled plasmonic FP waveguide filter is illustrated 
in Fig. 1a. This structure is composed of three MDM wave-
guides, denoted as segments 1, 2, and 3. Segments 1 and 3 are 
used as the input and output waveguides, respectively, while 
segment 2 is used as the FP cavity. Segments 1 and 2, and 2 
and 3 are connected by directional coupling. The waveguides 
have equal widths. The coupling gap between the segments 2 
and 1 (or 3), length of the segment 2, and overlapping length 
between the segments 2 and 1 (or 3), are denoted as Wgap, L1, 
and L, respectively. The insulator medium is assumed to be 
air with a refractive index of 1, while the metal medium is 
assumed to be Ag. The frequency-dependent relative permit-
tivity of Ag can be obtained using the Drude model [26–28]:

(1)�(�) = �∞ −
�2
p

�(j� + �)
,

where ω is the angular frequency of the incident light, 
ε∞ = 3.7 is the dielectric constant at infinite angular fre-
quency, ωp = 9.1 eV and γ = 0.018 eV are the bulk plasma 
frequency and damping frequency of the oscillations, respec-
tively, and j is the imaginary unit.

In practical devices, the core height is finite. However, 
in this study, to simplify the analysis of the main opera-
tion mechanisms, we employed a 2D approximation, i.e., 
the structure in Fig. 1a was assumed to extend infinitely into 
the direction normal to the plane of the figure.

We divided the device into three building blocks, as 
shown in Fig. 1b. The building blocks consist of two DCs 
and one FP cavity (consisted of a simple MDM waveguide). 
The two DCs couple the device to the external waveguide, 
and act as a pair of mirrors for the FP cavity. Therefore, the 
equivalent model can be treated as an FP-type cavity (side-
coupled MDM waveguide) and two reflectors (DCs). The 
S-parameters of each block were obtained from the FDTD 
simulation results. The filter characteristics were expressed 
by combining the S-parameters.

First, we studied the input–output characteristics of the 
DCs using CMT and S-matrix analysis. We approximated 
the DCs as two parallel infinitely long coupled MDM wave-
guides with a pair of cross-ports terminated as shown in 
Fig. 1c. We defined one input port (port 1), one output port 
(port 4), and two reflection ports (ports 2 and 3), where am 
and bm (m is in the range of 1–4) represented the amplitude 
of waves directly incident on the port and directly away from 
the port, respectively. Through the definition of each port, 
they can be classified as two external ports (port 1, 4) and 
two internal ports (port 2, 3), which indicates that only a1,4 
and b1,4 are input and output waves.

By considering the operation of a conventional DC, we 
approximated the S-matrix representation of the two parallel 
finitely long MDM waveguides as:

where c and s represent the crossover wave (COW) and 
straight-forward wave (SFW) labeled in Fig. 1c, respec-
tively; α, κ, L, and θ represent the propagation loss (metal 
absorption), coupling constant, coupling length (DC’s over-
lapping length), and phase retardation after passing a length 
of L, respectively. The parameters α and κ, were obtained 
using the decaying oscillatory field distributions of the 
waveguides, obtained by the FDTD simulations. Assuming 
that the input signal is only entering to the port 1 and not to 
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Fig. 1  Schematic and equivalent model of a side-coupled plasmonic 
FP waveguide filter. a Schematic of the waveguide. The guided mode 
is assumed to propagate along the z-axis. The wide-band transverse-
magnetic-(TM)-polarized SPPs emerge from the left side of segment 
1. b Equivalent model of the proposed filter. c Definition of the ports 
in the two parallel MDM waveguides
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the port 4 (port 4 emits the outgoing wave only), the vector 
of input waves is then represented as [a1, a2, a3,  0]T. Here, 
the incoming waves to the two internal reflection ports (a2 
and a3) are generated by the a1 by the termination of the 
coupler; e.g., a2 = f(a1), and a3 = g(a1), where f and g are dif-
ferent functions. Based on this analysis, the transmission and 
reflection coefficients of the whole coupler can be expressed 
as the forward transmitted and backward reflected waves 
normalized by the input waves, i.e., S41 (t) = b4/a1 and S11 
(r) = b1/a1.

The operation of an MDM DC with a finite length (two 
reflection ports) can be revealed by terminating the pair of 
cross-ports with metallic mirrors. For example, the output 
from one port is again input to the same port with a finite 
fraction. This can be represented as:

where r is the complex reflection coefficient at the wave-
guide’s end.

The total transmission and reflection characteristics of 
a DC with a finite length can be obtained by considering 
the multiple reflections at the terminated ends. Assuming 
an ideal-mirror type of reflection (rmirror ≈ − 1), they can be 
expressed as:

where Δ� (= 2θ) is the phase shift per a round-trip propaga-
tion in the coupler. The transmittance and reflectivity of the 
two DCs are defined as T = │t│2 and R = │r│2, respectively. 
According to Eq. (2), a rough derivation process is shown 
as follows: b1 = c*a3 = c*g(a1), and b4 = s*a1 + c*a2 = s*a1 
+ c*f(a1).

Therefore, the total transmitted and reflected waves of 
the equivalent model with three cascaded segments can be 
expressed with the coefficients:

where t and r are the transmission and reflection coefficients 
of the DC [Eqs. (5) and (6)], respectively; β = 2πneff/λ and 
L1 denote the propagation constant and FP cavity’s length, 
respectively. In the same way, the transmittance and reflec-
tivity of the equivalent model are defined as Tall = │tall│2 and 
Rall = │rall│2, respectively. Based on the above theoretical 

(4)
{

a2 = rmirrorb2
a3 = rmirrorb3

,

(5)t = b4∕a1 = s +
c2sejΔ�

1 − s2ejΔ�
,

(6)r = b1∕a1 =
c2

1 − s2ejΔ�
,

(7)tall = t2
e−j�L1

1 − r2e−2j�L1
,

(8)rall = r + rt2
e−2j�L1

1 − t2e−2j�L1

analysis, we can explicitly express the spectral response of 
the side-coupled plasmonic FP waveguide filters.

3  Results and discussion

3.1  Characteristics of the DC

Figure 2a shows the transmittance of the DC as a function 
of the overlapping length L at a fixed wavelength of 600 nm. 
The width and Wgap were set to 50 and 20 nm, respectively. 
The solid and dashed curves represent the DC’s transmit-
tances obtained using the proposed equivalent model and 
FDTD simulation, respectively. The dotted curve represents 
the power of the COW (1st output wave), employed in the 
analysis. Figure 2a shows that the solid and dashed lines 
highly coincide, which implies that the theoretical results 
are in good agreement with the FDTD simulations. In addi-
tion, their envelopes match with the dotted curve. For a 
further analysis of the multiple-wave interference (dips and 
peaks), we plotted the 1st- and 2nd-order transmitted waves 
in Fig. 2b, c, respectively. The 1st-order transmitted wave 
represents the direct cross coupling of incident waves from 
port 1 to port 4 (COW in Fig. 1c). The situation of the 2nd-
order transmitted wave is a little complex. Considering the 
incident waves split into two beams, one is 1st-COW (1st-
order transmitted wave), and the other is 1st-SFW. To extract 
the 2nd-order (or other higher order) transmitted wave, it 
needs three stages:

1. When the 1st-SFW reaches the reflection port 3, it will 
be reflected back.

2. The reflected 1st-SFW will once again split into two 
beams. One is the 2nd-SFW and the other is the 2nd-
COW. On the one hand, the 2nd-SFW will directly 
output at port 1 as the 1st-order reflected wave. On the 
other hand, once the 2nd-COW reaches port 2, it will be 
reflected back in the same way.

3. The reflected 2nd-COW also splits into two beams, a 
3rd-SFW and a 3rd-COW. The 3rd-SFW composes the 
2nd-order transmitted wave. The 3rd-COW will generate 
the 3rd-order transmitted wave through the same two 
reflections.

According to the above definition of SFWs, we can 
confirm that the optical path differences (OPDs) between 
each neighboring order SFWs are the same, which main-
tain the interference stable. The insets in Fig. 2b, c show 
the physical propagation directions of the 1st- and 2nd-
order waves, respectively. Figure 2b, c reveal that in one 
period of the 1st-order wave, the 2nd-order wave exhib-
its a fixed number of periods, which verifies the stability 
of the interference effect over a large overlapping length. 
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The sharp dips and peaks in Fig. 2a can be attributed to 
the superposition of the 1st- and 2nd-order output waves. 
Other higher-order output waves also participate in the 
interference; however, the 1st- and 2nd-order waves are 
dominant. For example, the calculations showed that the 
amplitude of the envelope of the 3rd-order output wave is 
smaller than 0.1. The discrepancies between our model 
(solid curve) and FDTD simulation (dashed curve) results 
in Fig. 2a could be attributed to the directional coupling at 

the waveguide’s end, from segment 1 to segment 2, which 
is not considered in our model.

To reveal further insights in the frequency range, we 
plotted the transmittance and reflectivity using the pro-
posed analytical model as a function of the wavelength, for 
two overlapping lengths of 300 and 400 nm, as shown in 
Fig. 2d. Both transmittance and reflectivity exhibit large 
variations in the wavelength range of 800–1500 nm, for the 
two overlapping lengths. The total sum of the transmittance 

Fig. 2  Basic input–output characteristics of the DC. a Transmittance 
of the DC at a fixed wavelength of 600 nm, for different overlapping 
lengths L. b 1st-order output wave component of the result shown in 
a. The inset shows the form of the 1st-order output wave. c 2nd-order 
output wave component of the result in a. The inset shows the form of 

the 2nd-order output wave. d Transmittance and reflectivity of the DC 
as a function of the wavelength, for overlapping lengths of 300 and 
400 nm. e Phase variations of the transmitted waves, obtained using 
Eq.  (5). f Phase variations of the reflected waves, obtained using 
Eq. (6)
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and reflectivity is slightly smaller than 100%, owing to the 
metal absorption loss. These results are related with our pre-
vious discussion on the multiple-wave interference in the 
overlapping region. Owing to the interference, the transmit-
tance and reflectivity could change the “mirror reflectors” 
behavior, and could exhibit new characteristics in the FP 
cavity, as discussed in the next section. Figure 2e, f shows 
the spectral phases of the transmitted and reflected waves, 
respectively, for both overlapping lengths. The reflected 
phases for both lengths are almost constant in the analyzed 
wavelength range.

3.2  Characteristics of the FP cavity

We investigated the basic characteristics of the DCs, and 
analyzed the core FP resonator, where the FP interference 
mainly occurs. The guided wave exhibits a phase retardation 
(Δϕ) and loss as it passes through this part. Therefore, the 
S-matrix becomes diagonal. As the total phase delay per a 
round-trip propagation in the cavity satisfies the resonant 
condition, the resonant wavelength λm is [17]:

where neff, L1, m, and ϕr denote the real part of the effec-
tive index of the waveguide, length of the cavity, number of 
antinodes of the standing SPP waves, and phase shift upon 
reflection at the interface between segments 1 and 2, respec-
tively. It is clear seen that the resonant wavelength is a nearly 
linear relation with cavity length.

The cavity length L1 was set to 1200 nm, while all other 
parameters had the same values as above. Figure 3a shows 
the transmittance for an ideal lossless (α = 0) FP interfer-
ence, obtained using the reflectivity calculated above. Two 
wave peaks with a transmittance of 100% appear at around 
850 and 1120 nm for both overlapping lengths. These two 
intrinsic wavelength peaks are consistent with Eq. (9) with 
an approximation of Re(neff) = 1.4, ϕr ≈ 0, and m = 3 and 4. 
We should note that, compared with FDTD simulations, 
the slightly mismatch of resonant wavelength calculated 
by Eq. (9) comes from the dispersion of the SPP mode and 
ϕr ≠ 0. The full-width-at-half-maximum (FWHM) values 
of each peak can be correlated with the variations in the 
reflectivity; a larger R leads to a wider FWHM and vice 
versa. We plotted the results of the theoretical calculations 
of the transmittance using Eqs. (7) and (8), respectively, 
along with the FDTD simulation results in a lossy (α ≠ 0) 
case, as shown in Fig. 3b. The comparison with the FDTD 
simulation further confirms the validity of our equivalent 
model. In Fig. 3b, two peaks appear at almost the same 
wavelengths as in Fig. 3a, but with different transmittance 

(9)�m =
2neffL1

m − �r∕�
,

values. The peak transmittance values for the overlapping 
length of 300 nm are 75% at 850 nm and 20% at 1120 nm; 
an opposite behavior is observed for the overlapping 
length of 400 nm. Using the above analysis, we can con-
clude that the total transmission loss is mainly attributed 
to metal absorption losses, and that the large transmittance 
differences of each resonant mode can be easily controlled 
by modifying the overlapping length.

These results show that an optimization could almost 
make the useless intrinsic resonant peak in the FP-type 
plasmonic filter vanish to achieve an ultra-high free spec-
tral range (FSR).

Fig. 3  Basic input–output characteristics of the FP resonant cavity. a 
Spectral response of an ideal FP interferometer without loss (α = 0). 
b Spectral responses with loss (α ≠ 0), obtained using the proposed 
model and FDTD calculations
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4  Application of a tunable dual‑output filter

Figure 4a shows a schematic of 1 × 2 wavelength demulti-
plexing structures based on MDM side-coupled cavities. 
The wavelength demultiplexing structure consists of two 
air cavities with different lengths, which act as resonant 
spaces to select at most two different wavelengths. The 
lengths of the two side-coupled air cavities, denoted as L2 
and L3 are set to 1150 and 1200 nm, respectively; L repre-
sents the overlapping length between MDM waveguides 
and air cavities. All of the overlapping lengths are identi-
cal; the other parameters are the same as above. Port 1 is 
the input port, while ports 2 and 3 are the output ports. 
The FDTD method (Sect. 3) is employed to obtain the 
transmission spectra.

Figure 4b shows the transmission spectra at the two 
output ports for L = 400 nm. The dashed and solid curves 
represent |S21|2 and |S31|2 of the ports 2 and 3, respectively. 
The two major peaks at 1153 and 1205 nm, and two minor 
peaks around 900 nm showed the possibility of wavelength 
tunability. The difference in the propagation loss of the 
main resonant peaks at the wavelengths of approximately 

1200 nm can be attributed to the different lengths of the 
air cavities.

To achieve a wide-band filter design, the neighboring 
minor resonance mode needs to be suppressed. Figure 4c 
shows the optimized results by adjusting the DC’s overlap-
ping length L to 420 nm. The neighboring resonance mode 
around 900 nm vanished. This optimization method is con-
sistent with the conclusions in Sect. 3.2, and can be also 
employed in other target wavelength regions by adjusting 
the overlapping length.

5  Conclusion

We proposed an analytical model for an ultra-compact plas-
monic filter using a side-coupled cavity as a resonator. The 
spatial and spectral responses obtained by the proposed 
model showed a good agreement with the FDTD simula-
tions. Both theoretical analysis and numerical calculations 
demonstrated the ability to reduce or vanish the intrinsic 
transmittance peak of the FP cavity by varying the over-
lapping length. The control of the length of the air cavi-
ties enables to develop a tunable-wavelength filter design, 
while that of the DCs enables to suppress the neighboring 

Fig. 4  Schematic and spectral 
response of the novel 1 × 2 
wavelength demultiplexing 
filter. a Schematic of the wave-
guide. The same wide-band 
SPPs emerge from the left side 
of the input MDM waveguide. 
b Transmittances at the two 
output ports at L = 400 nm. c 
Optimized transmittances at the 
two output ports at L = 420 nm
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resonance mode and achieve an ultra-high FSR at the target 
wavelength region. These results could be useful in analyses 
of other similar plasmonic filter designs with side-coupled 
structures, and demonstrate the potentials for applications in 
future optical integrated wavelength selectors or filters with 
an ultra-wide FSR.
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