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Abstract

We propose a compact four-channel wavelength demultiplexer (DEMUX) based on metal-insulator-metal
(MIM) plasmonic waveguides side-coupled to hexagonal nanocavities, with identical hexagonal cavities
employed as wavelength-selective reflectors. Detailed modal analysis reveals a hybrid behavior: the
hexagonal nanocavities support standing-wave resonant modes in the shorter-wavelength Window |
(748.55-864.62 nm) and traveling-wave resonant modes in the longer-wavelength Window Il (918.22-
1065.85 nm) within the same physical structure. For the standing-wave modes, the wavelength-selective
reflector significantly enhances the drop efficiency by nearly a factor of two (from ~ 25% to ~ 49%)
through destructive interference. Using coupled-mode theory, the optimal reflector distance is derived as
D = Agpp/4 (corresponding to a round-trip phase shift of odd multiples of ). In contrast, the traveling-
wave modes exhibit inherently good coupling efficiency (result in a drop efficiency of ~ 33-43% without
reflector) and show only a mean marginal improvement of about 5% with the reflector. This modest
enhancement is attributed to the interaction of the reflector with a weak standing-wave component that
inherently exists in the traveling-wave modes due to the hexagonal geometry. Notably, the traveling-wave
regime provides superior channel isolation, with crosstalk values ranging from - 27.2 dB to -48.1 dB
across all channels (compared to -14.7 dB to -41.9 dB in the standing-wave regime), making Window Il
particularly attractive for dense WDM applications. Despite the fundamentally different underlying
mechanisms, both bands achieve competitive performance, with peak transmission up to 49.2% and
quality factors up to 108. The proposed hybrid modal design provides new physical insights into
polygonal plasmonic resonators and offers a versatile platform for dual-band on-chip WDM systems.

1. Introduction

The rapid expansion of data-intensive applications and the emergence of high-speed optical
interconnects have created an urgent need for ultra-compact photonic integrated circuits (PICs) capable
of handling large bandwidth with minimal footprint and power consumption [1-3]. Traditional dielectric-
based photonic devices are fundamentally constrained by the diffraction limit of light, which prevents
further miniaturization beyond certain scales. Surface plasmon polaritons (SPPs) propagating at metal-
dielectric interfaces provide a powerful solution by enabling strong subwavelength confinement of
electromagnetic fields [4—-6]. Among different plasmonic waveguide geometries, the metal-insulator-
metal (MIM) configuration is particularly attractive for on-chip applications due to its excellent mode
confinement, relatively long propagation length, and compatibility with standard nanofabrication
processes [7-9].

Wavelength division multiplexing (WDM) is a key technology for increasing data capacity in optical
communication systems. Implementing efficient WDM on a chip requires high-performance multiplexers
and demultiplexers (MUX/DEMUX) that can combine or separate multiple wavelength channels with low
crosstalk, high transmission efficiency, and compact size [10-15]. Over the past decade, various
plasmonic MUX/DEMUX structures have been proposed based on directional couplers [16], ring
resonators [17], and nanodisk cavities [18—22]. While these designs have shown promising results, they
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generally suffer from operation in a single spectral band, moderate transmission efficiencies, and
relatively low quality factors. Moreover, many rely on simple broadband metallic mirrors at the end of the
bus port, which lack wavelength selectivity and limit further performance optimization.

In this work, we present a four-channel plasmonic DEMUX based on hexagonal nanocavities that exhibits
hybrid modal characteristics. Detailed analysis shows that the shorter-wavelength band operates via
standing-wave resonances, while the longer-wavelength band is dominated by traveling-wave modes.
This distinction has profound implications for the design strategy, particularly regarding the
effectiveness of wavelength-selective reflectors. By leveraging both modal types within the same
physical layout, the proposed device achieves competitive performance in two distinct near-infrared
spectral windows without the need for separate structural re-optimization, offering a versatile solution
for multi-standard on-chip WDM systems.

2. Device Structure and Simulation Method

2.1. Device Geometry

Figure 1(a) illustrates the schematic of the proposed four-channel drop-type demultiplexer. The structure
consists of a main horizontal MIM bus waveguide and four perpendicular drop waveguides. Each drop
waveguide is side-coupled to a main hexagonal nanocavity with side length L,. At a certain distance from
the axis of each drop cavity, another hexagonal nanocavity with the same dimensions is placed as a
wavelength-selective reflector. The distance from the beginning of the drop waveguide to the center of
the main cavity is denoted d;, and the distance between the centers of the main cavity and the reflector

cavity is denoted D;.

Fixed parameters include waveguide width W =50 nm and coupling gap g = 20 nm. Silver is modeled
using the Drude dispersion with €4, = 3.7, w, = 0.38x10"¢ rad/s, and y = 2.73x10"® rad/s. The dielectric
regions are air (n = 1). The optimized geometric parameters (L, d; D;) and corresponding performance
metrics are summarized in Table 1.

Table 1

Optimized geometric parameters and performance metrics of the proposed dual-band DEMUX.

Ch. L; d; D; Window | A T Q Window Il A T Q
(hm)  (m)  (m)  (nm) (%) (nm) (%)

1 430 895 1490 748.55 49.1 84.5 918.22 411 72.3
2 450 705 1490 776.91 492 952 958.52 46.2 85.6
3 480 750 2270 822.97 36.3 875 1015.49 320 91.2
4 510 695 1670 864.62 457 108.1 1065.85 35.8 947

2.2. Numerical Method
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All simulations were carried out using the two-dimensional finite-difference time-domain (2D-FDTD)
method. A uniform mesh with spatial steps Ax = Az=5nm was employed, and perfectly matched layers
(PML, 8 layers) were used as absorbing boundaries. A TM-polarized Gaussian pulse covering the
wavelength range of interest was launched into the input bus waveguide. Power monitors records the
transmitted power at each drop port. Transmission is defined as T=P;/ P;,, and crosstalk as

101091 0(Pynwanted’ Ptarget) €valuated at each resonance wavelength.

3. Results and Discussion

3.1. Dual-Band Demultiplexing Operation

Figure 1(b) presents the normalized transmission spectra at the four drop ports, clearly revealing two
distinct and well-separated operational spectral windows. Window | spans the shorter wavelengths
(748.55-864.62 nm), while Window Il covers the longer wavelengths (918.22-1065.85 nm). Although both
bands ultimately achieve comparable transmission levels, their underlying modal physics are
fundamentally different, as analyzed in the following sub sections.

3.2. Modal Analysis: Standing-Wave vs. Traveling-Wave
Modes

To elucidate the origin of the dual-band behavior, the steady-state magnetic field distributions (IHyl) were
examined at representative resonance wavelengths.

In Window | (e.g., A =776.91 nm for Channel 1), the field pattern inside the hexagonal cavity exhibits a
distinct hexagonal-pole standing-wave distribution, characteristic of Fabry-Perot-like resonance formed
by the superposition of waves propagating in opposite directions (see Fig. 2 (a)). This results in strong
field confinement and higher quality factors.

In contrast, in Window Il (e.g., A =958.52 nm), the magnetic field shows a traveling-wave character, with
energy circulating along the perimeter of the hexagonal cavity in a whispering-gallery-like manner (see
Fig. 2 (b)). This propagating nature leads to relatively weaker confinement compared to the standing-
wave modes.

The dual-band behavior thus originates from the hexagonal geometry, which supports a hybrid
combination of standing-wave modes in Window | and traveling-wave modes in Window Il within the
same physical structure. This distinction has significant implications for the role and effectiveness of the
wavelength-selective reflector.

3.3. Theoretical Analysis: Coupled Mode Theory for
Standing-Wave Modes (Window I)
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For the standing-wave modes in Window |, the wavelength-selective reflector plays a critical role in
performance enhancement. Employing coupled-mode theory, the round-trip phase shift accumulated by
the wave traveling between the main cavity and the reflector cavity is given by ¢ = 2B8D;. Maximum drop
efficiency is achieved when the wave returning from the reflector destructively interferes with the directly
transmitted wave in the bus waveguide, thereby forcing the optical power into the drop port. This
condition requires a total phase shift of ¢=(2m + 1)t (odd multiples of ) [23, 24]. Solving for D; yields
the compact design rule D;=(2m + 1)A

= Aepp/4-

spp/4- For maximum compactness, we select m = 0, resulting in D;

Application of this optimized reflector nearly doubles the transmission efficiency in Window | (from
approximately 25% without the reflector to ~ 49% with it). The exact values of D; reported in Table 1 were

obtained by fine-tuning this theoretical initial estimate through FDTD parametric sweeps.

3.4. Behavior of Traveling-Wave Modes (Window II)

In contrast to Window |, the resonances in Window Il are primarily traveling-wave in nature. A pure
traveling-wave mode circulates within the cavity perimeter and couples power into the drop waveguide
continuously; therefore, its drop efficiency should be intrinsically independent of any termination at the
end of the drop waveguide. However, our simulations reveal a marginal but consistent improvement of
approximately 5% when the wavelength-selective reflector is present (e.g., Channel 1 improves from ~
37.5% to 41.1%, as shown in Fig. 1 (b); similar trends are observed for other channels).

This observation can be well explained by the presence of a weak residual standing-wave component
within the otherwise traveling-wave modes. In realistic polygonal cavities, pure traveling-wave circulation
is slightly perturbed by partial back-scattering and reflections at the flat facets and coupling gaps of the
hexagonal geometry. This scattering excites a minor standing-wave field component that coexists with
the dominant traveling wave. Because this residual standing-wave component carries only a small
fraction of the total field energy, its resonance exhibits low finesse (broad spectral linewidth) and a
correspondingly low Q-factor. Consequently, the dependence of this residual component on the precise
reflector distance D; becomes highly broadband.

This broadband dependence means that a wide range of D; values will yield a similar marginal
enhancement for the residual standing-wave component. Therefore, the specific D; values rigorously
optimized for the dominant standing-wave modes of Window | naturally fall within this permissive range
for Window Il. This explains why the device exhibits robust dual-band performance without requiring
separate, independent optimization of the reflector distances for the two distinct modal regimes.

3.5. Effect of the distance between the cavity center and the beginning of the drop waveguide (d ;) on
transmission

Before adding wavelength selective reflectors, the d; distances were individually optimized via
parametric sweeps to maximize power transfer from the bus to the drop port. The simulation results
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confirm that the values listed in Table 1 for d; provide optimal coupling (between the drop cavity and drop
port), independent of the modal regime. This robustness eliminates the need for separate d; optimization
for each band.

3.6. Quality Factor and Crosstalk

Window | exhibits higher quality factors (Q; = 84.48, Q, = 95.20, Q5 = 87.45, Q,=108.07), consistent with
the stronger field confinement of standing-wave modes. Window Il shows slightly lower but still
acceptable Q-factors (Qs5 = 72.30 to Qg = 94.70). The simulated crosstalk curves for both bands are
shown in Fig. 3, and the results are summarized in Table 2. In Window |, crosstalk ranges from - 14.7 dB
to -41.9 dB, while in Window Il it ranges from - 27.2 dB to -48.1 dB. Notably, Window Il exhibits
consistently lower crosstalk than Window | for all channels, with the worst-case crosstalk in Window |l
(-27.2 dB for Channel 3) being significantly better than the worst-case in Window | (-14.7 dB for the same
channel). This improved isolation in the traveling-wave regime is attributed to the reduced coupling
between adjacent drop waveguides when the energy is circulating rather than forming a standing-wave
pattern. Both bands provide adequate channel isolation for on-chip WDM applications, with crosstalk
values well below the typical acceptable threshold of -20 dB in most channels.

Table 2
The simulated crosstalk values for Window | and Window II.
Channel Crosstalk in Window | (dB)  Crosstalk in Window Il (dB)
1 -31.6 -31.5
2 -41.9 -48.1
3 -14.7 -27.2
4 -20.9 -27.9

3.7. Add-Multiplexer Configuration

Due to the reciprocity of Maxwell's equations, the same structure functions as an add-multiplexer when
the input and output ports are interchanged. Simulations confirm that the add efficiencies are consistent
with the drop performance, reaching approximately 50% in Window | and 42% in Window Il. The
transmission spectra (not shown for brevity) are nearly identical to those presented in Fig. 1(b), as
expected from the reciprocity of the linear system. This bidirectional capability further enhances the
versatility of the proposed device for on-chip WDM application

3.8. Performance Comparison and Design Insights

Table 3 summarizes the key differences between the two bands. The hybrid modal design successfully
leverages the strengths of both standing-wave and traveling-wave resonances, resulting in competitive
and balanced performance across both spectral windows without requiring separate structural
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optimization. A notable design advantage is that the reflector distances D, optimized for Window | do not
need to be changed for Window ll, thanks to the geometric locking of A

spp*
Table 3
Comparison of modal characteristics and design implications.
Feature Window | (Standing- Window Il (Traveling-wave)
wave)
Field pattern Stationary Propagating along perimeter
nodes/antinodes
Reflector effect Strong (~ 100% Marginal (~ 5% improvement)
improvement)
Optimal D; Critical (D; = Agpp/4) Not critical
optimization
Base transmission ~25% ~33-43%

(no reflector)

Final transmission ~49% ~33-47%
(with reflector)

Typical Q-factor 84-108 72-95

Design strategy Interference-based Intrinsic efficiency+weak standing-wave
enhancement component

Distance re- Yes (for each channel) Not required (broadband response due to weak

optimization needed residual standing-wave component)

4. Conclusion

We have numerically demonstrated a four-channel plasmonic wavelength demultiplexer based on
hexagonal nanocavities that operates through hybrid modal mechanisms: standing-wave resonances in
the shorter-wavelength band (Window I) and traveling-wave resonances in the longer-wavelength band
(Window II). This physical distinction dictates the optimization strategy; wavelength-selective reflectors
are highly effective for standing-wave modes via destructive interference, with the optimal distance
derived as D; = Ag,,/4. In contrast, traveling-wave modes are inherently efficient and benefit only
modestly (about 5% improvement) from the reflector.

A key practical advantage is that the reflector distances D; optimized for Window | remain effective for

Window Il without modification. This robustness arises because the traveling-wave modes in Window |l
are largely insensitive to the exact placement of the reflector, due to the weak residual standing-wave
component and its associated broadband phase-matching condition (as discussed in Section 3.4).
Consequently, the same physical layout that maximizes the standing-wave enhancement in Window |
also provides the marginal improvement observed in Window ll, eliminating the need for separate
optimization of the reflector positions for each band.
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Another important finding is that the traveling-wave regime (Window Il) exhibits significantly better
crosstalk performance compared to the standing-wave regime (Window I). While Window | provides
crosstalk values ranging from - 14.7 dB to -41.9 dB, Window Il achieves consistently lower crosstalk,
ranging from - 27.2 dB to -48.1 dB. This improved isolation in the traveling-wave regime is attributed to
the reduced coupling between adjacent drop waveguides when the energy is circulating rather than
forming a standing-wave pattern. The worst-case crosstalk in Window Il (-27.2 dB for Channel 3) is
substantially better than the worst-case in Window | (-14.7 dB for the same channel), making Window II
particularly suitable for high-density WDM systems where channel isolation is critical.

The proposed device achieves competitive transmission efficiencies (up to 49.2%) and quality factors
(up to 108) in both bands, offering a versatile building block for dual-band on-chip WDM systems. This
work provides important new insights into the modal characteristics of polygonal plasmonic resonators
and demonstrates a practical hybrid design approach that can be extended to other plasmonic filtering
and multiplexing applications.
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Figure 1

(a) Schematic of the proposed four-channel DEMUX with main cavities, the distance from the beginning
of the drop waveguide to the center of the main cavity di, and reflector cavities separated by Di. (b)
Simulated transmission spectra showing two independent bands. Solid and dashed curves represent the
structures with and without wavelength-selective reflectors, respectively.
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Figure 2

Magnetic field distribution (JHy|) for channel 2: (a) at 776.91 nm (Window |, standing-wave mode with six-

lobe pattern), (b) at 958.52 nm (Window I, traveling-wave mode with quadrupole circulating pattern). The
distinct field profiles confirm the different modal nature of the two bands.
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Figure 3

Simulated crosstalk spectra in both bands.
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