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ABSTRACT 
 
We propose a novel metamaterial-based waveguide 

coupler for use as a de-multiplexer at telecommunication 
wavelengths. This device consists of coupled dielectric 
microchannel waveguides, one of which has a dispersive 
core with an index of refraction that is negative within a 
narrow frequency band at telecommunication wavelengths. 
We study the near field coupling between the waveguides 
and demonstrate that an effective de-multiplexing of an 
input signal can be realized at telecommunication 
wavelengths. The proposed waveguide coupler is well 
suited for integrated circuitry and holds potential for 
multiwavelength de-multiplexing. 

 
Keywords: metamaterial, narrow bandwidth, left-handed 
waveguide, multiplexing/de-multiplexing, negative-index 
of refraction. 
 

1 INTRODUCTION 
 

Negative index metamaterials (NIMs) have received a great 
deal of attention owing to many unprecedented linear and 
non-linear applications including far-field sub-wavelength 
imaging [1], invisibility cloaking [2-4], ultra-compact 
resonators [5] and waveguides [6], optical power limiting 
[7] and many others. We propose an additional unique 
application of NIMs, i.e. de-multiplexing of guided modes 
in coupled optical waveguides. There have been relatively 
few studies of guided modes in left-handed waveguides; 
these have indentified some unique properties including the 
non-existence of a fundamental mode, the double 
degeneracy of modes and the existence of modes with zero 
energy flux [8-10]. It has also been demonstrated that NIM 
cladding greatly enhances the coupling between two 
nonlinear waveguides due to exponential growth of the 
evanescent field [11].  

For many NIM-based applications such as lenses 
and prisms, the narrow bandwidth that is characteristic of 
resonant-based NIM behavior can be a critical limiting 
factor, especially when a broadband response is needed. 
However, limited NIM bandwidth is useful and desired for 
applications like filtering and multiplexing/de-multiplexing 
[12]. In this work we study such an application, where a 
narrow NIM dispersion relation enables efficient de-
multiplexing of up to three closely lying telecommunication 

frequencies. It should be noted that the only way to de-
multiplex more than two wavelengths in a single step is to 
use angularly dispersed devices [13], which are not well 
suited for integrated electronics.  

If we adopt Drude-like effective permittivity, ε, 
and permeability, µ, of meta-material, the region where 
these two quantities are simultaneously negative is finite, its 
width being roughly determined by the damping constant of 
the electric/magnetic resonators that give rise to NIM 
behavior. Thus, in principle, a metamaterial can be 
engineered to left-handed over a desired narrow frequency 
band and right-handed outside of this band. For example, an 
isotropic three-dimensional bulk meta-material made out of 
chiral moieties with noble metal nano-inclusions [14] has 
very sharp and narrow dispersion of the index owing to 
plasmonic resonances of the metallic nano-particles. To 
date, the best known design of a meta-material with 
negative refractive index at telecommunication wavelength 
(1500 nm) is the “fishnet” structure [15, 16].  

 
2 CONCEPT 

 
We propose a directional coupler consists of two 
rectangular waveguides one of which is a conventional 
right-handed waveguide and the other is a dispersive 
waveguide that has a negative index at 1500 nm and a 
positive index at 1400 nm. The dispersion equations for a 
rectangular waveguide are as follows [17]: 
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where (ε1,µ1) and (ε2,µ2) are a pair of material constants for 
the cladding and the core, respectively. The width and 
height of the waveguide are denoted by 2D and 2L, 
respectively. Equations (1) are derived from Maxwell’s 
equations for the 
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Epq
z  guided mode. They are solved 

graphically and the corresponding dependencies are 
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presented in Figure 1. The top two graphs represent a 
solution for the fundamental 

€ 

E11
z  mode of a right-handed 

waveguide excited at 1400 nm. When both material 
constants of the waveguide’s core are negative, purely 
imaginary values of kz and ky must be considered [8]. The 
bottom two graphs of Figure 1 represent solution of the 
system (1) for a left-handed (-4, -2.5) waveguide driven at 
1500 nm. In this case the fundamental mode does not exist, 
whereas the lowest order guided mode is 

€ 

E12
z . It must be 

noted that the absolute values of dielectric permittivity and 
magnetic permeability of the left-handed guided waveguide 
were chosen to be as close as possible to those of the right-
handed waveguide after a simple parametric optimization. 
 

 

Figure 1. Guided modes of: (top) positive core’s index 
rectangular waveguide, solution for fundamental mode is 
shown with arrows, and (bottom) negative core’s index 

rectangular waveguide, solution for (1,2) mode is shown 
with arrows. λ = 1500 nm, D = 0.25 µm, L = 0.5 µm. 

 
Since the wave vector component along the waveguide 
(propagation constant), β, in the cladding is anchored by the 
propagation direction of the guided mode, initially excited 
in the right-handed waveguide, the coupling between the 
waveguides excites a guided mode with the same direction 
of the wave vector in the left-handed waveguide. However, 
in a left-handed medium, the wave vector and the Poynting 
vector (energy flux) are anti-parallel. Therefore, one can 
expect to observe the output signal at the input end of the 
coupler, the situation which is opposite to a conventional 
directional coupler in which both waveguiding components 
having the positive index cores and where the input and 
output ports are separated by the whole length of the 
coupler. Thus, if the waveguide, constituting the output 
component of the coupler exhibits a sharp and narrow 
dispersion of the refractive index, the guided modes falling 
into the left-handed parameter space (backward waves) will 
be propagating to the left (as per geometry depicted in 
Figure 2). The modes falling into the right-handed 
parameter space – to the right, thereby realizing a de-
multiplex coupler (for the forward modes additional de-

multiplexing is always possible due to the dispersion of the 
coupling length). 
 

3 RESULTS AND DISCUSSION 
 

To compute the actual distribution of the electro-
magnetic field in the guided modes as well as the coupling 
efficiencies of our directional coupler we employed the 
Finite Element-based (FE) COMSOL multiphysics PDE 
solver. The corresponding simulation geometry is shown in 
Figure 2. Two rectangular waveguides are on a glass 
substrate, which has a refractive index of 1.45. The 
dimensions of the waveguides are: 15 µm – length, 1 µm – 
width and 0.5 µm – height. The wall-to-wall separation 
between the waveguides is 100 nm unless the other is 
specified. The positive index waveguide (light green in the 
Figure 2) is arsenic trisulfide glass with the refractive index 
of 2.04. The left-handed waveguide (light blue in the Figure 
2) has the same refractive index at 1400 nm and negative 
index at 1500 nm. Port 1 is the input port and Ports 2, 3 and 
4 are de-multiplex output ports. Scattering (low reflection) 
boundary conditions with Perfectly Matching Layers (PML) 
were employed. The incident (input) field at port 1 is 
generated by a time-harmonic surface current source 
positioned in the y-z. The magnitude of the surface current 
is chosen to provide a plane wave with a field magnitude of 
Ez = 2×106 V/m.  The FE model comprised 23,000 cubic 
vector elements with 400,000 degrees of freedom. 
 

 

Figure 2. Simulation lay-out. NI left-handed waveguide, PI 
right-handed waveguide and PML perfectly matching 

layers. 

 
The results of 3D full-wave time-harmonic simulations 

are presented in Figures 3 and 4. For the sake of simplicity 
the material of the left-handed waveguide is chosen to be 
low-loss, meaning that the figure-of-merit (FOM) 
(

€ 

ℜ n ℑ n , n is the refractive index) is large (theoretical 
analysis for a “fishnet” structure gives FOM as high as 20 
at telecommunication wavelengths [16]). The top graphs in 
Figure 3 show the x-y map of the electric field Ez in the 
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Figure 3. Plots of the electric field Ez in the coupled waveguides with: (a) and (b) both cores, having a positive index of 
refraction at 1400 nm; (c) and (d) positive and negative index cores at 1500 nm. In plots (a) and (c) the distance between 

waveguides is 100nm and in plots (b) and (d) is 200nm.  Arrows in (a) and (c) designate the averaged power flow through the 
waveguides. 

coupler at λ = 1400 nm, so that the core of the output 
waveguide has a positive refractive index. The propagating 
mode is 

€ 

E11
z . When the wall-to-wall separation between the 

waveguides  is 100 nm, the coupling is most efficient, 
because the coupling length is equal to the physical length 
of the waveguides. To estimate the coupling efficiency we 
computed the time averaged total energy density at ports 
1,2,3 and 4 (see Figure 2, the energy is integrated over the 
transverse boundaries of the waveguides before the PML 
layers). The value at input port 1 constitutes 100%. The 
energy coupled to the output port 4 constitutes 27% of the 
input value. Only 2% of the input energy propagates to 
ports 2 and 3.  Apparently, some leakage through the walls 
to the evanescent field is the reason why the coupling 
efficiency is relatively low. If the wall-to-wall separation is 
increased to 200 nm the coupling length increases too and 
the coupling efficiency drops to 18% at port 4, with 19% 
propagating through the input waveguide to the port 3. The 
bottom graphs in Figure 3 show the modes inside the 
coupler, for λ = 1500 nm, when the input and output 
waveguides are right-handed and left-handed, respectively. 
The mode in the input component of the coupler is 
fundamental 

€ 

E11
z  and the mode in the output component is 

€ 

E12
z . For 100 nm and 200 nm wall-to-wall separations the 

coupling efficiency to port 2 is 60% and 25%, respectively. 
Ports 3 and 4 acquire less than 1% of the energy each for 
both wall-to-wall distances. The cross-talk attenuation 
between the ports, defined as 

€ 

XTij = −20 log ei e j( ) , is 80 

dB between ports 1 and 4 in this case. At 1400 nm this 
number is 52 dB between ports 1 and 2. Therefore, when 
the coupler is fed by 1400 nm and 1500 nm simultaneously, 
these two wavelengths will be efficiently separated in the 
output component of the coupler. If the third wavelength 

(1300 nm) is fed to the coupler, and the dispersion of the 
refractive index at this wavelength is such, that the index is 
positive but the coupling length is infinite, then the wave 
will propagate straight through the right-handed waveguide 
(Figure 2) to the output port 3. It is also evident form the 
plots of the electric field, that for a given separation 
between the waveguides the coupling length is much 
shorter when the output waveguide is left-handed. 
Apparently, the reason is a larger mode coupling coefficient 
because of the exponential growth of the evanescent field in 
the left-handed waveguide. 

 
The y-z maps of the magnetic field, Hy, of the guided 

modes are presented in Figure 4. The fundamental mode 

€ 

H11
y  is clearly seen at port 1, as well as ports 3 and 4 of the 

coupler driven at 1400 nm, whereas at 1500 nm the mode at 
port 2 naturally is 

€ 

H12
y . 

 
4 CONCLUSION 

 
In conclusion, we have proposed a new application of 

left-handed metametrials, i.e. a left-handed de-multiplex 
waveguide coupler. We have used full-wave 
electromagnetic analysis to demonstrate that the proposed 
coupler, with positive/negative dispersion of the refractive 
index of the output waveguiding component, is an efficient 
ultra-compact de-multiplexer of more than two 
telecommunication frequencies. The narrow-band resonant 
response of state-of-the-art metamaterials is an advantage 
for this application. The proposed waveguide coupler is 
well suited for a high level of integration and holds 
substantial potential for various telecommunication 
applications. 
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Figure 4. Maps of magnetic field Hy in the coupled 
waveguides at: (a) and (b) 1400 nm, (c) 1500 nm.  
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