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Abstract: We propose novel multimode interference structures based on photonic crystals with 
gradually changing lattices, enabling unique functionalities including a 9.4µm-long waveguide 
mode converter.  We analyze the structure’s properties through an intuitive Bloch wave multi-ray 
tracing. 
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Multimode interference (MMI) devices are useful as mode converters, couplers and splitters, with ~100µm device 
lengths at telecomm wavelengths.  We propose a new class of MMI devices based on photonic crystal structures 
with slowly varying non-uniformities.  When operated near the self-collimation point [1], the structure shows unique 
evolution of the interference pattern not easily obtained in conventional MMIs, with ~10µm device lengths.  

The structure is based on a 2-D square lattice of dielectric (ε=12) cylinders in vacuum (Fig. 1).  The lattice is 
invariant in x.  For y=0, the cylinders are circular with radius 0.25a, where a=0.341µm is the lattice constant.  The 
rod diameters gradually increase linearly as |y| increases.  Fig. 1 shows the finite difference time domain (FDTD) 
simulation.  A Gaussian beam at λ=1.55µm=0.22a (beam width=2.64µm) excites a nearly collimated beam inside 
the structure.  The non-uniform cylinder distribution in y makes the structure a multi-mode waveguide.  The 
transverse field oscillates between having no nulls to 2 nulls every ~9.4µm.  This periodic repetition of the 
transverse field is a property of high index contrast multimode waveguides, and is fundamental for the operation of 
MMI devices [2]. 

 
Fig. 1.  2-D FDTD simulation of the photonic crystal interference structure, superimposed over the structure.  Darker 
shades indicate larger E-field values.  Perfectly matched boundary conditions are used in the simulation. 

The evolution of the interference patterns in such structures is drastically different from that of conventional 
multimode guides, thus offering exciting new possibilities for device functionalities.  For example, if the structure 
shown in Fig. 1 is truncated at 9.4µm and coupled to conventional slab waveguides, the fundamental mode of the 
conventional waveguide (no nulls) can be converted to a 3rd order mode.  Note that conventional MMI mode 
converters are often ~100µm long[3]. 

Instead of using mode analysis, we use a novel multi-ray tracing method to intuitively understand the behavior 
of the structure.  Fundamentally, the quick formation of the interference can be attributed to the unique square-
shaped constant frequency curve of the photonic crystal medium.  First we calculate a library of dispersion 
relationships for the range of the unit cells used (recall the unit cell varies along the y direction).  Knowing the 
dispersion relationship at each point in the structure, we then use Hamiltonian optics to calculate the ray path of the 
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different Bloch wave components through the structure [4].  Fig 2. shows the ray paths for two representative Bloch 
wave components.  For the given input Gaussian, these meridional rays shown are the ones excited with amplitudes 
equal to 1/e of the amplitude of the Bloch wave component with ky = 0.  The periodicity of the ray paths matches the 
FDTD simulation very well.  At 9.4µm, the rays have group velocity directions nearly 45 degrees to the optical axis 
(with the velocity direction given by the inner normal of the constant frequency curve (insert  #3)).  Thus, due the 
sharp corners in the square constant frequency curve, the two meridional rays cross the optical axis quickly in 
opposite directions, resulting in the 2-nodal plane interference pattern. 

In conclusion, by utilizing the unique dispersion relationship available in photonic crystals, we proposed and 
analyzed a new class of multimode interference structures with functionalities not easily obtained in conventional 
MMI’s. 

 
Fig. 2.  The ray path for Bloch wave components with starting ky=± 0.04*2π/a, calculated using Hamiltonian optics.  Each 
circular marker in the 8 insert figures shows the location of the k-vector on the constant frequency curve (shown as 
rounded-square contours).  The axis of the insert figures are kx and ky.  The 8 insert figures together depict the evolution of 
the k-vector along the top meridional ray (starting with positive ky).   
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