
Computational Analysis of Subwavelength Grating 
Waveguide Structures 

J. Čtyroký 
Institute of Photonics and Electronics, 

Academy of Sciences of the Czech Republic, Prague, Czech Republic 
ctyroky@ufe.cz 

Abstract: After brief introduction into the theory of electromagnetic Bloch modes in 1-D periodic 
structures, specific features of our in-house 3-D Fourier Modal Method used for numerical 
modelling of waveguide structures will be briefly presented. Then, dispersion properties of 
longitudinally uniform subwavelength grating waveguides (SWG) will be discussed. Finally, 
results of modelling of more complex SWG waveguide structures, especially tapers and mode 
transformers, will be shown. Influence of random positional errors of SWG elements on the 
spectral characteristics of these devices will be mentioned, too.  

Introduction Very high-contrast waveguide components, especially those based on silicon-on 
insulator (SOI) platform, are very perspective due to their small dimensions and strongly reduced 
bending loss, which allows for larger scale photonic integration. However, for some applications, the 
refractive contrast of SOI devices is too high. A very elegant way to overcome this problem consists in 
segmenting the silicon waveguide into sections of a subwavelength size that are embedded into a low-
index environment such as SiO2

1,2. In accordance with the effective medium theory, by changing the 
“Si  filling  fraction”  of  such  a  subwavelength  grating  (SWG)  waveguide,  its  “average  refractive  index”  
can be tuned essentially to any value between that of SiO2 and Si. However, for technological reasons, 
the size of the smallest features should not decrease below about 50–100 nm, being thus only about an 
order of magnitude smaller than the operation wavelength. The assumptions of the effective medium 
theory are thus violated. As a result, rigorous bi-directional 3-D full-vector electromagnetic modelling 
is required for proper analysis and design of SWG waveguide structures. 

Modelling method Full-vector bidirectional methods are required for rigorous modelling of SWG 
waveguides. One of them, the in-house 3-D full-vector Fourier modal method (FMM) BEX3 has been 
recently developed in our laboratory3. It is based on 2-D sine and cosine Fourier series expansions 
within the computational window bordered with perfectly conducting electric or magnetic walls. 
Perfectly matched layers are implemented in the form of the complex coordinate transformation4. 
Electromagnetic eigenvalue problem is formulated in terms of transversal magnetic field components 
that are continuous in the (nonmagnetic) waveguide structure. For wave propagation along the 
structure, numerically stable scattering matrix formalism is used. Since most of the computational 
tasks consist of problems of linear algebra, Matlab programming environment is used to advantage. 

Bloch modes The subwavelength grating waveguide (Fig. 1) is 
longitudinally periodic, its eigenmodes are thus Bloch modes. The 
corresponding eigenvalue problem can be formulated with the help 
of the scattering matrix of a single period S as 
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where 11 12 21 22,  ,  ,  S S S S  are submatrices of the scattering matrix S, *  is a diagonal matrix with 
elements ,exp( )mn mn B miG E*  / , /  is the period length, ,B mE  is the propagation constant of the m-th 
Bloch mode, and B  is the transformation matrix from the linear space of complex amplitudes of local 
normal modes at the particular waveguide cross-section into the space of Bloch modes. For lossless 
propagation, the effective refractive index of the Bloch mode must lie above that of the substrate but 
below the Brillouin zone edge, (2 )s Bn N O� � / .For BN  approaching the Brillouin zone edge 

(2 )O / , the group velocity of the mode decreases and enters the slow-light regime.  

Fig. 1. SWG waveguide 
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Fig. 2. a) Dispersion characteristics of Bloch modes of SWG waveguides, b) An example of the content of 
complex amplitudes of local modes within the Bloch mode of a SWG waveguide. 

Phase and group effective refractive indices mN  and ,B gN  of the Bloch mode of the SOI SWG 
waveguide 350 nm wide with the Si thickness of 220 and 260 nm are shown in Fig. 2a). In Fig. 2b), 
the content of forward and backward propagating local modes within the Bloch mode .is depicted. 

Photonic wire to SWG waveguide coupler An efficient coupler from a normal mode of a photonic 
wire into the Bloch mode of a SWG waveguide has been recently described in1. The length of the 
device  is  about  50  µm  long,  it  consists  of  more  than  300  longitudinally  uniform  segments,  from  which 
over 200 are of different dimensions, and its reliable full-vector modelling is thus rather challenging. 
However, just this kind of structures can be numerically analyzed using FMM without excessive 
hardware requirements thanks to the fact that the eigenmode problems in individual longitudinally 
uniform segments are mutually independent. 

     
Fig. 3. a) Microphotograph of a part of the photonic wire to SWG waveguide coupler1. b) Calculated optical 
field distribution in the part of the coupler. 

The microphotograph of a part of the coupler1 is shown in 
Fig. 3a), the calculated optical field distribution is 
presented in Fig. 3b). The graph of the modal spectral 
transmittance of the coupler in Fig. 4 documents very 
high coupling efficiency within the bandwidth of more 
than 100 nm. Its abrupt decrease for short wavelengths is 
due to close proximity of the Brillouin zone edge. 

Conclusions It has been demonstrated that SWG 
waveguide structures can be efficiently numerically 
analyzed using the Fourier modal method. 

 

References 
1. P. J. Bock, P. Cheben, J. H. Schmid, J. Lapointe, A. Delage, S. Janz, G. C. Aers, D. X. Xu, A. Densmore, and T. J. Hall, 

Optics Express 18, 20251-20262 (2010). 
2. P. J. Bock, P. Cheben, J. H. Schmid, J. Lapointe, A. Delage, D. X. Xu, S. Janz, A. Densmore, and T. J. Hall, Optics 

Express 18, 16146-16155 (2010). 
3. J.  Čtyroký,  J. Lightwave Technol. 30, 3699-3708 (2012). 
4. J. P. Hugonin, and P. Lalanne, J. Opt. Soc. Am. A 22, 1844-1849 (2005). 

1.50 1.55 1.60
0.94

0.95

0.96

0.97

0.98

0.99

1.00

 

 

Tr
an

sm
itt

an
ce

Wavelength O (µm)

Fig. 4. Spectral dependence of the 
coupling efficiency of the SWGW coupler 


