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Abstract
We present a variety of numerical techniques to model metamaterial geometries involving periodic 
structures of infinite or finite size. Accelerated method of moments and FDTD techniques are used to 
model metamaterials with infinite extent in one or more dimensions that are excited by either periodic 
excitations or by a localized (non-periodic) source. Fast solvers like GIFFT (Green’s function Interpo-
lation and FFT) and as well as techniques such as the use of macro basis functions are used to model 
metamaterials having a large finite size.

1.  Introduction

Due to the recent explosion of interest in studying the electromagnetic behavior of periodic structures 
such as metamaterials, metasurfaces, and photonic crystals, there has been a renewed effort to effi-
ciently model such structures. This includes estimating transmission and reflection properties of met-
amaterials illuminated by plane waves, determining the dispersion characteristics for modal propaga-
tion in these periodic structures, calculating the fields from single (non-periodic) sources near infinite 
periodic metamaterial structures, and modeling metamaterials of finite size. Since straightforward nu-
merical analyses of large, finite periodic structures (i.e., explicitly meshing and computing interactions 
between all elements of the entire structure) involves significant memory storage and computation 
time, much effort is currently being expended on developing techniques that minimize the computa-
tional resources.

In this presentation we will summarize our recent efforts in modeling infinite and finite periodic struc-
tures by exploring a few complementary numerical techniques in the frequency domain and in the time 
domain. Numerical results will be presented to demonstrate the applicability and the numerical effi-
ciency of these various techniques for a wide variety of structures, with applications ranging from mi-
crowave EBG structures to photonic structures at optical frequencies.  

Table 1 below as well as references [1]-[11] summarize the various numerical possibilities we have 
been working on to model both infinite and large but finite (periodic and non-periodic) metamaterials.
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2. Summary of numerical techniques

2.a.  Metamaterials with infinite extent
We have derived accelerated periodic Green’s functions (GFs) by using the Ewald method for 3D el-
ements with periodicity in 2D [1] and 1D [2], and for 2D elements with periodicity in 1D [3]. The
computation of these accelerated Green’s requires the evaluation of only a handful of terms. They are 
used to model dispersion characteristics as well as calculate the fields from sources in multilayer envi-
ronments [4]-[5]. In particular, complex modes in periodic structures pose some challenges due to the 
increased complexity of the spectral wavenumber plane; some examples will be presented. 

Also, the FDTD method can be efficiently used to model periodic structures when special spectral 
boundary conditions (BC) are used, consisting of  a phase shift condition applied in the time domain
(therefore dealing with complex time-domain quantities) [6]. 

The periodic GF analyses in the frequency and time domains can be used in conjunction with the array 
scanning method (ASM) to model finite non-periodic sources in the presence of infinite periodic struc-
tures [7]-[8]. We will show some of the analytic properties of the field produced by a source in the 
presence of an infinite periodic structure, and we will discuss two algorithms, one in the frequency 
domain (ASM-MoM) and the other in the time domain (ASM-FDTD) [9], together with several appli-
cations. In either ASM-MoM or ASM-FDTD, the field of the source in the presence of the infinite pe-
riodic structure is calculated by numerical simulation of only a single unit cell. This allows for tre-
mendous memory savings (and usually savings in calculation time as well) compared with a “brute-
force” numerical simulation in which the infinite periodic structure is approximated numerically by
simulating many unit cells. 

2.b.  Metamaterials with finite extent
Large periodic structures of finite size can be modeled with fast solvers;  in particular we have recent-
ly developed the method called GIFFT (Green’s function Interpolation and FFT) which dramatically 
reduces the number of GF calculations needed in the solution process as well as the matrix setup time 
and solve time when modeling this class of structures [10]-[11]. One of the advantages of this method 
compared to other fast solvers such as the Fast Multipole Method (FMM) is that, because GIFFT uses 
relatively sparse samples of the GF in the spatial domain, it is very beneficial for layered-media envi-
ronments, which involve a rather time-consuming Green’s function calculation. In this method the 
Green’s function is interpolated in a separable form (with respect to the source and observation points)
on a fairly sparse grid. This allows for many fewer calculations of the time-consuming layered-media 
Green’s function, and also (because of the separable form) allows for the use of the FFT when calcu-
lating the basis-testing interactions that are needed in the matrix fill. We will show the performance of 
this method and some applications for modeling metamaterials. With the GIFFT method metamaterial 
problems that would require hundred of thousands of unknowns with the standard MoM can be simu-
lated with personal computers. The GIFFT method is ideal for large finite periodic structures where 
each periodic element requires a large number of unknowns.

An alternative fast technique consists in reducing dramatically the number of unknowns through a 
compact description of the current (or field when modeling dielectrics) over the unit cell. This may be 
obtained through the solution of small finite periodic problems, or through a specific use of infinite 
array solutions (from which eigenmodes can be obtained) as well as field distributions in the presence 
of non-periodic excitations. Those solutions can then be used as macro (or characteristic) basis func-
tions [12]. Specific methods also have been developed to obtain the interaction between these global 
basis functions.



Table 1. Diagram showing various numerical techniques that are considered here for the efficient
modeling of periodic metamaterials having infinite or finite extent.
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