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Introduction 
 

Periodic structures are widely used in microwaves and antennas, such as 
waveguides, frequency selective surfaces (FSS), and novel metamaterials. The 
finite-difference time-domain (FDTD) method has been used to analyze these 
structures, and various periodic boundary conditions (PBC) have been developed 
to enclose the computational domain [1]. Among various techniques, a spectral 
FDTD approach was first proposed to solve guided wave property in periodic 
structures [2] and later expanded to calculate the plane wave reflection and 
transmission [3-4]. An advantage of the spectral FDTD method is its capability to 
analyze the plane wave and guided wave properties in a unified manner [5]. When 
both plane wave and guided wave are computed simultaneously using the spectral 
FDTD method, the resonant behavior of a periodic structure such as surface wave 
modes will deteriorate the simulation results. In this paper, an auto-regressive 
moving-average (ARMA) estimator is combined with the spectral FDTD method 
to solve the resonance problem. This new hybrid technique not only characterizes 
the periodic structures with resonance but also identifies the eigen-frequencies of 
guided wave modes automatically. The efficiency and accuracy of the proposed 
method is demonstrated through numerical examples.  
 

Hybrid Spectral-FDTD/ARMA Method 
 

A. Spectral FDTD method. When the FDTD method is used to analyze a 
periodic structure, a fundamental challenge is how to model the periodic boundary 
condition (PBC). In the spectral FDTD method, the horizontal wave numbers (kx, 
ky) are kept as constants. Thus, the Floquet boundary condition can be easily 
transformed into the time domain as: 
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Since kx is a constant, variation of frequency ω corresponds to different incident 
angles (θ, ϕ).  
 
In the plane wave region, 222

0 yx kkk +≥ , the incident angles θ and ϕ have real 

values. When 222
0 yx kkk +< , electromagnetic wave becomes evanescent in the z 

direction, but could be guided in the horizontal directions along the dielectric 
substrate. If a wideband Gaussian signal is used to excite the structure, both plane 
wave and guided wave regions can be calculated simultaneously. Surface 
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impedances can be defined to characterize the structure of interest in both regions 
[5]. For example, surface impedances of a grounded dielectric slab can be 
calculated using the following equations: 
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B. Resonance problem. When electromagnetic waves are guided along the 
horizontal directions, the energy exiting the computational domain at boundary 
x=a will re-enter the domain at boundary x=0 following the PBC in (1). 
Consequently, the time domain data will not decay to zero and a resonance 
behavior can be observed. For example, Fig. 1 shows the time domain resonance 
of TE incident waves on a grounded dielectric slab. The thickness of the dielectric 
slab is 6.35 mm and the dielectric constant is 2.65. More importantly, it is noticed 
from Fig.1a that the resonance behavior may cause instability in the time domain 
computation because a small numerical error can be amplified during the resonant 
procedure. As a consequence, accurate frequency domain features cannot be 
obtained through the usual Fourier transformation. 
 
C. Implementation of ARMA estimator. Various signal processing techniques, 
such as Prony method, system identification (SI) method, and ARMA estimators, 
have been proposed in literatures to deal with the resonance issue in the FDTD 
simulations [6-10]. The problem addressed here has two specialties: 

• In contrast to resonant antennas or filters whose Q factor is finite, the 
periodic structure may have an infinite Q factor.  

• Not only the resonant frequency is of interest, the electromagnetic 
behavior near the resonance must be accurately characterized as well.  

 
In this paper, the ARMA estimator is combined with the spectral FDTD method 
because it can efficiently use early time domain data. The analyzed structure is 
considered as a linear system with the following transfer function: 
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The transfer function can also be expressed in the time domain as following: 
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where x(n) and y(n) are input and output signals of the linear system, which are 
obtained through the spectral-FDTD simulation. bi and aj are unknown 
coefficients to be determined. When the FDTD simulation proceeds to the Nth 
time step, a linear equation can be established: 
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where [Y] is the output vector, [C] is the coefficient vector, and [D] is a matrix 
generated by the input and output data, as expressed  below: 
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The number of the unknown coefficients is p+q+1. As the sampling number N is 
larger than p+q+1, the coefficients can be determined using the least mean square 
error estimation. Finally, the frequency domain transfer function H(jω) can be 
obtained from (4) by replacing Z with exp(jω). 

 
D. Numerical results. Figure 2 shows the surface impedances of the grounded 
dielectric slab calculated using the hybrid spectral-FDTD/ARMA method. An 
ARMA estimator with p = q = 40 successfully solves the difficulties from the 
resonance phenomenon and the results agree very well with the analytical results. 
It is worthwhile to point out that the eigen-frequencies of surface wave modes can 
be directly obtained from the transfer function (4) because the resonances occur 
when (4) has poles on the unit circle. Thus, the eigen-frequencies are identified 
from the poles’ locations. Table 1 lists the eigen-frequencies obtained from the 
presented hybrid method. Very good agreement with theoretical data is observed. 
 

Conclusions 
 

In this paper an ARMA estimator is integrated with the spectral-FDTD method 
for periodic structure analysis. The hybrid method effectively solves the resonant 
problem in the time domain data and its validity has been proved by numerical 
examples.  
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Fig. 1. Time domain data of TE incident waves on a grounded dielectric slab: (a) 
kx = 300 rad/m, (b) kx = 600 rad/m. 
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Fig. 2. Surface impedance of a dielectric slab: (a) TE case, (b) TM case. The 
hybrid spectral-FDTD/ARMA results agree well with the analytical results.  
 

Table 1: Eigen-frequencies of surface wave modes 

 kx =300 rad/m 
TM mode 

kx =300 rad/m 
TM mode 

kx =600 rad/m 
TE mode 

kx =600 rad/m 
TM mode 

Theory (GHz) 12.87 10.61 21.12 19.03 
FDTD (GHz) 12.75 10.57 21.11 19.01 

Error (%) 0.93 0.38 0.05 0.11 
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