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Abstract — The consistent and cost-effective analysis of com-
plex amplification and filtering structures, is introduced in this 
paper by means of a novel spectrally-precise FVTD method. The 
proposed scheme combines enhanced spatial derivative approx-
imators in general curvilinear coordinates with a fully conservative 
field flux formulation. Hence, a class of 3-D operators which assign 
the proper weights to each spatial increment is developed. For 
periodic EMC components, the computational space is separated 
to a number of dual subdomains. Numerical results from different 
realistic setups validate our method and prove its applicability. 

I. INTRODUCTION 

The evolution of accurate time-domain algorithms for com-
plex electromagnetic compatibility (EMC) structures remains an 
issue of an ongoing research. Among various applications, am-
plification and reconfigurable filters are proven really critical in 
the design of modern electromagnetic systems [1]-[4]. Bearing 
in mind that many of these devices should be redesigned to 
correspond to the repeatedly rising standards, it is obvious that 
the use of consistent models can be an effective tool to reduce 
high fabrication costs. Such a process, however, is often rather 
laborious, as most of the systems have fine details that need 
large resources. To this aim, diverse techniques – pursuing in-
herent-error improvements – have been so far derived [5]-[7], 
while, from an application point of view, a method which gives 
an exact solution for the triode problem has been given in [8]. 

 In this paper, a 3-D finite-volume time-domain (FVTD) 
method with an enhanced spectral resolution is presented for the 
rigorous analysis of demanding EMC components. Two typical 
categories are the amplification devices, like improved triodes, 
and microstrip-oriented filters that incorporate electromagnetic 
bandgaps (EBGs) in a periodic uniform or non-uniform fashion. 
The new scheme introduces derivative approximators of con-
trollable order based on a conservation-law concept, which ex-
presses all terms as components of a solution vector. Regarding 
periodicity, the algorithm divides the space in subdomains and 
associates their field quantities to dual topologies in the sense of 
differential forms. Experimental data from fabricated prototypes 
are compared to several numerical simulations, revealing the 
ability of our formulation to accurately predict the device’s 
overall performance, before the process of manufacturing.  

II. THE SPECTRALLY-CONTROLLABLE FVTD ALGORITHM 

The proposed method develops a curvilinear dual-cell grid 
with higher-order derivative approximations of adjustable spec-
tral accuracy. It, also, launches a stable integration scheme that 
conserves the total charge in a global sense. So, the staggered-
meshed finite-difference time-domain (FDTD) formalism is 
efficiently overcome with a reasonably limited overhead. 

 
 (a) (b) 
Fig.  1. (a) Geometry of an improved triode. (b) Fabricated prototypes of three 

uniform/non-uniform cross/gap EBG-loaded reconfigurable filters. 
 

Since the novel FVTD technique utilizes arbitrary cells, with 
the four corners of their faces not necessarily lying on the same 
plane, it is essential to describe the geometry of all edges and 
faces in both lattices. Hence, unit vector direction cosines are 
introduced to transform Maxwell’s equations in the form of 
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with (u,v,w) being a general coordinate system, vector F stand-
ing for the electric, E, or magnetic, H, field vector and L denot-
ing the accuracy order in the computation of spatial derivatives. 
Specifically, the total spectral-resolution performance can be 
effectively controlled through the enhanced operator   
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where η(u,v,w) and Δη(Δu,Δv,Δw) is the spatial increment. 
Moreover, spatial form Mη,D[.] enables the fine adjustment of 
spectral accuracy via diverse stencils and weighting coeffi-
cient P. In particular, considering the g(u,v,w) system metrics,  
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Structural parameters Λl and Νl,p increase the consistency of 
the algorithm during the modeling of complex geometric de-
tails or material discontinuities, like the realistic EMC devices 
of Fig. 1. In fact, such a concept leads to node sets which pro-
vide rapid interface extrapolations with all possible topologies.   
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Fig. 2. (a) Normalized phase velocity error and (b) maximum L2 error norm 
for the proposed and various higher-order time-domain realizations. 
 

Apart from the Lth-order spatial operator in (2), which in-
creases the spectral order of accuracy, parameters q1, q2, q3 

guarantee the stability of the resulting schemes and subdue po-
tential late-time oscillations. To exploit all fluxes through the 
element faces, we introduce the cell average notion – i.e. the 
average of vector F = [E, H]T at the barycenter of the cell – as    

 1 ( )
i i

i VVF dV  F r ,  (5) 

with r the position vector and Vi the volume of cell i. In this 
context, two subvectors of F are considered; one on the inter-
nal and the other on the external side of each face. Both quan-
tities are computed by an interpolation approach centered on 
the respective face side. Setting these issues to (1), (2), one gets 

 t  F F ΞZ , (6) 

for Ζ a matrix with all material properties and Ξ a term contain-
ing the source contributions of every grid cell. To complete our 
FVTD method, time derivatives in (1) are precisely approx-
imated via the leapfrog-like, predictor-corrector scheme of 

  1/2 0.5n n nt   F F AF     and    1 1/20.5n n nt   F F AF , (7) 

in which A is the usual update matrix for vector F. It is stated 
that the proposed algorithm is conditionally stable, obeying to a 
less strict (than the FDTD) Courant-type criterion, extracted 
through the von Neumann analysis. The above assets along 
with the parametrized adjustment of the spectral resolution, 
improve significantly the dispersion relation (as clearly shown 
in Fig. 2), which, compared to the typical GFDTD one, reads 
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with Δt representing the algorithm’s temporal increment.  

III. NUMERICAL RESULTS – CONCLUSIONS 

The first application for the certification of the proposed 
FVTD method is the improved triode of Fig. 1a. Its dimensions 
are: a = 5.6 cm, b = 2 cm, c = 1.8 cm, d = 1 cm, e = 0.8 cm, g = 
0.6 cm, h = 0.2 cm, and m = 4.75 cm, whereas for the termina-
tion of the domain, a 6-cell thick PML is employed. Apparently, 
the discretization of this geometry is very demanding, especially 
due to its large electrical size and curved parts. For our simula-
tions, an L = 3, 4 or 5 order of spectral accuracy is deemed ade-
quate, thus leading to the very coarse 422640 lattice. Figure 
3 illustrates the triode plate versus plate potential for different 
grid voltages of the triode. As observed, our technique is proven 
very accurate compared to the results acquired by the finite 
element method, which, however, requires a 65% finer mesh. 
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Fig. 3. Simulated triode plate current curves versus plate potential. 
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Fig.4. Snapshots of the surface current distribution and S21 simulated and 
measured results for a uniform cross/gap EBG-loaded microwave filter. 

 

Next, let us proceed to the reconfigurable filtering structures 
of Fig. 1b. The basic element of these devices is a 2.8 mm-wide 
microstrip line loaded with two cross or ‘gap’ EBG unitcells. 
The height of the unicell is 15.24 mm, the size of the gap is 0.4 
mm, and the thickness of the εr = 4.5 substrate is 1.5mm. As 
shown in Fig. 1b, both uniform and unevenly distributed unit-
cell configurations are investigated. To this end, the input port 
is excited using a voltage resistive source, while the output port 
is terminated with a 50 Ω resistive element to achieve matching. 
Figure 4 gives two indicative snapshots of the device’s surface 
current distribution during its operation as a mere microstrip or 
a filter (depending on the EBG frequency range). Finally, Fig. 4 
presents the very good agreement between the FVTD (L = 3) 
results and the measured data from our fabricated prototype.   
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