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Abstract: This paper focuses on the design of a Thermo-Photovoltaic filter with band-pass characteristics in the form of a Frequency 
Selective Surfaces with cascaded inhomogeneous dielectric substrates. Desired performance is achieved via the integration of a 
topology design methodology known as the density method with robust finite element-boundary integral (FE-BI) simulators. 
 
INTRODUCTION 
Frequency Selective Surfaces (FSS) find widespread applications as filters in microwaves and optics. In 
addition to the more traditional applications, emerging applications are low band-gap materials for spectral 
control filters. An application relates to Thermo-Photovoltaic (TPV) cell panels [Wu et al. [1]] used in the 
production of small lightweight portable generators. A need exists to protect the TPV panels from broadband 
radiation by employing high efficiency spectral control filters. However, these filters often lack compactness, 
good band-pass behavior or desired efficiency. Here we present the design of such a TPV filter with 
band-pass characteristics in the form of a FSS with cascaded inhomogeneous dielectric substrates. The goal 
is to allow for more design flexibility using dielectric periodic structures to deliver a sharper filter response.  
Although the basic operating principles and analysis techniques of FSS structures are well known [Munk [2]], 
their vast suite of applications has engendered only few design techniques, almost all heuristic or 
experimental in nature [Mittra et al. [3]]. It is much more difficult to design FSS with dielectric and 
metallized periodicities. Therefore, here we propose to employ a formal mathematical design process of the 
desired response. More specifically, a topology optimization method based on the density method [Bendsoe 
[4]] is extended to develop full three-dimensional substrate designs. The Sequential Linear Programming 
(SLP) [Yang et al. [5]] is a theoretically well-founded mathematical programming algorithm and is adopted 
here for optimization. An essential aspect of any optimization scheme is the evaluation of the response 
(transmission coefficient) sensitivity with respect to changes in the design variables (dielectric permittivities). 
In this respect, the adjoint variable method [Dyck et al. [6]] is employed to enable versatility and fast 
convergence using first order mathematical programming algorithms. This paper presents the topology 
design methodology capable of generating novel configurations through the integration of design 
optimization tools with robust finite element-boundary integral (FE-BI) [Eibert et al. [7]] simulators. The 
latter removes limitations on geometry or material distribution but most importantly it incorporates fast O(N) 
solvers for rapid solution of large-scale problems.  
In the following, first a description of the density method and the automated design procedure to determine 
the volumetric material distribution is provided. The proposed method is then applied to design the dielectric 
material distribution of a TPV filter subject to pre-specified pass-band criteria. 
 
DESIGN METHOD 
The design method proposed here is based on the topology design method known as the density method 
[Bendsoe [4]]. The density method has been accepted as a potential design tool in the mechanical 
engineering area for more than a decade because of its simplicity and efficiency. A key aspect of the design 
method is that any device, not known a-priori, is represented by specifying the material properties at every 
point of the fixed design domain. In practice, to specify the material properties, the design space is 
discretized into material cells/finite elements. The essence of the design method is that the geometry 
representation of the material during design is achieved by introducing only a single density variable, ρ, and 
relating it to the actual material property of each finite element thru a continuous functional relationship. 
Such a function for the dielectric permittivity would be: 
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where n is a penalization factor whereas εint and εorig are the intermediate and original solid material 
permittivities, respectively. Similar to the standard on/off representation of geometries, the problem is 
formulated through the introduction of a normalized density with ρ=0 corresponding to a void/off (εint= εair), 
ρ=1 to solid/on (εint= εorig) and 0< ρ <1 to an intermediate dielectric material, εint. This parameterization casts 
the problem in a general non-linear optimization framework, where the normalized density within each finite 
element is used as the design variable to formulate the topology optimization problem. The goal is to arrive 
at the optimum distribution of material (densities) such that a desired performance merit of a device is 
optimized subject to certain design constraints. The iterative optimization scheme chosen here, due to its 
well-known efficiency and reliability is the SLP method, employing the DSPLP package in the SLATEC 
library [Hansen et al. [8]]. Updates of the design variables are carried out via a procedure based on the 
adjoint variable method, an efficient method that permits full interface with the FE-BI electromagnetic solver. 
This sensitivity analysis is crucial to integrating the solver with the SLP optimizer and is discussed in more 
detail in [Dyck et al. [5]]. Application of hybrid methods such as the FE-BI to infinite periodic structures 
provides for a full 3-D modeling flexibility and allows for designing arbitrary geometrical and material 
details. By virtue of the FE method and its O(N) memory and CPU requirements, this module is an ideal 
candidate for practical FSS and printed antenna designs without limitations on shape and topology, or 
substrate material distribution. Accurate results have already been obtained for scattering and radiation 
applications demonstrating the method’s capability [Eibert et al. [7]]. 
 
DESIGN EXAMPLE OF A PASS-BAND SPECTRAL FILTER 
Our goal is to design an efficient TPV spectral-control filter that complies with specific operational 
characteristics. Its working wavelength band is 1µm-10µm and the primary functional requirement is to 
provide recuperation of low energy photons for the emissive power of the photon radiator. Assuming zero 
absorption, this translates into a filter design that experiences a sharp transition in its (power) transmission 
characteristics at 2.4 µm, the onset of inter-band absorption in the TPV device. To achieve the desired 
response, the proposed method is adapted to improve the response of a preliminary design composed of 
cascaded planar periodic wire loop FSSs sandwiched between multiple dielectric blocks/layers as illustrated 
in Fig. 1. As evident, the dielectric layers on which the FSS are printed are of constant composition (ε=1.1). 
Based on the pass-band requirement, the non-linear optimization problem is formulated as follows: 
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Here, (2) represents the objective function with iλτ being the transmission coefficient at wavelength λi. A 
minimization of the square sum of errors for sampled transmission coefficients corresponds to the desired 
bandpass behavior. VT in (3) is the total volume of the design domain, i.e. the prescribed volume of the 
periodic unit cell; η is the fraction of the design domain to which the designed material is limited. A total 
number of 12 evenly spaced frequency points are chosen to ensure accurate capturing of the transmission 
response especially at the high frequency spectrum. To avoid high CPU costs for the simulation, wavelengths 
only up to 4.6 µm instead of the entire spectrum are considered since the transmission behavior is not as 
affected by material variations at higher wavelengths. The formulation and solution of the optimum material 
distribution problem complies with the proposed topology optimization procedure. The standard design 
algorithm is applied with η=60% and a penalization factor of n=2 and convergence is achieved in 23 
iterations. Remarkable improvement is achieved for the transmission response as compared to the initial 
performance (Fig. 1). Key to achieving this performance was the optimal distribution of the available 
material (ZnS with εsolid=4.84) within the 16 layers of the design domain (as illustrated by the density 
distribution in Fig. 2). Fig. 2 is a color-coded cross sectional image where each grey-scale level corresponds 
to a value of εr. For manufacturing purposes, the resulting image need be altered via a gradual penalization 
technique and image processing/filtering to achieve a realizable/manufacturable solid design. 
 
CONCLUSIONS 
In this paper, the design of a pass-band spectral filter in the form of a Frequency Selective Structure for TPV 
applications was considered. The dielectric material distribution was optimized via the proposed automated 



 

design procedure based on the density method to obtain the substrate material topology subject to the TPV 
filter performance. It was shown that significant performance improvement was attained via optimization of 
the material topology. The simplicity and low number of iterations needed to reach convergence motivates 
the application of the proposed method for other scattering applications.  
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Fig. 1: Left: Initial spectral TPV filter geometry with double layer FSS sandwiched between εr=1.1 substrates (dimensions are in 
µm); Right: Transmission response for initial (ε = 1.1) vs. optimized material distribution (Fig.2) of TPV filter. 
  

Fig. 2: Optimized material distribution across each layer (upperleft section is bottom layer) for TPV filter made of ZnS with ε=4.84 
(dark areas) and ε=1.1 (grey areas). 


