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METHODS, COMPUTER READABLE MEDIA,
AND GRAPHICAL USER INTERFACES FOR
ANALYSIS OF FREQUENCY SELECTIVE
SURFACES

There remains a need in the art for improved methods of
modeling, analyzing, and designing FSS structures at frequencies in the infrared and visible light regions of the electromagnetic spectrum, as well as for improved methods for
analyzing FSS structures at a range of frequencies and with a
range of modifiable parameters for the FSS structures.

GOVERNMENT RIGHTS

BRIEF SUMMARY OF THE INVENTION
This invention was made with government support under
Contract No. DE-AC07-05-ID14517, awarded by the United
An embodiment of the invention comprises a method for
States Department of Energy. The government has certain 10
analyzing a frequency selective surface. The method includes
rights in this invention.
RELATED APPLICATION
The present application is related to U.S. Provisional 15
Patent Application Serial No. 60/987,630, filed Nov. 13,
2007, and entitled ANTENNA DEVICES COMPRISING
FLEXIBLE SUBSTRATES, RELATED STRUCTURES,
AND METHODS OF MAKING AND USING THE SAME,
and co-pending U.S. patent application Ser. No. 11/939,342, 2o
filed Nov. 13, 2007, and entitled STRUCTURES, SYSTEMS
AND METHODS FOR HARVESTING ENERGY FROM
ELECTROMAGNETIC RADIATION, the disclosures of
which are incorporated by reference herein in their entireties.
1. Technical Field

25

Embodiments of the present invention relate generally to
methods for analyzing and designing structures that are
responsive to incident electromagnetic energy and, more specifically, for analyzing and designing arrays of electromag3o
netic scattering elements.
2. Background
Frequency selective surfaces (FSS) are used in a wide
variety of applications including radomes, dichoric surfaces,
circuit analog absorbers, and meander line polarizers. An FSS
35
is a two-dimensional periodic array of electromagnetic scattering elements. Such scattering elements may be in the form
of conductive dipoles, patches, loops or slots. An FSS structure generally includes a metallic grid of scattering elements
deposited on a dielectric substrate. Each of the metal patches
4o
within the metallic grid defines a receiving unit cell.
An electromagnetic wave incident on the FSS structure
will pass through, be reflected by, or be absorbed by the FSS
structure. This behavior of the FSS structure generally
depends on the electromagnetic characteristics of the metal 45
patches, which can act as small resonance elements. As a
result, the FSS structure can be configured to perform as
low-pass, high-pass, or dichoric filters. Thus, the resonance
elements may be designed with different geometries and different materials to generate different spectral responses.
50
Conventionally, FSS structures have been successfully
designed and implemented for use in Radio Frequency (RF)
and microwave frequency applications. It is recognized that
several numerical analysis techniques can be employed for
electromagnetic analysis. One such technique is a "method of 55
moments" technique, which is a numerical computational
method of solving linear partial differential equations associated with electromagnetic fields. Variants of this method of
moments analysis may also be referred to as Periodic Method
of Moments (PMM), which have been shown to be useful in 6o
modeling FSS structures for the radio frequency (RF) spectrum.
However, PMM analysis tools are limited for modeling the
behavior of FSS structures in the infrared region and visible
light regions. In addition, currently available PMM analysis 65
tools generally perform the analysis at a specific frequency
and with a specific FSS structure.

defining a frequency range including multiple frequency values and determining a frequency dependent permittivity
across the frequency range for a substrate included in the
frequency selective surface. The method also includes analyzing the frequency selective surface using a method of
moments analysis at each of the multiple frequency values for
an incident electromagnetic energy impinging on the frequency selective surface to develop a frequency response
function. The frequency dependent permittivity is included in
the method of moments analysis.
Another embodiment of the invention comprises a method
for analyzing a frequency selective surface. The method
includes defining a frequency range including multiple frequency values and determining a frequency dependent conductivity across the frequency range for a conductive material
included in the frequency selective surface. The method also
includes analyzing the frequency selective surface using a
method of moments analysis at each of the multiple frequency
values for an incident electromagnetic energy impinging on
the frequency selective surface to develop a frequency
response function. The frequency dependent conductivity is
included in the method of moments analysis.
Another embodiment of the invention comprises a Graphical User Interface (GUI) for modeling, analyzing and designing frequency selective surfaces. The GUI includes an interface element for defining a frequency range including
multiple frequency values, an element for accessing a frequency dependent conductivity across the frequency range
for a conductive material included in the frequency selective
surface, and an element for accessing a frequency dependent
permittivity across the frequency range for a substrate
included in the frequency selective surface. The GUI also
includes an element for controlling a method of moments
analysis module to analyze, at each of the multiple frequency
values, the frequency selective surface for an incident electromagnetic energy impinging on the frequency selective surface. The frequency dependent conductivity and the frequency dependent permittivity are included in the method of
moments analysis.
Yet another embodiment of the invention includes a computer readable media including computer executable instructions to be executed on a processor. When executing the
computer instruction, the processor defines a frequency range
including multiple frequency values, determines a frequency
dependent permittivity across the frequency range for a substrate included in a frequency selective surface, and determines a frequency dependent conductivity across the frequency range for a conductive material included in the
frequency selective surface. Computing instructions are also
included for analyzing the frequency selective surface using a
method of moments analysis at each of the multiple frequency
values for an incident electromagnetic energy impinging on
the frequency selective surface to develop a frequency
response function. The frequency dependent permittivity and
the frequency dependent conductivity are included in the
method of moments analysis.
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Yet another embodiment of the present invention is an
occur in a different sequence, or in one, or more, parallel
apparatus comprising a frequency selective surface including
process streams. It will be appreciated by those of ordinary
skill in the art that many steps and processes may occur in
a pattern of conductive material formed on a substrate to form
an array of resonance elements. At least one aspect of the
addition to those outlined in the flow charts. Furthermore, the
frequency selective surface is determined by defining a fre- 5 processes may be implemented in any suitable hardware,
quency range including multiple frequency values, determinsoftware, firmware, or combinations thereof.
ing a frequency dependent permittivity across the frequency
When executed as firmware or software, the instructions
for performing the processes may be stored on a computerrange for the substrate, determining a frequency dependent
readable medium. A computer-readable medium includes,
conductivity across the frequency range for the pattern of
conductive material, and analyzing the frequency selective 10 but is not limited to, magnetic and optical storage devices
surface using a method of moments analysis at each of the
such as disk drives, magnetic tape, CDs (compact disks),
multiple frequency values for an incident electromagnetic
DVDs (digital versatile discs or digital video discs), and
energy impinging on the frequency selective surface. The
semiconductor devices, such as RAM (Random Access
Memory), DRAM (Dynamic Random Access Memory),
frequency dependent permittivity and the frequency dependent conductivity are included in the method of moments 15 ROM (Read-Only Memory), EPROM (Electrically Erasable
analysis.
Programmable Read-Only Memory), and Flash memory.
By way of non-limiting example, computing instructions
BRIEF DESCRIPTION OF THE SEVERAL
for performing the processes may be performed on a processVIEWS OF THE DRAWINGS
ing system (not shown). In the processing system, the corn20 puting instructions may be stored on operational storage,
FIGS. 1A-1C are top views of various resonance elements
transferred to a memory for execution, and executed by one or
and resonance elements arranged in two-dimensional arrays;
more processors. The one or more processors, when executFIGS. 2A and 2B are graphs illustrating values for optical
ing computing instructions configured for performing the
constants as a function of wavelength;
processes, constitutes structure for performing the processes.
FIG. 3 illustrates a Graphical User Interface (GUI) show- 25 In addition, some or all portions of the processes may be
ing some parameters and results used in analyzing FSS strucperformed by hardware specifically configured for carrying
tures;
out the processes.
FIG. 4 illustrates the GUI of FIG. 3 showing some paramAn FSS structure is made up of a periodic arrangement of
eters and results for another FSS structure and a window
resonant structures (also referred to as antennas, micro-anindicating some analysis results;
30 tennas, and nano-antennas). Generally, the FSS structure may
FIG. 5 is a GUI window illustrating some possible frebe formed by a conductive material formed in a specific
quency bands that may be selected for post-processing of FSS
pattern on a dielectric substrate to create the resonance elestructure analysis data;
ments. These FSS structures may be used for spectral modiFIG. 6 is a GUI window illustrating some possible paramfication of reflected or transmitted incident radiation. The
eters that may be defined in analysis of FSS structures; and 35 resonant properties of these structures are largely dependent
FIG. 7 is a simplified flow chart illustrating some of the
on the structure’s layout in terms of shape, dimensions, periprocessing acts that may occur during analysis and design of
odicity, the structure’s material properties, and optical paramFSS structures.
eters of surrounding media. It has been demonstrated that by
varying the FSS geometry, material properties, or combinaDETAILED DESCRIPTION OF THE INVENTION
4o tions thereof, that it is possible to tune the resonance ofan FSS
structure to meet specific design requirements.
Embodiments of the present invention provide methods
FIGS. 1A-1C are top views of various resonance elements
and computer readable media for performing analysis and
110 and two-dimensional arrays of resonance elements 110 to
design of FSS structures at frequencies in the infrared, visible
form FSS structures 100. FIG. 1A illustrates square loop resolight, and up to TeraHertz regions of the electromagnetic 45 nance elements 110 formed on a substrate 105 to create a
spectrum, as well as methods for analyzing FSS structures at
two-dimensional array of square loop resonance elements
a range of frequencies and with a range of modifiable param110 that form an FSS structure 100. FIG. 1B illustrates square
eters for the FSS structures.
spiral resonance elements 110’ formed on a substrate 105’.
In the following detailed description, reference is made to
FIG. 1C illustrates the square spiral resonance elements 110’
the accompanying drawings which form a part hereof, and in 5o of FIG. 1B formed in an array of square spiral resonance
which is shown by way of illustration specific embodiments
elements 110’ on a substrate 105’ to produce another FSS
in which the invention may be practiced. These embodiments
structure 10ft.
are described in sufficient detail to enable those of ordinary
The substrate 105 may be any suitable dielectric material.
skill in the art to practice the invention. It should be underAs non-limiting examples, the substrate 105 may be a semistood, however, that the detailed description and the specific 55 conductor-based material including silicon, silicon-on-insuexamples, while indicating examples of embodiments of the
lator (SOI) or silicon-on-sapphire (SOS) technology, doped
invention, are given by way of illustration only and not by way
and undoped semiconductors, epitaxial layers of silicon supof limitation. From this disclosure, various substitutions,
ported by a base semiconductor foundation, and other semimodifications, additions, rearrangements, or combinations
conductor structures. In addition, the semiconductor need not
thereof within the scope of the present invention may be made 6o be silicon-based, but may be based on silicon-germanium,
and will become apparent to those skilled in the art.
silicon-on-insulator, silicon-on-sapphire, germanium, or gallium arsenide, among others.
Software processes and analysis methods illustrated herein
are intended to illustrate representative processes that may be
As other non-limiting examples, the substrate 105 may be
a flexible material selected to be compatible with energy
performed by a general purpose or special purpose processing
system. Unless specified otherwise, the order in which the 65 transmission of a specific wavelength of light. The substrate
process acts are described is not intended to be construed as a
105 may be formed from a variety of flexible materials, such
limitation, and acts described as occurring sequentially may
as a thermoplastic polymer or a moldable plastic. By way of
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other non-limiting examples, the sub strate 105 may comprise
Finally, there is a need to enhance conventional PMM
polyethylene, polyethylene derivatives, polypropylene,
models with the ability to use statistical analysis tools to post
acrylic, fluoropolymer, polystyrene, polystyrene derivatives,
process the PMM analysis results to present specific areas
polymethyl methacrylate (PMMA), polyvinyl chloride, polythat may be of interest to a person designing, modeling, and
vinyl chloride derivatives, polyethylene terephthalate (MY- 5 analyzing various FSS structures 100.
One way to obtain electro-optical properties of the mateLAR®), polyimide (e.g., KAPTON®), polyolefin, or any
other material suitable for use as a substrate 105. In additional
rials used in FSS structures 100 is to characterize the materiembodiments, the substrate 105 may comprise a binder with
als using variable-angle ellipsometry analysis and measurenanoparticles distributed therein, such as silicon nanoparment. The resulting characterization data from the
ticles distributed in a polyethylene binder, or ceramic nano- 10 ellipsometry analysis may then be incorporated into a freparticles distributed in an acrylic binder. Any type of substrate
quency dependent PMM analysis.
105 may be used as long as the substrate 105 is suitable for the
FIGS. 2A and 2B are graphs illustrating values for optical
desired spectrum of electromagnetic radiation.
constants as a function of wavelength for two different types
of polyethylene materials. As a non-limiting example, for IR
The square loop resonance elements 110 may be formed of
a conductive material. The conductive material may be a is frequencies (and, thus, wavelengths oting that wavelength
and frequency are directly related for electromagnetic
metal or combination of metals such as, for non-limiting
waves), variable-angle IR ellipsometry may be used to meaexamples, manganese (Mn), gold (Au), silver (Ag), copper
sure real and imaginary parts of permittivity from 1-30
(Cu), aluminum (A1), platinum (Pt), nickel (Ni), iron (re),
microns for materials of interest. The resulting data may then
lead (Pb), tin (Sn), or any other material suitable for use as a
conductive material. The conductive material may have a 2o be processed and stored as libraries of data available for
processing in the PMM analysis. In FIGS. 2A and 2B, a first
conductivity in the range of 1.0xl06 Ohms-1 cm-1 to 106.0x
polyethylene material is represented by an index of refraction
10 6 Ohms-1 cm-1.
150 and an extinction coefficient 152. A second polyethylene
There are many geometric configurations that may be suitmaterial is represented by an index of refraction 160 and
able as resonance elements 110. As non-limiting examples,
some of these geometries are square loops, circular loops, 25 extinction coefficient 162.
Ellipsometry is an optical measurement technique for the
concentric loops, square spirals, circular spirals, slots, and
investigation of the dielectric properties of thin films. Some of
crosses.
these properties that may be of interest are the complex
Although the analysis of the FSS structure behavior can be
refractive index or dielectric function. As an optical techapproximated with analog methods such as RLC (Resistance,
3o nique, spectroscopic ellipsometry is generally non-destrucInductance, and Capacitance) lumped component theory,
tive and operates without contacting the material being evalumore complex numerical analysis methods are required to
ated.
evaluate the many variables more accurately and develop a
Optical constants of isotropic materials can be described
more accurate model of an FSS structure 100. One such
using two parameters. These values characterize how a mateanalysis method is known in the art as a method of moments
35 rial responds to excitation by electromagnetic radiation of a
analysis, which may be used for periodic arrays and is often
given wavelength. One representation is the complex index of
termed a Periodic Method of Moments (PMM) analysis.
refraction fi, where the real part n is the index of refraction and
However, PMM analysis has conventionally been applied
the imaginary part, k, is the extinction coefficient. The mathto FSS structures 100 targeted for the millimeter-wave and
ematical relationship is: fi +ik.
radio frequency spectra and the PMM models have been
The index of refraction, n, describes the phase velocity of
4o
designed to perform at a single selected frequency. In addilight in a material compared to propagation in vacuum. The
tion, at these relatively lower frequencies, the individual
absorption of light is governed by the extinction coefficient, k.
materials making up the FSS structure 100 may exhibit subIn other words, the complex index of refraction fi is a measure
stantially homogeneous behavior when excited by incident
of how well a material reflects incident electromagnetic radiaradiation. However, at higher frequencies, the materials may
45 tion and the extinction coefficient k is a measure of how well
behave differently at different frequencies. For example,
the material scatters and absorbs electromagnetic radiation. If
antenna metals at IR (infrared) wavelengths exhibit electrothe electromagnetic (EM) wave can pass through the material
magnetic conductivity properties that depend on frequency.
easily, the material has a low extinction coefficient. ConIn other words, the majority of metals commonly used in FSS
versely, if the radiation hardly penetrates the material, but
structures 100 exhibit measurable dispersive properties at IR
5o rather quickly becomes "extinct" within it, the extinction
and visible wavelengths, which may result in a significant
coefficient is high. These coefficients of refraction and extincmodification in the resonance characteristics of a nano-antion may also be used to determine the amount of light
tenna.
reflected and transmitted at an interface between two materiAs a result, there is a need for methods to enhance convenals.
tional PMM models with the ability to analyze and model ss
As a non-limiting example, for some materials ellipsomchanges in behavior of materials that may have different
etry measurements were performed at several angles of incielectro-optical properties at different frequencies.
dence (e.g., 60°, 70° and 75°). For this non-limiting example,
There is also a need to enhance conventional PMM models
beam diameter was fixed at 6 mm. FIGS. 2A and 2B are
with the ability to repeatedly perform (also referred to herein
graphs illustrating values for optical constants as a function of
as "sweep") the PMM analysis over a range of frequencies 6o frequency for two different types of polyethylene materials.
with user-selectable step sizes for the frequencies to develop
As a non-limiting example, for IR frequencies, variable-angle
an analysis result that can be readily visualized across the
IR ellipsometry may be used to measure real and imaginary
desired frequency range.
parts ofpermittivity from 1-30 microns for materials of interThere is also a need to enhance conventional PMM models
est. The resulting data may then be processed and stored as
with the ability to repeatedly perform (also referred to herein 65 libraries of data available for processing in the PMM analysis.
as "sweep") the PMM analysis over a range of values for
For compatibility with conventional model algorithms, it
parameters that may affect the analysis result.
may be useful to convert wavelength units to frequency and
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the optical constants ’n’ and ’k’ to complex permittivity (epsilon real and epsilon imagery). The mathematical relationship
between the optical constants and complex permittivity is:
Epsilon (real) 2-k2
Epsilon (imagery) 2n*k
where:

Thus, PMM models a periodic array of elements, via the
mutual impedance and plane-wave expansion techniques,
using a single reference antenna element as the basis. The
voltage induced on the reference element by the rest of the
array may be calculated by the following equation:

n reflection coefficient;
extinction coefficient;
Thus, the frequency dependent permittivity for the dielectric substrate 105 over a range of frequencies may be stored in
a table for access by the PMM model.
The ellipsometry data collected may be processed differently for the dielectric substrate 105 and the conductive materials. For conductive materials, the parameter of interest is
sheet resistance, which may be characterized as impedance,
conductance, or admittance of the conductive material at
various frequencies.
In the IR and visible light frequency range, electrical characteristics of conductive materials may vary for a lossy (i.e.,
absorbing) FSS conductive layer. Conventionally, FSS conductive layers have simply been modeled by a DC resistivity
characterization of a metal via, for example, a four-point
probe. This simple resistivity characterization may be
adequate for microwave frequencies. However, at IR, nearIR, and visible light frequencies, DC resistivity values of
conductive films may not scale uniformly to IR and visible
light resistivity values.
Therefore, embodiments of the disclosure provide a
method for calculating material conductivity from the ellipsometry refractive index data. This frequency dependent conductivity analysis provides more accurate modeling of the
frequency dependent behavior of the FSS conductive layer
and aids in impedance matching calculations.
The mathematical relationship between the optical constants and conductivity is:
Conductivity (2n*k*p.o*2 *c0)/wavelength (meters)
where:
n reflection coefficient;
extinction coefficient;
permittivity of free space 8.854x10-12; and
co Speedlight invacuum 3x108 meters/sec.
Thus, the ellipsometry information including reflection
coefficient and extinction coefficient gathered at frequency
values within a frequency range of interest may be used to
determine a frequency dependent conductivity across the frequency range of interest. This frequency dependent conductivity may be stored in a table for access by the PMM model.
In general, the method of moments is a mathematical technique for solving inhomogeneous linear equations and is
especially suited for analysis of periodic arrays of nanoantennas. To accomplish this, the field scattered by the
antenna may be represented as an integral of the unknown
surface currents on the reflecting surface. The reflecting surface may then be divided into small patches, which are sometimes referred to as modes. Then, by modal analysis, current
across the reflecting surface may be represented as a sum of
current components along two orthogonal directions. Plane
wave expansion may be used to solve the electromagnetic
boundary conditions derived from Maxwell’s equations for
each patch, which may be expanded to find the unknown
surface current density over the entire surface. The result is a
coupled system of equations accounting for the electromagnetic interaction of every segment with every other segment
on the surface. As a result, a PMM model can predict a
complete antenna pattern at all points in space by taking into
account the effect of the antenna geometry, antenna materials
and the surrounding media.

vm’array =

cosoJ

( e+ ]array). pm inn. T

10

Within this equation:
the V .........Y term includes variables defining the inter-ele15 ment spacing (i.e., "pitch") between the elements;
the f "p" term includes variables defining the real and
imaginary parts of the permittivity of the dielectric sub strate
105;
the Z,,/(2D Dy) term includes variables defining the ele20 merit impedance (or, as in the inverse, conductivity) of the
conductive material in the resonant structure; and
lambda is the variable defining wavelength (or, as the
inverse, frequency).
Embodiments of the present invention include methods for
25 automating a process of performing the PMM analysis across
a range of frequencies for the incident electromagnetic energy
by "sweeping" through a set of frequencies within a desired
frequency range and performing the PMM analysis at each
frequency within the set. In addition, frequency dependent
3o values for conductivity of the conductive material and permittivity of the dielectric substrate 105 may be incorporated
into the model based on the information obtained previously,
through, as a non-limiting example, the ellipsometry analysis.
Furthermore, to assist in design optimization and analysis,
35 the process may be automated by sweeping through other
parameters that may affect the model and overall response of
the FSS structure 100 being modeled. Thus, as non-limiting
examples, parametric sweeps may be performed for resonance element geometry such as outer dimensions, thickness
4o of the conductive material, thickness of the dielectric material, gaps between square loop resonance elements 110, and
pitch between square loop resonance elements 110. Other
parametric sweeps may include parameters such as angle of
incidence for the incident electromagnetic energy.
45

In general, the incident electromagnetic energy may be
absorbed by, transmitted through, or reflected by the FSS
structure 100. The result of a conventional PMM model is in
units of reflectivity for the excited FSS structure 100. The
magnitude of reflectivity may be expressed in terms of deci5o bels (dB). In analysis and optimization, it may be more useful
to understand the emissivity properties of the FSS structure
100.
Emissivity may be derived from the reflectivity by the
following equation:
55

Emissivity 10 (Re/lo)
Wherein, Re

reflectivity.

FIG. 3 illustrates a Graphical User Interface (GUI) 200
showing some parameters and results used in analyzing FSS
60 structures 100. The GU1200 may include dialog windows and
forms to control the geometry and modeling parameters of the
FSS design. Each parameter can be entered as single values
for fixed sweeping or array values for parametric sweeping.
Interactive menus may be used to guide a Design Engineer
65 through setup of the "design and modeling" parameters.
As a non-limiting example, windows of the GUI 200 of
FIG. 3, illustrate a resonance element geometry window 210,
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a dielectric properties window 220, a conductive material
window 230, and a model output window 250.

The GU1200 supports the capability to select regions of the
electromagnetic spectrum for analysis. Within these selected
regions, the GUI and PMM model provide the capability to
sweep the frequency ranges and to select the resolution (i.e.,
frequency steps) of the parametric sweeps.
As non-limiting examples, the parameter selection window
270 illustrates parameters (and selected values) such as, type
of trace material (Au), type of dielectric material (polyl),
minimum wavelength to solve (3 microns), maximum wavelength to solve (12 microns), number of wavelength sample
points (30), incident wave alpha angle (0 degrees), incident
wave eta angle (0.01 degrees), dielectric thickness (1.25
microns), square loop (e.g., element or trace) width (0.3
microns), square loop spacing gap (0.3 microns), and square
loop periodicity (3.5 microns). It is noted that the displayed
values are merely examples and should not be considered
limiting in any sense.
Of course, other parameters may be included. In addition,
parameter ranges may be included such that parametric
sweeps may be performed on the parameter ranges. As nonlimiting examples, parametric sweeps may be desired for
incident wave angles, conductor trace thickness, resonance
element spacing gaps, periodicity, and dielectric thickness.
FIG. 7 is a simplified flow chart illustrating some of the
processing acts that may occur during an analysis and design
method 300 of FSS structures 100. In describing process 300,
reference also may be made to elements illustrated in FIGS.
1A-1C. In operation block 310, the operator designs the
geometry for the square loop resonance elements 110 and
selects materials for the substrate 105 and conductive traces.
In operation block 312, frequency dependent electro-optical
properties of the materials may be determined by, as a nonlimiting example, ellipsometry. Of course, operation block
312 may be performed prior to the analysis and design
method 300. For example, a database of frequency dependent
properties for a variety of materials may be developed and
maintained. The database may then be consulted based on
which materials and frequencies were selected for the current
design.
Operation block 316 indicates that the wavelength sweep
and parameter sweeps may be defined. By way of non-limiting example, the operator may select to sweep the wavelength
from 2 microns to 15 microns in 30 equally spaced steps. The
operator may also select to sweep from a dielectric thickness
of one micron to two microns in 5 equally spaced steps.
Operation block 318 indicates that the PMM analysis is
performed with currently selected parameters and at the current frequency. The PMM analysis result for each time
through the analysis loop may be saved in a database for
additional post processing.
Decision block 320 tests to determine if the frequency
sweep is complete. If not, operation block 322 sets the new
frequency to the next step in the frequency sweep, and operation block 318 repeats the PMM analysis.
If the current frequency sweep is complete, decision block
324 tests to determine if parametric sweeps are complete. If
not, operation block 326 sets the current parameter to the next
step in the parameter sweep. Alternatively, if the parameter
sweep for the current parameter is complete, but there are
more parameters to sweep through, operation block 322 sets
the beginning of a new parametric sweep. After the new
parameter value is set, flow returns to operation block 318 to
perform a new frequency sweep with the new parameter
value.
If all parameter sweeps are complete, as determined by
decision block 324, operation block 328 performs post processing on the information gathered from the various sweeps,

The resonance element geometry window 210 may be used
to view geometries of the resonance element in two-dimensional and three-dimensional views. FIG. 3 illustrates a two- 5
dimensional top view of a square loop resonance element.
The dielectric properties window 220 may be used to show
the permittivity characteristics of a dielectric property across
a selected frequency range for the currently defined FSS
structure 100 (not shown). Inthe case of FIG. 3, the dielectric 10
is a type of polyethylene. Similarly, the conductive material
window 230 may be used to show the conductance characteristics of a conductive material across a selected frequency
range for the currently defined FSS structure 100. The conductive material window 230 may also display the average 15
impedance of the conductive material. In the case of FIG. 3,
the conductive material is gold. The model output window
250 may be used to illustrate output properties of the currently
defined FSS structure 100. In the FIG. 3 embodiment, the
model output window 250 illustrates the emissivity of the 20
FSS structure 100 across a selected frequency range.
FIG. 4 illustrates the GUI 200 of FIG. 3 showing some
parameters and results for another FSS structure 100 (FIG. 1)
and a window indicating some analysis results. In FIG. 4, the
25
dielectric properties window 220’ illustrates frequency
dependent permittivity characteristics for another type of
polyethylene and the conductive material window 230’ illustrates frequency dependent conductivity for manganese. The
model output window 250’ illustrates the frequency response
30
function for a square loop resonance element 110 fabricated
with manganese on the polyethylene substrate 105.
FIG. 4 also illustrates a program analysis results window
260, which may be displayed as a result of clicking on the
model output window 250’ or by other suitable means. The
35
program analysis results window 260 displays post processing analysis that may be performed on the model output
results. The post processing analysis may be used to provide
"figures of merit" for quantifying performance of the FSS
structure 100. As non-limiting examples, some of the analy40
ses that may be performed include: a numerical integration of
energy through a trapezoidal method, an adaptive Simpson’s
quadrature, or other acceptable method; calculating rise time/
slope of transition between bands; calculating percent modulation between bands; finding global maximum and global
45
minimum of the signal; and providing data logging and GUI
reporting of the experimental results.
The post processing also provides a capability to perform a
windowed analysis on specific frequency bands of interest.
As non-limiting examples, these bands may include the mid- 50
wavelength infrared (MWIR) band (3 gm to 5 gm), the atmospheric pass band (5 gm to 8 gm), and the long-wavelength
infrared (LWIR) band (8 gm to 12 gin). FIG. 5 is a band
selection GUI window 280 illustrating some possible frequency bands that may be selected for post-processing of FSS 55
structure analysis data.
FIG. 6 is a parameter selection window 270 illustrating
some possible parameters that may be defined in analysis and
sweeping of FSS structures 100. An operator (not shown)
may have control over the FSS design including the capability 60
to select the type of antenna metal and to select the type of
dielectric materials. A design tool can be further customized
for various FSS designs such as, for example, over coats, and
multi-level antenna elements, as is explained more fully
below. While not illustrated, the GU1200 may support custom 65
configuration and selection of various antenna geometries
such as square loop, slots, crosses, spiral, etc.
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as was described above. Operation block 328 may be an
interactive process wherein the operator examines many different aspects of the design and the frequency response function to determine if additional analysis or design modifications should be performed. Decision block 330 indicates that
if the design should be modified, or additional analysis performed, control returns to operation block 310 to begin a new
design and analysis process. Otherwise, the analysis and
design method 300 is complete.
Returning to FIGS. 1A-1C, it is noted that an overcoat (not
shown) may be formed over the FSS structure 100. As a
non-limiting example, the overcoat may comprise a flexible
material such as polyethylene, silicon nanoparticles dispersed in a polyethylene binder, polypropylene, MYLAR®,
or KAPTON®. In some embodiments, the overcoat may be a
protective material that protects the FSS structure 100 from
environmental damage such as corrosion caused by moisture
or caustic chemicals. In addition, the overcoat may be analyzed for electro-optic properties and included in the PMM
analysis. In this manner, the overcoat may be used to emulate
environmental conditions that could influence the resonance
properties of the resonance elements 110. Thus, inclusion of
the overcoat in the PMM analysis may be used to emulate
changes in the resonance property of the FSS structure 100
when it is exposed to environmental conditions. As nonlimiting examples, these environmental conditions may
include humidity, cold temperatures, and hot temperatures.
While not illustrated, FSS structures 100 may be stacked to
create a new FSS structure including a "sandwich" of two or
more layers of FSS structures 100. For example, an FSS
structure 100 with the square loop resonance elements 110 of
FIG. 1A may be stacked on an FSS structure 100’ with the
square spiral resonance elements 110’ to form a new FSS
structure. This new FSS structure may then be modeled with
the PMM analysis and parametric sweeps described earlier.
Although the present invention has been described with
reference to particular embodiments, the present invention is
not limited to these described embodiments. Rather, the
present invention is limited only by the appended claims,
which include within their scope all equivalent devices or
methods that operate according to the principles of the
present invention as described.
What is claimed is:
1. A method for analyzing a frequency selective surface
wherein at least one act of the method is performed by a
processing system, comprising:
defining a frequency range comprising a plurality of frequency values within the frequency range;
determining a frequency dependent permittivity for each of
the plurality of frequency values across the frequency
range for a substrate included in a frequency selective
surface;
determining a frequency dependent conductivity for each
of the plurality of frequency values across the frequency
range for a conductive material included in the frequency selective surface;
analyzing the frequency selective surface using a method
of moments analysis at each of the plurality of frequency
values for an incident electromagnetic energy impinging
on the frequency selective surface by including the frequency dependent permittivity and the frequency dependent conductivity in the method of moments analysis to
develop a frequency response function;
defining a geometry of the frequency selective surface
comprising the substrate and the conductive material
disposed on the substrate to form an array of resonance
elements; and

determining an emissivity of the frequency selective surface at each of the plurality of frequency values using the
frequency dependent permittivity properties of the substrate and the frequency dependent conductivity properties of the conductive material.
2. The method of claim 1, wherein determining the frequency dependent permittivity across the frequency range for
the substrate further comprises:
determining the frequency dependent permittivity for the
substrate comprising a dielectric material selected from
the group consisting of polyethylene, polyethylene
derivatives, polypropylene, acrylic, fluoropolymer,
polystyrene, polystyrene derivatives, polymethyl methacrylate, polyvinyl chloride, polyvinyl chloride derivatives, polyethylene terephthalate, polyimide, polyolefin,
silicon, and gallium arsenide.
3. The method of claim 1, further comprising performing
the analysis of the frequency selective surface for a parameter
of interest at each of a plurality of parameter values to develop
a plurality of corresponding frequency response functions for
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each parameter value of the plurality.
4. The method of claim 3, further comprising selecting the
parameter of interest from the group consisting of angle of
incidence for the incident electromagnetic energy, conductive
material thickness, conductive material trace width, substrate
thickness, resonance element size, resonance element periodicity, and spacing between resonance elements.
5. The method of claim 1, wherein analyzing the frequency
selective surface further comprises including electro-optic
properties of an overcoat disposed over the frequency selective surface structure and configured to emulate at least one
environmental condition.
6. The method of claim 1, wherein:
the frequency selective surface includes at least two
stacked layers of frequency selective surfaces wherein a
layer of the at least two stacked layers includes at least
one resonance element exhibiting a first geometry and a
second layer of the at least two stacked layers includes at
least one resonance element exhibiting a second geometry different from the first geometry; and
wherein analyzing the frequency selective surface further
comprises analyzing the combination of the at least two
stacked layers.
7. A method for analyzing a frequency selective surface
wherein at least one act of the method is performed by a
processing system, comprising:
defining a frequency range comprising a plurality of frequency values within the frequency range;
determining a frequency dependent permittivity for each of
the plurality of frequency values across the frequency
range for a substrate included in a frequency selective
surface;
analyzing the frequency selective surface using a method
of moments analysis at each of the plurality of frequency
values for an incident electromagnetic energy impinging
on the frequency selective surface by including the frequency dependent permittivity in the method of
moments analysis to develop a frequency response function; and
analyzing the frequency response function to determine at
least one filter response coefficient selected from the
group consisting of major peaks, magnitude, trapezoidal
integration of area under the response curve, ratios of
user-specified regions of the plot, transient slope and
response time of the filter response.
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8. The method of claim 7, wherein determining the frequency dependent permittivity across the frequency range for
the substrate further comprises:

comprises including the frequency dependent permittivity in
the method of moments analysis at each of the plurality of
frequency values.

determining the frequency dependent permittivity for the
substrate comprising a dielectric material selected from 5
the group consisting of polyethylene, polyethylene
derivatives, polypropylene, acrylic, fluoropolymer,
polystyrene, polystyrene derivatives, polymethyl methacrylate, polyvinyl chloride, polyvinyl chloride derivatives, polyethylene terephthalate, polyimide, polyolefin, 10
silicon, and gallium arsenide.

16. The method of claim 13, further comprising:
defining a geometry of the frequency selective surface
comprising a substrate and the conductive material disposed on the substrate to form an array of resonance
elements; and
wherein determining an emissivity of the frequency selective surface at each of the plurality of frequency values
responsive to the analyzing the frequency selective surface.

9. The method of claim 7, further comprising performing
17. The method of claim 13, further comprising performthe analysis of the frequency selective surface for a parameter
ing the analysis of the frequency selective surface for a
of interest at each of a plurality of parameter values to develop
a plurality of corresponding frequency response functions for 15 parameter ofinterest at each of a plurality ofparameter values
to develop a plurality of corresponding frequency response
each parameter value of the plurality.
functions for each parameter value of the plurality.
10. The method of claim 9, further comprising selecting the
parameter of interest from the group consisting of angle of
incidence for the incident electromagnetic energy, conductive
material thickness, conductive material trace width, substrate
thickness, resonance element size, resonance element periodicity, and spacing between resonance elements.

18. The method of claim 13, further comprising analyzing
the frequency response function to determine at least one
2o filter response coefficient selected from the group consisting

of major peaks, magnitude, trapezoidal integration of area
under the response curve, ratios of user-specified regions of
the plot, transient slope and response time of the filter
11. The method of claim 7, wherein analyzing the freresponse.
quency selective surface further comprises including electro25
19. A Graphical User Interface (GUI) for modeling, anaoptic properties of an overcoat disposed over the frequency
lyzing
and designing frequency selective surfaces, comprisselective surface structure and configured to emulate at least
ing:
one environmental condition.
an interface element for defining a frequency range com12. The method of claim 7, wherein:
prising a plurality of frequency values within the frethe frequency selective surface includes at least two 30
quency range;
stacked layers of frequency selective surfaces wherein a
an element for accessing a frequency dependent permittivlayer of the at least two stacked layers includes at least
ity for each of the plurality of frequency values across
one resonance element exhibiting a first geometry and a
the frequency range for a substrate included in a fresecond layer of the at least two stacked layers includes at
quency selective surface;
least one resonance element exhibiting a second geom- 35
an element for accessing a frequency dependent conducetry different from the first geometry; and
tivity for each of the plurality of frequency values across
wherein analyzing the frequency selective surface further
the frequency range for a conductive material included
comprises analyzing the combination of the at least two
in the frequency selective surface; and
stacked layers.
an element for controlling a method of moments analysis
40
13. A method for analyzing a frequency selective surface
module to analyze, at each of the plurality of frequency
wherein at least one act of the method is performed by a
values, the frequency selective surface for an incident
processing system, comprising:
electromagnetic energy impinging on the frequency
defining a frequency range comprising a plurality of freselective surface by including the frequency dependent
quency values within the frequency range;
permittivity and the frequency dependent conductivity
45
determining a frequency dependent conductivity for each
in the method of moments analysis.
of the plurality of frequency values across the frequency
20. The GUI of claim 19, further comprising:
range for a conductive material included in a frequency
an interface element for defining a geometry of the freselective surface; and
analyzing the frequency selective surface using a method
50
of moments analysis at each of the plurality of frequency
values for an incident electromagnetic energy impinging
on the frequency selective surface by including the frequency dependent conductivity in the method of
moments analysis to develop a frequency response func55
tion.

quency selective surface comprising the substrate and
the conductive material disposed on the substrate to
form an array of resonance elements; and
an interface element for presenting an emissivity of the
frequency selective surface at each of the plurality of
frequency values responsive to the method of moments
analysis.

21. The GUI of claim 19, wherein the element for control14. The method of claim 13, wherein determining the freling the method of moments analysis module further comquency dependent conductivity across the frequency range
prises performing the analysis of the frequency selective surfor the conductive material further includes determining the
face for a parameter of interest at each of a plurality of
frequency dependent conductivity for the conductive material 6o parameter values to develop a plurality of corresponding frein the range of 1.0xl0 6 Ohms- 1 cm- 1 to 106.0x106 Ohms-1
quency response functions for each parameter value of the
cm-1.
plurality.
22. A non-transitory computer readable media including
15. The method of claim 13, further comprising determincomputer executable instructions, which when executed on a
ing a frequency dependent permittivity for each of the plurality of frequency values across the frequency range for a sub- 65 processor perform acts, comprising:
strate included in the frequency selective surface, and
defining a frequency range comprising a plurality of frewherein the analyzing the frequency selective surface further
quency values within the frequency range;
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determining a frequency dependent permittivity for each of
the plurality of frequency values across the frequency
range for a substrate included in a frequency selective
surface;
determining a frequency dependent conductivity for each
of the plurality of frequency values across the frequency
range for a conductive material included in a frequency
selective surface; and
analyzing the frequency selective surface using a method
of moments analysis at each of the plurality of frequency
values for an incident electromagnetic energy impinging
on the frequency selective surface by including the frequency dependent permittivity and the frequency dependent conductivity in the method of moments analysis to
develop a frequency response function.
23. The computer readable media of claim 22, wherein the
computer executable instructions further cause the processor
to perform acts, comprising:
defining a geometry of the frequency selective surface
comprising the substrate and the conductive material
disposed on the substrate to form an array of resonance
elements; and
determining an emissivity of the frequency selective surface at each of the plurality of frequency values responsive to the analysis of the frequency selective surface.
24. The computer readable media of claim 22, wherein the
computer executable instructions further cause the processor
to perform the analysis of the frequency selective surface for
a parameter of interest at each of a plurality of parameter
values to develop a plurality of corresponding frequency
response functions for each parameter value of the plurality.
25. An apparatus, comprising:
a frequency selective surface comprising a pattern of conductive material formed on a substrate to form an array
of resonance elements; and

wherein at least one aspect of the frequency selective surface is determined by:
defining a frequency range comprising a plurality of
frequency values within the frequency range;
5
determining a frequency dependent permittivity for each
of the plurality of frequency values across the frequency range for the substrate;
determining a frequency dependent conductivity for
each of the plurality of frequency values across the
10
frequency range for the conductive material; and
analyzing the frequency selective surface using a
method of moments analysis at each of the plurality of
frequency values for an incident electromagnetic
energy impinging on the frequency selective surface
15
by including the frequency dependent permittivity
and the frequency dependent conductivity in the
method of moments analysis to develop a frequency
response function.
26. The apparatus of claim 22, wherein the substrate com20
prises a dielectric material selected from the group consisting
of polyethylene, polypropylene, acrylic, fluoropolymer,
polystyrene, polymethyl methacrylate, polyethylene terephthalate, polyimide, polyolefin, silicon, and gallium arsenide.
25

27. The apparatus of claim 25, wherein the conductive
material is selected from the group consisting of manganese,
gold, silver, copper, aluminum, platinum, nickel, iron, lead,
tin.
28. The apparatus of claim 25, wherein each of the reso3o nance elements comprises a geometry for the pattern of conductive material selected from the group consisting of square
loops, circular loops, concentric loops, square spirals, circular spirals, slots, and crosses.

