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Chapter 1
Introduction

Periodic radiant structures allow to obtain given radiation characteristics, either it is a
spatial distribution imposed for the radiant field or a given variation of the intensity of
the radiated field, depending on the frequency.
Antenna networks allow the synthesis of a desired radiation characteristic by an
appropriate choice of the placement of the elements in space and, respectively, of the
excitations.
The term frequency selective surfaces (FSS) refers to a wide range of
electromagnetic structures designed to interact and modulate unguided electromagnetic
radiation.
Thus, frequency selective surfaces can be considered as "spatial filters", because
they filter spatially distributed electromagnetic waves, determining at certain
frequencies the transmission, reflection or absorption of energy.

1.1 PhD thesis domein presentation
The applications considered in this thesis are the use of frequency selective surfaces
(FSS) for the generation of identification codes when illuminating by a radar.
The individualization of these codes is done according to the chosen set of
resonance frequencies. Such applications include both vehicle identification with the
help of intelligent license registration plates, as well as the autonomous driving of a
convoy of vehicles (towards for example, military vehicles).
1.2 The purpose of the PhD thesis
If vehicles are identified using smart license plates, those plates are, in reality,
frequency selective surfaces that are "read" laterally; therefore, when illuminated by a
radar their radiation will be monitored in this case, in the plane containing the radiant
structure.
The purpose of the PhD thesis is to optimize the FSS structures used in such
identification applications by maximizing the effective area for a set of given resonance
frequencies, opting for a parametric study.

1.3 The content of the PhD thesis
The second chapter is dedicated to theoretical aspects related to antenna strings and
areas.
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The third chapter presents aspects related to modeling and characterization by
simulation of frequency selective surfaces.
Chapter four analyzes the influence of the incidence angle and unit cell
characteristics on the response in the frequency domein of multi-reasonating frequency
selective surfaces.
Chapter five aims to analyze the effective area of FSS with multiresonance loop
type cells.
In chapter six, the influence of the resonators shape on the frequency selectivity
was analyzed.
Chapter seven examines the influence of cell and substrate size on frequency
selectivity, the influence of the substrate on the effective area of an FSS cell of given
size and the chapter ends with the practical measurement of a frequency-selective
surface with square loops characteristic area for vehicle number plates radar
interrogations.
Chapter eight is dedicated to the conclusions and perspectives for farther
research.

4

Chapter 2
Periodic Radiant Structures
Antenna networks allow the synthesis of a desired radiation characteristic through an
appropriate choice of the elements placement in space and, respectively, of the
excitations.
The total field of the network is equal to the field produced by a single element
originally positioned, multiplied by a factor called the network factor, dependent on
network geometry and excitation phase. By changing the separation space or a phase
shift between elements, the network factor and the total field can be controlled. The
network factor depends on the number of elements, the geometric arrangement,
amplitudes and relative phases of excitations as well as spacing. Network factor has a
simpler shape if the elements are excited with the same amplitude, phase and they are
equidistant. Because the factor does not depend on the characteristic directivity of
radiant elements, it can be expressed by replacing real elements with punctiform
sources, isotropic.
In many applications, it is desirable that the maximum radiation of an antenna
network to be placed normally on the axis of the string. To optimize the design, the
radiation maximums of each element and to that of the string factor, should be directed
to θ = 90°. To have the maximum of the uniform string factor oriented perpendicular to
the string axis, it is necessary that all elements have the excitations in phase. The
distance between items can have any value.
The maximum radiation can be practically oriented towards any other direction,
ensuring a sweep of the main lobe. By controlling progressive phase difference between
the elements, the maximum radiation can be oriented to any desired direction, resulting
in a scanning network.
Other important aspects are directivity, lobe opening at -3dB and the level of
the secondary lobes. In addition to placing the elements longitudinally in a row, the
elements can be positioned in an array, resulting in an area of antennas that provide
additional variables that can be used to control and shape the characteristic of radiation.
The term frequency selective surface (FSS) refers to a wide range of
electromagnetic structures designed to interact and modulate unguided electromagnetic
radiation (EM), at a certain frequency [1]. Thus, frequency selective surfaces can be
considered as "spatial filters" [2], because they filter spatially distributed
electromagnetic waves, determining, at certain frequencies, the transmission, reflection
or absorption of energy. A frequency selective surface (FSS) is usually represented by
a composite flat material, designed so that it is transparent to certain frequency bands,
while reflecting, absorbing or redirecting radiation to other bands of frequency.
From a constructive point of view, FSS are manufactured in the form of flat
surfaces and comprise a large number of cells acting on the electromagnetic field,
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designed in the form of a periodic arrangement. Unit cells are usually built of metallic
and dielectric materials, so that the unit cells are excited only at certain frequencies
(hence the notion of frequency selectivity). Normally,the periodicity of these unit cells
is two-dimensional and the unit cells are flat,being relatively thin in relation to the third
dimension (hence the term "surface"). Frequency selective surfaces are presented under
a wide variety of topologies and geometries. FSS structures are used in a wide range of
applications involving space electromagnetic windows or synthesis of characteristic
radiations. In the first case, the spectrum of allowed frequencies in a specific spatial
region is controlled, while in the second case, the spatial distribution of radiated energy
in free space is controlled (as optical lenses can focus light). A very important aspect,
which influences the response of a frequency selective surface is represented by the
shape of the component elements of such an area, in particular that of metal surfaces.
Another important category of FSS is complementary unit cells. A
complementary cell is made by retaining the same geometries, but by inverting the
conductive area with the dielectric one. It is usually desirable to have a high degree of
symmetry and a density as high as possible of the elements so that the grating lobes
appear at high frequencies.
It can be concluded that the resonance is dependent on the shape of the elements
and their size, while the distance between the elements and the symmetry of the
structure affects robustness at different angles of incidence. Frequencies at which
grating lobes occur depend only on the spacing of the elements and the angle of
incidence and not on the type of elements used. An improved variant of FSS is the
reconfigurable structures. In this case its resonant behavior and frequency response can
be quickly reconfigured.
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Chapter 3
FSS modeling
The characterization of FSS can be done by solving Maxwell's equations. Such analysis
is easier to perform assuming that FSS is of infinite size. This approximation also gives
good results in the case of large size selective surfaces.
The most common method of analyzing infinite FSS is to apply the Floquet
theory for periodic structures. This approach involves solving Maxwell equations for a
single unit cell; the entire FSS is characterized by imposing boundary conditions for
unit cell. The method is based on Floquet's theorem, which states that a differential
equation with periodic coefficients and periodic limit conditions will have a solution
that is also periodic.
In practice, the determination of Floquet mode coefficients must be done
numerical. One of the most common techniques is the method of moments (MoM).
Numerical application of Floquet theory, either by commercial simulation software,
either by dedicated codes, is the most common method of analysis for frequency
selective surfaces.
The simulations in this study were performed using Computer Simulation
Technology (CST) Microwave Studio Suite, which is a high performance
electromagnetic simulation software. Finite Integration Technique (FIT) is used as the
basic technique in CST, which is based on the integral form of Maxwell's equations [3].
The structures proposed in this paper are flat frequency selective surfaces.
Because the time domain analysis can only be performed for a normal wave incidence,
it was decided to solve in the frequency domain, which, although it involves a longer
analysis time, can be used for angles of incidence other than 90°.The results are
obtained in the form of distribution parameters.
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Chapter 4
The influence of the incidence angle and the unit cell characteristics on
frequency response of multi-resonant selective surfaces
In this chapter, the influence of different dimensional material parameters was studied,
as well as the angle of the received wave incidence from the radar on the unit cells
resonance frequencies of the frequency selective surface, for a parametric study with
the help of a specialized simulation program.
The frequency response analysis was done based on the reflection coefficient at
Floquet ports. In this section, a typical FSS unit cell was considered in square, circular
or hexagonal loops shape to analyze how the angle of incidence influences the
resonance frequency. Performing a parametric study by simulations, the effects brought
about by the modification of the dimensional parameters were highlighted, on the
resonance frequency and the frequency response. The copper material was initially
chosen for the conductive elements, and the substrate material had a electrical
permittivity of 1 because this substrate has little influence on frequency response. The
unit cell can be repeated indefinitely with periodicity depending on the desired radiation
characteristics. Unit cells with a square loop, with three square loops, with a circular
loop and three circular loops, one hexagonal loop and three hexagonal loops were
analyzed.
The purpose of the research was to observe the influence of geometric
dimensions and angle of incidence on the resonant frequency of frequency selective
surfaces. The results obtained and the discussions specific to each case, can be used to
optimize the design of FSS unit cells. The effects of the following dimensions on the
frequency response were analyzed: length and width of the loop, thickness of the copper
layer and the substrate. In addition to these geometric parameters, the resonance
frequency dependence was also analyzed for permittivity of the substrate used, but also
the influence of the angle of incidence under which electromagnetic waves are applied
to the frequency-selective surface.
The values of the initial geometric dimensions for single unit loop cells were
chosen so that the initial resonant frequency is 2 GHz, and in the case of cells with three
concentric loops, only the resonance frequency variation was followed depending on
the thickness of the loop paths. From the comparative study of the three types of square
loop FSS cells, circular and hexagonal, respectively, some conclusions can be drawn
about the optimal choice of the geometric shape, in the context of the parametric studies
performed for each shape of the cell in part.
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Chapter 5
Effective area of frequency selective surfaces with multi-resonant type loop cells
The characterization of frequency-selective surfaces in terms of radiation can be done
by analyzing their actual area. In this way, the frequency selective character can be
analyzed in those directions of interest to the desired application.
If vehicles using smart license plates are identified, these plates are, in reality,
frequency selective surfaces that are "read" laterally; therefore, their radiation when
illuminated by a radar will be monitored in this case, in the plan in which it contains
the radiant structure. The principle of tracking and identification of vehicles in an
official vehicle column, using FSS number smart plates is shown in Figure 5.1.

Fig. 5. 1 Principle of tracking and identification of vehicles in a column using smart
FSS license plates
As shown, the set of resonant frequencies (at which a structure presents
maximum effective area) is, in practice, the code to be read in order to be radio
identified. In this chapter, the following FSS unit cells were compared comparatively
by simulation: square, circular and hexagonal loops.
The variation of resonance frequencies was analyzed depending on the angle of
incidence of electromagnetic waves on the surface of the FSS cell and the spatial
variation of the effective area for different values of incidence angle (0°, 30°, 60°), at
each of the resonant frequencies.
The results obtained from the simulations were compared for similar types of
unit cells, respectively with one, two or three square, circular or hexagonal. It was
observed that the change in the angle of incidence to 0°, 30°, 60°, produced changes in
the values of the resonant frequencies, the most accentuated being noticed in the case
of inner loops. Regarding the effective area, it could be observed that its value is
influenced by the variation of the angle of incidence and that the results obtained in
simulations have different values for each type of loop.
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Chapter 6
The influence of the resonators shape on the frequency selectivity

In this chapter, the study focused on the analysis of the effective area values obtained
at flat wave illumination of closed-loop polygonal unit cells, characterized by a
different number of sides. The purpose of the comparative analysis was to identify the
geometric shape of closed loop type which ensures the highest values of the effective
area, expressed in decibels relative to an area of one square meter [4], [8], [9].
It is desired to obtain peak values as high as possible at the resonant frequencies
chosen in the previous chapter: 2 GHz, 2.5 GHz and 3 GHz. It is also desirable that the
level of the peaks of the effective area corresponding to the three resonant frequencies
to be as close as possible. As factors of merit was chosen the RCS peak values on the
resonant frequencies, as well as a dip as low as possible between two resonant peaks
[10]. This difference ensures good selectivity in frequency.
Unlike other papers on similar topics in the literature, in this paper it was
imposed as an objective to maintain along optimizations of 2 GHz, 2.5 GHz and 3 GHz
resonant frequencies for all studied geometric shapes [5], [6], [7]. As a matter in fact,
there is a limitation of dimension adjusting possibilities of the proposed loops for
analysis, because the values chosen for these frequencies of resonance are close enough,
the practical realization of the loops becoming difficult in some cases. The difficulty
lies in the fact that the space between the neighboring loops becomes very reduced, two
adjacent loops coming to behave from the electromagnetic point of view as a single
loop. In these cases, instead of the two distinct resonance frequencies, a single
resonance frequency is obtained. In the happiest case, there are two peaks of the
effective area, but the selectivity is very low, making difficult to identify them. In a
previous chapter it was approached to adjust the frequencies of resonance by changing
the width of the loop path, but this technique is not effective for path widths of 1mm.
Such a technique would reduce the space between two neighbor loops, which could
even lead to their merging and an inappropriate frequency response.
Most of the works in literature in this domein is oriented towards identification
and the development of methods to reduce RCS [4], [8], [9], [10], [12-20]. For radio
identification applications, however, it is desirable to obtain values such as higher for
the effective area at resonant frequencies, which makes the optimization be different
from the approaches in the literature. As previously presented, the applications covered
in this paper refer to car license plates that encodes the information by a resonant
frequency code.
In this chapter, the substrate used was FR4, with an electrical permittivity of
4.3. The width of the loops did not allow a satisfactory margin of adjustment, this being
maintainedat at 1 mm for all geometric shapes analyzed. The size of the studied unit
cells was maintained at 40 mm because this value allowed a good framing of concentric
10

loops for all studied geometry shapes. From the comparison of the results obtained it
follows that the structure with concentric square loops oriented along the vertical axis
of the cell, provides the best values of the effective area between all the studied
geometric shapes, these being around value of -55 dBm2. Values close to these results
were also obtained for the unit cell with concentric hexagonal loops. The FSS unit cell
with octagonal loops is highlighted through its best selectivity. This ensures a good
selectivity and facilitates the separation of resonant frequencies by radar equipment,
though the values of the effective area are not among the highest.
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Chapter 7
The influence of cell and substrate size on frequency selectivity

In this chapter, having as a point of reference the results obtained in the previously
chapter, the influence of the spatial period of the frequency selective structures will be
studied (cell size), respectively the type of substrate on the effective radar area. The
influence of the use of an FR4 substrate with electrical permittivity of 4.3 and an
alumina substrate with an electrical permittivity of 9.9 over the effective area values,
will be also analyzed. The alumina substrate allows a miniaturization of the structure,
its permittivity being higher than FR4. Instead, the losses of the alumina substrate are
higher, which affects the radiation efficiency of a frequency selective surface made with
such a material. For both substrate types, analysis was made for two existing
thicknesses in practice, 1 mm and 2 mm.
In this study, hexagonal and square loops unit cells were studied and simulated,
in the second case, these being oriented along the vertical axis of the unit cell, or at 45°
to this axis. In the case of alumina substrate, for maintaining the three resonant
frequencies at 2 GHz, 2.5 GHz and 3 GHz was necessary reducing the width of copper
paths from 1 mm to 0.5 mm. Following the comparative study it was found that an
alumina substrate determines considerably better effective area values and offers the
possibility of resonator dimensions reduction. An increase in the effective area values
can be obtained by increasing the size of the unit cell, but it has proven to be effective
within certain limits. Size change in steps of 1 mm it does not have a uniform effect on
the three resonant frequencies simultaneously, because there were few cases in which
a good balance of peak area values for all three resonant frequencies was obtained. The
width of the copper paths for the FR4 substrate was 1 mm, and for alumina substrate, it
was necessary to reduce the width of the paths from 1 mm to 0.5 mm.
To study the influence of the substrate on the effective area of an FSS cell of
given size, cell dimensions and cell size 42 mm were maintained, substrate thickness 1
mm and copper layer 0.018 mm , and frequencies of resonance at 2 GHz, 2.5 GHz and
3 GHz. To maintain these frequencies were adjusted the lengths of the square loops and
possibly the thickness of the copper paths, if space of these was too small or if they
overlapped. The FSS cell was chosen with three concentric square loops, this geometric
shape offering the best peak values of the effective area between the previously studied
geometric structures. By choosing a suitable substrate, the peak values of the effective
area can be increased by more than 10 dB in some cases. Among the obtained results,
the ones corresponding to the substrates like Mica with a relative permittivity of 6 and
Rogers RO3003 with a relative permittivity of 3 stand out. These offered the highest
values of the effective area.
Within the same chapter, the effective area of a frequency selective surfaces
with square loops, for radar interrogated license plates was measured. In the case of
radar interrogation license plate applications, the scenario considered is the following:
12

the license plate, which contains a frequency selective surface is illuminated by the
vehicle's rear radar, but the information must be readable by a receiver on the side of
the road. Therefore, the radar configuration will be, in this case, a bistatic one [21],
[22]. In order to performe xperimental determinations, the frequency selective area was
made, presented in figure 7.1.

Fig. 7. 1 Effective area characterized experimentally, on FR4 substrate, thickness 1 mm
The experimentally characterized frequency selective surface consists of 36
resonators on a FR4 substrate measuring 47.5x11.5 cm (standard registration plate
format). The resonators were designed to resonate at the chosen frequencies. The
bistatic radar configuration used for measurement is shown in figure 7.2.

Fig. 7. 2 Configuration of the effective area measurement system.
Figure 7.3 shows the practical system for measuring the effective area, in which
you can see the two Vivaldi antennas and the frequency selective board.
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Fig. 7. 3 Practical configuration of the measuring system for the effective area
Figure 7.4 shows the normalized transfer functions and the average transfer function.

Fig. 7. 4 Standard transfer functions and corresponding average transfer function at
distance d0 = 1 m.
The measurements were carried out, in this case, at eight distances between 30
cm and 1 m. In figure 7.5, the variation of the effective area with the frequency was
represented. May notes a slight deviation for the second resonant frequency (about 200
MHz),mainly due to the limited manufacturing accuracy of the experimental device.

14

Fig. 7. 5 Variation of the measured effective area with frequency
Although the number of cells is relatively small, the peak values of the effective
area are between -26 dBm2 and -22 dBm2.
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Chapter 8
Conclusions
1.

One of the aims of the research was to observe the influence of geometric dimensions
and angle of incidence on the resonant frequency of frequency selective surfaces. The
results obtained and the discussions specific to each case, can be used to optimize the
design of FSS unit cells. The effects of the following resonator dimensions on the
frequency response were analyzed: length and width of the loop, thickness of the copper
layer and the substrate. In addition to these geometric parameters, the resonance
frequency dependence with permittivity of the used substrate, but also of the angle of
incidence below which electromagnetic waves are applied to the frequency-selective
surface was also analyzed.
The multi-resonant FSS unit cells with three circular loops were analyzed for
effect which is produced by the variation of the width of the copper paths on the
resonant frequencies of the three concentric loops and the influence of the spacing
between the three loops. The values of the initial geometric dimensions for single loop
unit cells were chosen so that the initial resonant frequency is 2 GHz, and in the case of
cells with three concentric loops, only the resonance frequency variation was followed
depending on the thickness of the loop paths. For closed-loop FSS cells, a loop length
approximately equal to the wavelength leads to the first resonant frequency.
8.1.

Obtained results

From the comparative study of the three loop type FSS cells, (square, circular
and hexagonal, respectively), some conclusions can be drawn about the optimal choice
of the geometric shape, in the context of the parametric studies performed for each
shape of the unit cell. FSS unit cells with square, circular and hexagonal loops were
also studied and compared comparatively, by simulation. The resonance frequencies
variation was analyzed depending on the angle of incidence of electromagnetic waves
on the surface of the FSS cell.
Another parameter that was the subject of the study was the spatial variation of
the effective area for different values of the angle of incidence (0°, 30°, 60°), at each of
resonant frequencies. The results obtained from the simulations were compared for
similar types of unit cells, respectively with one, two or three square loops, circular or
hexagonal. It was observed that the change in the angle of incidence to 0°, 30°, 60°
produced changes in resonant frequencies values, the most accentuated being notified
in the case of inner loops.
Regarding the effective area, it was observed that its value is influenced by the
variation of the angle of incidence and that the results obtained afterwards simulations
have different values for each loop type. From the comparison of the obtained results it
16

is observed that the structure with concentric square loops oriented along the vertical
axis cell values provide the best effective area values of all studied geometric shapes,
these being located around -55 dBm2. Approximate values of these results were also
obtained for the unit cell with hexagonal concentric loops. The FSS unit cell with
octagonal loops is highlighted by the best selectivity, ensuring a good separation of
resonant frequencies by a radar equipment, although the effective area values are not
among the highest.
Following the comparative study it was found that an alumina substrate
determines considerably better effective area values and offers the possibility of
resonator dimensions reduction. An increase in the effective area values can be obtained
by increasing the size of the unit cell, but it has proven to be effective within certain
limits. Size change in 1mm steps it does not have a uniform effect on the three resonant
frequencies simultaneously, because there were few cases in which a good balance of
peak area values for all three resonant frequencies were observed. The width of the
copper paths for the FR4 substrate was 1 mm, but for alumina substrate, it was
necessary to reduce the width of the paths from 1 mm to 0.5 mm.
As other authors have observed [11], cell size (periodicity),it influences to some
extent the resonance frequency, but it mainly has an effect on the effective area.
Switching from a substrate of FR4 to alumina with an electrical permittivity of 9.9
caused a significant reduction of loops size, which implicitly leads to a reduction in the
size of the cells they belong to and thus a larger number of unit cells can be used on a
given surface.
From the point of view of effective area peak values, it was found that between
studyed structures on a FR4 substrate, the cell with square loops positioned parallel to
the vertical axis of the cell determines the best values, followed by the FSS unit cell
with hexagonal loops, both on the substrate with a thickness of 1 mm and a cell size of
40 mm. If alumina substrate was used, the best results have been recorded for the unit
cell with squares rotated 45° to the cell vertical axis, followed by the unit cell with
hexagonal loops, both on a substrate with 2 mm thick and a cell size length of 40 mm.
It should be noted that for all shapes of resonator simulated on the alumina substrate,
the peak values of the effective area were above -55 dBm2 (maximum obtained value
at the unit cell with square loops on FR4 substrate). Overall, it was found that the values
obtained for the alumina substrate are between -45 dBm2 and -40 dBm2, considerably
higher than for the FR4 substrate. However, the alumina substrate leads to a lower
radiation efficiency, having the loss tangent higher than FR4. By choosing a suitable
substrate, the peak values of the effective area can be increased by more than 10 dB in
some cases.
Among the obtained results, stand out the ones corresponding to the substrates
of Mica with a relative permittivity of 6 and Rogers RO3003 with a relative permittivity
of 3. They provided the highest values of the effective area.
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8.2.

Original contributions
1. Analysis of how it influences the angle of incidence and unit cell characteristics
on the frequency response of the multi-resonant selective surfaces, for unit cells
with one and three square, circular and hexagonal loops [LO1].
2. Study of the effective area of frequency selective surfaces with loop type multiresonant unit cells, for unit cells with one, two and three concentric square, circular
and hexagonal loops [LO2].
3. Analysis of the influence of resonator shape on frequency selectivity and
identification of geometric shapes in terms of peak effective area values. Unit cells
were simulated with three concentric triangular, square,hexagonal, octagonal and
decagonal loops, respectively [LO3].
4. Analysis of the influence of cell size and substrate on frequency selectivity, being
studied the peak values of the effective area for the square and hexagonal unit cells,
on FR4 and alumina substrates [LO4].
5. Studying the influence of different substrate materials used on the peak values of
the effective area of a given size FSS unit cell in order to optimize substrate choice
[LO5].
6. Measurement of the effective area of a frequency selective surface.
7. Measurement in bistatic configuration of the effective area of a frequency
selective surface with square loops, for license plates interrogated by radar, using
distance mediation method.
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8.4.

Further development perspective

Research on frequency selective surfaces with applicability in identification and selfdriving of vehicles may be continued with experimental validation analysis of all
structures developed and optimized in this paper.
Another direction for further research in this field is studying various frequency
selective structures, resonating at much higher frequencies, of the order of tens of GHz,
typical for radars autonomous vehicles.
A validation of such a system on a real vehicle is also required radar
identification, equipped with a frequency selective surface, to observe the quality of the
response in real conditions, including for moving within a column.
A very important aspect is also the security of information (codes) transmited
between two vehicles in the column, taking into account methods of protection against
disturbance or interference.
The research can be continued in the direction of elaborating more complex
shapes of resonators to ensure better frequency selectivity, but also higher peak values
of RCS.
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