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ABSTRACT

ANALYSIS AND DESIGN OF CONFORMAL FREQUENCY
SELECTIVE SURFACES

Dalkilig, Akin
M. Sc., Department of Electrical and Electronics Engineering
Supervisor: Assoc. Prof. Dr. Lale Alatan

June 2014, 112 pages

An efficient analysis and design approach for conformal frequency selective
surface (FSS) structures is developed. The design methodology involves the
analysis of both the planar and curved FSS structures. First, planar unit cell
analysis of conformal FSS models are accomplished for normal and oblique
incidence cases. To prove conformal applicability of planar designs, a semi-finite
analysis method is utilized. This method is based on solution of a singly periodic
curved FSS structure of semi-cylinder shape possessing periodicity, curved element
arrangement and finite model conditions together. The model is finite in curved
direction and infinite along the axis of the cylinder. Semi-finite model analysis is a
powerful solution tool to determine both transmission and reflection responses of
conformal FSS structures. With the introduced design methodology for conformal
FSS implementations, a narrow band FSS radome operating in Ku-band and a wide
band FSS model serving as a band-pass spatial filter for X-band (8.2-12.4 GHz)
signals are designed. FSS performances are verified with both planar single
element unit cell solutions and semi-finite analyses of curved and planar structures.
Planar prototypes of narrowband FSS model are fabricated and measured. Reasons
for discrepancies between simulated and measured filtering characteristics are

investigated and explained.

KEYWORDS: Frequency Selective Surface (FSS), Conformal FSS, RCS
reduction, Coupled Aperture FSS, Wide band FSS
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KONFORMAL FREKANS SECICI YUZEYLERIN ANALIZ VE
TASARIMI

Dalkilig, Akin
Yiiksek Lisans, Elektrik ve Elektronik Miihendisligi Bolimii
Tez Yoneticisi: Dog. Dr. Lale Alatan

Haziran 2014, 112 sayfa

Konformal frekans secici yiizey (FSY) yapilart igin etkin bir analiz ve tasarim
yaklagimi gelistirilmigtir. Tasarim yontemi hem diizlemsel hem de egimli FSY
elemanlarmin analizini igermektedir. Ilk asamada konformal FSY modellerinin
diizlemsel birim hiicre analizleri dik ve farkli acilarda yayin geldigi durumlar igin
gerceklestirilmektedir. Diizlemsel modellerin konformal yiizeylerde
uygulanabilirligini kanitlamak i¢in yari-sonlu analiz yontemi kullanilmistir. Temel
olarak bu yontem tek yonde periyodik, biikiimlii, yarim silindir seklindeki FSY
yapisinin periyodiklik, konformal eleman ve sonlu model kosullarinin etkilerini
icerecek sekilde ¢oziimiini ifade etmektedir. Kullanilan model kavisli oldugu
yonde sonlu, boylamsal yonde ise sonsuz uzunluktadir. Yari-sonlu model analizi,
konformal FSY yapilarinin gecirgenlik ve yansima performanslarinin tespit
edilebilecegi giiclii bir ¢oziim aracidir. Konformal FSY uygulamalari i¢in bildirilen
tasarim yontemi ile Ku-bantta ¢alisan dar bantli FSY radom ile X-bant (8.2-12.4
GHz) frekanslarinin tamamini kapsayan genis bantli bant-geciren bir FSY yapisi
tasarlanmistir. FSY performanslart hem diizlemsel tek eleman birim hiicre
¢Oziimiiyle hem de yari-sonlu analiz yontemi ile diizlemsel ve egimli modeller i¢in
dogrulanmistir. Dar bantli FSY modelinin diizlemsel prototiplerinin iiretimi ve
Olciimleri alt yap1 kosullarinin el verdigi Olgiide gergeklestirilmistir. Benzetim
sonucu beklenen filtreleme performansi ile dl¢limler arasindaki uyumsuzluklarin
sebepleri incelenmis ve aciklanmistir.

ANAHTAR KELIMELER: Frekans Secici Yiizey (FSY), Konformal FSY, RKA
azaltimi, Baglasik Aciklikli1 FSY, Genis Bantli FSY
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CHAPTER 1

INTRODUCTION

1.1 Preface

With advancing techniques in radar technologies, the invisibility of radar systems
has become one of the major challenging topics over the years beginning with the
spectacular progress after World War Il [1]. To have almost invisible radar
systems, RCS is the key parameter which has to be kept at minimum. RCS defines
the scattering characteristics of a target. In other words, it is a measure of the
reflected signals in the direction of receiving antenna. There are two cases for
scattering: monostatic and bistatic. Monostatic scattering refers to backscattering,
which means the transmitter and receiver antennas are at the same position. In
bistatic cases, the transmitter and receiver are at different locations. RCS of a target
is determined by different factors like polarization, angle of incidence, angle of
observation, target geometry, electrical properties of target and frequency of
operation [2]. Different methods are developed in order to have low observable
targets. The major two methods to reduce the RCS of a target are "modifying the
shape” and "using materials”. The adjustment of the reflecting surface is
implemented in order to reflect the incoming signal to other directions avoiding
back scattering. Thus, the RCS of the target can be reduced significantly. However,
the modification of the target surface is generally limited by other fundamental
requirements of the operating systems like aerodynamic qualifications for flying air
platforms. The materials are used to absorb the incoming wave and weaken the

power of the reflecting signal resulting to low RCS. Generally, the shaped surfaces



and absorbing materials are treated together to maximize the effect in reducing the
target RCS. Nevertheless, the absorber materials cannot be used over the radiating
apertures. Thus, the use of FSS is required in order to lessen the RCS of the
radiating structures. Frequency selective surfaces can be defined as any periodic
structure, generally in two dimensions, which is modeled as metallic patches over
dielectrics or apertures in metals and exhibits band-stop or band-pass
characteristics, respectively. Frequency selective surfaces have a very wide range
for many applications from the optic region to microwave frequencies. FSS are
generally used in radar or telecommunication systems in order to reduce radar cross
section (RCS) or to provide a dual-band operation for reflector antennas.
Furthermore, FSS are also used in various applications like circuit analog
absorbers, filters, polarizers and some recent applications such as RFID tags [3],
robotic guided paths, photonic bandgap structures [4], collision avoidance, EMI
protection [5] and secure building applications [6]. An interesting use of FSS on
fabrics for wearable applications is mentioned in [7]. The first conceptual work
about “periodic surfaces” was patented by Marconi and Franklin in 1919 [8]. FSS
studies starting with Marconi and Franklin's invention have been continued by
many researchers up to now. There has been a great interest in these structures
especially since 1960's. However, the name “Frequency Selective Surface” was
patented for the first time by Yee in 1993 [9]. The definitions and discussions
about FSS phenomena are clearly declared by Munk, guru of FSS, in [1]. The first
concept which should be understood is "Periodic Surface" since it constitutes the
nature of FSS structures. A periodic surface consists of identical elements of
infinite arrays in one or two dimensions. The factors affecting the performance of

FSS structures can be listed as:

e Type of elements (patches vs. slots),
e Shape of elements,

e Dimensions of elements,

e Inter element spacing,

e Array configuration (i.e. rectangular, triangular, hexagonal etc.),
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e Alignment of elements in multi-layer structures.

Moreover, the electrical properties of the substrate material also determine the
performance of FSS. Therefore, there are numerous combinations of various
parameters in order to reach an optimum solution for a specific problem.

Informative technical details about type and shape of FSS elements will be

presented in the following sections.
1.1.1. Type of Elements: Patches and Slots (Apertures)

FSS structures are constructed with any of two types of elements: metallic patches
on dielectric slabs or slots in metals. The metallic patches exhibit a capacitive
behavior and low pass filtering characteristics (see Figure 1- 1.a). If the patches and
apertures are replaced as shown in Figure 1- 1.b, the structure can be made
inductive, which results in high-pass filtering properties [10]. In order to govern
desired filtering characteristics, capacitive and inductive models can be arranged

together.

Mag, of Transmissic

% Is 7 &= s U 5 £S5 I
Frequency [GHi] Frequency [GHz]

(a) (b)

Figure 1- 1 Transmission characteristics and models of FSS with respect to

electrical properties: (a) Capacitive (b) Inductive [10]

By modification and utilization of different element types together, different

filtering characteristics like low-pass, high-pass, band-pass and band-stop, can be

3



obtained. As mentioned above, if the elements are pure capacitive, corresponding is
a low-pass filter. Reversely, if the elements are pure inductive, a high-pass
characteristics comes up. The size of patches in Figure 1- 1.a is greater than the
size of the apertures, which results a high capacitance and a negligible inductance
with respect to the capacitance. In Figure 1- 1.b, the same situation is present for
the apertures against small patches which creates an almost pure inductive medium.
These characteristics are modified by making the inter-element apertures between
the patches comparable and vice versa. In this way, FSS elements can be arranged
in order to include both capacitive and inductive properties together. If patches are
modified in this manner a band-stop filtering effect is observed. Similarly, due to
the duality principle, apertures can be utilized in order to achieve band-pass

performance.
1.1.2. Shape of Elements

Munk groups FSS elements according to their shapes in four main categories (see

Figure 1- 2), which are namely;

1. The center connected or N-poles
2. The loop types

3. Solid interior or plate types

4

Combinations

The center connected or N-poles types include single dipole, three-legged, anchor,
the Jerusalem cross and square spiral elements. Single dipole is the basic form for
the other types of elements. Simple dipoles are arrayed in two dimensionally

periodic sense which demonstrate a band-stop characteristics when illuminated.



Py
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Figure 1- 2 Classification of FSS elements [1]

A patent for FSS was granted in 1974 to Munk for his work about the stabilization
of FSS performance against oblique incidence [11]. Munk determined that the
spacings between the unit cell elements must be smaller than 0.4*A so as to
preserve the FSS characteristics for different scan angles. Furthermore, in order to
provide small inter-element spacing, he claimed that the elements should be
miniaturized. The most commonly used method to miniaturize a resonance
structure is to load it either capacitively or inductively. As shown in Figure 1- 3,
the dipole elements (Figure 1- 3.a) are loaded by a shorted two wire segment
(Figure 1- 3.b) which supplies the required inductance to obtain the resonance
frequency of half wavelength dipole elements in smaller sizes. The characteristics
of the unloaded dipole elements are very sensitive to the angle of impinging waves
as seen in Figure 1- 4. When the shorted loading segment is inserted between

smaller dipole elements, the stabilization is observed to increase significantly.



According to Munk, the reason is the impedance of the shorted dipole elements
which is much higher compared to the mutual impedance. Thus, the effect of the
mutual impedance, which normally changes with the scan angle and modifies the
behavior, is diminished. The loaded model has narrow-band characteristics since
the impedance of the shorted dipoles varies dramatically with frequency. Therefore,
Munk suggests that kind of FSS elements for applications where wide scanning and

minimum bore-sight error are desired.

Figure 1- 3 Dipole elements a) Regular half wavelength dipoles b) Loaded dipoles
[11]

REFLECTION COEFICIENT (dB-BELOW UNITY)

I Il
FREQUENCY (GH,)

Figure 1- 4 Reflection curves of standard dipoles for different angles of incidence
[11]



The band reject performance of the single dipoles is poor since secondary
resonance frequencies occur in oblique incidence cases for parallel polarization.
This situation may cause transmission of undesired signal of stop-frequency for
parallel polarization cases. The unloaded tripole element improves the bandwidth
performance with respect to single dipoles. The smaller inter-element spacing is
another advantage of the unloaded tripoles. However, the second harmonic excited
by parallel polarization still occurs for these elements. The anchor elements are
constructed by tuning the tripole element with an end capacitance. The
modification results in a broader bandwidth and smaller spacing. Nevertheless, the
null due to the parallel polarization incidence cannot be terminated. The Jerusalem
cross consists of crossed dipoles loaded at the ends similar to anchor elements. The
capacitive loading decreases the fundamental resonance frequency. The second
harmonic null shifts upward in frequency. For Jerusalem cross, another null also
takes place in upper band, which is defined as "free space grating lobe™ by Munk
[1]. The last member of “center connected” elements is the square spiral. The
interesting feature of the square spiral element is its dual filtering characteristics. In
other words, the element can be used as either band-pass or band-stop filter due to
the higher null position in frequency.

The second group of elements called “loop types” consists of three or four-legged,
circular, square and hexagonal loops. The invention of the four legged loaded
element by Munk in [11], aims to decrease the inter-element spacing in order to
strengthen the stability against oblique incidence and to increase the bandwidth of
operation. Since the model is symmetric in two orthogonal axes, both vertical and
horizontal polarizations are filtered equally. As a natural consequence, the same
equivalent circuit model parameters apply for both polarizations

The three-legged loaded element is modeled as a consequence of the four-legged
element. The bandwidth and stability performance is more powerful with respect to
unloaded model. The three legged loaded element has a wider broadband than the
four legged elements since the inter-element spacing is significantly smaller which

can be observed from Figure 1- 5.
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Figure 1- 5 Array of three-legged loaded FSS elements [1]

The hexagonal loop element is better than the other members of loop family in
terms of the location of the first null which occurs at a higher frequency like the
square spiral of the first group. Solid interior FSS elements contain the circular,
triangular, square, hexagonal plates or the apertures of the corresponding shapes for
the reflecting or transmitting characteristics, respectively. According to Munk, the
main disadvantage of this group is the size of elements, which should be around A/2
and results in a higher inter-element spacing. Thus, these elements are more
sensitive to the angle of incidence. However, the weaknesses of plate family can be
overcome with either different array models like triangular arrangement or the
dielectric loading, which will be explained later in this chapter in details.

The last group of elements is constructed combining the elements of the three
groups above. The number of possible combinations is countless. As an example,
the modification of four-legged loop element with a Jerusalem type loading can be
shown. As a consequence of the capacitive effect of loading, the element sizes and
inter-element spacing decrease. Thus, the oblique incidence performance of the
four-legged loaded element enhances. Any combination of the elements can be
applied in order to benefit the major advantages of different types.

The performance parameters for FSS structures can be listed as follows:

e Bandwidth
e Sensitivity to angle of incidence
e Pass-band flatness

e Selectivity



Bandwidth definition for FSS model can be made with respect to either
transmission or reflection performances. In terms of transmission properties, the
frequency points where the transmitted signal is 3dB below of maximum
transmission value can be defined as a bandwidth criterion. It is also possible to
define bandwidth of operation using reflection characteristics of FSS model. In this
case, a pre-determined value for reflected signals, i.e. -10 dB, can be regarded as
the limits for bandwidth determination. These definitions are valid for band-pass
cases. However, for band-stop FSS, duals of the definitions are applicable. For
example, 3dB below of resonance reflection of a band-reject FSS can be chosen as
bandwidth measure.

In aspects of bandwidth characteristics, FSS can be constructed for narrow or wide
band operations. Single element dipoles create a narrow-band filtering behavior.
For the applications where a wide spectrum of frequency is required, wideband
FSS structures can be employed. When the literature is studied, numerous articles
about wideband FSS can be found. For example, Zhou et. al. designed an ultra-
wideband FSS consisting of three metallic layers and two very thin dielectric layers
[12]. The upper and bottom layers of the model are rectangular patches while the
middle layer is a square grid as demonstrated in Figure 1-6.a. The prototype
fabrication of the FSS seen in Figure 1-6.b consists of an array of 67x67 unit cells.

a b

Figure 1-6 Wideband FSS structure a) Three dimensional unit cell model
b) Prototype of fabricated FSS [12]



Rather than single band of operation, it is also possible to achieve dual-band
filtering responses with FSS structures. Figure 1- 7 demonstrates a dual-band reject
FSS which consists of two nested rectangular loops placed on the same surface.
The model can be further modified such that a band-pass filtering occurs between

two nulls of rejection frequencies.

[

gh— 92— ~ob—— o, ——~{ED
Figure 1- 7 Double square loop FSS model [13]

Another dual-band FSS model described by Yee in [9] consists of three metal layers
and two dielectric layers between them. The outer metallic sheets have arrays of
apertures while the inner sheet has patches. Yee also suggests the implementation of
both low and high frequency FSS arrays on the same metallic sheet as in Figure 1-8.
With this configuration, a dual-band frequency selective surface is obtained. When
the crossed dipole elements are used, FSS rejects the signals of two predetermined
frequencies. If the elements are crossed apertures, FSS transmits the impinging
waves of two different wavelengths. The sheets are kept apart from each other using

the dielectric substrates.

Figure 1-8 Dual-band FSS model [9]
10



An extension to dual-band FSS could be the concept of "multi-band filtering”. The
multi-band pass or reject FSS can be designed by applying the different sized
elements together or fractal elements. As an example of the recent work about this
concept, a tri-band stop FSS developed by Kim and Choi can be shown [14]. In this
model, three distinct resonance frequencies are created using the ternary tree shaped
loop loaded with a tripole element (see Figure 1-9). Two of the resonance
frequencies originate from the loop and the other one from the tripole placed inside
the loop.

Ternary
tree loop

Figure 1-9 Tri-band FSS model [14]

As the design and fabrication technologies improved, new types and applications of
FSS structures have arised enormously. Another interesting implementation for FSS
structures is the introduction of the fractal elements for multiband operations [15].
Fractal elements have unique properties like small element size due to the confined
geometry which creates a long curve in a low space [16]. Thus, the spacings
between the fractal elements become closer than the non-fractal ones. The major
point about the fractal elements is the self-similarity property which provides
multiband behavior [17]. Self-similarity is the replication of the major element at a
different scale with iterations (see Figure 1-10). The multiband frequencies change

with respect to the replication scale.
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Figure 1-10 Iterations of the Sierpinski FSS [17]

Sensitivity to angle of incidence, top flatness and selectivity properties of FSS
structures are directly related with the constructional aspects. Instead of single
metal sheet, FSS structures can consist of double metallic layers with dielectric
substrates between the FSS layers or superstrates on them, which results "hybrid"
structures. The main targets for such modifications to FSS structures are to create a
flat-top pass-band and to increase the selectivity with a fast roll-off. First of all,
using two cascaded FSS layers as shown in Figure 1- 11 enhances the
aforementioned properties (see Figure 1- 12). However, the structure is still weak

for the illuminations at different angles of incidences.

(@) (b)

Figure 1- 11 Crossed dipole aperture FSS model: a) Single layer b) Double layer
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Figure 1- 12 Comparison of transmission performances of single and double layer
crossed dipole aperture FSS

Another adaptation is to place dielectric layers of equal thickness and dielectric
coefficient on both sides of metallic FSS layer as demonstrated in Figure 1- 13. The
single FSS with dielectric layers favors in broadening the bandwidth with respect
to the case without dielectric layers. Nevertheless, the model suffers from the rough

in-band characteristics. In other words, the flatness cannot be provided with this

modification. As observed from Figure 1- 14, the resonance frequency of single

Jo
Ve,

FSS layer moves down towards from fo.

Single metallic
FSS layer Outer dielectric

substrates

Figure 1- 13 Single crossed dipole aperture FSS with dielectric slabs
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Figure 1- 14 Transmission responses of single FSS layer with and without

dielectric slabs

In order to overcome both flatness and selectivity problems with a stable oblique
incidence performance, "hybrid" FSS structures can be utilized. According to
Munk, a real hybrid FSS consists of two outer dielectric layers, two cascaded
metallic FSS sheets and a dielectric slab between them [1]. The outer dielectric
layers have the same thickness and dielectric constant and serve for constant
bandwidth performance against oblique incidence and polarizations. The middle
dielectric layer determines the flatness of transmission curve in the pass band. FSS
sheets are responsible for the bandwidth and resonance frequency. The invention
patented by Munk called “Space Filter”, a sandwich type FSS consisting of slot
metal sheets and dielectric layers, was patented in 1978 [18]. With this invention,
Munk claimed that the bandwidth of the FSS remains constant over a wide range of
angle of incidence. The new structure includes the cascaded dielectric and metal
layers with different thicknesses and models respectively. It is possible to construct
a band-pass or band-stop space filter using the corresponding elements, i.e., slots or

patches. The drawing in Figure 1-15 exhibits the multilayer hybrid FSS model. The
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outermost dielectric layers are used to provide the necessary conductance yielding
to constant bandwidth for varying angles of incidence. The intermediate dielectric
layer ensures the coupling between the periodic arrays. The total thickness of the

FSS is around an odd multiple of one quarter wavelength.

Figure 1-15 The schematic of a multilayer “Space Filter” [18]

Hybrid configuration of crossed dipole aperture FSS is constructed as described
above (Figure 1- 16). The transmission response of the hybrid FSS model is
observed to be enhanced in terms of band-pass flatness and bandwidth with respect
to single metallic layer of crossed dipole aperture FSS (Figure 1- 17). Hybrid
model is also more powerful against oblique incidence cases when compared to
single layer FSS.

Double FSS

Outer dielectric
layer

substrates

Inner dielectric
substrate

Figure 1- 16 Hybrid FSS configuration of crossed dipole aperture element
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Figure 1- 17 Transmission responses of single layer and hybrid crossed dipole

aperture FSS

So far, the characteristics of planar FSS are discussed, however; for some
applications like nose radomes on the aircrafts, the nose radome applications on the
aircrafts, the angle of incidence of the incoming wave can reach to very high values
due to the shape of the radome. Therefore, conformal FSS structures are required in
order to decrease the RCS of curved structures successively, while creating no
significant effect on the performance of the antenna. Implementation of FSS on
curved radomes decreases the out-of-band target RCS of the antenna effectively
since the incoming signal is scattered to other directions, not reflected back. Other
major application of conformal FSS is the dual band reflector antenna systems. In
the dual band reflector systems, a conformal FSS can be designed as a sub-
reflector, which reflects the signals of one of the operation frequencies to main
reflector and transmits the other (see Figure 1- 18).

16
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Figure 1- 18 Utilization of conformal FSS in a dual band reflector system [19]

In [20], a multi-layer array approach using open-ended waveguide antenna array
combined with FSS structures conformed on a cylindrical surface is presented. A
novel fabrication approach for conformal FSS structures on doubly curved bodies
is explained in [21]. In this work, cross loop FSS model is implemented on a
paraboloid surface with rapid 3D prototyping. Design of a conformal FSS as a sub-
reflector in a satellite is studied in [22].

Since the shape of the application surface is limited to one or doubly curved bodies,
FSS structures are necessarily to be designed as conformal to implementation
surfaces. The researchers have thoroughly studied about FSS problems from 1960's
up to date. With the aid of new advanced CPUs, the analysis and design durations
have dramatically decreased. Different FSS structures are discovered as the
fabrication and analysis techniques are improved. However, still, there are
challenging topics about FSS to be intensively investigated and improved. One of
these challenging issues, which is also the main concentration of this thesis, is the
application of FSS structures to conformal bodies. The conformal application
brings extra difficulties different from the classical planar problems. In planar
problems, the main assumption in the analytical solutions, periodicity in two
dimensions, is almost preserved. The effect of the elements at the end of the arrays
can be neglected for large arrays of FSS. However, in curved FSS, the periodicity
cannot be kept in two dimensions. On singly curved bodies like cylinders, only the

periodicity in longitudinal dimension is conserved. Thus, after a planar unit cell
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solution, one has to prove the design with a curved structure analysis. There are
some extra difficulties in designing conformal FSS. For example, the stable
performance against angle of incidence is a must for conformal implementations
since the incident wave can impinge on the surface of a curved FSS structure at
very large angles. Thus, FSS model has to maintain its characteristics under these
conditions. The orientation and registration of the elements on a curved surface
also play a key role in the performance of FSS. The development of a complete
methodology for the design and efficient determination of the performances of
conformal FSS structures is the main target of the thesis.

In this thesis, the design and analysis methods of the FSS structures for the
conformal bodies are explored. Starting from the planar unit cell models with
different requirements, semi-finite curved FSS models are constructed and
analyzed using HFSS®™ of ANSYS [23].

The fabrication and measurements of the FSS structures for planar structures are

realized in order to prove the designs and complete the study.

1.2 Organization of the Thesis

In Chapter 2, overview on FSS analysis methods is demonstrated. Different
solution approaches are investigated stating the advantages and disadvantages of
each method with respect others. The analysis methods utilized in this thesis to
obtain FSS characteristics are also explained starting from planar solutions to

conformal ones step by step.

The design and analysis of a FSS with coupled aperture disk elements are
implemented in Chapter 3. FSS parameters are determined using unit cell model.
The oblique incidence performance is also tested with that unit cell solution in
HFSS. A semi-finite model is constructed which provides both to observe the
effects of finite arraying and take advantage of unit cell solutions for a fast

analysis. Planar and curved FSS models are constructed using semi-finite analysis
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method. The constructed curved model is finite in the curved direction of the
cylinder while it is infinite in the longitudinal direction, which is so called "semi-
finite". Filtering performance of FSS model is also verified with a finite doubly

curved model in HFSS®.

In the 4™ chapter, the design of a wide-band conformal FSS is introduced. The
design process and verification of performance using the semi-finite model

approach of Chapter 3 are also implemented for wide band FSS model.

The fabrication and measurements of planar prototypes of coupled hybrid FSS are
presented in Chapter 5. The construction of the setups for the appropriate
measurements is detailed. The results of simulations and measurements are
compared and possible reasons of discrepancies are discussed. New fabrication

approaches are also presented at the end of this chapter.

In the last chapter of the thesis, the conclusion remarks about this work are given
with the possible future studies about conformal FSS structures, which can move
the knowledge and abilities one more step away.
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CHAPTER 2

ANALYSIS METHODS FOR FSS STRUCTURES

2.1 Overview of Analysis Methods

In order to efficiently analyze various FSS problems, different solution methods
may be applicable. The analysis methods used to design and improve the
performance of the FSS structures can be detailed as follows. The pioneers of the
FSS design were first applied the mode matching technique, which was normally
used for waveguides, to solve the FSS problems. After mode matching analysis, the
equivalent circuit approach is adopted to FSS structures from a perspective of
transmission lines. Due to the incapabilities of both techniques to handle the
problems for the types different from the standard models like rectangular patches
and apertures, more accurate numerical methods, such as method of moments, finite
element and finite difference methods, are developed.

To start with the mode matching technique, it is applied by calculating the
waveguide modes at the discontinuities on a basis of entire domain [24]. The
procedure includes equating the expansions of fields to the boundary conditions of
the discontinuity region [25]. When the scattered fields are desired to be calculated
from periodic structures, the expansion into Floguet modes is required. In mode
matching technique, the appropriate basis and test functions are used to find the
unknowns of the problem, i.e., amplitudes of the fields. The transmission and
reflection parameters are directly gathered in terms of field amplitudes into the S-
matrix of the layer. The multiple layer problems are also possible to be handled with

mode matching technique in a manner of cascaded networks. In [26], the numerical
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analysis of an arbitrarily shaped FSS with a combination of mode matching and S-

matrix methods is revealed.

Another method derived for FSS analysis is the circuit equivalent method which
was firstly applied by Anderson [27]. To him, the method is best fitted for the
periodic, free standing, thin and perfectly conducting metal structures where the
dimensions are smaller than the wavelength of the impinging wave. The impedance
between the strips is described as inductive if the polarization of the wave is
parallel with respect to strip alignment. Shunt capacitive elements exist if the
polarization is perpendicular. The oblique incidence cases for the equivalent
circuits of gridded square and double square FSS are analyzed up to 45° referenced
to the normal [28]. The method is repeated with a novel attitude for the ring patch
FSS in [29]. The equivalent network parameters for ring elements under oblique
incidence are determined and the transmission characteristics of the analysis and
measurements are compared. Some differences between the results are observed by
the authors. They attribute the disagreement mainly to the test environment and the
weak accuracy of the circuit equivalent method than other full wave numerical
solutions. If the FSS model is easy to model by lumped elements, the equivalent
circuit approach can be employed to solve such kind of problems. When the FSS
model gets complicated, i.e. hybridized, multilayer or conformal designs , the
circuit equivalent method becomes inaccurate when compared to full wave
solutions. The main drawbacks of circuit equivalent method can be listed as

follows:

e The cross-polarization effects are ignored, i.e., the equivalent circuit
parameters are valid for only co-pol illumination.

e Method is incapable to handle FSS problems with large angle incidence.

e The coupling between the adjacent FSS elements is not consulted.

e Analytical solutions of FSS parameters exist for a limited number of

element types.
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Hence, the circuit equivalent method is not adequate to solve all FSS problems.
However, if one will work with a well-known FSS model like rectangular loop or
the Jerusalem cross, whose parameters are defined analytically, circuit equivalent
approach can be a good starting point to observe the effects of any parameter

quickly.

Method of Moments (MoM) can be utilized for the solution of the operator
equations of the induced currents or fields defined on an illuminated surface [30].
The characteristics of the FSS structures, i.e., transmission and reflection properties,
can be extracted from these solutions [31]. The convergence of the solutions is
mainly determined by the basis and test functions. MoM application for FSS brings
some difficulties when the medium is multi-layered or a thickness is defined for
metal surfaces since it becomes more difficult to handle the Green’s functions for
3-D structures [25].

Finite Element Method (FEM) is normally applied for bounded domain structures.
The unbounded nature of FSS problems require some specific boundary conditions
which eliminate the reflected fields while absorbing the incident and scattered fields
appropriately. FEM is easily adapted to complex geometries and anisotropic media
[32]. However, the solutions of the FEM equations require a high calculation
capacity which is achieved by the high performance work stations.

Finite Difference Time Domain (FDTD) method is implemented in order to obtain
broadband responses since a wide band analysis can be gathered in a single
simulation. The detailed analysis of FSS with FDTD method is investigated in [33].
An important advantage of FDTD method is that there is no need for any matrix
conversion to solve the problems which makes it easier when compared to other
methods. However, in FDTD, the data load can be very excessive since storage at

any time instant is required.

The general approach to begin an FSS design is the "unit cell” solution. Due to the
periodic nature of FSS structures, infinite array approximations are applicable. Unit
cell method employs the periodic solution of an FSS model. Unit cell implies for
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one period of the FSS. In Figure 2- 1 unit cell sample is demonstrated. In the same
figure, full array view is also given.

Using the unit cell model, the performance of an FSS structure under the infinite
array conditions can be determined with the help of an electromagnetic simulation
software like HFSS®, CST®, etc. [34]. In unit cell analysis, it is possible to create
phase difference between the periodic boundaries, which corresponds to the
oblique incidence case. The performance of a curved FSS structure has to remain
stable under varying angles of incidence. Hence, this feature is required to be tested

with the unit cell analysis at first.

Figure 2- 1 Unit cell (on the left) and finite planar array (on the right) of a disk FSS

Concerning the conformal structures, the FSS array cannot be preserved in linear
arrangement. Different array sequencings with respect to various surface
topographies like triangular, hexagonal and parallel as shown in Figure 2- 2 are
constructed to observe the effects of the corresponding arrangements. For example,
the arrangement on a sphere surface can be performed in hexagonal or pentagonal

arrays as illustrated in Figure 2- 3.
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Figure 2- 2 Various unit cell arrangements: (a) Triangular (b) Hexagonal (c)
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Figure 2- 3 Arrangements of FSS elements on spherical surface: (a) Hexagonal (b)

Pentagonal [19]

Hexagonal or pentagonal arrangements of FSS elements on doubly curved
structures like spheres cannot provide a full periodicity as in planar cases. The
inter-element spacings differ as the elements get away from the poles. Therefore,
alternative arrangements on these bodies can be examined in order to maintain the
periodic behavior of FSS elements as much as possible. For example, the surface of
a doubly curved structure can be coated with the sequences of the FSS elements as
demonstrated in Figure 2- 4. Sphere surface can be divided by circles of different
radii which are one period apart away from each other. Thus, period between
successive FSS sequences on these circles is maintained. On each circle, FSS
elements can also be placed periodically. Since the elements are at equal distance
from each other on circles with different radii, FSS elements are located as shifted

with respect to neighboring sequences. With this configuration, period between
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FSS sequences and elements of each sequence can be preserved. However, this
method is not applicable for coating full sphere surface perfectly. It is convenient to

cover a half sphere which is generally sufficient in aspects of practical applications
of FSS radomes.

e

T T Yy Y Y Y Y Y Y Y T Y Vv gl s cos
1449444444444 4444 41
RRYIRRRRYREDRY DL
HLEEEEO PP R b Db D b
lterseesen PDDOD
3 OO0
+ 4444
444+ \»H+}$¢$§{f#¢¢#¢-:, s +4¢f¢#~0¢000”r
B R S R R 28 R R
4+ 9444 B S
e s R s R L SRR RS ATE
:*Ii: TP EI ISP IS B bR LS b b IR LAY
¢i++4
+ 4+ 44 BEOR 0 COOODCCORN
-+ + 4 o ‘$:¢++¢¢++¢‘++¢s:
$333 Fessiosiion
‘f$+¢4 P e e e O
-+ + 4 ::‘:1:40'41:::::
.¢§++< N e
ST g iiiiiiiiiig
e g ey

(©) (d)

Figure 2- 4 Illustration of element arrangement on sphere with shifted unit cell
approach: a) Single sequence placement b) Multiplication of elements on single

sequence c) Covered quarter sphere d) Full sphere view
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The performance of the related FSS model for such an arrangement can be easily
observed with the unit cell solutions. The unit cell models for a sample FSS for this
approach is presented in Figure 2- 5. As seen in the figure, different unit cells are
designed to determine the corresponding filtering characteristics. Provided that all

the unit cell models exhibit filtering performances similar to single element unit

- )&*
o O O

Figure 2- 5 Different unit cell arrangements for the determination of the shifted unit

cell, this approach is applicable.

/—\ Q

cell performance

The unit cell analysis in FEM based HFSS starts with constructing one period of
FSS model. Once the model is created then a vacuum box is built covering the
edges of the unit cell model. Then, the boundary conditions are arranged. In Figure
2- 6, assignment of periodic boundary conditions, which are called "master" and
"slave" in HFSS terminology, are represented. These boundaries ensure the
construction of an infinite array either in one or two dimensions. In Figure 2- 6, the
periodicity is in two dimensions. By defining phase differences between the
master-slave pairs, the oblique incidence performances of FSS structures are

determined.
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Master Boundaries

Figure 2- 6 Assignment of "Master" and "Slave" boundary conditions on the walls

of vacuum box

The excitation of the unit cell model is accomplished by the Floquet ports as
illustrated in Figure 2- 7. Other than the periodic side walls of the unit cell model,
at least one open boundary condition which stands for the boundary to infinite
space is required. To provide this open boundary condition, Floquet ports are used
in HFESS. These ports create Floquet modes, which are plane waves propagating in
the direction defined by the frequency, phase difference between the side walls and
the model of unit cell. With this configuration, Floquet modes exhibit waveguide
mode behaviors, i.e. they have propagation constants and cut-off frequencies. FSS
unit cell structures have two Floguet ports since both the transmission and
reflection properties of the FSS are performance criteria.
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Figure 2- 7 Floquet port assignments for a unit cell FSS model in HFSS

In FSS analysis, the first fundamental modes for TE and TM waves are examined.
The other modes are necessarily to be diminished. Thus, the Floquet ports are set
apart from each other at a sufficiently long distance where the other evanescent
modes disappear until reaching the FSS. In HFSS, there is an option called "Modes
Calculator" which shows the attenuation of the higher order modes at unit length
(see Figure 2- 8). Using this feature, the length of the vacuum box is arranged in
order to provide at least 40-50 dB suppression of the evanescent modes. However,
the distance between the unit cell surface and the ports creates a shift in the phase
terms of S-parameters. This shift in phase terms can be eliminated by applying the
"de-embedding"” feature of HFSS. By de-embedding the Floquet ports onto the
surface of FSS structure, the exact S-parameters belonging to the analyzed structure
are gathered (see Figure 2- 8) .

Once the construction of FSS unit cell is completed, the simulation can be
performed after defining the solution setup in HFSS, i.e., frequency range, solution
frequency where the meshes are created and the convergence rate of S-parameters.
There is an important point for solution frequency that a designer must be careful.

Generally, for the analysis of finite structures, the solution frequency is taken as the
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Figure 2- 8 Modes Calculator (on the left) and de-embedding (on the right)
properties of HFSS Floquet port setup

upper limit of the interested frequency sweep in order to provide sufficiently small
meshes compared to the minimum wavelength of frequency sweep points.
However, in resonant structures, the initial solution point must be chosen as the
resonance frequency because the most complex mesh arrangement is required for
the resonance point. To ensure the resonance frequency of the structure, an iterative
way is followed until the solution and observed resonance frequency become equal.
With the unit cell analysis, the parameters of the FSS model are optimized very fast
and efficiently, i.e., the solution does not create a high calculation load. Moreover,
as a scope of this thesis, the oblique incidence performance of the unit cell can be
observed easily. Furthermore, the parameter optimization can be continued in the
perspective of targeted oblique illumination behavior of the FSS model.

After the parameters of a unit cell that satisfies the design requirements are
obtained, the performance of the design needs to be evaluated with a finite model.
The infinite periodic array solution of unit cell analysis gives an idea to the

designer about the characteristics of the model, however; the results closest to the
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fabricated design measurements can be achieved by only finite analysis of the exact
structure. The effects of the edge elements can be observed with the simulation of
finite models and may create significant difference with the results of the unit cell
analysis. The solution for the finite model would create a huge computational load.
Therefore, it is sometimes unfeasible to construct and solve the finite model. In
such cases, the semi-finite solution can be chosen as the final step of the design
process. If the model has symmetry properties, it helps to reduce the size of the
problem. Then, a finite conformal solution may be applicable. In HFSS, the exact
model can be simulated by using only a half or quarter of the whole structure if the
body is symmetric in one or two orthogonal planes with respect to the center,
accordingly. The symmetry boundary conditions are assigned on the related walls.
The assignment is employed according to the direction of E-field vector of the
source. The wall whose plane is normal to E-field vector is selected as PEC
boundary. Similarly, the wall with parallel plane is assigned as PMC boundary. A
sample finite model and its symmetry boundaries are presented in Figure 2- 9.

—Efeld
direction
Figure 2- 9 Quarter FSS model: (a) The arrangement of FSS elements (b)

Symmetry boundaries

Another alternative technique to lessen the heavy calculation load created by finite
simulations can be the "semi-finite analysis" approaches. In semi-finite models, a
unit cell is constructed which is finite in one dimension and infinite in other
dimension. A couple of master-slave boundary condition is required since the

structure is periodic in one dimension only. The finite dimension is modeled with
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respect to the design requirements. For example, for a planar or singly curved
cylinder FSS model, one can construct a semi-finite solution setup, i.e., periodic in
one of the principle dimensions and finite in the transverse plane as shown in
Figure 2- 10 and Figure 2- 11. With this model, both the effects of finite elements
are observed and the simulation load is reduced dramatically with respect to the
solution of a finite model. The application of semi-finite analysis is accomplished
in the following chapters for both planar and curved FSS structures.

/

N

"

Figure 2- 10 Planar semi-finite FSS model unit cell

500 (mm)

Figure 2- 11 Curved semi-finite FSS model unit cell
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The construction of unit cell for the semi-finite analysis is a little different from the
classical two dimensional, single element FSS unit cell. The semi-finite unit cell
model consists of a single slice in the periodic direction. The construction steps of
the semi-finite unit cell can be explained as follows. First of all, FSS model is built
up in HFSS. Afterwards, a vacuum box covering the FSS model and standing
tangent to FSS walls in periodic direction is created. The non-periodic faces of the
vacuum box are chosen to assign Perfectly Matched Layers (PML) which provide
open boundary conditions, i.e., they do not reflect the incoming signals (see Figure
2- 12). The PML setup user interface automatically constructs the PML objects
consisting of bi-axial anisotropic materials. In HFSS, another open boundary
condition for radiation problems exists, which is named "Radiation Boundary".
However, PMLs are advanced boundary conditions and give more accurate results
especially for radiation problems when compared to the radiation boundaries.

Hence, PMLs are more useful for the analysis of semi-finite unit cell FSS model.

Figure 2- 12 Faces used for PML boundary identification on the curved semi-finite

model

The periodicity of the semi-finite model is provided using a single master-slave
boundary pair which implies one dimensional periodicity of the model in the
longitudinal dimension. The critical point defining the master-slave pair for this
model is that master and slave boundaries are required to cover the PMLs since

they are also necessarily infinite in the periodic dimension. Therefore, two sheets
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covering the corners of the outer PML boxes are created and defined as master-
slave pair. On the center line of the semi-cylinder, a linear array of 31 Hertzian
dipoles is used in order to illuminate the FSS radome with a Taylor distribution of
20 dB side lobe level (SLL). FSS characteristics are gathered from the knowledge
of the far field datum for different frequencies. The total and incident electrical
fields in the far zone are compared in terms of peak and SLLs for different
frequencies. The incident electrical field data stands for the case that FSS radome

does not exist.

2.2 Design Approaches for Curved FSS Structures

The conformal FSS design requires extra points to consider when compared to
planar FSS applications. The model of FSS structure is critical since the good
conformability properties are needed. The circular elements are generally preferred
by the designers due to good conforming properties. The singly curved structures
are easier compared to the doubly ones since the periodic properties can still be
maintained on a singly curved body. However, for the doubly curved cases, the
periodic nature of the FSS array is very difficult to be preserved. For example, on
the surface of a sphere, it is impossible to arrange the FSS elements in a two
dimensionally periodic sense. Thus, different approaches should be introduced to
realize the FSS performance on a doubly curved structure. One of the approaches is
to use an FSS model which is insensitive to shifts in the alignment of elements in
multilayered structures. In the single element planar unit cell design period, the
performance of the FSS model can be tested in aspects of the predefined properties.
Furthermore, a different periodicity approach can be implemented which preserves
the period between the inter-elements in one dimension and the subsequent
sequences of FSS elements in the orthogonal dimension. Another method for the
doubly curved structures can be to optimize the performance of the total structure

by arranging the positions of the elements using the finite model analysis. This
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method would give the most reliable results, however; it is inefficient and time-

consuming compared to other approaches.
2.3 Design Methodology for Conformal Frequency Selective Surfaces

The design procedure for the conformal FSS applications starts with the
determination of the unit cell model definitions as in the planar cases. The required
characteristics like band pass/band stop filtering, levels of insertion loss or
reflection coefficients, oblique incidence performance etc., are specified. Then, the
starting points for the unit cell parameters are determined either by using circuit
equivalent approach if applicable or through simulation based fast search or by
scaling the known model parameters for a specific application. The starting point
determination brings the designer to a feasible solution region instead of searching
the final optimum sizes in the whole space. Generally, the optimum design
parameters will be within the close neighborhood of these starting values. The next
step is to analyze the FSS unit cell. The design is first verified for the normal
incidence case with 2D infinite planar array model. Using the unit cell model
shown in Figure 2- 13, FSS performance for the oblique incidence cases can also
be observed and fine tuning of unit cell parameters to satisfy the design goals for
oblique incidences is pursued. Oblique incidence conditions are created by
applying phase differences to the periodic boundaries of the unit cell as described

in this chapter.
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Figure 2- 13 Coupled-aperture disk hybrid FSS unit cell model

The array topology is very important for the conformal FSS applications. The
placement of the elements on a doubly curved structure is not straightforward as for
the planar or singly curved applications. When the surface is planar or singly
curved, i.e. cylindrical surfaces, the periodicity between the FSS elements can be
preserved in two dimensions. However, if the surface is doubly curved, i.e.
spherical surfaces, the simple periodicity techniques are not applicable since it is
impossible to maintain the periodicity in two dimensions on these surfaces. Instead,
alternative techniques for the arrangement of the FSS elements are required as
mentioned before in this chapter of the thesis. Therefore, the designer is strongly
suggested to determine the final array parameters like inter-element spacing and
array configuration. These modifications will benefit in the realization of the
eventual FSS radome structure. FSS parameters can also be optimized for the new
array topologies.

Verifying FSS performance using the curved models is essential since the real
application surface will not be planar. The unit cell analysis of the single element is
utilized for planar and infinite conditions, which does not fit the real operation
conditions. The interaction between the conformal elements may be different from
the planar arrays. Furthermore, the edge diffractions can be taken into account with

only a finite conformal analysis. Therefore, the analysis of the FSS model with
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singly or doubly curved models is required in order to observe the filtering

characteristics of curved FSS elements. However, the finite models usually create a

Unit Cell
Definitions

eDefine FSS characteristics ( Band pass/stop, Insertion loss,

Oblique incidence performance)

eDetermine the starting points for unit cell parameters
(Circuit equivalent approach, simulation based search)

FSS Unit Cell
Analysis

eDesign for normal incidence
*Optimization of unit cell parameters
oVerification for oblique incidence cases

Array Design

Conformal
Structure
Analysis

End of first
stage design
period

eArray configuration
eArray verification
eOptimization

|
|
|

eQOptimization of singly and/or doubly curved structures
with finite/semi-finite structure analysis

eFinalization of design procedure before fabrication
*Check for the realizability of the final structure

Figure 2- 14 Flowchart representation of conformal FSS design procedure

heavy calculation load which cannot be solved by even high performance work

stations. To overcome this problem, a semi-finite solution is suggested in this study

as mentioned in this chapter. With this solution, the edge diffractions and the

performance of curved elements can be observed in the finite dimension. On the
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other hand, the periodicity in the longitudinal dimension makes the problem
convenient to analyze by reducing the calculation load.

When the finite or semi-finite curved FSS analysis is completed, the design
procedure before fabrication is finalized. Nonetheless, the designer needs to check
the final version of the FSS structure in aspects of realizability for fabrication
process. The design procedure for the conformal FSS applications is also
summarized with a flowchart in Figure 2- 14.
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CHAPTER 3

DESIGN AND ANALYSIS OF A HYBRID CONFORMAL
FREQUENCY SELECTIVE SURFACE

3.1 Design Requirements

The design requirements for the conformal application of FSS structures are more
challenging with respect to planar applications. In this section, the design
requirements of the FSS structure to be designed are explained. To start with the
filtering behavior, FSS structure will necessarily work as a band-pass filter in Ku-
band (12.4-18 GHz), which lets the transmission of the signals of the illuminating
radar antenna inside the radome while reflecting the other signals of different
frequencies. As another design criterion, it is required that FSS will exhibit a
narrow band performance with a fast roll off in the transmission curve starting from
the ends of the pass band region. The partial bandwidth of the design is 2.4%
around the center frequency, fo. It is also required that FSS will have low insertion
loss in the pass-band while maintaining its performance for the oblique incidence
cases. Moreover, FSS is required to be circularly polarized. The polarization
requirement is determined with respect to the antenna, which will be covered by the

FSS radome. The major design goals of the FSS design can also be listed as;

e High selectivity (Sharp roll-off at the edges of the boundary frequencies)
e Low insertion loss in the pass-band

e Narrow bandwidth

e Stable performance against oblique incidence

e Polarization independence
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e Applicability on curved bodies
3.2 Hybrid Conformal Frequency Selective Surface Design

In order to satisfy the design requirements, a number of alternative FSS models
have been examined. The typical FSS models like loaded square slot, dipole, ring
elements are studied in aspects of their capabilities for the design goals. It is
observed that, in general, for the doubly curved applications, disk elements are
preferred due to their good conformability properties. The indispensable needs for
conformability and dual polarization make the circular elements good candidates
for this specific FSS design. In Figure 3- 1, some types of the circular FSS

elements are shown.

Figure 3- 1 Circular FSS element models

In order to enhance the selectivity and pass-band flatness properties of the FSS
elements, the number of layers used in the design is required to be increased, which
will yield the designer to the hybrid FSS structures mentioned in Chapter 1. Hybrid
FSSs are also superior against oblique incidence of impinging waves than the
single or double layer structures. Another critical goal is the narrowband operation
of FSS. To provide a narrowband filtering performance, one can make use of the
coupling between the FSS layers. The application of the idea for narrow band FSS
structures is first introduced by Pous and Pozar with rectangular aperture coupled
elements [35]. They represented a narrowband band-pass FSS, which is also highly
selective, using the coupling between the patches. The model consists of three
metallic FSS layers. The outer layers are patches and the layer in the middle is a

rectangular slot which is responsible for the coupling between the patches. There
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are two dielectric slabs between the patches and aperture. The top and cross-
sectional views of the FSS geometry Pous and Pozar used in their design are
presented in Figure 3- 2.
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Figure 3- 2 Top (a) and cross-sectional (b) views of the rectangular aperture
coupled FSS [35]

According to Pous and Pozar, the resonance frequency is mainly determined by the
patch sizes, however; the width of the aperture is also crucial since it provides the
coupling between the patches resulting a full transmission performance in the pass-
band. If the aperture becomes very large, the level of coupling increases. When it
exceeds the critical value for maximum transmission, a second resonance occurs at
another frequency lower than the main resonance point. As the aperture size is
increased, that second resonance moves down in frequency. The bandwidth of the

structure can be controlled by the thickness and electrical properties of the substrate

41



material. When the thickness of the slabs is increased, the bandwidth of FSS
expands. The same effect can also be created by using a material with a lower
dielectric coefficient. Nevertheless, as the bandwidth is increased, the coupling
level reduces which can result an undesired FSS performance.

The application of aperture coupled FSS structures using circular elements is first
investigated by Hang Zhou et al. in [36]. They designed and fabricated a filter-
antenna consisting of a conical frequency selective surface radome and a monopole
antenna. The FSS model they proposed is composed of three metallic layers, two
outer patches and one coupling aperture between the other layers. The metallic
layers are separated from each other with two dielectric slabs as shown in Figure 3-
3.

/ Metal Disc
Dielectric Metal with
Layers —= $ = » Circular

Aperture
Metal Disc

Figure 3- 3 Layers of the hybrid FSS model

They first constructed the unit cell and optimized the FSS parameters using
HFSS®. After observing the unit cell model to be satisfactory in different aspects
like center frequency, bandwidth and oblique incidence performances, they
modeled a finite structure, a conical FSS radome with a monopole antenna (filter-
antenna), to check the FSS performance under these conditions. In the finite
solution, they used the symmetry property of the model and solved the problem
with the quarter of the actual model as shown in Figure 3- 4. Finally, they
completed their work fabricating the conical FSS and measuring its performance.
The results of the measurements are observed to be consistent with the simulations.

FSS radome does not significantly affect the radiation pattern of the monopole
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antenna in pass-band frequencies while decreasing the RCS of the system for the

out-of-band frequencies.

:
» ‘
1 Zoom in
|

Monopole

Ground

Figure 3- 4 A quarter of the filter-antenna model simulated with HFSS [36]

In this study, the aperture coupled circular hybrid FSS model of Hang Zhou et al. in
[36] is utilized for a doubly-curved FSS radome design. The original model they
proposed operates around 6 GHz with a bandwidth of 0.26 GHz (5.90-6.17 GHz).
The parameters of the coupled aperture circular disk FSS model are scaled for the
Ku-band operation. Scaling shifts the pass-band of FSS, however; there exist many
discrepancies in the filtering characteristics since all the parameters have distinct
effects. Therefore, the parameters are required to be optimized until the new design
goals are fully met.

In order to observe the effects of different FSS parameters to the filtering
characteristics, sweep analyses for each of them are performed using the single
element unit cell model in HFSS®. The sweep parameters are namely, outer disk
radius (rl), circular aperture radius (r0), dielectric thickness (h) and period (p) of

the unit cell FSS element as shown in Figure 3- 5.

43



{a} ) (e}

Figure 3- 5 Sweep parameters of the FSS unit cell; (a) Top view (b) Side view (c)
Circular aperture metallic layer

The transmission characteristics for different FSS parameters are presented
between Figure 3- 6 and Figure 3- 9. The design parameters shown in figures are

given as normalized to their individual optimum values.
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Figure 3- 7 Transmission responses of the hybrid FSS for circular aperture radius
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Figure 3- 8 Transmission responses of the hybrid FSS for dielectric slab thickness
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Figure 3- 9 Transmission responses of the hybrid FSS for period parameter (p)

sweep

The results of the parameter sweep analyses are also summarized in Table 3- 1 to
Table 3- 4 with the normalized parameter sizes, center frequencies, 3 dB
frequencies and resultant fractional 3dB bandwidth values. The parameter
normalizations are done with respect to the optimum values while normalization
for the frequency is accomplished scaling to target center frequency of the design
(fo). As observed from Table 3- 1 and Figure 3- 6, increasing the radius of the outer

disks moves the center frequency down and does not considerably affect the

bandwidth of FSS.
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Table 3- 1 Parameter sweep results for disk radius (rl)

rl Center Freq 3dB points F;c;gc;l
(Normalized)| (Normalized) | (Normalized) (%)
0,973 1,030 1,003 |1,057 5,202
0,982 1,018 0,994 |1,048 5,263
0,985 1,018 0,991 |1,045 5,263
0,988 1,012 0,988 |1,042 5,294
0,991 1,009 0,985 |1,036 5,015
0,994 1,006 0,982 |1,033 5,030
0,997 1,003 0,979 |1,030 5,045
1,000 1,000 0,976 |1,027 5,060
1,003 0,997 0,973 |1,024 5,075
1,006 0,994 0,970 |1,021 5,090
1,009 0,991 0,967 |1,018 5,105
1,012 0,988 0,964 |1,015 5,120

The transmission characteristic of the FSS model is very sensitive to the changes in
aperture radius (r0) since it has the most powerful effect on the coupling between
the outer patch disks. The changes on the aperture radius create bandwidth

variations rather than shifting the resonant frequency of the design (see Table 3- 2).

Table 3- 2 Parameter sweep results for aperture radius (r0)

r0 Center Freq 3dB points Fractional
(Normalized) | (Normalized) (Normalized) |3dB BW (%)
0,818 1,006 0,988 | 1,027 3,846
0,909 1,003 0,982 | 1,027 4,451
0,964 1,000 0,979 | 1,027 4,762
1,000 1,000 0,976 | 1,027 5,060
1,091 0,994 0,964 | 1,030 6,587
1,182 0,991 0,955 | 1,030 7,508

Parameter sweep for the thickness of the dielectric slabs reveals that the coupling
and, consequently, 3 dB bandwidth of FSS transmission response decline as the

thickness is increased. The results for the thickness sweep are presented in Table 3-
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3. When the thickness is decreased by more than half of the optimum value, the

transmission characteristic is observed to vanish totally.

Table 3- 3 Parameter sweep results for dielectric thickness (h)

h Center Freq 3dB points Fractional
(Normalized)| (Normalized) (Normalized) 3dB BW (%)

0,357 - - - -

0,714 1,009 0,982 1,036 5,310
1,000 1,000 0,976 1,027 5,060
1,071 1,000 0,973 1,024 5,060
1,429 0,991 0,967 1,012 4,505
1,786 0,982 0,958 1,003 4,545

As the period of the FSS model is changed while other parameters are kept
constant, the main alteration is detected for the center frequency. Table 3- 4

exhibits the increase in the center frequency with enlarged periodicity.

Table 3- 4 Parameter sweep results for FSS period (p)

p Center Freq 3dB points Fractional
(Normalized)| (Normalized) (Normalized) 3dB BW (%)
0,922 0,982 0,961 1,009 4,848
0,936 0,991 0,967 1,015 4,805
0,950 0,997 0,970 1,021 5,075
0,964 0,997 0,973 1,021 4,776
0,978 1,000 0,973 1,024 5,060
0,992 1,000 0,976 1,027 5,060
1,000 1,000 0,976 1,027 5,060
1,006 1,000 0,976 1,027 5,060
1,020 1,003 0,979 1,027 4,748
1,034 1,003 0,979 1,030 5,045
1,047 1,006 0,979 1,030 5,030

Considering the different effects of various FSS parameters, a full performance
optimization of the unit cell is implemented. The design is optimized in order to
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provide sufficient transmission features up to 45° angle of incidence. The
maximum in-band insertion loss is around 0.7 dB for both TE and TM
polarizations except for 45° TE mode incidence. Insertion loss for TE mode 45°
incidence is about 1.5 dB. The bandwidth of FSS is observed to be maintained as
the angle of incidence changes. It is also successful in selectivity aspects such that
it results in 10dB suppression in 400 MHz away from the upper and lower limits of
pass-band region. Transmission and reflection responses of the optimized unit cell

for the normal incidence are shown in Figure 3- 10.
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Figure 3- 10Transmission and reflection characteristics of the optimized FSS unit
cell

FSS unit cell is also checked for the oblique incidence cases up to 45°. Between
Figure 3- 11 and Figure 3- 14, the transmission and reflection curves for different
incident angles and polarizations (TE-TM) are demonstrated. As observed from
these figures, FSS unit cell maintains the filtering performance for oblique

incidence angles.
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Figure 3- 11 Transmission performance of the unit cell for different angles of

incidence (TE modes)
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After the optimization of the unit cell parameters, predefined design goals are
accomplished for a planar infinite-in-two-dimension array of the single FSS
element. The array topology applied for this solution is rectangular, i.e., the four
side walls of the single element are defined as periodic boundaries (master-slave
pairs in HFSS terminology). The transmission and reflection performances of the
triangular and hexagonal unit cells for different angles of incidences and
polarizations are also determined using HFSS. The corresponding results are
presented between Figure 3- 15 and Figure 3- 22. As observed from the figures, the
properties of the rectangular array configuration do not significantly change for the
different orientations of the elements. In case that an important discrepancy is
observed for the new array topology, the design parameters would be optimized for

that unit cell model which is very close to the final arrangement of the elements.
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Figure 3- 15 Transmission responses of triangular array unit cell for different angle

of incidences (TE modes)
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Figure 3- 17 Transmission responses of triangular array unit cell for different angle

of incidences (TM modes)

53



0 =T F F
Normal Incidence
—_— 0
5 T™-15 |
— T™-30°
— TM-45°
-10 ‘
o
ke
I3 ‘/’
= -15
[8]
@
©
12
-20
-25 \
-30

0.8 0.85 0.9 0.95 1 1.05 1.1 1.15 1.2 1.25
Frequency normalized to center frequency

Figure 3- 18 Reflection responses of triangular array unit cell for different angle of
incidences (TM modes)
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Figure 3- 19 Transmission responses of hexagonal array unit cell for different angle

of incidences (TE modes)
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Figure 3- 20 Reflection responses of hexagonal array unit cell for different angle of

incidences (TE modes)
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Figure 3- 21 Transmission responses of hexagonal array unit cell for different angle
of incidences (TM modes)
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Figure 3- 22 Reflection responses of hexagonal array unit cell for different angle of

incidences (TM modes)

Moreover, alternative unit cell arrangements mentioned in Chapter 2 are
constructed specifically for the current problem since the placement of the elements
on the final model is planned to be built in that sense (see Figure 3- 23). The same
analysis procedure is implemented for these unit cells and the results are
demonstrated in Figure 3- 24 and Figure 3- 25, for different amounts of shifts,
which are 0, p/6, p/3 and p/2 where p is the period of the unit cell. The simulation
results show that there is still no significant change in the performance of the FSS

element for these unit cell models.
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Figure 3- 23 Modified triangular array unit cells (different shifts)
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Figure 3- 24 Transmission responses of the modified triangular array unit cells
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Figure 3- 25 Reflection responses of the modified triangular array unit cells

After planar single element unit cell solutions, semi-finite models with conformal
and planar arrangements are constructed which are detailed in Chapter 2 (see
Figure 2- 10 and Figure 2- 11). For in-band frequencies, it is observed that there is
no significant change in far field patterns for the cases with and without FSS
radome. When the frequencies of out-of-band region are investigated, it is
observed that a total suppression of the total field occurs consistent with the
filtering characteristics of the single element FSS unit cell. The total and incident
fields at the far zone are demonstrated for various frequencies between Figure 3- 26
and Figure 3- 30.
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Figure 3- 26 Far field E-total patterns of 31-element source antenna array without
FSS radome and with conformal FSS at 0.964*f,
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Figure 3- 27 Far field E-total patterns of 31-element source antenna array without
FSS radome and with conformal FSS at 0.988*f,
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Figure 3- 28 Far field E-total patterns of 31-element source antenna array without
FSS radome and with conformal FSS at fy
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Figure 3- 29 Far field E-total patterns of 31-element source antenna array without
FSS radome and with conformal FSS at 1.012*f,
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Figure 3- 30 Far field E-total patterns of 31-element source antenna array without
FSS radome and with conformal FSS at 1.048*f,

The semi-finite FSS model is also constructed for a planar FSS sequence as
described in Chapter 2 in order to compare the planar and conformal FSS structures
using the same analysis method (semi-finite analysis).

Analysis results for different frequencies are given between Figure 3- 31 and
Figure 3- 33 for the planar semi-finite model. The results of the cylindrical and
planar models are consistent with each other and single element unit cell solution in
terms of transmission characteristics. Planar model analysis clarified an important
point, the shadowing effect of FSS radome over the illumination source. As
observed from the figures, the transmission and suppression characteristics are
valid only for the region shadowed by FSSs. For the semi-cylinder case, the dipoles
are almost totally shadowed by the radome (about 160 degrees of coverage over
180 degrees). Thus, the transmission properties of FSS radome can be determined
for both main lobe and side lobe regions. The planar FSS semi-finite model
shadows only 70 degrees of the upper half region (180 degrees). Therefore, the
results are sensible up to that point for the planar solutions.
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Figure 3- 31 Far field E-total patterns with and without FSS radome at 0.964*f; -
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Figure 3- 32 Far field E-total patterns with and without FSS radome at f, - Planar

semi-finite model
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Figure 3- 33 Far field E-total patterns with and without FSS radome at 1.048*f -

Planar semi-finite model

For the above solutions, a narrow-beam pattern is preferred since the final
implementation of the FSS radome will be done for a highly directive antenna. In
addition to that, filtering characteristics of semi-finite planar and curved models are
also determined for a wide-beam illumination. Two uniformly excited Hertzian
dipoles are used for this configuration. FSS models are observed to exhibit same
behaviors as in the narrow-beam case. They transmit or suppress the incoming
waves with respect to the frequencies and coverage region limitations. The results
for the wide-beam illumination for semi-cylinder and planar models are

demonstrated between Figure 3- 34 and Figure 3- 36.
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Figure 3- 34 Far field E-total patterns of 2-element source antenna array without
FSS radome and with planar and conformal FSS at 0.964*f,
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Figure 3- 35 Far field E-total patterns of 2-element source antenna array without

FSS radome and with planar and conformal FSS at fj
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Figure 3- 36 Far field E-total patterns of 2-element source antenna array without
FSS radome and with planar and conformal FSS at 1.048*f,

Using the results obtained from the above solutions, the transmission performances
of single element unit cell, semi-finite curved and planar FSS models are
compared. The transparency characteristics of the semi-finite model can be
determined by the difference of the incident and total far field patterns at theta=0°.
The comparison of the transparency performances of the single element unit cell
and semi-finite models both for the conformal and the planar FSS is shown in
Figure 3- 37, which illustrates the good agreement between different solution

techniques.
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Figure 3- 37 Comparison of transmission characteristics of unit cell and semi-finite

conformal and planar models

The comparison of far field patterns with and without FSS layers proves the in-
band performance of FSS model. For the out-of-band characterization, the
reflection properties of FSS model are required to be demonstrated. To achieve this
requirement, RCS analysis can be held using the semi-finite model of the semi-
cylinder FSS radome. There are two alternative techniques to compare the RCS
performance of FSS radome: using PEC or dielectric cylinder of the same size as
FSS radome. For the PEC cylinder configuration, the out-of-band RCS
characteristics of FSS radome is expected to be similar to that of PEC cylinder. For
pass-band frequencies, there must be a dramatic decrease in RCS of FSS radome.
The solution approach for PEC cylinder is illustrated with Figure 3- 38. The back-
scattered RCS results for FSS and PEC cylinders are given in Figure 3- 39. As seen
in this figure, the RCS of the FSS radome is remarkably similar to the RCS of PEC
cylinder out of the pass-band region of FSS. Moreover, the RCS of the FSS radome
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significantly diminishes with respect to PEC cylinder around the center frequency
in the pass-band.
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Figure 3- 38 The schematic of the RCS comparison method using PEC Cylinder
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Figure 3- 39 Monostatic RCS results of FSS and PEC semi-cylinders using semi-
finite analysis method

The other alternative to observe the out-of-band characteristics of FSS radome is to
use a dielectric cylinder instead of PEC material. For the dielectric radome

configuration, there also exists a PEC sheet representing the antenna surface used
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for the illumination (see Figure 3- 40). The schematic of the configuration built for

RCS comparison is given in Figure 3- 41.
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Figure 3- 40 RCS analysis using semi-finite model: Dielectric radome and PEC

sheet
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Figure 3- 41 The schematic of the RCS analysis method using dielectric cylinder
and PEC planar sheet

In this approach, it is expected that monostatic RCS of the FSS cylinder must
decrease dramatically for the out-of-band frequencies with respect to dielectric
cylinder with PEC sheet beneath since the FSS radome reflects the incoming waves
of these frequencies to different directions due to its curved surface. The analysis
results indicate the expected behaviors, i.e. RCS reduction of the FSS radome with

respect to dielectric radome for the band-stop regions (see Figure 3- 42).
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Figure 3- 42 Monostatic RCS results of FSS and dielectric semi-cylinders using

semi-finite analysis method

The design process for the hybrid FSS model has been completed for both planar
and conformal cases including different polarization and angle of incidence
conditions. The designer may pass to fabrication steps or prove the design with a

finite conformal FSS model if possible.

For this problem, a finite spherical FSS model shown in Figure 3- 43 is constructed
using HFSS®. However, instead of the full spherical FSS structure, a quarter of the
finite model is sufficient to analyze since there are two symmetry planes as shown
in Figure 3- 44. Utilizing this property, FSS model represented in Figure 3- 44 is
used to analyze the full model.
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(a) (b)
Figure 3- 43 Finite spherical FSS radome: (a) Top view (b) Side view

For illumination, a 4x1 Hertzian dipole array, which is effectively 8x2 due to
symmetry planes, is used with a Taylor distribution of 20 dB side lobe level. The
currents on dipoles are directed in a5-dimension. Therefore, the symmetry boundary
in xz-plane is defined as PMC and the other one in yz-plane as PEC. Total
electrical field patterns at far zone with and without FSS radome are compared and
it is observed that FSS radome does not affect incident signals of in-band
frequencies significantly, while it reflects the signals of other frequencies. Figure 3-

45 to Figure 3- 47 demonstrate the filtering behavior of FSS model.

Figure 3- 44 Symmetry planes of the quarter model
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Figure 3- 45 Total E-field patterns with and without doubly curved finite FSS

radome at far zone (0.94*f)
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Figure 3- 47 Total E-field patterns with and without doubly curved finite FSS
radome at far zone (1.04*f)

The model constructed for this finite solution is a reduced form of semi-sphere FSS
radome, however; it still requires a very high memory capacity. Therefore, as
explained above, if not strictly required, semi-finite solution can be accepted as the
last stage of design processes since a doubly-curved finite model solutions brings a
heavy calculation load and makes the approach inefficient in aspects of simulation
based analyses.

As in the case of planar semi-finite model, the simulation results for the finite
model imply that the FSS does not perform as expected for observation angles

greater than 60° due to the shadowing problem associated with the coverage area of

the finite structure.
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CHAPTER 4

DESIGN AND ANALYSIS OF A WIDEBAND CONFORMAL
FREQUENCY SELECTIVE SURFACE

4.1 Design Requirements

The general design requirements for the curved FSS applications like good
conformability and stable performance against oblique incidence features, which
are mentioned in details in the previous chapter, are also valid for the wideband
curved FSS design. Wideband FSS structure is required to cover all X-band (8.2-
12.4 GHz) frequencies with a maximum insertion loss of 0.5 dB for normal
incidence. The pass-band flatness and reflection loss responses will be preserved up
to 45° angle of incidence for both TE and TM polarizations. The principal design

goals required for the wideband FSS construction can also be listed as;

e Low insertion loss in the pass-band

e Wide band operation

e Stable performance against oblique incidence
e Polarization independence

e Applicability on curved bodies
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4.2 Wideband Conformal Frequency Selective Surface Design

For the conformal wide band FSS application, the ultra-wide band frequency
selective surface model of H. Zhou et. al., shown in Figure 4- 1 (from [12]), is
chosen as the reference model. The most distinguishing feature of this model is its
stable performance against different angle of incidences. It is stated in [12] that the
performance of the wide band FSS is maintained up to 30° of incidence angle. The
model consists of three metallic layers and two dielectric layers. The outer metallic
patches are rectangular and the middle layer is a square grid.

? l\‘ ] |
HE= Pl

Figure 4- 1 Reference ultra-wideband FSS unit cell model: (a) Unit cell (b)
Prototype of fabricated FSS [12]

The design procedure after defining the FSS model begins with the determination
of starting values of the model parameters. The starting points for the optimization
process are obtained by scaling the model in [12]. However, as mentioned in the
previous chapters, circular elements are strongly suggested for the conformal
applications due their unique properties. Therefore, the reference model is
transformed to its circular counterpart, i.e. disk patches on the outer faces and
circular grids between them instead of corresponding rectangular ones. Unit cell of
the modified FSS model is presented in Figure 4- 2 (b). This model is analyzed
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using HFSS and it is noticed that wide-band characteristics of the original FSS

model is maintained without any critical change.

Square patch—9 Disk patch

Square grid = Circular grid O

(@ (b)

Figure 4- 2 Wideband FSS layers: (a) Original (from [12]) (b) Modified

To reach the optimum parameters ensuring the design goals, the main parameters
of the modified FSS, which are period (p), dielectric thickness (h), radius of the
outer disk patches (r) and width of the circular grids (s), are included in the sweep
analyses. The corresponding results of different parameter sweeps are presented
between Figure 4- 3 and Figure 4- 6. The values of the FSS dimensions are given

as normalized to their individual optimums in the corresponding figures.
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Figure 4- 3 Transmission responses for the sweep values of period parameter (p)

Variation in period parameter (p) mainly affects center frequency and bandwidth of
FSS as observed from Figure 4- 3. Furthermore, a second resonance point in the

upper frequency band gets closer to the operation region as period is increased

while the other parameters are kept constant.

76



s
y 774

\
) %
)
k5 N—
3 \\é
& ~—
g
s \\
30" : : - - -
2 4 6 8 10 12 14 16 18

Frequency (GHz)

Figure 4- 4 Transmission responses for the sweep values of dielectric thickness (h)

The thickness of the double layer FSS structure effectively changes the upper limit
of the pass-band region as shown in Figure 4- 4. As the thickness is increased the
upper band limit decreases while the lower pass-band limit is not altered
significantly.

Sweep analysis of outer disk radius parameter (r) reveals that it affects center
frequency, bandwidth and selectivity features of FSS structure. As observed from
Figure 4- 5, when the disk radius increases, center frequency shifts down and
bandwidth decreases. Increase in disk radius also causes to weaken the selectivity
performance of WB FSS.
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Figure 4- 6 Transmission responses for the sweep values of grid width (s)
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Another swept parameter of WB FSS model is the width of metallic circular ring
(s) positioned between the disk patches. Width of these rings creates alterations on
the lower limit of the pass-band region mainly. Increasing ring width shifts the

center frequency upwards. As the upper limit is not affected with the modifications

on “s”, center frequency moves upwards in frequency and, consequently,

bandwidth of FSS decreases as ring width is increased as illustrated in Figure 4- 6.
Utilizing the results of the parameter sweeps, the individual effects of each
parameter are analyzed and the optimum values of the FSS dimensions are
determined. The transmission and reflection curves of the final FSS model for
normal incidence are illustrated in Figure 4- 7. The performance of the design
against different incidence angles is demonstrated between Figure 4- 8 and Figure
4- 11 in terms of transmission and reflection responses.
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Figure 4- 7 Transmission and reflection characteristics of the optimized FSS design

for the normal incidence
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The wide band FSS model is optimized for the rectangular array conditions,
however; the application surface may require a different array topology like
triangular array. Therefore, the design is necessarily to be validated for the
triangular array arrangement. The unit cell model constructed for this topology is
illustrated in Figure 4- 12.

Figure 4- 12 Triangular array configuration of WB FSS model

The analysis results for the triangular array unit cell reveal the consistent
performance of FSS model with rectangular array analyses. The transmission and
reflection curves under different incidence angles for TE and TM modes are

presented between Figure 4- 13 and Figure 4- 16.
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After verifying filtering performance of the FSS model with single element planar
unit cell solution, the semi-finite model analysis is applied as described in Chapter
2. Between Figure 4- 17 and Figure 4- 21, the results of the semi finite analysis are
presented. From these figures, it is obvious that the wide band pass characteristics
of the single element planar unit cell are maintained when the elements are placed
on conformal surface. Furthermore, it is observed that the edge diffractions at the
end elements of the finite curved dimension do not have a significant effect on the
performance of the model.
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Figure 4- 17 Far field E-total patterns of 31-element source antenna array with and
without wide band FSS radome at 2 GHz
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Figure 4- 18 Far field E-total patterns of 31-element source antenna array with and
without wide band FSS radome at 8 GHz

85



90 T T T T T
No FSS
===== Cunved FSS Semi-finite
80 // \\
__ 70
m
o
§ \
Q
S 60 "\ N
4
c
o)
. 50
40
30

-50 40 -30 -20 -10 0 10 20 30 40 50
Theta (Degrees)

Figure 4- 19 Far field E-total patterns of 31-element source antenna array with and
without wide band FSS radome at 10 GHz

90 14 14 4 4 14
No FSS

/\ ==<== Cured FSS Semi-finite
80

: [

! \
NN AYATR

VA RAERIA A
an I

30 : :
50 -40 30 20 -0 O 10 20 30 40 50

Theta (Degrees)

Etotal-Farfield(dB)

Figure 4- 20 Far field E-total patterns of 31-element source antenna array with and
without wide band FSS radome at 12.5 GHz
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Figure 4- 21 Far field E-total patterns of 31-element source antenna array with and
without wide band FSS radome at 18 GHz

Semi-finite model analysis of WB FSS structure is also implemented for planar
sequence of FSS elements. Solution model is constructed as described for curved
structure. Results of planar FSS semi-finite analysis show good agreement with the
results of semi-cylinder FSS solution. Far field total E-field patterns with and
without planar FSS sequence are shown between Figure 4- 22 and Figure 4- 24 for

different frequencies.
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without planar wide band FSS radome at 2 GHz
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Figure 4- 23 Far field E-total patterns of 31-element source antenna array with and

without planar wide band FSS radome at 10 GHz
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without planar wide band FSS radome at 18 GHz

Comparison of the analysis methods as in Chapter 3 is done for the single element
unit cell solution and curved and planar semi-finite analyses. The transparency
characteristics for the semi-finite models are obtained by the difference of total
electric far field magnitudes of two solutions with and without FSS structure at the
direction where theta equals to zero. As demonstrated in Figure 4- 25., the results

of both methods are consistent with each other.
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Figure 4- 25 Comparison of transmission characteristics of unit cell and semi-finite

conformal and planar models

Using the semi-finite model, RCS analysis of the wide band FSS radome is
implemented with two different configurations as in Chapter 3. In the first
configuration, RCS of a PEC cylinder having the same radius as FSS model is
compared with the RCS of the FSS radome. It is expected that RCS of the radome
for the out-of-band frequencies is close to RCS of PEC cylinder while there is a
great decline in RCS of FSS radome for the in-band frequencies. In Figure 4- 26,
this situation is realized and expected results are determined such that semi-finite
FSS radome model behaves like PEC cylinder for out-of-band frequencies.
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Figure 4- 26 Monostatic RCSs of WB FSS and PEC semi-cylinder using semi-
finite analysis method

The other arrangement for RCS analysis includes a dielectric radome with a planar
PEC sheet representing the surface of an antenna illuminating that radome. For the
proper FSS operation, the monostatic RCS of the dielectric radome for in-band
frequencies is close to that of FSS radome, however; there exist a huge decrease in
RCS of FSS radome for out-of-band frequencies since FSS structure behaves like a
conducting cylinder and scatters the incoming signals to different directions for
those frequencies. RCSs of semi-finite WB FSS model and dielectric cylinder with
a planar PEC sheet beneath them are demonstrated in Figure 4- 27. As expected,

RCS of FSS radome is truly lower for frequencies outside of pass-band region.
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semi-finite analysis method

Verification of transmission and reflection characteristics with curved semi-finite
model analyses completes design and analysis processes for this specific
application. After all, designer is required to check realizability of FSS model in

terms of fabrication techniques and material procurement before producing FSS

radome.
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CHAPTER S

FABRICATION AND MEASUREMENTS OF FREQUENCY
SELECTIVE SURFACE STRUCTURES

5.1 Fabrication of the Hybrid Coupled Aperture FSS

To this point, the design methodology for the conformal FSS structures is detailed
and some sample FSS models are designed. In order to prove the performance of
the designed FSSs, planar prototypes are produced. The FSS model designed in
Chapter 3, hybrid coupled aperture FSS, is fabricated in the facilities of
ASELSAN. The layers of the FSS are fabricated as 40cm x 40cm planar sheets
separately since the double layer fabrication requires an advanced production
infrastructure. The material used as dielectric slab is RT/duroid® 5880 High
Frequency Laminate of Rogers Corporation [40]. For the conformal
implementation of the fabricated FSS structures, the base laminate material is
required to be bendable on the curved surfaces. Thus, 5880 laminate is chosen due
to its powerful elasticity features when compared to other PCB cards. Hybrid FSS
model is a narrow-band and highly selective structure. These features are mainly
characterized by the coupling mechanism of the model. Therefore, the orientation
of the layers and bonding processes are very crucial in order to achieve desired
filtering performances. The separate layers of the hybrid coupled aperture FSS
model are demonstrated in Figure 5- 1. As observed from the figure, disk patch and
coupling aperture patterns are scraped on the two sides of 5880 duroid laminate.
For the other dielectric layer, the scraping of the disk pattern is implemented on
one face and no metal is left on the other surface.
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Figure 5- 1 Separate layers of the fabricated FSS Prototypes

FSS layers are bonded according to the configuration described in Chapter 3.
Loctite® 401 of Henkel is used as adhesive for bonding of the layers [41]. The
liquid adhesive (Loctite® 401) is spread over the empty surface of the FSS layer,
single side of which is scraped only. Since these processes are done manually, a
homogenous very thin layer of adhesive cannot be constructed. Instead,
homogenously spread drops of the adhesive are placed on the surface of the
bonding layer. Moreover, the FSS layers are also pressed manually after bonding

which may create some discrepancies on the performance of the double layer FSS.
5.2 Measurements of Fabricated FSS Structures

To measure the transmission and reflection responses of FSS structures, two
alternative measurement setups are prepared in order to ensure the measurement
results. The first setup used for the measurements is “MMS Free Space Microwave
Measurement Setup” of Antenna Technologies Department of ASELSAN Inc. [42].

The setup arranged for the FSS measurement is demonstrated in Figure 5- 2.
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Figure 5- 2 Free Space Microwave Measurement Setup

The free space measurement setup consists of a network analyzer, sample holder
and focused antenna pairs for different frequency ranges, which are namely C-band
(5.6-8.2 GHz), X-band (8.2-12.4 GHz) and Ku-band (12.4-18 GHz), as shown in
Figure 5- 2 above. Since the hybrid coupled FSS operates in Ku-band, the
corresponding antenna pair is mounted on the setup. Before starting the
measurements, the setup is required to be calibrated with the help of the software of
MMS. The calibration type applied for the setup is TRL (Transmission-Reflection-
Line). After the calibration is completed, FSS prototype is placed on sample holder
as shown in Figure 5- 3.

The measurement of S-parameters is then accomplished using the user interface
software of MMS. The total thickness of hybrid FSS is normally expected to be
around 290 um, however; the measured thickness is around 330 um, which is
attributed to the fabrication incapabilities. This difference is likely to be created by
a combinational effect of air gaps and adhesive remainders which are not pressed
appropriately. The transmission response of two fabricated prototypes, which are
named as "Nol" and "No2", are presented in Figure 5- 4 together with the single
element unit cell solution.
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The results of the free space microwave measurements are observed to be
unsatisfactory in terms of transmission levels and resonance frequencies compared
to the unit cell simulations. In order to reexamine the performance of the FSS
prototypes, a new measurement setup is constructed using the "Arc S-parameter
Measurement Setup” of Antenna Technologies Department of ASELSAN Inc. as
illustrated in Figure 5- 6. The arc measurement setup is normally used for the
oblique incidence reflection measurements so as to determine the performances of
absorbers for different angles of incidences.  Nonetheless, with a small
modification, this setup becomes suitable for transmission measurements for
normal incidence cases. Two apparatus are designed and constructed using 3D
printer in ASELSAN (see Figure 5- 5). These components provide the horizontal
positioning of horn antennas with respect to the ground, which is actually not

possible with the default setup.

Figure 5- 5 Modification apparatus (front view on the left, side view on the right)

for FSS measurements using Arc Measurement Setup

The modified setup includes two Ku-band standard gain horn antennas, sample
holder, network analyzer and RF cables (see Figure 5- 6). The calibration technique
for this measurement setup is different from Free Space Microwave setup. In horn
measurement, time domain gating feature of the network analyzer is utilized such

that the place of the FSS is determined in time and by gating this region, the
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destructive effects of measurement environment on the transmission characteristics
at other time instants are excluded from FSS surface. Transmission performance of
FSS prototypes are determined by normalizing FSS measurements to "air"

measurement. Therefore, FSS and air transmission coefficients are measured

separately. Same gating definitions are applied for air and FSS prototypes.

Figure 5- 6 Modified horn antenna measurement setup

Measurement results obtained from the horn antenna setup are presented in Figure
5- 7 together with HFSS solutions, for FSS prototypes No.1 and No.2.
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Figure 5- 7 Horn Antenna Measurement and HFSS Unit cell analysis results for
hybrid coupled FSS prototype No.1 and No.2

The results of FSS measurements with two different setups are given in Figure 5- 8
and Figure 5- 9 for prototype No.1 and No.2 and it is observed that they show a
good agreement with respect to each other, however; the filtering characteristics are

far away from the simulation results.
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Discrepancies observed in the filtering responses of the prototypes are ascribed to
the lack of double layer fabrication capabilities. As mentioned before in this
chapter, the measured thicknesses of prototypes are around 330um instead of the
expected value of 290um. In order to determine the effect of this difference, a unit
cell model having a vacuum layer of 40um thickness is constructed and analyzed in
HFSS. The result of this simulation is presented in Figure 5- 10 and Figure 5- 11

together with measurement results and unit cell solution of ideal model.
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The unit cell analysis taking 40um vacuum layer into account clarified the dramatic
effect of any inadequacy in fabrication processes to the realized transmission
characteristics. The measurements and new unit cell analysis results are consistent
with each other. The slight difference between the measurements and analysis can
be attributed to the non-uniformity of the actual vacuum layer of the prototypes.

To investigate the discrepancies between the results of simulations and
measurements, the effect of misalignment of FSS layers is also simulated with the
unit cell model shown in Figure 5- 12.a for various shifts which is defined by dmis
parameter referenced to period (p). As described in Figure 5- 12.b, bottom and
middle metallic layers are shifted together since they are on the same dielectric
substrate. The upper disk layer is shifted in the perpendicular direction as
demonstrated in Figure 5- 12.c. Simulation results show that misalignments of FSS

layers cause degradation in filtering performance while the center frequency is
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stable against these modifications (see Figure 5- 13). However, the shifts up to 7%
of period create no significant change with respect to normal unit cell model which
shows that FSS model is not sensitive to alignment errors. Therefore, the
discrepancies between simulations and measurements are not attributed to
alignment errors as the observed misalignments of fabricated prototypes are not
larger than 7% of period.

(@ (b) (©

Figure 5- 12 Misalignment configuration of unit cell model a) Unit cell b) Bottom

and middle FSS layer c) Upper FSS layer
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Figure 5- 13 Transmission responses for different shifts in FSS layers

As the fabrication of multi-layer coupled FSS structure is difficult in the limits of

the facilities, FSS models which require no bonding can be produced easily. For
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example, a complementary FSS model (see Figure 5- 14) on a single dielectric
substrate can be a good candidate in order to eliminate deficiencies related to
fabrication process. In this model, there are two metallic FSS layers on dielectric
substrate which are complement to each other, i.e. circular grid and aperture.
However, complementary FSS model is poor in terms of selectivity characteristics
with respect to the coupled aperture hybrid FSS model of Chapter 3 as illustrated in
Figure 5- 15. Even though the selectivity performance of this single layer design is
not satisfactory, this structure will be manufactured and measured to explore
whether the manufacturing capabilities are good enough for the production of

single layer structures.

Circular grid

Circular aperture

Figure 5- 14 Complementary FSS model with single dielectric substrate
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CHAPTER 6

CONCLUSIONS

Design and analysis approaches for conformal frequency selective surface
structures are investigated in this study. A design methodology starting from linear
single element unit cell FSS model employing periodic features in two dimensions
and advancing to determination of FSS characteristics placed on a semi-cylinder
radome model which is finite in curved dimension and infinite in transverse
dimension. Normally, after unit cell optimizations are accomplished, performance
of FSS structure is required to be tested for finite and curved element conditions
since both may have significant effects on transmission and reflection
characteristics of FSS since diffractions from edge elements and interference
between curved FSS elements cannot be determined from the unit cell solution of a
single planar FSS structure. Nonetheless, implementations of finite model solutions
are usually not practical when the desired FSS radome models are electrically very
large, i.e. number of FSS elements is remarkably high, since full wave simulations
of those models create heavy calculation load which is mostly impossible to be
held even by high performance computers. Therefore, finite model solutions are
inefficient and time consuming, in general. To overcome the disadvantages of finite
model solution, a semi-finite solution approach is investigated in this study.
According to this approach, a semi-finite model of FSS structure is constructed
which is a semi-cylinder having a single sequence of FSS elements. Semi-finite
model has periodic boundaries in the longitudinal dimension which makes it
infinite in that direction. Dimension of the curved elements placed on rotational

axis of cylinder is finite. Illumination of semi-finite model is carried out by a linear
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array of 31 Hertzian dipoles excited with a 20 dB Taylor distribution. Due to the
singly periodic nature of semi-finite model, Hertzian dipoles, in fact, constitute a
31 x infinite element array. As the solution environment for semi-finite models,
HFSS is used. Evaluations of the solutions are done by comparing the total and
incident total E-fields at far zone for different frequencies. For pass-band
frequencies, incident and total far fields are expected to be similar if FSS operates
appropriately for conformal configurations. Similarly, significant suppression of
incident fields is necessarily to be observed for out-of-band signals since FSS
model is reflective at these frequencies. Hertzian dipole configuration is capable of
representing in-band characteristics of FSS model since only insertion loss of FSS
radome is crucial for the source antenna. To prove out-of-band performance of
semi-finite FSS model, a comparative RCS analysis is demanded. For RCS
configuration, plane wave illumination is utilized. In this study, two methods to
compare RCS characteristics with FSS model are employed. First method includes
a PEC cylinder which is expected to have almost same RCS performance as semi-
finite FSS model for out-of-band frequencies. In the second method, a semi-
cylinder dielectric radome and a planar PEC sheet representing antenna surface
under both dielectric and FSS radome are constructed. Out of the pass-band region,
FSS radome is required to scatter the incoming waves to different directions due its
curved shape and RCS of FSS radome becomes dramatically lower with respect to

dielectric radome with planar PEC sheet.

Using design and analysis methodology described in this thesis, two band-pass FSS
models are constructed for conformal applications. First model is a hybrid FSS
structure consisting of two dielectric and three metallic layers. It operates in Ku-
band and covers a narrow-band region to transmit signals. The selectivity and
polarization independence properties of FSS model are favorable. Second structure
is a wide band FSS comprising all X-band frequencies (8.2-12.4 GHz) with a
maximum insertion loss of 0.5 dB. Both FSS models are tested with planar single
element unit cell solutions in terms of different aspects like oblique incidence, dual

polarization and different array topology conditions. Afterwards, aforementioned
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semi-finite approach is utilized for these models both planar and curved shapes.
Analysis results demonstrate filtering performances of FSS structures for in-band
and out-of-band frequencies.

In order to prove the results of semi-finite solution for narrow-band FSS model of
Chapter 3, a finite, doubly curved semi-sphere FSS radome model is constructed
and analyzed using HFSS. Filtering properties of finite FSS model are also
observed to show good agreement with single element unit cell and semi-finite

solution approaches.

Fabrication and measurements of hybrid coupled FSS model are accomplished in
the facilities of ASELSAN. Bonding of two dielectric layers necessitates a highly
precise fabrication process since filtering mechanism of this FSS model is mainly
based on the coupling supplied by the circular aperture between outer disk patches.
As the bonding technique applied to fabricate double layer FSS structure is not
adequate, measurements and simulation results are not consistent with each other.
However, possible reasons are investigated and explained with related simulations

including fabrication effects on FSS structure.

For future works, fabrication techniques for multilayer FSS structures will
necessarily be improved. Moreover, new FSS types will be designed and fabricated
for different conformal applications with various requirements like bandwidth,
filtering characteristics, etc., using the design methodology presented in this thesis.
Fabrication of FSS patterns on fabrics or composite materials is another point of
interest in future plans since such kind of materials can easily be shaped into singly
or doubly curved structures. Design methodology and fabrication techniques will
be validated with related measurements. For future studies, numerical analysis
methods for singly or doubly curved structures as in [43] can be developed in order
to acquire conformal FSS characteristics of arbitrary shapes efficiently. Another
research topic can be the optimization of placement of FSS elements on spherical
structures at equal distances. This problem is very similar to that of electron

distribution on spherical surfaces based on energy minimization principle.
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