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ABSTRACT

This research investigates the radar cross section properties of several finite frequencyselective surfaces to determine the change in the frequency response as the number of
elements decreases. Four frequency-selective surfaces were designed and tested on FR-4
substrate, and one was designed and tested on a foam substrate. The potential application of
frequency-selective and polarization-selective surfaces to a group of retroreflectors was also
investigated.
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CHAPTER 1
INTRODUCTION

Frequency-selective and polarization-selective surfaces are devices of interest in the field of
electromagnetics because of their unique properties. In most cases, the surfaces must be
arrays of fairly large size, and they are commonly used as spatial filters.

This thesis

investigates the radar cross section (RCS) of frequency-selective surfaces (FSSs), and how
reducing the size of the surface will affect its properties in RCS measurements. The goal of
the size reduction of the surfaces is to eventually apply unique RCS signatures for a group of
retroreflectors by replacing one or more of the walls of the retroreflector with a frequencyselective surface. Background information on the topics discussed in the thesis is presented
below. Chapter 2 provides information on the electromagnetic solvers used and the design
and simulation results of the FSS arrays. Once the expected operation of the FSS arrays is
presented, the fabrication and measurement methods are introduced in Chapter 3 and Chapter
4, respectively. In Chapter 5 is a discussion and analysis of the measured results for the
arrays constructed on flame resistant 4 (FR-4) substrate. The measured results for a strip
dipole FSS array fabricated on a foam substrate are presented in Chapter 6. The final
conclusions and possible applications of finite FSS arrays are presented in Chapter 7.

1.1 Radar Cross Section
Radar (an acronym that stands for radio detection and range ) is the use of an electromagnetic
signal to detect objects. Radar has been extensively used for military applications; in the
United States the first detection of a ship (1922) and an aircraft (1930) were done at the Naval
1

Research Lab (NRL) [1]. The growth of the use of radar and RCS began around World War
II with the development of higher-frequency sources and an urgent need for enemy detection
[1]. According to the IEEE Standard Dictionary of Electrical and Electronics Terms, RCS is
“a measure of the reflective strength of a radar target … defined as 4π times the ratio of the
power per unit solid angle scattered in a specified direction to the power per unit area in a
plane wave incident on the scatterer from a specified direction” [2]. Or more simply, the RCS
value (given by σ) is determined by Eq. (1.1):

σ = (Projected Cross Section) × (Reflectivity) × (Directivity)

(1.1)

where the reflectivity is the percent of the intercepted power re-radiated by the target and the
directivity is the ratio of the power reflected in the direction of the radar receiver to the power
that would have been reflected to the receiver if the scattering had been uniform in all
directions [3].
The manner that an impinging electromagnetic wave is scattered by an object depends
on the object size relative to the wavelength of the signal, and can be divided into three
groups: optical, Mie, and Rayleigh scattering. When the target is large with respect to
wavelength it produces optical scattering. In this range the object is large enough that a shift
in frequency does not greatly affect the manner that the incident signal is scattered, so long as
the object is still large with respect to wavelength. When the target size is comparable to
wavelength it produces Mie scattering. In this range small shifts in the wavelength of the
incident signal can result in drastically different properties of the scattered wave. When the
target is small with respect to wavelength it produces Rayleigh scattering, which provides the
weakest scattering of the three groups. The RCS measurement in each range is different
because the scattered fields behave differently depending on the size of the target with respect
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to wavelength. Figure 1.1 shows the change in RCS value of a sphere as its radius increases
with respect to wavelength. From this graph we see that the optical scattering range will
provide the most consistent results.

Figure 1.1: RCS of a sphere as radius increases with respect to λ [3]

The measurement of the scattering of an electromagnetic wave impinging on an object
can be separated into three categories as well: backscattering, bistatic scattering, and forward
scattering. The backscattered signal is the part of the reflection directed back to the source
antenna. Bistatic scattering is the scattering in all directions other than the direction of the
incident wave. The forward scattered wave is the part of the reflection that continues along
the path of the incident wave. The backscattered signal is in general the most useful, because
most radar systems are monostatic, meaning the receiving antenna is either the same antenna
as the source antenna, or is colocated with the source antenna. Two antennas that are not
colocated are required to detect bistatic and forward scattering from a target.
The RCS of an object can be related to the other system parameters via the radar range
equation, given by Eq. (1.2) [4]:
Pr = Pt

Gt Gr λ 2σ
(4π )3 Rt 2 Rr 2
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(1.2)

where Pr is the power received at the receiving antenna, Pt is the power transmitted from the
source antenna, Gt is the gain of the source antenna, Gr is the gain of the receiving antenna,

σ is the RCS, Rt is the distance from the source antenna to the target, and Rr is the distance
from the receiving antenna to the target. For monostatic RCS systems, Rt = Rr .
Most early radar systems were continuous wave (CW) radars. CW radar detects the
modulation of the source signal combined with the received (backscattered) signal. As a
result, there is no range information, rather only the information that a target is present; by
calculating a Doppler shift the radial velocity relative to the source can be detected. For this
reason CW radar is most often used in police speed radar. The radial velocity in terms of the
Doppler shift is given by Eq. (1.3):
vr =

fd λ
2

(1.3)

where vr is the relative radial velocity of the target to the source and fd is the Doppler
frequency shift.
Pulsed radar systems allow range information by sending a pulse and then waiting for
the return from the target. With pulse radar the time delay is measured to determine the
distance of the target from the source, as shown in Eq. (1.4):
1
d = c∆t
2

(1.4)

where c is the speed of light in free space. The first pulsed radar system used in the United
States was at NRL in 1936 with a 28-MHz signal at 5-µs pulse intervals [1].
Because the pulses are sent at set intervals, if an object is so far that the echo return
does not reach the receiver until after the next pulse, it will appear to be much closer than it
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actually is. As a result, there is a “maximum unambiguous range” attributed to every pulsed
radar system [1]. This range is given by Eq. (1.5):
Runamb =

c
2 fr

(1.5)

where fr is the frequency of the pulses.
To detect a moving target with range information the system must employ pulse
Doppler radar. The time delay of each pulse is used to determine distance from the source,
and the frequency shift is measured using the pulses as a sampled collection of a continuous
transmission.
RCS has many applications covering both civilian and military uses. In the military,
RCS is used to detect and defend against approaching vehicles and objects, and well as seek
out targets. As a result, the reduction of RCS is a major component of vehicle design for
military use. Some examples of civilian use of RCS are airports and airplanes for traffic
control, as well as ships traveling through shipping lanes. For these applications the increase
of RCS is essential so that even small aircraft and ships can be easily detected and have a very
large RCS.

A popular RCS enhancement device is the trihedral retroreflector, which is

discussed in the following section.

1.2 Retroreflectors
The largest RCS return comes from a flat plate; however, the flat plate has high angular
sensitivity, and as a result signals at off-normal incident angles have a very low RCS return
for a monostatic system. A common device used to enhance the RCS signature of an object is
the retroreflector, which is a passive reflecting element that incorporates multiple bounces to
allow for a wider angular response. The dihedral corner retroreflector consists of two sheets
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connected at a specified angle. For a 90° separation angle between the plates, the angle of
reflection is the same as the angle of incidence. The “two-bounce” cross-sectional area is
smaller than the actual cross section of the retroreflector because signals incident from certain
angles will return after only a single bounce. The radar field strength for this retroreflector is
shown in Figure 1.2.

Figure 1.2: RCS field strength for 90° dihedral corner retroreflector [5]

The field strength shows at incident angles normal to the individual plates of the
dihedral corner reflector result in the same response as a flat plate. Ideally the incident angle
approaches the retroreflector from the two-bounce region. Adding a third side forms the
trihedral corner retroreflector. Once again, if the plates are set at 90° angles, the reflected
wave will be in the direction of the source for a monostatic system. Trihedral retroreflectors
are often used on ships to increase the RCS signature for easy detection in shipping lanes and
other high traffic areas. A strong return is obtained over 4π steradians If eight trihedral
retroreflectors are clustered as shown in Figure 1.3.

Figure 1.3: Trihedral corner retroreflector [5]
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The distance from the target must also be taken into account when RCS measurements
are taken. In order to avoid the complications of a spherical wave front, a plane wave
approximation can be used. However, in order for this approximation to be accurate, the
receiving antenna must be far enough away from the target. This is referred to as the far field
region; the distance from the target required to reach the far field is a product of the target size
relative to the measured wavelength. The far field requirement is shown in Eq. (1.6), where D
is the largest dimension of the target.
d farfield =

2D2

λ

(1.6)

Figure 1.4 gives equations for the maximum RCS for different trihedral corner
retroreflectors. For the equations discussed it is assumed that the target is in the far field of
the source with respect to wavelength and the size of the target is large with respect to
wavelength.

σ max =

σ max =

σ max =

4π L4
3λ 2
12π L4

λ2
15.6π L4
3λ 2

Figure 1.4: Trihedral corner retroreflectors and their maximum RCS values [4]

1.3 Frequency Selective Surfaces
An FSS is a surface that has different reflection (or transmission) properties for different
frequencies. Most are made of periodic arrays of slots (band pass) or strips (band stop), and

7

almost any geometry can be used. Some example geometries are shown in Figure 1.5. In
addition to frequency dependence, these periodic structures can have polarization and angular
selectivity.

Figure 1.5: Example FSS elements [6]

Frequency-selective surfaces can be thought of as spatial filters. FSS structures are
commonly used to reduce the RCS of an antenna system by reflecting impinging waves that
are not at the operating frequency of the antenna. For such systems the reflection does not
provide a strong RCS return because the reflected wave is scattered by the FSS. However, the
goal of this study is to have a strong RCS return in the far field for the reflected wave of the
FSS, so array theory will be taken into account in the design of the FSS arrays to ensure that
the spacing between elements allows for constructive interference in the far field.
FSS designs can be separated into several groups. For the purpose of this study we
will focus on strips and loops to create a band-stop design. The frequency selectivity of an
FSS array will depend on the element size and the spacing between elements. Polarization
selectivity depends on the element shape. The simplest example is strip dipoles. The array
will have strong reflection for the polarization parallel to the length of the dipole elements
(copolarization), but a very weak reflection for the polarization perpendicular to the length of
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the dipole (cross-polarization). Most loop designs will reflect both polarizations equally
because they are symmetric.
The FSS arrays investigated can be considered rectangular equally spaced arrays, but
for simple analysis first a linear equally spaced array (LESA) will be presented. For a plane
wave at normal incidence, the array is also uniformly excited. The radiation pattern of an
array is dominated by the array factor, which is a scalar quantity that describes how the fields
radiated from the multiple elements interfere in the far field. For a LESA the array factor
(denoted by ARFAC (θ , φ ) ) is given by Eq. (1.7) [7]:

ARFAC (θ , φ ) =

sin( Nψ / 2)
,
N sin(ψ / 2)

ψ = kd cos(θ ),

k=

2π

λ

(1.7)

where N is the number of elements in the array, d is the spacing between elements, and θ is
the angle between the line of the array and the point of observation. If a uniform phase shift,
represented by k0 , is applied across the array, the equation for ψ is modified as shown in Eq.
(1.8). In the case of an FSS array excited by a plane wave, the phase shift k0 is the result of
off-normal incidence.

ψ = kd cos(θ ) + k0

(1.8)

For θ = 90°, the value of the array factor is independent of the spacing d because the cosine
term goes to zero.

However, because the array factor is dependent on d for all other

observation angles, and d can be expressed in wavelengths, the array spacing changes in terms
of wavelength with a shift in frequency.

As a result, the array factor value for other

observation angles changes–leading to a reduction or enhancement of the sidelobes of the
array factor, and the appearance of grating lobes (sidelobes comparable in size to the main
beam) if d is large enough. Through this mechanism the spacing between FSS elements can
9

affect the frequency response of the array for off-normal observation angles. For arrays with
a uniform phase delay, which in the case of an FSS equates to an off-normal incident wave,
grating lobes can appear if d is greater than a half-wavelength and the phase delay is large
enough. Also, as the value of N decreases, the likelihood of grating lobes increases for a
given phase delay. The appearance of grating lobes for off-normal incident signals can
produce a high RCS value detectable at more than one viewing angle for an FSS surface.
Because the FSS arrays are rectangular rather than linear, pattern multiplication must
be used to determine the array factor. The concept is that the rectangular array can be seen as
an “array of arrays” if the elements are grouped accordingly, so the final array factor results
from the multiplication of the two individual array factors. Figure 1.6 illustrates how the
elements are combined. For the actual radiated field pattern, the final array factor pattern is
then multiplied by the field pattern of an individual radiating element.

ARFACTOTAL

=

ARFAC1

×

ARFAC2

d
d

d

d
×

=

d
=

Figure 1.6: Pattern multiplication to determine array factor of rectangular array
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1.4 Soft and Hard Surfaces
Another structure that can be used to control the polarization of the reflected wave is an
artificially soft and hard surface (SHS).

For a soft surface the impedance of the TE

polarization is zero, and the impedance of the TM polarization is infinite [8]. As a result the
power density has a null at the boundary. Let l be the direction of propagation, t be the
transverse direction, and n be the direction normal to the surface. Vectors l, t, and n form a
right-handed coordinate system. Then the boundary conditions are given by Eq. (1.9) [9] and
Eq. (1.10) [10]:

H t = 0 ( Z l = ∞), Et = 0 ( Z t = 0)

(1.9)

En = 0

(1.10)

A simple way to think of a soft surface is that it behaves as a perfect electric conductor (PEC)
for TE polarization and a perfect magnetic conductor (PMC) for TM polarization [8]. For a
hard surface TM, polarization is zero, and the impedance of the TE polarization is infinite [8].
Here the power density is a maximum at the boundary. The hard surface behaves as a PMC
for TE polarization and PEC for TM polarization [8]. The boundary conditions are given in
Eq. (1.11) [9] and Eq. (1.12) [10]:

H l = 0 ( Z t = ∞), El = 0 ( Z l = 0)
Hn = 0 (

∂En
= 0)
∂n

(1.11)
(1.12)

One way to realize a surface that is artificially hard in one plane and artificially soft in another
is by placing conducting strips on a dielectric sheet over a ground plane. If the dielectric is a
quarter-wavelength thick, the boundary can appear as alternating strips of electric and
11

magnetic conductor. If the surface is in the xy-plane and the conducting strips run in the ydirection, then the surface is soft in the xz-plane and hard in the yz-plane. This is depicted in
Figure 1.7. Trihedral corner retroreflectors with SHS have been produced and show unique
reflections for RCS measurements. Trihedral retroreflectors with one side of SHS have been
shown to reflect a vertically polarized wave when a horizontally polarized wave was incident
[11]. In addition, trihedral retroreflectors with both one [11] and three [12] sides of SHS have
been shown to reflect a circularly polarized (CP) wave with the same handedness as the
incident CP wave. Trihedral retroreflectors made of electrical conductor reflect CP waves of
opposite handedness, and return the same type of linear polarization that was incident.

Figure 1.7: Example of a soft and hard surface [10]
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CHAPTER 2
FREQUENCY SELECTIVE SURFACE DESIGN

2.1 Frequency Selective Surface Design
A simple method to follow in order to design an FSS does not exist. However, most FSS
elements are simple shapes, so by following antenna design theory, an approximate frequency
of operation can be obtained. The initial FSS elements in this study are mechanically etched
on a substrate, so to estimate the operating frequency of an individual element, the effective
permittivity of the stratified medium must first be found. An equation presented by Pozar for
microstrip lines [1] can approximate effective permittivity for the strip dipole FSS element:

εe =

ε r + 1 ε r −1
2

+

2

1
t
1 + 12
W

(2.1)

where εr is the known relative permittivity of the substrate, t is the thickness of the substrate,
and W is the width of the microstrip line. However this will not be completely accurate
because the substrate of the microstrip line has a ground layer, where the printed FSS element
does not. Because the loop elements are not simple microstrip lines, Eq. (2.1) should not be
used as an approximation of the effective permittivity of the stratified medium. For the case
of these elements, the arithmetic-geometric mean will be used to determine an approximation
of the effective permittivity. The calculation of this quantity is an iterative process involving
both the arithmetic mean and geometric mean until a convergence is reached. The equations
used to determine the effective permittivity in this manner are given by Eq. (2.2):
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an + g n
,
2
g n +1 = an g n ,

an +1 =

a0 =

ε air + ε r
2

(2.2)

g 0 = ε air ε r

In addition to the dimensions of the individual elements, the spacing of the elements
also plays a large role in the resulting RCS signature of the FSS. As stated in Chapter 2, the
FSS can be analyzed as an array excited by an incident plane wave. A normally incident
wave results in the peak of the array factor in the direction of the source antenna; to simplify
the design, normal incidence was employed when determining the optimum spacing for the
array. The FSS arrays were designed for FR-4 substrate with a relative permittivity of 4.25
and a thickness of 1.59 mm.

2.2 Electromagnetic Solvers
The design of the FSS arrays for optimum RCS performance was done using parametric
studies in Ansoft Designer, which is a solver that uses both the method of moments (MoM)
and finite element method (FEM) to provide quick electromagnetic solutions for planar
models. Designer also has the ability to perform calculations for infinite periodic structures.
This solver provided the fastest accurate solutions to the FSS arrays, so the design
optimizations were performed primarily using it. To reduce the number of parameters in the
study, the element size was fixed and the only parameter swept was the element spacing.
Most existing FSS designs have the elements closely packed; however, the peak monostatic
RCS return was found for a large element spacing for all FSS elements simulated. These
simulation results show that closely packed arrays do not work well as monostatic reflectors;
most existing FSS structures are used as filters or radomes that reduce the RCS of an antenna
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structure. As a result of the need for a high monostatic RCS return, the spacing of all FSS
arrays to follow are around 2λ/3 for the frequency of operation.
Ansoft Designer was unable to determine the expected transmission properties of the
finite FSS arrays, so Ansoft HFSS, an FEM solver, was used for this specific solution.
Designs tested in HFSS followed a method similar to that presented by Bardi et al. [2]. A
finite array is created inside a bounding box in HFSS, with the bounding box faces above and
below the element terminated with perfectly matched layers (PMLs). In order to determine
the transmission coefficient of the FSS, the incident and scattered fields are integrated over a
surface above and below the FSS, respectively. The ratio is then substituted into Eq. (2.3) [2]:

Re((Es × H s∗ ) • n)ds 
∫
Sout

T ( dB ) = 10 log 1 −
 ∫ Re((Einc × H inc∗ ) • n)ds 
Sin



(2.3)

where Es and Hs are the scattered electric and magnetic fields on the transmitting side of the
FSS, Einc and Hinc are the electric and magnetic fields incident on the FSS, and n is the
normal vector to the surface of integration. Solutions of this type in HFSS can take a great
deal of memory and CPU time, so 3 × 3 arrays were the only finite solutions obtained in
HFSS. The same method was used to determine the transmission coefficient of an infinite
periodic structure in HFSS in order to compare the results to those found in designer. In this
case, a unit cell is created with one element, and master-slave boundaries are used on the
walls of the bounding box. The fields on the master wall are matched to the fields on the
slave wall to simulate the effect of an infinite periodic structure. The length and width of the
bounding box are equal to the optimum spacing d found in Designer for each element.
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2.3 Simulation Results
Each parametric study was first performed with an infinite array unit cell and then
followed by a finite array parametric study. In all cases, the infinite array results were much
lower in magnitude than the finite array results. The reason for this is unclear, although a
possible explanation for the difference in magnitude is the method by which the solver
normalizes the RCS value. All infinite FSS array results presented have been renormalized
for comparison to the finite FSS array results by adding 19 dB to the magnitude. For all
solutions this renormalization resulted in comparable scaling for the finite and infinite FSS
array results.

2.3.1 Strip dipole array
As mentioned in Chapter 1, the simplest FSS design is the strip dipole. This element provides
not only frequency selectivity, but also polarization selectivity, because the elements will only
re-radiate an incident signal with a polarization parallel to the length of the strip. The
dimensions chosen for the strip dipole array are a length of 10 mm and a thickness of 1 mm.
Using this approximate effective permittivity from Eq. (2.1) the approximate operating
frequency can be found with Eq. (2.4):
fop ≈

c
2l ε e

(2.4)

where l is the length of the dipole. From Eq. (2.1) and Eq. (2.4), values of εe = 2.99 and fop ≈
8.7 GHz are obtained. The free-space wavelength at 8.7 GHz is 3.46 cm. In a parametric
study of an infinite array of dipoles, d was swept from 1.1 cm to 3 cm in 1 mm increments to
determine the optimum array spacing. The peak RCS return shifts in frequency, along with
17

the magnitude of the peak, as the value of d varies.

The RCS return of the parallel

polarization for selected values of d are shown in Figure 2.1. The peak RCS value occurs for
d = 3 cm at 8 GHz. At that frequency, 3 cm is four-fifths of a wavelength in free space.
Using array theory and considering a 9 × 9 rectangular array, a side lobe half the magnitude of
the main bean starts to appear in the array factor for phase delays great than about
0.27π radians, which corresponds to angles of incidence greater than about 42°. If the FSS

were placed in a bistatic system, perhaps with multiple receiving horns, the orientation of the
surface might be unclear if a high RCS value were detected at multiple observation angles.
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Figure 2.1: RCS results versus frequency for infinite strip dipole FSS array for several values of d

While the calculations above were conducted for a 9 × 9 array, performing a
parametric study on an array that size would result in extremely long computation times, or
perhaps take too much memory for the solver to produce a solution. To obtain insight on how
a finite array behaves, the same parametric study performed on a finite 3 × 3 array. The peak
RCS value occurs for a different spacing, d = 2.2 cm, at 8.5 GHz, and the RCS at 3 cm is
much lower. The RCS results for the 3 × 3 array are shown in Figure 2.2. The operating
point at 8.5 GHz is much closer to the expected value of 8.7 GHz, and because d = 0.62λ at
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8.5 GHz grating lobes are eliminated in the array pattern for all incident angles for an array
with more than 2 elements per dimension. This is because the maximum phase delay is for an
incident angle of 90°, where k0 = 0.973 radians, which produces the highest sidelobe at about
one-fifth the size of the main beam. For this value of d at 8.5 GHz, the array pattern will
prevent any radiation in directions other than the direction of the main beam for any possible
phase shift.
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Figure 2.2: RCS results versus frequency for a 3 × 3 strip dipole FSS array for several values of d

A comparison of the RCS values at 2.2 cm and 3 cm for the infinite and finite arrays is
shown in Figure 2.3.

The pronounced frequency nulls present in the infinite array

calculations are not present in the finite array calculations. However, the peak for d = 2.2 cm
is at about the same magnitude relative to the RCS magnitude outside the designed operating
range of the device, indicating that this value of d provides a strong RCS return relative to the
other frequencies for any size of array.
To investigate the effect of reducing the size of the array on the transmission
properties Ansoft HFSS was used. The results for the infinite array solutions from Designer
and HFSS, as well as the finite 3 × 3 array solution from HFSS are shown in Figure 2.4. The
19

infinite array results for HFSS and Designer disagree by almost 0.5 GHz, with the HFSS null
at about 9 GHz. The finite FSS transmission properties suggest that a reduction in the number
of elements results in a lower optimum frequency for the power transmission for the bandstop dipole FSS. Changing from an infinite array to a 3 × 3 array reduces the frequency of the
null of the transmission coefficient to about 8 GHz.
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Figure 2.3: RCS versus frequency at optimum values of d for infinite and 3 × 3 strip dipole FSS arrays
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Figure 2.4: Transmission coefficient for infinite and finite dipole FSS arrays on FR-4 with d = 2.2 cm
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2.3.2 Jerusalem cross array
The Jerusalem cross is a common element used in FSS design that comprises of a pair of endloaded crossed dipoles. The Jerusalem cross used in this study was based on the design
presented by Munk [3] and altered to allow the element to be mechanically etched by
increasing the width of the lines to 0.5 mm. The original Jerusalem cross array was simulated
between two layers of dielectric with a permittivity of εr = 2.2, and the resulting peak
reflection occurs at 10 GHz. The redesigned Jerusalem cross is in a mixed medium of FR-4
substrate and air, so the peak reflection should still occur near 10 GHz. A picture of the
element is shown as Figure 2.5.

Figure 2.5: Jerusalem cross element

While the original design had a high reflection value for a closely packed array, the
RCS return was not significant. As a result, once again a parametric study must be carried out
to determine the optimum value of d for a large RCS return. The Jerusalem cross element
parametric study was performed in the same manner as for the strip dipole element. The
results from the infinite array parametric study are shown in Figure 2.6. Several of the
frequency peaks are above –10 dB, with d = 3 cm and d = 2.4 cm the highest; however, these
peaks occur at 9 GHz and 12 GHz, respectively, and both have a secondary peak in the 10-11
GHz range, which is closer to the expected operating point. Focusing in on that range the
highest peak occurs for d = 2.2 cm at 10.4 GHz. For this frequency d is slightly greater than
three-fourths of a wavelength, which results in the appearance of significant grating lobes for
angles of incidence greater than 63° if once again a 9 × 9 array is considered.
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Figure 2.6: RCS results versus frequency for an infinite Jerusalem cross FSS array for several values of d

To get a better idea of which frequency peaks occur for a finite number of elements, a
5 × 5 array was studied. The results are shown in Figure 2.7. In the finite array results, the
lower frequency peaks have vanished, and highest return occurs for a spacing of d = 1.8 cm at
10.9 GHz. For this frequency d = 0.65λ, and, as with the finite dipole array, no significant
sidelobes can form from a plane wave excitation at this value of d at 10.9 GHz for an array
with more than three elements per dimension. Once again, directly comparing the infinite and
finite array results, as shown in Figure 2.8, the peak return versus frequency varies with the
number of elements in the array. For the Jerusalem cross FSS, d = 1.8 cm will be the design
spacing between elements. Figure 2.8 shows that, for both the infinite and 5 × 5 array, the
peak for this value of d at 10.9 GHz is about the same relative to the RCS values at normal
incidence for the lower frequencies, so the peak will occur near 10.9 GHz independent of the
number of elements in the array.
We can once again look at the transmission properties of the infinite array
solution and the finite 3 × 3 array solution to exhibit the shift in the expected nulls in the
transmitted power with a reduction in the number of elements. These results are shown in
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Figure 2.9.

In this case there is almost no frequency response shown by the transmission

curve of the 3 × 3 array simulated in HFSS. The infinite FSS in Designer and HFSS both
have a null that reaches about –16 dB.
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Figure 2.7: RCS results versus frequency for a 5 × 5 Jerusalem cross array for several values of d
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Figure 2.8: RCS results versus frequency at optimum values of d for infinite and 5 × 5 Jerusalem cross FSS
arrays
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Figure 2.9: Transmission coefficient for infinite and finite Jerusalem cross FSS arrays on FR-4 with d = 1.8 cm

2.3.3 Circular loop array
The circular loop element has an outer radius of 4 mm and an inner radius of 3 mm. The
operating frequency of a circular loop element is the frequency for which the perimeter is
approximately one wavelength, and is given by Eq. (2.5):
fop ≈

c
l εe

(2.5)

where l is the length of the perimeter of the loop. Because the loop has a finite thickness, the
inner perimeter is used in calculating the operating frequency because that is the shortest
distance traveled by the currents on the loop. From Eq. (2.2), ε e = 2.33 , so the expected
operating frequency for a loop of this size should be around 10.4 GHz. Looking at the
simulation results of the infinite array shown in Figure 2.10, once again frequency peaks
appear at lower frequencies for large values of d, with the highest peak occurring at 8.4 GHz
for d = 3 cm. At this frequency d = 0.84λ, and significant grating lobes begin to appear for
angles of incidence greater than 26°.
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Figure 2.10: RCS results versus frequency for an infinite circular loop FSS array for several values of d
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Figure 2.11: RCS results versus frequency for a 5 × 5 circular loop FSS array for several values of d

The results for a finite 5 × 5 array are shown in Figure 2.11, and the large peaks for
the higher values of d have greatly diminished relative to some of the other results with the
finite number of elements. For both d = 2 cm and d = 2.2 cm, the value of the frequency peak
is at about the same level at 10.2 GHz and 9.8 GHz, respectively. Focusing on d = 2 cm, at
10.2 GHz the elements are separated by a distance of 0.68λ, and the array will be free of
significant sidelobes as long as there are more than 4 elements in each dimension. For this
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value of d the operating point of the FSS is close to the estimated operating frequency of the
single loop element.
Placing the results for d = 2 cm and d = 3 cm for the finite and infinite arrays on the
same graph in Figure 2.12 reveals that d = 2 cm is a more appropriate value to fabricate the
array. While there is still a frequency peak at 8.4 GHz for a finite number of elements, it is
lower than the peaks present for other values of d.
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Figure 2.12: RCS results versus frequency at optimum values of d for infinite and 5 × 5 circular loop FSS arrays

The transmission properties of the infinite array solutions and the finite 3 × 3 array
solution are shown in Figure 2.13. For the loop element, no frequency shift occurs between
the results of the finite FSS array and the infinite FSS array.

2.3.4 Square loop array
The square loop element has sides 6 mm long and a line width of 0.5 mm. Once again the
theoretical operating frequency occurs when the length around the loop is one wavelength, so
using Eq. (2.2) provides ε e = 2.33 , and substituting this value into Eq. (2.5) f op ≈ 9.8 GHz .
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The infinite array results, shown in Figure 2.14, suggest an element spacing of 2.9 cm for a
frequency peak at 8.5 GHz. For the previously referenced 9 × 9 array, this spacing produces
significant side lobes for incident angles greater than 33°.
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Figure 2.13: Transmission coefficient for infinite and finite circular loop FSS arrays on FR-4 with d = 2 cm
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Figure 2.14: RCS results for an infinite square loop FSS array for several values of d

The results from the other FSS elements discussed suggest that the frequency peaks
below the estimated operating frequency for the larger values of d will decrease in magnitude
when the number of elements is limited to a finite value. A finite 3 × 3 array parametric study
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confirms this, having the highest RCS returns for d = 1.8 cm, d = 1.9 cm, and d = 2 cm, as
shown in Figure 2.15, at 10.2 GHz, 10 GHz, and 9.8 GHz, respectively. Because the circular
loop is spaced at 2 cm, the same value of d is chosen for the square loop array to allow for
comparison between the two FSS designs once they are measured. At 9.8 GHz d = 0.65λ,
which is the same in terms of wavelength as the Jerusalem cross array, so once again
significant grating lobes are avoided for arrays with more than three elements in each
dimension. The frequency peak for the chosen value of d is within 100 MHz of the estimated
operating frequency of a single loop element.
Comparing the RCS results for the infinite and finite arrays at d = 2 cm and d = 2.9
cm in Figure 2.16, the peak value for the larger spacing once again is reduced significantly
with a small array. The results for the square loop are quite similar to the results for the
circular loop, which can be expected because the perimeter of the circular loop is 2.51 cm and
the perimeter of the square loop is 2.4 cm.
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Figure 2.15: RCS results versus frequency for a 3 × 3 square loop FSS array for several values of d
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Figure 2.16: RCS results versus frequency at optimum values of d for infinite and 3 × 3 square loop FSS arrays

The transmission properties of the infinite array solutions and the finite 3 × 3 array
solution with d = 2 cm are shown in Figure 2.17. As with the circular loop, the frequency of
operation does not appear to shift as the size of the FSS array changes, since the three nulls
are within a few megahertz of each other. However, once again the null is far less sharp for
the finite FSS array.
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Figure 2.17: Transmission coefficient for infinite and finite square loop FSS arrays on FR-4 with d = 2 cm

29

The optimization of finite strip dipole, Jerusalem cross, circular loop, and square loop
FSS arrays has been presented, and in all cases the optimum element spacing d is on the order
of two-thirds of a wavelength at the operating frequency in free space. Reducing the number
of elements eliminates additional frequency peaks in the RCS of the FSSs. The fabrication
and measurement of FSS arrays constructed based on the dimensions chosen for each element
in this chapter are reported in Chapters 3-5.
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CHAPTER 3
FABRICATION

3.1 FSS Array Fabrication
The mechanically etched FSS arrays were fabricated using the T-Tech Quick Circuit
programmable precision milling machine. For these FSSs, the substrate used was FR-4 board
with a thickness of 1.59 mm and 1 oz copper on a single side produced by MG Chemicals.
The relative permittivity of the board is approximately 4.25. The arrays were constructed on
square sections of board with each side a length of 19 cm. The strip dipole, square loop, and
circular loop FSSs were all constructed as 9 × 9 arrays, and the Jerusalem cross FSS was a 10
× 10 array because the element spacing was less and allowed for more elements to fit on the
section of board.
A strip dipole FSS was also designed and constructed on a foam substrate using pieces
of copper tape. The 9 × 9 array covers a square with a side length 25 cm. The thickness of
the foam is 6 mm, and it has a relative permittivity of approximately 1.08. The strips of
copper tape are 15 mm long and 2-3 mm wide.

3.2 Retroreflector Fabrication
The trihedral retroreflectors were constructed with two sides of copper and one side an FSS
array printed on FR-4. Each wall of the retroreflector is 9.5 cm × 9.5 cm, and the walls are
placed such that they are each perpendicular to the other two walls. The two copper walls
were soldered together, and the dielectric FSS wall was attached to the other two with instant
bond adhesive. The retroreflectors with the strip dipole FSS, circular loop FSS and the square
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loop FSS all had a 5 × 5 array on one wall. A retroreflector with one wall designed as a
polarization selective surface (PSS) was also fabricated on FR-4 substrate, with strips of
copper 1 mm wide spaced 1 mm apart.
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CHAPTER 4
EXPERIMENT SETUP

4.1 Transmission Test Setup
The anechoic chamber in the Electromagnetics Laboratory at the University of Illinois was
utilized to test the frequency response of the FSS arrays. The first test performed to locate the
operating points of the FSS arrays was a transmission test. A conceptual diagram of the setup
is shown in Figure 4.1. The FSS array was placed in a plastic clamp located between the two
horn antennas, with the printed side of the substrate facing the source antenna. The source
and receiving antennas were identical standard gain horn (SGH) antennas.

For this

measurement Rt = 2.44 m and Rr = 2.64 m. The test was driven by the Agilent E8363B PNA
and calibrated with the horn antennas using a thru measurement, which is a measurement
taken with a zero length (or zero phase delay) at the reference plane. For the FSS arrays
constructed on FR-4 substrate, the thru measurement was taken with a square of FR-4 with
19-cm side lengths and a thickness of 1.59 mm in place of the device under test (DUT). In the
case of the FSS array on the foam substrate the thru measurement was simply the test shown
in Figure 4.1 without a DUT present.
Receiving SGH

DUT

Rr

Rt

Source SGH

Anechoic Chamber

PNA

Figure 4.1: Conceptual sketch of transmission experiment setup
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4.2 Reflection Test Setup 1
Because the anechoic chamber is not set up for RCS measurements, the test setup was
modified to best measure the fields reflected by the devices under test. A conceptual sketch
of Setup 1 is shown as Figure 4.2. For this setup Rt = 4.7 m and Rr = 5.2 m, the receiving
SGH is normal to the plane of the DUT, and the source SGH is at an angle of 6° from normal.
Using Eq. (2.6), the receiving antenna is in the far field for up to 21.6 GHz, which is well
beyond the range being measured for these FSS arrays.
Receiving SGH

DUT

Rr
Rt

Source SGH

Anechoic Chamber

PNA

959
Workstation

Figure 4.2: Conceptual sketch of Setup 1

In the chamber the DUT was placed on a rotating turntable. The FSS arrays were held
in place with a Lucite fixture and the retroreflectors were set into a piece of Styrofoam that
was then fixed at a downward tilt of 45°. For both the FSS array and retroreflectors, the
DUT, source antenna, and receiving antenna were aligned with a laser to ensure that the DUT
was in the line of sight of both antennas. Identical SGH antennas were used as the source and
receiving antennas and were placed at the same end of the chamber. As seen in Figure 4.2,
the source antenna is below and in front of the receiving antenna. This is because the
chamber is designed for antenna measurements, so there is only a designated location for the
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receiving antenna. The source antenna was set in place and isolated from the receiving
antenna using pieces of absorbing material.
The test was run using the Agilent E8363B PNA Series Network Analyzer and
controlled with the Orbit/FR 959 Spectrum Antenna Measurement Workstation. The DUTs
were tested over the frequency range of 5 GHz to 15 GHz with an interval of 0.1 GHz and
rotated 360° on the turntable. The data is collected as the ratio of the power received to the
power transmitted.

4.3 Reflection Test Setup 2
Because the test environment is not ideal for RCS measurements, a second test was run, this
time with the source antenna closer to the DUT. A sketch of Setup 2 is shown as Figure 4.3.
The source SGH is at an angle of approximately 30° from normal to the plane of the FSS, and
the receiving SGH at an angle of approximately -30° from normal to the plane of the array.
For this setup Rt = 1.07 m and Rr = 5.03 m. The receiving SGH is in the far field, as given by
Eq. (1.6), for the entire frequency range.
Receiving SGH

DUT

Rr

Rt

Source SGH
Anechoic Chamber

PNA

Figure 4.3: Conceptual sketch of Setup 2
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CHAPTER 5
MEASUREMENTS OF FSS ARRAYS ON FR-4 SUBSTRATE

5.1 Transmission Measurements
To determine if the FSSs operate in the appropriate frequency range, a test of the transmission
properties of the arrays was performed. The setup is as described in Figure 4.1. All of the
FSSs in this chapter have been constructed on FR-4 substrate with a thickness of 1.59 mm.
The strip dipole element FSS is the only element presented that is polarization
selective, so two transmission measurements were taken to demonstrate its polarization
response. As stated in Chapter 2, the expected null in the transmission curve of a 3 × 3 FSS
array of this element is about 8 GHz. Figure 5.1 shows the transmission results for the
measured and simulated strip dipole FSS arrays.

The measured results for the 9 × 9 FSS

array show distinct polarization selectivity. No transmission loss is present in the case of the
cross-polarized incident wave, and the copolarized incident wave has a transmission null at
9.2 GHz, which is quite different than the prediction. While an upward shift in frequency was
expected with an increase in elements, the magnitude of the shift in this case seems too large.
This is the case for all of the measured transmission results, and is discussed at the end of this
section.
As with the strip dipole FSS, a frequency shift was expected with the Jerusalem cross
FSS; however, in this case the null of the measured results appears at about 1 GHz higher than
the null for the infinite FSS simulations. The results for the Jerusalem cross 9 × 9 array are
shown in Figure 5.2, with the measured transmission null at 11.9 GHz. The magnitude of the
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null is only about 3 dB, although a large amount of transmission loss was not expected, as
shown by the results for the simulated 3 × 3 FSS arrays.
Measured Co-pol (9 × 9)
HFSS Co-pol (3 × 3)
HFSS Co-pol (Infinite)
Designer Co-pol (Infinite)

Measured Cross-pol (9 × 9)
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HFSS Cross-pol (Infinite)
Designer Cross-pol (Infinite)

0

T (dB)

-5

-10

-15

-20
7

8

9

10
Freq (GHz)

11

12

Figure 5.1: Measured and simulated transmission coefficient of strip dipole FSS arrays
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Figure 5.2: Measured and simulated transmission coefficient of Jerusalem cross FSS arrays

For the transmission results of the two loop elements, no frequency shift was expected
with an increase in the number of elements. However, once again the measured results show
the null in the transmission curve at a higher frequency than expected, although in this case
the difference is only about 500 MHz from the predicted frequency of the null. The results
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from the circular loop and square loop 9 × 9 FSS arrays are shown alongside the simulated
results in Figures 5.3 and 5.4, respectively.
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Figure 5.3: Measured and simulated transmission coefficient of circular loop FSS arrays
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Figure 5.4: Measured and simulated transmission coefficient of square loop FSS arrays

The cause difference in operating frequency of the measured and simulated FSS arrays
is not clear; however, the difference between the measurements and simulations is consistent.
The cause of the difference might be an inaccurate material parameter used in the
electromagnetic solvers.
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5.2 RCS Measurements
Following the test of the transmission properties of the FSSs printed on FR-4, the reflection
data were collected, and the RCS properties were calculated. To determine the frequency
selectivity of the reflected field, the data from each FSS was substituted into the radar range
equation, which is rewritten as Eq. (5.1):

σ = Pr

(4π )3 Rt 2 Rr 2
2
PG
t t Gr λ

(5.1)

The gain values for the receiving and transmitting SGH antennas are identical and are
dependent on frequency. For this measurement the RCS values are normalized at each
frequency point to the RCS calculated for a large rectangular copper plate that is 1.22 m ×
0.91 m.

5.2.1 Measurement Setup 1
The first RCS measurement followed Setup 1, as depicted in Figure 4.2. For the dipole FSS
array measurements, the RCS was calculated for both the ϕ = 0° and the ϕ = 90° planes to
demonstrate the polarization selectivity of the FSS. Figure 5.5 shows the orientation of the
dipole FSS relative to each plane.

ϕ = 0° plane
ϕ = 90° plane

Figure 5.5: Dipole FSS orientation
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The RCS of a copper plate that is 19.9 cm × 19 cm, and the RCS of the Lucite test
fixture with no DUT present, are shown in Figure 5.6. The results indicate that the method of
testing is not capable of providing a proper characterization of the FSS surface because the
copper plate RCS is less than 10 dB-m2 above the RCS of the test fixture. With such a small
space available to determine the properties of the FSS the measurement, the results cannot be
analyzed with much confidence. Figure 5.7 compares these results to the strip dipole results.
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Figure 5.6: RCS measurement of a copper plate and the test fixture
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Figure 5.7: RCS measurement of a 9 × 9 strip dipole FSS compared to a copper plate and the test fixture
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Figure 5.7 further illustrates the point that these results cannot be analyzed with
confidence. The copolarized RCS measurement ( ϕ = 0° ) is similar to the measurement of the
test fixture alone for all frequencies except around 8.5 GHz, which is the designed operating
frequency. However, it is possible that this is just coincidence, because the cross-polarized
RCS measurement, which should have a very low value because the strip dipole FSS is
polarization selective, has values very close to the RCS of the copper plate between 7 GHz
and 10 GHz.
The FSS arrays of the other three elements were also constructed. The results from a
10 × 10 array of the Jerusalem cross dipole FSS, a 9 × 9 array of the circular loop FSS, and a
9 × 9 array of the square loop FSS are shown in Figures 5.8-5.10, respectively. These results
also show that another method must be used to accurately test these FSS arrays to obtain a
representation of their operation.
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Figure 5.8: RCS measurement of a 10 × 10 Jerusalem cross FSS compared to a copper plate and the test fixture
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Figure 5.9: RCS measurement of a 9 × 9 circular loop FSS compared to a copper plate and the test fixture
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Figure 5.10: RCS measurement of a 9 × 9 square loop FSS compared to a copper plate and the test fixture

5.2.2 Measurement Setup 2
The unclear data collected with Setup 1 resulted in a need to redesign the method of
measurement for the FSSs. The orientation of the antennas relative to the DUT for Setup 2, as
shown in Figure 4.3, resembles a bistatic RCS system. In this case the Lucite fixture was
replaced by a plastic clamp that attached only to the bottom of the DUT, which removed the
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fixture from the plane of the DUT and preventing excessive reflection caused by the fixture
from distorting the data. The source antenna was also moved much closer to the DUT to
minimize the free space loss. The measurement of the fixture alone is equivalent to the noise
level of the chamber, which is much lower than the magnitude of the results for the DUTs, so
the measured data of the fixture alone is not presented below.
In order to determine the reflection from the FR-4 substrate alone, an RCS
measurement of a square piece of FR-4 with sides 19 cm long and a thickness of 1.59 mm was
taken. The RCS of the FR-4 is compared to the RCS of a 19.9 cm × 19 cm copper plate in
Figure 5.11. Although the data sets are more consistent than the results from Setup 1, there is
a large amount of reflected power from the FR-4, especially at the higher frequencies. At the
lower end of the frequency range, there is a little less than 10 dB-m2 separation between the
two measurements, however the difference decreases as the frequency increases. At the upper
end of the frequency range only a few dB-m2 separate the two measurements. With so much
reflection from the substrate alone, an accurate characterization of the FSS array printed on
the FR-4 cannot be completed.
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Figure 5.11: RCS of FR-4 substrate compared to copper plate
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The measured RCS of the 9 × 9 strip dipole FSS array are shown in Figure 5.12, and
the effect of the reflective substrate is seen in these results as well. While the general shape of
the copolarized RCS measurements are similar to the simulated RCS, at frequencies above
about 11 GHz, where the simulated RCS drops off, the measured RCS increases to a level
comparable to the peaks measured at lower frequencies for both TE and TM incident waves.
In addition, the cross-polarized RCS is well above the predicted value for both TE and TM
incident waves, but this should be expected since the FR-4 alone has such a high RCS value.
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Figure 5.12: Simulated and measured results for a strip dipole FSS for θinc = 30° and θobs = -30°

The measurements of the Jerusalem cross FSS array are shown in Figure 5.13 and are
compared to the simulated results. The Jerusalem cross FSS array RCS curve follows the
same trend as the FR-4 results, the only difference being the few dB-m2 of separation for 7
GHz and higher. Any frequency-selective behavior from this device is not measurable,
possibly due to the high amount of reflection from the substrate. As a result, the measured
RCS bears no resemblance to the RCS calculated by Designer.
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Figure 5.13: Simulated and measured results for a Jerusalem cross FSS for θinc = 30° and θobs = -30°

Both the circular loop (Figure 5.14) and square loop (Figure 5.15) arrays show distinct
frequency peaks at 8.5 GHz and 11 GHz for TE incidence and an apparent peak at 10.2 GHz
followed by a null for TM incidence, which is an encouraging sign because the predicted
operation of the two FSSs were very similar. However, the circular loop and square loop FSS
arrays still do not have more than a few dB-m2 of separation from the reflected power of the
FR-4 alone.
These measurements suggest that the arrays provide a frequency-selective response in
RCS, but due to the highly reflective substrate, conclusive evidence is not attainable. To
obtain a more accurate RCS measurement of a finite FSS array, the strip dipole FSS was
redesigned on a foam substrate. The results of these measurements are presented in Chapter
6. An investigation of the cause of the high reflectivity attributed to the FR-4 substrate is
presented in the following section.
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Figure 5.14: Simulated and measured results for a circular loop FSS for θinc = 30° and θobs = -30°
Measured 9 × 9 TE

Simulated 5 × 5 TE

Measured 9 × 9 TM

Simulated 5 × 5 TM

5.00
0.00
-5.00
RCS

-10.00
-15.00
-20.00
-25.00
-30.00
-35.00
5

6

7

8

9

10

11

12

13

14

15

Freq (GHz)

Figure 5.15: Simulated and measured results for a square loop FSS for θinc = 30° and θobs = -30°

5.3 Reflection from FR-4 Substrate
When an electromagnetic wave reaches an interface between two media, the wave will be
partially or entirely reflected. The amount of reflected power can be characterized by a
quantity known as the reflection coefficient. For lossless materials, the reflection coefficient
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for a normally incident wave can be found with the relative permittivities of the two media, as
shown in Eq. (5.2) [1]:

ε1 − ε 2
ε1 + ε 2

r12 =

(5.2)

However, in this case both regions are infinite. The FR-4 substrate used in this study has a
finite thickness, and the impinging wave is at an angle, so the calculation of the reflection
coefficient becomes more complicated. A conceptual image of the situation is shown in
Figure 5.16, though the image does not depict the multiple bounces that take place at each
interface. For all cases θi = θ r .
Ei

Er
θi

Region 0

z

θr
x

εr0 = 1
Et

t = 1.59mm

Region 1 (FR-4)
εr1 = 4.25

θt

Region 2 (air)
εr2 = 1
Figure 5.16: Conceptual image of wave incident on finite FR-4 substrate

The new reflection coefficient, for an incident TE wave, is shown in Eq. (5.3) [1],
where kax is the component of the wave vector normal to the interface in region a and µa is the
relative permittivity in region a:
r + r ei 2 k1 xt
r = 01 12 i 2 k1 xt ,
1 + r01r12 e
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rab =

1 − µµba kkbxax

1 + µµba kkaxbx

(5.3)

If the incident wave is a TM wave, then Eq. (5.3) is changed using the duality principle µa Æ
εa, εa Æ µa. In both cases, the component of k in the direction normal to the interface can be
found with the incident and transmitted angles of the wave as shown in Eq. (5.4):
k0 x = k0 sin(θi ),

k1x = k1 sin(θt )

(5.4)

where θi and θt are the angle of incidence and angle of transmission, respectively. The angle
of transmission can be found in terms of the permittivities of each region and the angle of
incidence by using Snell’s law, shown in Eq (5.5) [1]:

ε r 0 sin(θi ) = ε r1 sin(θt )

(5.5)

Using Eq. (5.3) and applying the values for the measured piece of FR-4, the value of the
reflection coefficient can be found. Also, the power reflection coefficient R is simply the
square of r, so these values are shown in Table 5.1 for both a TE and TM incidence wave at
8.5 GHz.
Table 5.1: Values of the reflection coefficient and the power reflection coefficient for θ i = 30°

TE
TM

r
0.406
0.314

R
0.165
0.098

As seen in Table 5.1, more power is reflected by the TE mode. Figure 5.17 shows the
expected values of R for both polarizations at θi = 30°, along with the measured reflection
from the FR-4 relative to the reflection from the copper plate. This graph shows that the FR-4
substrate is slightly more reflective than expected, although it does follow the proper curve
with frequency. The measured curve is normalized to the measured copper plate, which is not
a PEC, so that will also explain the slight increase in the value of R for the measured curve
relative to the calculated value. Comparing this plot to the results in Chapter 2 for the FSSs
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simulated in Designer on FR-4 substrate, it is clear that Designer does not take reflections
from the substrate into account when calculating the RCS of a planar FSS design.
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Figure 5.17: TE reflection coefficient of a slab of FR-4 1.59 mm thick

5.4 Retroreflectors
Retroreflectors were fabricated, as described in Chapter 3, substituting one wall of each
retroreflector with a 5 × 5 array of the strip dipole, circular loop, or square loop FSS elements.
A retroreflector was also fabricated with a PSS for one wall. The same complications listed
previously in this chapter occurred for the measurements taken for the retroreflector devices:
little distinction between measurements. The retroreflectors were tested with Setup 1 because
they are designed to return radiation in the direction of incidence, and the angle between the
source and receiving antennas for Setup 1 is small enough to allow the reflected fields to be
measured. However, for Setup 2, with incidence and observation angles near 30°, so a
measurement would not test the retroreflectors in the proper state of operation.
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The RCS was measured and calculated in the same manner as for the FSS arrays. The
RCS of a retroreflector with one wall a blank section of FR-4 was measured to determine the
effect of the reflection from the FR-4 alone and to use as a reference to determine the effect of
the printed elements.

Another retroreflector with all three sides made of copper was

fabricated to determine the maximum possible reflection.

The retroreflectors with strip

dipole, circular loop, and square loop FSS arrays for one wall showed little difference in RCS
from the results for the retroreflector with one wall blank FR-4. In these cases the FSS
elements did not have a distinct measurable affect on the reflected wave. For example, Figure
5.18 shows the RCS of the retroreflector with one wall blank FR-4 and the RCS of the
retroreflector with a 5 × 5 FSS array of the circular loop element. The circled region is the
only area of much difference between the two data sets, which also happens to be the
operating frequency of the circular loop FSS. However, the difference is less than 5 dB-m2,
so once again a conclusion cannot be drawn from this measurement with confidence.
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Figure 5.18: RCS of retroreflectors with one wall a printed FR-4 design

The other retroreflectors with an FSS array printed on FR-4 for one wall had similar
regions of separation from the blank FR-4 retroreflector measurements, but nothing distinct.
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The retroreflector with one wall a PSS showed slightly more consistent signs of proper
operation. The RCS of the polarization-selective retroreflector is shown in Figure 5.19 along
with the RCS of a copper wall retroreflector and a blank FR-4 wall retroreflector.
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Figure 5.19: RCS of retroreflectors with one wall a printed FR-4design

The incident wave was polarized at 45° to the polarization of the PSS wall of the
retroreflector, so it is expected that half of the incident wave would be reflected by the
retroreflector. The RCS of the polarization-selective retroreflector is consistently between the
two reference RCS measurements, so while the difference in scale of the measurements
prevents conclusive data from being collected, the data in Figure 5.19 does at least indicate
that the polarization-selective retroreflector will operate as desired under proper test
conditions.

5.5 References
[1] S. L. Chuang, Physics of Optoelectronic Devices, New York: John Wiley & Sons, Inc.,
1995.
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CHAPTER 6
STRIP DIPOLE FSS ARRAY ON FOAM SUBSTRATE

6.1 Redesign of Strip Dipole FSS
The FSSs measured on FR-4 substrate failed to provide clear data due to a high reflection
from the substrate, so to demonstrate the frequency selective properties of a finite array the
strip dipole FSS was redesigned for a foam substrate, which has little to no reflective
properties. As stated in Chapter 3, the dipole FSS was fabricated on Rohacell hard foam
using strips of copper tape and the fabricated FSS was measured with Setup 2, as shown in
Figure 4.3.

6.2 Simulated and Measured Results
Prior to fabricating the redesigned FSS, Ansoft Designer was used once again to determine
the optimum spacing for the array. A parametric study on a single element was performed to
determine a dipole length with an operating frequency close to the 8.5 GHz of the FSS
designed for the FR-4 substrate. A length 1.5 cm produced a peak return at about 8.6 GHz, so
this length was chosen as the redesigned dipole length.

Another parametric study was

performed in the same manner as those presented in Chapter 2 to determine the optimum
value of d for the redesigned array. The peak RCS value occurred for d = 2.5 cm.
The first test run on the fabricated 9 × 9 foam dipole FSS array was the transmission
test as shown in Figure 4.1. The results are shown in Figure 6.1 along with the infinite FSS
array solution from Designer, and the finite 3 × 3 FSS array solution from HFSS. In this case,
the frequency shift from the infinite to the finite array is quite large. The operating frequency
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of the simulated infinite FSS array in Designer is 8.8 GHz, which agrees with the infinite FSS
array in HFSS has an operating frequency of 9 GHz, although the magnitudes of the null. The
3 × 3 FSS array has an operating frequency of about 8.5 GHz, and the measured 9 × 9 FSS
array has an operating frequency of about 9.3 GHz. The measured null is only about 0.3 GHz
from the infinite HFSS null, but about 0.8 GHz higher than the finite HFSS null.
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5
0

T (dB)

-5
-10
-15
-20
-25
7

8

9

10

11

12

Freq (GHz)

Figure 6.1: Transmission coefficient for measured and simulated dipole FSS arrays on a foam substrate

A 7 × 7 FSS array with an incident and observation angles of ± 30° was solved in
Designer to predict the RCS measurement. The results of these simulations are shown in
Figure 6.2. The results show peaks at slightly different frequencies, depending on which
plane of observation is used, but for both the ϕ = 0° plane and the ϕ = 90° plane there is a
20-30 dB drop between the co- and cross-polarized results. The difference in frequency
selectivity for the ϕ = 0° plane and the ϕ = 90° plane is the result of a different dipole
element pattern in each of those planes. The measured results are shown in Figure 6.3, and
although there is not quite as much distance between the co- and cross-polarized results, the
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cross-polarized reflections are no higher than the noise level of the chamber, so the
polarization selectivity of the array is demonstrated.
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Figure 6.2: Simulated strip dipole FSS results for θinc = 30° and θobs = 30°
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Figure 6.3: Measured strip dipole FSS results for θinc = 30° and θobs = 30°

The copolarized results are compared to the predicted behavior in Figure 6.4. The
frequency peaks and nulls appear at approximately the same frequencies. The magnitudes are
not exactly the same for the simulated and measured results. However, the general shapes of
the curves are very similar, and because the method of RCS measurement is not ideal, it is
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likely that the measured and simulated plots would have a better magnitude match with a
more appropriate RCS measurement setup.
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Figure 6.4: Strip dipole FSS simulated and measured results for θinc = 30° and θobs = 30°

By eliminating the reflections of the substrate, the frequency selective properties of the
9 × 9 strip dipole array are clearly present in the RCS calculation. Constructing the other FSS
arrays on a substrate that does not reflect incident electromagnetic waves will likely produce
the same improvement in the results.
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CHAPTER 7
CONCLUSIONS AND APPLICATIONS

7.1 Conclusions
This thesis has shown that the properties of finite and infinite FSS arrays differ greatly from
the viewpoint of RCS measurements. For finite arrays the optimum spacing and frequency
for RCS return and power transmission are not necessarily the same, and the power
transmission of band-stop FSS arrays shifts in frequency as the size of the array changes.
While closely packed FSS arrays provide good reflection/transmission properties, they do not
have a strong, measurable RCS return. To obtain a unique RCS, arrays with values of d
comparable to a wavelength are necessary. In addition, the data in this thesis displayed that
the properties of the substrate on which the FSS elements are fabricated can adversely affect
the properties of the FSS array, and the substrate must reflect little of the incident
electromagnetic wave for a finite FSS to provide a distinct frequency response in RCS. For
this reason, low permittivity substrates must be used in FSS design in order to obtain a
reflection that is frequency selective. Although the characterization of a finite FSS was
successful, a true RCS measurement of the devices was not obtained due to the specifications
of test facility available, so a step that could be taken to build on this work would be to obtain
measurements of the devices in an RCS chamber.

7.2 Application to Retroreflectors
The limitations of the test environment for this study prevented the characterization of
the frequency response of a retroreflector with a single wall replaced with a FSS array.
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However, the successful measurement of a finite FSS array showed that the FSS retains its
frequency response even as the number of elements is reduced. The work presented in this
thesis suggests that a retroreflector with a single wall FSS will display a frequency response if
the FSS wall is fabricated on a substrate with a low reflectivity. By obtaining a unique
frequency response for individual retroreflectors, each FSS has the potential to be used as a
type of RCS “tag” that could distinguish a number of otherwise similar retroreflector targets.

7.3 Soft and Hard Surfaces
As stated in Chapter 1, retroreflectors currently employ SHS walls to provide unique RCS
returns with regard to polarization. By placing a FSS wall in addition to a SHS wall on a
retroreflector, the potential radar return is even more unique.
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