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ABSTRACT

Electromagnetic band-gap (EBG) structures have noteworthy electromagnetic charac-

teristics that include their phase variations with frequency. When combining perfect elec-

tric conductor (PEC) and EBG structures on the same ground plane, the scattering fields of

the ground plane are altered because of the scattering properties of EBG structures. The

scattering fields are cancelled along the principal planes because PEC and EBG structures

are anti-phase at the resonant frequency. To make the scattered fields symmetrical under

plane wave incidence, a square checkerboard surface is designed to form constructive and

destructive interference scattering patterns to reduce the intensity of the scattered fields to-

ward the observer; thus reducing the radar cross section (RCS). To increase the 10-dB RCS

reduction (compared to a PEC surface) bandwidth, checkerboard surfaces of two different

EBG structures on the same ground plane are designed. Thus, significant RCS reduction

over a wider frequency bandwidth of about 63% is achieved.

Another design is a hexagonal checkerboard surface that achieves the same RCS reduc-

tion bandwidth because it combines the same EBG designs. The hexagonal checkerboard

design further reduce the RCS than square checkerboard designs because the reflected en-

ergy is re-directed toward six directions and a null remains in the normal direction.

A dual frequency band checkerboard surface with 10-dB RCS reduction bandwidths of

61% and 24% is realized by utilizing two dual-band EBG structures, while the surfaces

maintain scattering in four quadrants. The first RCS reduction bandwidth of the dual band

is basically the same as in the square checkerboard design; however, the present surface

exhibits a second frequency band of 10-dB RCS reduction.
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Finally, cylindrically curved checkerboard surfaces are designed and examined for three

different radii of curvature. Both narrow and wide band curved checkerboard surfaces are

evaluated under normal incidence for both horizontal and vertical polarizations. Simulated

bistatic RCS patterns of the cylindrical checkerboard surfaces are presented.

For all designs, bistatic and monostatic RCS of each checkerboard surface design are

compared to that of the corresponding PEC surface. The monostatic simulations are also

compared with measurements as a function of frequency and polarization. A very good

agreement has been attained throughout.
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CHAPTER 1

INTRODUCTION

1.1. Background

EBG structures are synthesized surfaces that possesses unique characteristics [1–4].

They have emerged as one of the advances in modern antenna design. They have been

extensively used in low-profile antenna designs because of their in-phase reflection char-

acteristics in certain frequency band(s). The phase of the reflection coefficient of an EBG

structure varies continuously from +180◦ to −180◦ as the frequency increases. An EBG

structure is usually referred to as an artificial magnetic conductor (AMC) when the re-

flection phase is between ±90◦ [5]. This magnetic conductor property can be used as an

alternative to a PEC ground plane [6–9]. However, a new research interest aims primarily

at examining the application of EBG structures to alter the characteristics of scattered fields

in order to reduce electromagnetic (EM) backscatter.

Two conventional methods to reduce the RCS of a structure is to change its shape

so it redirects the scattered fields away from the observer, or to apply radar absorbing

material (RAM) to absorb some of the power of the incident waves. Applying RAM on

a surface is an efficient way to absorb incident waves to reduce the EM backscatter [10,

11]; RAM is lossy and forms an absorbent layer when applied to a surface [12–16]. A

commonly used absorbing material is based on the Salisbury screen [12, 13]. The main

advantages of applying RAM are convenience, flexibility and efficiency at the expense of

overall thickness. Although the overall thickness can be reduced [14–16], the ground plane

with RAM is frequency and angle sensitive, because most RAM is designed for a narrow

frequency band [17,18]. Re-directing the scattered fields is another efficient way to reduce
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the RCS. In general, this is achieved by changing the shape of the target [19]. The drawback

is the complexity of design.

A more recent alternate design to achieve the reduction of the RCS is to coat the

radar target with checkerboard EBG designs of patches of different configurations [20–30].

Within its frequency band, the reflected fields from an EBG structure are in phase (±90◦)

with the incident fields, while those reflected from a PEC surface are 180◦ out of phase.

This characteristic is used to alter the characteristics of the scattered fields without chang-

ing the shape of the underlying structure. Typically, checkerboard surfaces that combine

PEC and EBG structures achieve a 10 dB RCS reduction (compared to a PEC surface) over

a bandwidth of about 5% [20].

The incident waves on these checkerboard patches induce current densities whose am-

plitude and phase, especially the phase, are different as a function of frequency between

the two sets of adjacent patch designs. These induced surface current densities act in a

manner that is analogous to the elements of an antenna array. When the phases of these

elements are judiciously designed, their re-radiated fields form constructive and destructive

interference scattering patterns which reduce the intensity of the scattered fields toward the

observer; thus reducing the RCS. Checkerboard surfaces with PEC and ideal PMC patches

possess 180◦ phase difference between the scattered fields from adjacent checkerboard

patches which result in cancellation of the scattered fields.

The main objective of this dissertation is to enhance the bandwidth of the RCS reduction

of these checkerboard structures. This can be accomplished by replacing the PEC patches

with patches comprised of a second EBG structure that is different from the first EBG
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structure. For example, different sizes of square patches that resonate at two different

frequencies were used in [21] and the bistatic RCS patterns of the resulting surface under

normal incidence were simulated. In [22], two different sizes of Jerusalem Cross patches

were used. The checkerboard surfaces that combine EBG structures with different sizes of

patches realized bandwidths of about 40%. Although [24] and [25] consider checkerboard

surfaces which have bandwidths of about 27% and 63%, respectively, only the simulated

RCS under normal incidence of the surfaces are presented. The checkerboard surface in

[26] has 10 dB RCS reductions over narrow bandwidths of 15%. While symmetric square-

shaped checkerboard surfaces produce four redirected lobes of the bistatic scattered fields, a

hexagonal design creates six redirected lobes, which further reduce the peak intensity of the

redirected bistatic lobes. A wide bandwidth of up to about 63% has been realized by square

and hexagonal checkerboard surface designs [27]. A dual frequency band checkerboard

surface has been proposed in [28]. Although a fan-shape design increases the number of

interfaces [29], the phase behavior does not apply very well in the normal direction.

Checkerboard surfaces have also recently been used at mm-waves [31], and as a part

of low-profile antennas that result in low RCS [32–34], as well as gain enhancement [35].

With these benefits of low-profile and radiation improvement, conformal checkerboard sur-

faces can be an attractive technology for the design of conformal antennas [36–38]. In con-

formal applications, it is probable that checkerboard surfaces will be curved. As the radius

of curvature decreases, the RCS reduction by checkerboard surfaces decreases compared to

the corresponding curved PEC surfaces. This is evident for horizontal polarization (normal
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to the axis of curvature) due to the presence and influence of array guided surface waves

(AGSWs) [39]. However, for vertical polarization (parallel to the axis of curvature), the

impact on RCS reduction is not as apparent because only Floquet currents exist [39].

1.2. Outline of the Dissertation

The remaining part of the dissertation is comprised of seven chapters.

In Chapter 2, conventional EBG structures, including their properties and analytical

models are reviewed. The effects of parameters are briefly listed in this chapter. The

performances of two examples of EBG structures are discussed at the end of this chapter.

Chapter 3 begins with the principle mechanism of checkerboard surfaces. Then, a semi-

analytical method is developed for the characterization of checkerboard surfaces, includ-

ing an expression that approximates the 10-dB RCS reduction of checkerboard surfaces

compared to a PEC ground plane. Square checkerboard surfaces combining PEC and

EBG structure, with and without vias, are simulated and compared with conventional PEC

ground planes. Both normal incidence and oblique incidence are examined separately.

Chapter 4 extends checkerboard surfaces of PEC and EBG to checkerboard surfaces

in which two different EBGs are combined. This combination realizes a wider frequency

band for RCS reduction than the former. An expression that approximates the 10-dB RCS

reduction is developed for this checkerboard surface. Both normal incidence and oblique

incidence are also examined for this checkerboard surface. Also, the two different polar-

izations of oblique incidence are discussed in this chapter. The claims are verified with

simulations and measurements.
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A novel design of checkerboard surfaces is proposed in Chapter 5. Hexagonal checker-

board surfaces are designed to reduce the scattered fields more efficiently than square

checkerboard surfaces. A hexagonal checkerboard surface is also simulated and measured

for both normal incidence and oblique incidence. The simulation and measurement results

prove that the expression also applies to this design of checkerboard surface.

Chapter 6 introduces a dual-frequency band checkerboard surface with two dual-band

EBG structures. Given the reflection coefficients of the two EBGs, the expression can

also predict the bandwidth of 10-dB RCS reduction. Both normal incidence and oblique

incidence are simulated and measured for this checkerboard surface.

Cylindrically curved checkerboard surfaces are considered in Chapter 7. The RCS of

cylindrical checkerboard surfaces are examined for three different radii of curvature. Both

narrow and wide band curved checkerboard surfaces are evaluated under normal incidence

for horizontal and vertical polarizations.

Finally in Chapter 8, all of the work performed during this study is summarized. The

advantages and disadvantages of the methods and the structures suggested in this project

are discussed, and concluding remarks are stated.
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CHAPTER 2

EBG STRUCTURES

In this chapter the basic analysis and properties of EBG structures are introduced. The

parameters of a unit cell of an EBG structure (such as the patch width, the gap between the

patches, the substrate thickness and the substrate permittivity) mainly affect its resonant

frequency. The effects of each parameter are briefly listed. Two examples, EBG structures

with square patches and circular patches, are simulated and explained at the end of this

chapter.

2.1. Introduction

EBG structures have been studied over the last decade because of their unique elec-

tromagnetic properties which do not exist in natural materials: they behave as Artificial

Magnetic Conductor (AMC). Basically, an EBG structure entails a number of periodic

metal patches printed on one side of a dielectric substrate with a metal ground plane on the

other side. Vertical vias, normally located at the center of each patch, connect the patches

to the ground plane, as illustrated in Fig. 2.1. The most common shapes of patches are

squares, circles, hexagons, etc. The period of patches is very small in terms of wavelength.

The gap between the neighbor patches introduces capacitance. The inductance is induced

between the patches and ground plane by the substrate. The properties of a unit cell of

an EBG structure can be modelled as lumped elements. An LC circuit is a simple way to

describe the EBG structure. The equivalent parallel LC circuit of an unit cell is illustrated

in the Fig. 2.2.

The capacitance and inductance [42] are given by the following equation:
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Fig. 2.1. EBG Structure with Square Patches.

C =
wε0(1+ εr)

π
cosh−1

(
w+g

g

)
(2.1)

L = µh (2.2)

where w is the length of the patches, g is the gap between the neighbour patches, εr is

the dielectric constant of the substrate, h is the thickness of the substrate.

The surface impedance is given by the following equation:
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Fig. 2.2. Unit Cell of an EBG Structure and its Equivalent LC Circuit

Zs =
jwL

1−ω2LC
(2.3)

The resonant frequency is given by:

f0 =
1

2π
√

LC
(2.4)

The surface impedance is inductive below the resonant frequency. It supports TM sur-

face waves.

ZT M
s =

jα
ωε

(2.5)

The surface impedance is capacitive above the resonant frequency. It supports TE sur-

face waves.
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ZT E
s =− jωµ

α
(2.6)

One of the important properties of an EBG structure is in-phase reflection, which means

the phase of the reflection coefficient is 0◦ at the resonant frequency. The phase of the

reflection coefficient is the phase difference between the reflected waves and the incident

waves. Because the surface impedance varies as a function of frequency, the phase of the

reflection coefficient also varies as a function of frequency. The phase of the reflection

coefficient is also dependent on the incident waves. Different angles and polarizations

of the incident waves result in different properties of the reflection phase. For oblique

incidence, vias play a very important role in the EBG structure. Due to the presence of

the vias, EBG structures exhibit the property of surface wave band gap which significantly

affects the phase of the reflection coefficient. On the other hand, for normal incidence, the

effect of the vias is negligible in terms of the reflection phase.

The surface impedance is equivalent to the parallel circuit of the capacitance within the

gaps, Zgap =
1

jωCg
, and the inductance within the substrate, Zsubstrate = jωµh.

Zs = Zgap ∥ Zsubstrate =
1

jωCg
∥ jωµh (2.7)

The surface impedance approaches zero at very low and high frequencies, so the reflec-

tion coefficient is -1, which has the same property as the PEC ground plane; the phase of

the reflection coefficient is 180◦. At the resonance frequency of the EBG structure, the sur-

face impedance approaches infinity. This means the reflection coefficient is +1; the phase

9



of the reflection coefficient is 0◦. From low frequency to resonance frequency, the surface

wave is inductive; the phase varies from 180◦ to 0◦. From resonance frequency to high

frequency, the surface wave is capacitive; the phase varies from 0◦ to −180◦. The range

of the phase in ±90◦ is the so-called in-phase band gap. The reflection coefficient can be

represented by a graph, which is illustrated in Fig. 2.3.

Fig. 2.3. Reflection Coefficient Circle

2.2. Parameters of an EBG Structure

The phase of the reflection coefficient can be controlled by adjusting the parameters

of the EBG structure, such as the width of the patches (w), the gap between the patches

(g), the thickness of the dielectric substrate (h), the dielectric constant of the substrate (εr)

and the radius of the via (r). When the patch width (w) increases and the other param-
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Parameters Resonant Frequency In-Phase Bandwidth
width (w) increases f0 decreases BW decreases
gap (g) increases f0 increases BW increases
thickness (h) increases f0 decreases BW increases
dielectric constant (εr) increases f0 decreases BW decreases
radius of the via (r) increases Negligible Negligible

Table 2.1. The Effects of the Parameters on the EBG Reflection Phase

eters remain fixed, the resonant frequency decreases and the slope of the curve near the

resonant frequency becomes steep, which means a narrow bandwidth. When the patch gap

(g) increases and the other parameters remain constant, the coupling between the patches

decreases, so the resonant frequency increases and the bandwidth increases. When the

substrate thickness (h) increases and the other parameters are unchanged, the inductance

increases, so the resonant frequency decreases and the bandwidth increases. When the

dielectric constant (εr) increases, the resonant frequency decreases and the bandwidth de-

creases. It can be observed that EBG cell size is reduced by using the substrate with a

high dielectric constant. Although the effect of via radius (r) is negligible, the absence of

via slightly decreases the resonant frequency. The effects on the phase of the reflection

coefficient from adjusting the parameters of an EBG structure are listed in Table 2.1.
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2.3. Modellings of EBG Structures

2.3.1. EBG Structure with Square Patch

The phase of the reflection coefficient is one of the noteworthy properties of an EBG

structure, because the magnitude of the reflection coefficient of a ground plane will always

be one (0 dB) for a lossless structure. In this section, EBG structures will be discussed and

modelled using HFSS. The unit cell of the EBG structure with its square patch is illustrated

in Fig. 2.4. By applying the proper boundary conditions, it can realize a periodic structure.

The square metallic patch of the EBG structure with a width of 3.5 mm is located on the top

surface of the substrate RO3006 with a thickness of 1.28 mm and a dielectric constant of

6.15. The bottom surface is metal. The gap between the patches is 0.5 mm. A pair of PEC

boundary conditions are assigned on the front and rear walls, while another pair of PMC

boundary conditions are assigned on the left and right walls, so that an infinite periodic

EBG structure can be realized. The boundary conditions are dependant on the incident

fields. The PEC boundary conditions should be perpendicular to the incident electric field,

and the PMC boundary conditions should be perpendicular to the incidnet magnetic field.

The simulation results of the unit cell are generated using HFSS and are illustrated in Fig.

2.5 and Fig. 2.6. The phase of the reflection coefficient of the unit cell varies from 180◦ to

−180◦ as frequency increases. The reflection phase reaches 0◦ at the resonant frequency,

which is 9.98 GHz. The magnitude of the reflection coefficient at the resonant frequency is

−0.28 dB, which is attributed to the conductor loss, dielectric loss and radiation loss.
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Fig. 2.4. Unit Cell of EBG structure with Square Patch

Fig. 2.5. Phase of Reflection Coefficient of the Unit Cell with Square Patch
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Fig. 2.6. Magnitude of Reflection Coefficient of the Unit Cell with Square Patch
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2.3.2. EBG Structure with Circular Patch

Another popular patch shape for EBG structures is circular. The unit cell of the EBG

structure with a cicular patch is illustrated in Fig. 2.7. By applying the proper boundary

conditions, an infinite periodic structure can be simulated. The circular metallic patch of

the EBG structure with its radius of 1.5 mm is located on the top surface of the substrate

RO3006. The thickness is 1.28 mm and the dielectric constant is 6.15. The bottom surface

is metal. The gap between the patches is 1.0 mm. The same boundary conditions as for

the unit cell with the square patch are applied in this unit cell. The simulation results of

the unit cell are also generated using HFSS and illustrated in Fig. 2.8 and Fig. 2.9. The

phase of the reflection coefficient of the unit cell varies from 180◦ to −180◦ as frequency

increases. The reflection phase reaches 0◦ at 14.76 GHz. The magnitude of the reflection

coefficient at the resonant frequency is −0.14 dB, which is also attributed to the conductor,

dielectric and radiation losses.

Although the diameter of the circular patch is slightly smaller than the width of the

square patch, and the overall size of the square and circular unit cell and other parameters

are the same, the resonant frequency of the unit cell with a circular patch is much higher

than that of the unit cell with a square patch. This is due to the gap between the patches. The

gap between the circular patch is not uniform and obviously larger than the gap between

the square patch. This indicates that the capacitance between the patches is smaller. Thus,

the resonant frequency is higher.
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Fig. 2.7. Unit Cell of EBG Structure with Circular Patch

Fig. 2.8. Phase of Reflection Coefficient of the Unit Cell with Circular Patch
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Fig. 2.9. Magnitude of Reflection Coefficient of the Unit Cell with Circular Patch
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CHAPTER 3

NARROW BAND CHECKERBOARD SURFACES (PEC/EBG)

A basic narrow band checkerboard surface is analyzed and examined in this chapter.

It begins with the principle mechanism of checkerboard surfaces, such as an expression

that approximates the 10-dB RCS reduction of checkerboard surfaces. The checkerboard

surfaces combining PEC and EBG structure, with and without vias, are simulated and

compared with conventional PEC ground planes for both normal incidence and oblique

incidence.

3.1. Introduction

It is well known that for PEC ground planes, the surface impedance is 0, the reflection

coefficient is -1, and the phase of the reflection coefficient is 180◦. For EBG ground plane

at resonant frequency, the surface impedance is infinity, the reflection coefficient is +1, and

the phase of the reflection coefficient is 0◦. When the incident plane waves impinge on the

PEC ground plane and on the EBG plane at resonance, individually, the phase difference

of the reflected waves between both cases is 180◦. When the PEC and EBG surfaces are

combined on the same ground plane, the reflected fields cancel on another and the scattering

pattern is altered from that of a uniform PEC ground plane.

3.2. Analysis of Checkerboard Surfaces

One of the important parameters in electromagnetic scattering is radar cross section

(RCS). RCS is defined as the area intercepting the amount of power that, when scattered

isotropically, produces at the receiver a density that is equal to the density scattered by the

actual target [5].

The RCS can be represented as
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σ3−D = lim
r→∞

[
4πr2 |Es|2

|E i|2

]
= lim

r→∞

[
4πr2 |Hs|2

|H i|2

] (3.1)

Fig. 3.1. Checkerboard Surface Combining PEC and EBG Structures

Fig. 3.1 illustrates that each period of the checkerboard surface consists of four ele-

ments: two PEC elements and two EBG structures. A checkerboard surface can be treated

as a planar array with a progressive phase shift of 180◦. For a large ground plane, the array

factor [41] can be represented as

AF =I0 ·
M

∑
m=1

e j(m−1)(kdxsinθcosϕ+βx)

·
N

∑
n=1

e j(n−1)(kdysinθsinϕ+βy)

(3.2)
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where βx and βy are the progressive phase shifts between the elements in the x- and y-

directions, respectively. Both are about 180◦ out-of-phase at the resonant frequency. The

distances dx and dy are the spacings between the elements along the x- and y-axis, respec-

tively, while M and N are the number of elements in x- and y-directions, respectively.

The principal maximum can be located using Equation 3.3 and Equation 3.4.

tanϕ0 =
βydx

βxdy
(3.3)

sin2 θ0 =

(
βx

kdx

)2

+

(
βy

kdy

)2

(3.4)

The RCS reduction of the checkerboard surface compared to the RCS of the PEC

ground plane can be approximated by Equation 3.5 and 3.6.

RCS Reduction = 10log

 lim
r→∞

[
4πr2 |Es|2

|E i|2

]
lim
r→∞

[4πr2(1)2]


= 10log

[
|Es|2

|E i|2

] (3.5)

RCS Reduction = 10log
[
−1+Ae jphase

2

]2

(3.6)

The RCS Reduction of Equation (3.6) is plotted as a function of EBG reflection phase

in Fig. 3.2. This illustrates a key finding og this research, that an RCS reduction of 10-

dB (or more) is achieved when the reflection phase of the EBG is within ±37◦. Based on

the EBG structure with and without vias, the RCS reduction as a function of frequency is
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illustrated in Fig. 3.3 and Fig. 3.4, respectively. Although all the parameters are kept the

same for both structures, excepting the absence of the vias, the resonant frequencies are

slightly different. However, the RCS reduction behaviours for both cases remain the same,

such as the bandwidth of 10-dB RCS reduction is 10.7%. The resonant frequencies are

12.5 GHz and 12.3 GHz for the checkerboard designs with and without vias, respectively.

Fig. 3.2. RCS Reduction as a Function of the Reflection Phase of the EBG Structure
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Fig. 3.3. RCS Reduction as a Function of Frequency for the Checkerboard Design with
Vias

Fig. 3.4. RCS Reduction as a Function of Frequency for the Checkerboard Design without
Vias
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3.3. Normal Incidence

When normal incident waves impinge on a planar array, it can approximately be con-

sidered that the surface current that is induced on the surfaces is the same amplitude, but

anti-phase, which means 180◦ phase difference.

3.3.1. Conventional Ground Plane (PEC, EBG)

Metal (PEC) ground plane is the most commonly used material for a ground plane.

For a PEC ground plane, the tangential component of the E-field must vanish. For a PMC

plane, the tangential component of the H-field must vanish. A PMC plane, does not exist

in nature, can be realized with an EBG structure. Under normal incidence, the scattering

patterns for the conventional ground planes are illustrated in Fig. 3.5 and Fig. 3.7, for a

PEC ground plane and an EBG structure plane, respectively. The amplitude of the reflection

coefficient of an EBG structure is about the same as that of a PEC ground plane. However,

the phase of the reflection coefficient is 180◦ for a PEC ground plane while it varies from

+180◦ to −180◦ for an EBG structure. Thus they are anti-phase at the resonant frequency,

as illustrated in Fig. 3.6 and Fig. 3.8.
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Fig. 3.5. Bistatic RCS Pattern for a PEC Ground Plane

Fig. 3.6. Reflection Phase for a PEC Ground Plane
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Fig. 3.7. Bistatic RCS Pattern for an EBG Structure Plane

Fig. 3.8. Reflection Phase for an EBG Structure Plane
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3.3.2. Checkerboard Surface with Vias

Fig. 3.9. Checkerboard Surface Combining PEC and EBG Structure with Vias

The checkerboard surface, as illustrated in Fig. 3.9, is designed and simulated with

HFSS. The substrate used in the surface is Roger RO3006 for which the thickness is 1.28

mm and the dielectric constant is 6.15. Then the EBG structure is designed with a patch

size of 2.5 mm x 2.5 mm, a gap between the patches of 0.5 mm and a radius of the via of 0.2

mm. It resonates at 12.5 GHz. To combine the PEC and EBG structure on the same ground

plane, 10 x 10 unit cells are used for the EBG structures while the PEC uses a metallic

surface. A checkerboard surface with 3 x 3 periods, placed on the XY plane, is simulated

with HFSS. The overall dimension is 180 mm x 180 mm. Under normal incidence the

solution frequency is swept from 9 GHz to 14 GHz. The monostatic RCS reduction at

normal incidence, as a function of frequency, is illustrated in Fig. 3.10. This exhibits that

the RCS is reduced for more than 10 dB within the frequency of 11.75 - 12.75 GHz. The
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maximum reduction at 12.3 GHz is 16.4 dB. The resonant frequency is slightly shifted due

to the effect of finite periodicity (e.g. the diffraction from the edges). The bandwidth is

8.2%.

Fig. 3.10. Simulated Monostatic RCS Reduction as a Function of Frequency for the
Checkerboard Surface with Vias

The bistatic RCS pattern at the resonance is illustrated in Fig. 3.11. When the normal

incident waves impinge on the surface, which is located on the XY plane, the RCS is dra-

matically reduced in the principal planes (XZ and YZ planes). However, the main reflected

lobes appear at the four quadrants, ϕ = 45◦,135◦,225◦ and 315◦.

The scattering fields in the ϕ = 0◦, 45◦, 90◦, 135◦, 180◦, 225◦, 270◦ and 315◦ planes

as a function of theta are illustrated in Figs. 3.12 and 3.13, comparing the RCS for the

checkerboard surface with the RCS for the PEC ground plane. As a reference, the PEC

ground plane has its maximum scattering field in the normal direction, but the checkerboard
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Fig. 3.11. Simulated Bistatic RCS Pattern for the Checkerboard Surface with Vias

surface has its maximum reduction in the normal direction. The RCS at the principal planes

is 17.9 dB less than the RCS for the PEC ground plane. At the diagonal planes, the maxima

of the RCS are at θ = 34◦, which is close to the expectation. By Equation 3.3 and Equation

3.4, the maxima are expected to be at ϕ = 45◦ and θ = 35.4◦. The difference can be

attributed to the diffraction at the edges. The RCS at maxima is 8.5 dB less than that for the

PEC ground plane, because the reflected fields are re-directed into four quadrants, instead

of one in the normal direction.
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Fig. 3.12. Bistatic RCS Pattern in the Principal Planes for the Checkerboard Surface with
Vias

Fig. 3.13. Bistatic RCS Pattern in the Diagonal Planes for the Checkerboard Surface with
Vias
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3.3.3. Checkerboard Surface without Vias

Fig. 3.14. Checkerboard Surface Combining PEC and EBG Structure without Vias

As discussed in the previous chapter, the absence of the via of the unit cell causes

the resonant frequency to shift slightly. Thus, the unit cell of the EBG structure without

via resonates at 12.3 GHz. The checkerboard surface without vias, as illustrated in Fig.

3.14, keeps all the other parameters the same as the checkerboard surface with vias. The

only difference between them is the absence of the vias. The monostatic RCS reduction for

normal incidence, as a function of frequency, is illustrated in Fig. 3.15. The RCS is reduced

for more than 10 dB within the frequency of 11.50 - 12.45 GHz. The maximum reduction

at 11.9 GHz is 37 dB. The resonant frequency is slightly shifted due to the diffraction from

the edges. The bandwidth is 7.9%.
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Fig. 3.15. Simulated Monostatic RCS Reduction as a Function of Frequency for the
Checkerboard Surface without Vias

The bistatic RCS pattern at resonance is illustrated in Fig. 3.16. When the normal

incident waves impinge on the surface, the RCS is dramatically reduced on the principal

planes. However, the main reflected lobes appear at the four quadrants, ϕ = 45◦,135◦,225◦

and 315◦.

The scattering fields in the ϕ = 0◦, 45◦, 90◦, 135◦, 180◦, 225◦, 270◦ and 315◦ planes as

a function of theta are illustrated in Figs. 3.17 and 3.18. The RCS, at the principal planes,

is 18.8 dB less than the RCS for the PEC ground plane. At the diagonal planes, the maxima

of the RCS are at θ = 35◦, which is close to the expectation. By Equation 3.3 and 3.4,

the maxima are expected to be at ϕ = 45◦ and θ = 36.5◦. The angle is slightly increased

from the angle of the checkerboard surface with vias, because the resonant frequency is

decreased or the electrical size of the PEC and EBG structures is decreased. The RCS
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Fig. 3.16. Simulated Bistatic RCS Pattern for the Checkerboard Surface without Vias

at maxima is also 8.1 dB less than the maximum for the PEC ground plane, because the

reflected fields are re-directed into four quadrants, instead of one in the normal direction.

Fig. 3.17. Bistatic RCS Pattern in the Principal Planes for the Checkerboard Surface with-
out Vias
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Fig. 3.18. Bistatic RCS Pattern in the Diagonal Planes for the Checkerboard Surface with-
out Vias
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3.4. Oblique Incidence

To analyze the scattering fields at oblique angles of incidence, it is easier to resolve

the electric field into T Ez and T Mz polarizations, and then analyze each one individually.

When the ground plane is placed on the XY plane and the electric field of the incidence

wave is perpendicular to the Z-axis and parallel to the ground plane, the polarization of the

incidence wave is defined to as T Ez polarization. When the ground plane is placed on the

XY plane and the magnetic field of the incidence wave is perpendicular to the Z-axis and

parallel to the ground plane, the polarization of the incidence wave is defined to as T Mz

polarization. The polarization states are illustrated in Fig. 3.19.

Fig. 3.19. T Ez and T Mz Polarized Plane Incident Wave at Oblique Angle

The phase of the reflection coefficient of an EBG structure is dependent on the incidence

angle and the polarization of the incident wave [42]. The incident angle is defined as the

angle of the propagation vector from the Z-axis. Thus, the incident angle varies from 0◦ to

90◦. For T Ez incident wave, the electric field is parallel to the patches and perpendicular to

the vias, so the effects of the vias on the phase of the reflection coefficient can be negligible.

The current induced on the patches has no changes as a function of the incident angle. For
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T Mz incident wave, the magnetic field is parallel to the patches and perpendicular to the

vias. This means that the electric field has a vertical component parallel to the vias and

a horizontal component parallel to the patches. The magnitudes of those components are

dependent on the incident angle, so the current induced on the vias and the patches depends

on the incident angle. Thus, the phase of the reflection coefficient is significantly affected

by the incidence angle for T Mz incidence. The oblique wave incidences at angle ϕ = 90◦

and θ = 30◦ are examined in this section.

3.4.1. Conventional Ground Plane (PEC, EBG)

The bistatic RCS patterns of the PEC ground plane and the EBG structure plane for the

oblique incident wave in both T Ez and T Mz cases are simulated with HFSS. For the PEC

ground plane, the reflected fields, illustrated in Fig. 3.20 and Fig. 3.21, scatter along the

specular direction. The magnitude of the reflected field for T Mz case is slightly less than

that for T Ez case, because of a lesser amount of current induced on the plane. For the EBG

structure plane, the reflected fields also scatter along the specular direction in both cases,

which are illustrated in Fig. 3.22 and Fig. 3.23. However, the magnitude of the reflected

field for T Mz case is also less than that of T Ez case, because of the oblique wave incidence

effects.

35



Fig. 3.20. Bistatic RCS Pattern of the PEC Ground Plane for T Ez Polarization at Oblique
Incident Angle ϕ = 90◦ and θ = 30◦

Fig. 3.21. Bistatic RCS Pattern of the PEC Ground Plane for T Mz Polarization at Oblique
Incident Angle ϕ = 90◦ and θ = 30◦
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Fig. 3.22. Bistatic RCS Pattern of the EBG Ground Plane for T Ez Polarization at Oblique
Incident Angle ϕ = 90◦ and θ = 30◦

Fig. 3.23. Bistatic RCS Pattern of the EBG Ground Plane for T Mz Polarization at Oblique
Incident Angle ϕ = 90◦ and θ = 30◦
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3.4.2. Checkerboard Surface with Vias

The checkerboard surfaces with vias for T Ez and T Mz polarized oblique wave inci-

dences indicates that the T Mz polarized oblique wave incidence has more significant ef-

fects, because the horizontal and vertical components of the electric fields are changed

with the angle of the incidence. A significant lobe appears in the specular direction where

a null is expected to be present. The bistatic RCS pattern for T Ez and T Mz polarization

at oblique incident angle ϕ = 90◦ and θ = 30◦ is illustrated in Fig. 3.24 and Fig. 3.25,

respectively.

Fig. 3.24. Bistatic RCS Pattern of the Checkerboard Surface with Vias for T Ez Polarization
at Oblique Incident Angle ϕ = 90◦ and θ = 30◦

38



Fig. 3.25. Bistatic RCS Pattern of the Checkerboard Surface with Vias for T Mz Polarization
at Oblique Incident Angle ϕ = 90◦ and θ = 30◦
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3.4.3. Checkerboard Surface without Vias

The checkerboard surfaces without vias for T Ez and T Mz polarized oblique wave in-

cidence are also simulated with HFSS. The results exhibit that the T Mz polarized oblique

wave incidence has more significant effects than the T Ez polarized incidence. The results

are the same as the checkerboard surface with vias. Although a null is expected to be

present, a significant lobe appears in the specular direction. The T Ez polarized oblique

wave incidence has less effects than the T Mz polarized incidence. The bistatic RCS pattern

for T Ez and T Mz polarizations at oblique incident angle ϕ = 90◦ and θ = 30◦ is illustrated

in Fig. 3.26 and Fig. 3.27, respectively.

Fig. 3.26. Bistatic RCS Pattern of the Checkerboard Surface without Vias for T Ez Polar-
ization at Oblique Incident Angle ϕ = 90◦ and θ = 30◦
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Fig. 3.27. Bistatic RCS Pattern of the Checkerboard Surface without Vias for T Mz Polar-
ization at Oblique Incident Angle ϕ = 90◦ and θ = 30◦
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CHAPTER 4

WIDE BAND CHECKERBOARD SURFACES (EBG1/EBG2)

This chapter extends the narrow band checkerboard surfaces to wider band checker-

board surfaces. An expression that approximates the 10-dB RCS reduction is developed

for this wide band checkerboard surface. Both normal incidence and oblique incidence

are also examined for this checkerboard design. Both TE and TM polarizations of oblique

incidence are also discussed in this chapter.

4.1. Introduction

In Chapter 3, combining PEC and EBG structures on the same ground plane resulted

in the cancellation of the reflected waves due to the 180◦ phase difference between their

reflection phases. However, a significant RCS reduction occurs in a narrow frequency band.

To reduce the RCS in a wider frequency band, two different kinds of EBG structures are

designed to resonate at different frequencies. Thus, the 180◦ phase difference between

the two different EBG structures can be realized over a wider frequency band, so that a

significant RCS reduction occurs over a wider frequency band in comparison to that of

combining PEC and EBG structures.

4.2. Analysis of Checkerboard Surfaces

To increase the frequency bandwidth of RCS reduction, two different EBG structures

(EBG1 and EBG2) were designed to resonate at different frequencies so that there is a 180◦

phase difference between them. Fig. 4.1 illustrates a checkerboard surface which consists

of four elements: two EBG1 with 4x4 square patches and two EBG2 with 4x4 circular

patches. This surface can be treated as a planar array with a progressive phase shift of

around 180◦. For this ground plane, the array factor can also be represented by (3.2). The
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phases of the two EBG structures, as well as the phase difference between them, are plotted

in Fig. 4.2. The principal maximum, directed along ϕ0, θ0, can also be found using (3.3)

and (3.4).

Fig. 4.1. One Period of a Square Checkerboard Surface that Combines EBG1 and EBG2
structures Alternately with their 4x4 Square Patches and 4x4 Circular Patches.

The RCS reduction of a scattering surface, compared to that of a PEC, can be repre-

sented by

RCS Reduction = 10log

 lim
r→∞

[
4πr2 |Es|2

|E i|2

]
lim
r→∞

[4πr2(1)2]


= 10log

[
|Es|2

|E i|2

] (4.1)

which for a dual EBG checkerboard surface can be approximated by

RCS Reduction = 10log
[

A1e jP1 +A2e jP2

2

]2

(4.2)
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Fig. 4.2. Reflection Phases of EBG1 and EBG2 Structures and Phase Difference between
the Two EBG Structures.

where A1 and A2 are the reflection coefficient amplitudes of the two EBG structures, and P1

and P2 are their reflection phases. In (4.1), the ratio of the scattered field and the incident

field is equal to the reflection coefficient of the surface. Since the checkerboard surface

consists of two EBG surfaces, each of the EBG surfaces occupies exactly half of the area

of the entire checkerboard surface. Thus, the reflection coefficient of the entire surface can

be expressed by the average reflection coefficient of the two EBG structures. Therefore,

the RCS reduction can be approximated by (4.2), which does not include edge effects, but

provides a good guideline for RCS reduction of a dual EBG surface compared to that of a

PEC. This will be verified with the examples that follow.

By applying (4.2), the broadside RCS reduction of a checkerboard surface versus the

phase difference of two EBG structures is displayed in Fig. 4.3. A 10 dB RCS reduction
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occurs, in the ideal case of an infinite checkerboard surface, within 180◦± 37◦ phase dif-

ference between the two EBG structures. The RCS reduction of the checkerboard surface,

compared to the RCS of a PEC ground plane, can be approximated by (4.2). Thus, the

predicted RCS reduction as a function of frequency is illustrated in Fig. 4.4, and it exhibits

a 10 dB reduction over a wider frequency band of 3.76 - 7.51 GHz, which is 67%. This is

about 4% greater than the RCS reduction bandwidth predicted using full-wave simulation

(HFSS).
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Fig. 4.3. Approximate RCS Reduction Completed with (4.2) Shows that a 10-dB RCS
Reduction for the Ideal Case of an Infinite Checkerboard Surface Occurs within the 180◦±
37◦ Phase Difference Region between two EBG Structures.

4.3. Normal Incidence

A surface combining the EBG1 and EBG2 structures is illustrated in Fig. 4.1. The

equal-sized EBG structures (EBG1 and EBG2) are placed alternately one after another.

The 2x60 mm period was selected to produce the four scattered beams whose maxima are
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Fig. 4.4. Approximated RCS Reduction versus Frequency for the Checkerboard Design
Combining EBG1 and EBG2 Structures. Predicted RCS Reduction Bandwidth using the
Approximate Expression is 67%.

at approximately 45 degrees from the direction of incidence. If the period is increased, the

maxima of scattered beams will occur in directions that are closer (less than 45 degrees)

to the incidence direction. Simulations and measurements of the checkerboard surface are

compared and presented in this section. The monostatic RCS patterns are discussed in

detail, including the effects of polarization (TEz and TMz) under oblique wave incidence.

The substrate used for this checkerboard surface is Rogers RT/duroid 5880 with a thick-

ness of 6.35 mm and a dielectric constant of 2.2 and overall dimension of 240 mm x 240

mm. The checkerboard (EBG1 + EBG2) surface design was simulated and fabricated, as

illustrated in Fig. 4.5, and its scattering characteristics were measured at Arizona State

University’s (ASU) ElectroMagnetic Anechoic Chamber (EMAC) facility. The checker-

board plane was supported on top of an expanded polystyrene column. The measurements
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were performed using a compact antenna test range, as shown in Fig. 4.6. An HP8510C

Vector Network Analyzer is used as the instrumentation.

The RCS of the checkerboard surface was measured over the frequency band of 3.8 -

8.8 GHz. The RCS reduction maxima are more than 25 dB at 4.65 GHz and 6.85 GHz,

while the RCS is reduced by more than 10 dB within the frequency band of 4.10 - 7.59

GHz. Thus, the measured RCS reduction bandwidth is 60%. Comparison of the measured

and simulated RCS reduction, as illustrated in Fig. 4.7, results in an excellent agreement

over the entire frequency band.

Fig. 4.5. Fabricated Square Checkerboard Surface Combining EBG1 and EBG2 Structures.

The 3-D bistatic RCS pattern at 4.7 GHz is illustrated in Fig. 4.8. Under normal

incidence, the RCS is dramatically reduced along the principal planes (XZ, YZ) and the

main reflected lobes appear at the four quadrants, ϕ = 45◦, 135◦, 225◦ and 315◦.

The scattered fields versus the elevation angle theta (θ ) at 4.7 GHz, along the principal

and diagonal planes, are illustrated in Figs. 4.9 and 4.10, respectively. The RCS for the
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Fig. 4.6. Measurement Setup at the ASU EMAC Facility.

checkerboard surface is compared with the RCS for the PEC ground plane. The maximum

RCS in the principal planes is 19.2 dB less than the maximum RCS for the PEC ground

plane. In the diagonal planes, the maxima of the RCS are at θ = 47◦, which is close to the

angle (θ = 49◦) predicted by (3.3) and (3.4). The difference may be due to the diffraction

from the edges. The maximum RCS of the checkerboard surface is 8.1 dB less than that

for the PEC ground plane. This reduction occurs because the reflected fields are re-directed

into four main lobes, instead of the single main lobe of the PEC surface.
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Fig. 4.7. Normal Incidence RCS Reduction versus Frequency for the Square Checkerboard
Surface. A 10-dB RCS Reduction Bandwidth for the Checkerboard Surface is 63%. The
Measured RCS Reduction, with a Bandwidth of 60%, is in Very Good Agreement with the
Simulation.

Fig. 4.8. 3-D Bistatic Scattered Fields at 4.7 GHz under Normal Incidence for the Square
Checkerboard Surface.

49



100  80  60  40  20  0  20  40  60  80  100
−40

−35

−30

−25

−20

−15

−10

−5

0

5

10

15

Theta (degrees)

R
ad

ar
 C

ro
ss

 S
ec

tio
n 

(d
B

sm
)

 

 

Checkerboard XZ Plane
Checkerboard YZ Plane
PEC

Fig. 4.9. Comparison of the Bistatic Scattered Fields at 4.7 GHz along the Principal Planes
for the Square Checkerboard Surface and the PEC Ground Plane.
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Fig. 4.10. Comparison of the Bistatic Scattered Fields at 4.7 GHz along the Diagonal
Planes for the Square Checkerboard Surface and the PEC Ground Plane.
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4.4. Oblique Incidence

The phase of the reflection coefficient of an EBG structure depends on the incident

angle and polarization of the incident wave [42]; therefore oblique incidence for the TEz

and TMz polarizations are investigated. The scattered fields at the oblique incident angle

ϕ = 90◦, θ = 30◦ for both polarizations are examined. In addition, the monostatic RCS

patterns at the resonant frequency for TEz and TMz polarized fields under oblique wave in-

cidence are simulated, measured and compared with those for the equal-sized PEC ground

planes.

4.4.1. TEz Polarized Wave Incidence

The predicted 3-D bistatic RCS pattern for the TEz polarization at the oblique incident

angle of ϕ = 90◦, θ = 30◦ is illustrated in Fig. 4.11. Although an ideal null is expected

at the specular direction (ϕ = 270◦, θ = 30◦), instead a minor lobe (-10.2 dB) appears in

that direction. In addition, a minor lobe (-10.2 dB) is created along backscattered direction

(ϕ = 90◦, θ = 30◦). These occur because the phase variations of the reflection coefficient of

the EBG structure for the TEz polarization are highly dependent on the incident angle [42].

The monostatic RCS patterns along the principal (ϕ = 0◦ and 90◦) and diagonal

(ϕ = 45◦ and 135◦) planes at 4.7 GHz for the TEz polarization are illustrated in Figs.

4.12 and 4.13, respectively. In the principal planes, the monostatic RCS patterns for the

checkerboard surface are reduced by approximately 25 dB in the normal direction. The

maxima of the minor lobes are 10.2 dB less than the maximum of the corresponding PEC

ground plane. The measured patterns are in excellent agreement with the simulated data. In
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Fig. 4.11. 3-D Bistatic RCS at 4.7 GHz for TEz Polarization at Incident Angle ϕ = 90◦,
θ = 30◦.

the diagonal planes, the monostatic RCS patterns illustrate that the reflected lobes appear

at θ = 21◦. This is expected because the checkerboard surface does not absorb energy, but

rather redirects it. The minor lobes appear along θ = 50◦. However, the maxima for the

checkerboard surface are 8.2 dB less than the maximum for the PEC ground plane. The

patterns at the diagonal planes are not identical at large elevation angles because the phys-

ical layout of the EBG square and circular patches along those two plane cuts is different;

thus the corresponding reflection phases are different. However, the measured patterns are

in excellent agreement with the simulated ones.
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Fig. 4.12. Comparison of the Monostatic RCS at 4.7 GHz for TEz Polarization along the
Principal Planes for the Square Checkerboard Surface and the PEC Ground Plane.
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Fig. 4.13. Comparison of the Monostatic RCS at 4.7 GHz for TEz Polarization along the
Diagonal Planes for the Square Checkerboard Surface and the PEC Ground Plane.
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4.4.2. TMz Polarized Wave Incidence

The simulated 3-D bistatic RCS pattern at 4.7 GHz for the TMz polarization oblique

incident angle ϕ = 90◦, θ = 30◦ is illustrated in Fig. 4.14. In contrast to the TEz polariza-

tion, the scattered lobe in the specular direction (ϕ = 270◦, θ = 30◦) and the backscattered

lobe appear to be negligible. The induced current on the patches is not strongly dependent

on the incident angle for the TMz polarized fields [42]. Therefore, the reflection phase of

the EBG structure is not significantly impacted by the incident angle.

Fig. 4.14. 3-D Bistatic RCS at 4.7 GHz for TMz Polarization at Incident Angle ϕ = 90◦,
θ = 30◦.

The monostatic RCS patterns at 4.7 GHz for the TMz polarization are illustrated in Figs.

4.15 and 4.16 for the principal and diagonal planes, respectively. In the principal planes,

the monostatic RCS for the checkerboard surface is reduced by more than 23 dB along the
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normal direction. The maximum is 17.6 dB less than the maximum for the PEC ground

plane. In the diagonal planes, the monostatic RCS patterns illustrate that the reflected lobes

appear at θ = 21◦. While the minor lobes appear along θ = 50◦. However, the maxima

for the checkerboard surface are 9.8 dB less than the maximum of the corresponding PEC

ground plane. The measured patterns along the principal and diagonal planes are in excel-

lent agreement with the simulated ones.
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Fig. 4.15. Comparison of the Monostatic RCS at 4.7 GHz for TMz Polarization along the
Principal Planes for the Square Checkerboard Surface and the PEC Ground Plane.
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Fig. 4.16. Comparison of the Monostatic RCS at 4.7 GHz for TMz Polarization along the
Diagonal Planes for the Square Checkerboard Surface and the PEC Ground Plane.
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Through simulations, the bandwidth of 10-dB RCS reduction versus frequency for TE

polarization is shown in Fig. 4.17, and a summary is listed in Table 4.1. Both indicate a

bandwidth reduction as the incidence angle increases. Nearly the same results, which are

not included here to minimize duplication, were obtained for TMz polarization.
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Fig. 4.17. TEz Polarization RCS Reduction as Function of Frequency for Different Incident
Angles.

Table 4.1. RCS Reduction Bandwidth for Different Incident Angles.

Incident Angle -10-dB Bandwidth
0◦ 63%

10◦ 64%
20◦ 55%
30◦ 45%
40◦ 34%
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CHAPTER 5

HEXAGONAL CHECKERBOARD SURFACES

A novel design of checkerboard surfaces in a hexagonal design is proposed in this

chapter. The hexagonal checkerboard surface is simulated and measured for both normal

incidence and oblique incidence. The simulation and measurement results prove that the

expression also applies to this design of checkerboard surfaces.

5.1. Introduction

An alternate geometry that uses the dual EBG strategy is the hexagonal checkerboard

surface. Since it also use the same two EBGs, it should have an RCS reduction bandwidth

similar to that of the square checkerboard surface. Thus, a unique and first-of-its-shape

hexagonal checkerboard surface is proposed in this section. One period of the hexagonal

checkerboard is illustrated in Fig. 5.1. It consists of six elements: three EBG1 structures

with square patches and three EBG2 structures with circular patches, but each EBG struc-

ture is skewed to form triangles in order to structure the hexagonal surface. The hexagonal

surface, illustrated in Fig. 5.2, with the overall dimension of 300 mm x 240 mm, was sim-

ulated and fabricated on the same substrate as the square checkerboard surface. The period

was selected, based on array theory, to create six bistatic main beams. Simulations and

measurements are compared and discussed in this section.

5.2. Normal Incidence

The RCS reduction of the hexagonal checkerboard surface is the same as that of the

square checkerboard surface because it consists of the same two EBG structures. As illus-

trated in Fig. 5.3, the 10-dB RCS reduction bandwidth is 61% (4.2 - 7.9 GHz) and 60%

(4.2 - 7.8 GHz) from the simulation and measurement, respectively; an excellent agreement
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Fig. 5.1. One Period of a Hexagonal Checkerboard Surface that Combines EBG1 and
EBG2 Structures Alternately with their Square Patches and Circular Patches.

Fig. 5.2. Fabricated Hexagonal Checkerboard Surface Combining EBG1 and EBG2 Struc-
tures.

between the simulations and measurements. However, the hexagonal surface re-directs the

reflected energy toward six directions, resulting in enhanced RCS reduction for each of its

maxima.
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Fig. 5.3. Normal Incidence RCS Reduction versus Frequency for the Square Checkerboard
Surface. A 10-dB RCS Reduction Bandwidth for the Checkerboard Surface is 63%. The
Measured RCS Reduction, with a Bandwidth of 60%, is in Very Good Agreement with the
Simulation.

The bistatic RCS pattern at the resonance is illustrated in Fig 5.4. When the nor-

mal incident waves impinge on the surface, the RCS is dramatically small in the ϕ =

30◦,90◦,150◦,210◦,270◦ and 330◦ planes and the main reflected lobes appear at the six

quadrants, ϕ = 0◦,60◦,120◦,180◦,240◦ and 300◦.

The scattering fields as a function of theta at 4.5 GHz in the ϕ = 0◦, 30◦, 60◦, 90◦, 120◦,

150◦, 180◦, 210◦, 240◦, 270◦, 300◦ and 330◦ planes are illustrated in Figs. 5.5 and 5.6. The

RCS for the hexagonal checkerboard surface is compared with the RCS for the PEC ground

plane. The RCS at the ϕ = 30◦,90◦,150◦,210◦,270◦ and 330◦ planes is 21.5 dB less than

the RCS for the PEC ground plane. In the other planes, two of the maxima are 9.1 dB less

than the maximum for the PEC ground plane; the other four maxima are 12.6 dB less than
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Fig. 5.4. 3-D Bistatic Scattered Fields at 4.5 GHz under Normal Incidence for the Hexag-
onal Checkerboard Surface.

the maximum for the PEC ground plane. The RCS of the hexagonal checkerboard exhibits

maxima between θ = 43◦−44◦, because the hexagon is not equilateral.

Fig. 5.5. Bistatic RCS Pattern at 4.5 GHz in ϕ = 0◦, 60◦, 120◦, 180◦, 240◦ and 300◦ Planes
for the Hexagon Configuration.
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Fig. 5.6. Bistatic RCS Pattern at 4.5 GHz in ϕ = 30◦, 90◦, 150◦, 210◦, 270◦ and 330◦

Planes for the Hexagon Configuration.

The 3D pattern of the scattering fields at 7.5 GHz is illustrated in Fig. 5.7. The scat-

tering fields as a function of theta in the ϕ = 0◦, 30◦, 60◦, 90◦, 120◦, 150◦, 180◦, 210◦,

240◦, 270◦, 300◦ and 330◦ planes are illustrated in Figs. 5.8 and 5.9. The RCS for the

hexagonal checkerboard surface is compared with the RCS for the PEC ground plane. The

RCS at the ϕ = 30◦,90◦,150◦,210◦,270◦ and 330◦ planes is 23.6 dB less than the RCS for

the PEC ground plane. At the other planes, two of the maxima are 8.35 dB less than the

maximum for the PEC ground plane. The other four maxima are about 12 dB less than the

maximum for the PEC plane. The RCS reaches the maximum at θ = 35◦− 36◦ because

the hexagon is not equilateral. Also, the maxima are at a lower angle theta than those at

a lower frequency. This can be attributed to the increase in the solution frequency or the

increase in the electrical size of the plane.
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Fig. 5.7. 3-D Bistatic Scattered Fields at 7.5 GHz under Normal Incidence for the Hexag-
onal Checkerboard Surface.

Fig. 5.8. Bistatic RCS Pattern at 7.5 GHz in ϕ = 0◦, 60◦, 120◦, 180◦, 240◦ and 300◦ Planes
for the Hexagon Configuration.
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Fig. 5.9. Bistatic RCS Pattern at 7.5 GHz in ϕ = 30◦, 90◦, 150◦, 210◦, 270◦ and 330◦

Planes for the Hexagon Configuration.
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5.3. Oblique Incidence

As stated before, it is also important to discuss the scattering characteristics under

oblique incidence. The monostatic RCS patterns of the hexagonal checkerboard surface

for both the TEz and TMz polarized fields are simulated, measured and compared with

those of the equal-sized PEC ground plane.

5.3.1. TEz Polarized Wave Incidence

The monostatic RCS patterns in the ϕ = 0◦,60◦ and 120◦ planes, where the main lobes

appear, at 7.5 GHz for the TEz polarization are illustrated in Figs. 5.10, 5.11 and 5.12,

respectively. In the ϕ = 0◦ plane, the maximum RCS is 9.5 dB less than the maximum for

the PEC ground plane. The pattern in the ϕ = 60◦ plane is symmetrically identical to the

pattern in the ϕ = 120◦ plane because the hexagonal checkerboard surface is symmetrical.

In those planes, the RCS maxima of the checkerboard surface are 9.1 dB less than those

for the PEC ground plane. The difference between the reductions at different planes can

be attributed to the finite size of the surface and its inequilateral hexagonal structure. The

measured patterns are in excellent agreement with the simulated patterns.
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Fig. 5.10. Comparison of the Monostatic RCS at 7.5 GHz for TEz Polarization along ϕ = 0◦

Plane for the Hexagonal Checkerboard Surface and the PEC Ground Plane.
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Fig. 5.11. Comparison of the Monostatic RCS at 7.5 GHz for TEz Polarization along
ϕ = 60◦ Plane for the Hexagonal Checkerboard Surface and the PEC Ground Plane.
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Fig. 5.12. Comparison of the Monostatic RCS at 7.5 GHz for TEz Polarization along
ϕ = 120◦ Plane for the Hexagonal Checkerboard Surface and the PEC Ground Plane.
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5.3.2. TMz Polarized Wave Incidence

The monostatic RCS patterns in ϕ = 0◦,60◦ and 120◦ planes at 7.5 GHz for the TMz

polarization are illustrated in Figs. 5.13, 5.14 and 5.15, respectively. The maximum RCS is

8.0 dB less than the maximum for the PEC ground plane in the ϕ = 0◦ plane. In the ϕ = 60◦

and 120◦ planes, the maxima RCS of the checkerboard surface are 7.1 dB less than those

for the PEC ground plane. Due to the finite size of the surface, the main lobes at θ = 18◦

in each plane do not evenly distribute at the same value. The larger size of the surface, the

closer the values of the maxima RCS. It will result in more reduction for the hexagonal

checkerboard surface than the square checkerboard surface. Excellent agreement between

the simulations and measurements is obtained.
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Fig. 5.13. Comparison of the Monostatic RCS at 7.5 GHz for TMz Polarization along
ϕ = 0◦ Plane for the Hexagonal Checkerboard Surface and the PEC Ground Plane.
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Fig. 5.14. Comparison of the Monostatic RCS at 7.5 GHz for TMz Polarization along
ϕ = 60◦ Plane for the Hexagonal Checkerboard Surface and the PEC Ground Plane.
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Fig. 5.15. Comparison of the Monostatic RCS at 7.5 GHz for TMz Polarization along
ϕ = 120◦ Plane for the Hexagonal Checkerboard Surface and the PEC Ground Plane.
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CHAPTER 6

DUAL BAND CHECKERBOARD SURFACES

This chapter introduces a dual-frequency band checkerboard surface with two dual-

band EBG structures. It proves that the expression can also predict the 10-dB RCS re-

duction bandwidth for this more complex structure. Both normal incidence and oblique

incidence are simulated and measured for this checkerboard surface design.

6.1. Introduction

Dual-band EBG structures, resonating at two different frequencies, are designed and

demonstrated in this section. The first design (EBG1) consists of square loops and patches

and the second design (EBG2) has circular loops and patches. This combination design of

two different dual-band EBG structures on the same surface results in dual-band RCS re-

duction. In the EBG/PEC checkerboard surface, the reflection phase of the PEC is constant

at 180◦ and the reflection phase of only one EBG structure can be controlled to optimize

the overall frequency response of the entire surface. In contrast to the narrow band checker-

board surfaces combining EBG and PEC structures on the same ground plane, the proposed

checkerboard surface of this paper obtains wider bandwidth because the reflection phase

of each EBG structure can be adjusted/shifted, relative to each other, to optimize the band-

width of the RCS reduction for the entire surface. Therefore, two different EBG surfaces,

placed on the same ground plane, provide more degrees of freedom to optimize the resonant

frequencies of the entire surface to yield wider RCS reduction bandwidth.

The unit cell of EBG1 is illustrated in Fig. 6.1. An infinite structure can be modelled

and simulated by applying the proper symmetry planes around the unit cell [5]. The di-

mensions of the square loop of EBG1 are 12.0 mm x 12.0 mm with the strip width of 1.0
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mm, while the square patch is 6.3 mm x 6.3 mm. Rogers RT/duroid 5880, with 2.2 dielec-

tric constant and 6.35 mm thickness, is the selected substrate. The reflection magnitude

and phase of the infinite array, as illustrated in Fig. 6.2, was simulated with Ansys HFSS.

The phase of the reflection coefficient varies continuously from positive 180◦ to negative

180◦ in two frequency bands, which exhibit the resonant frequencies of 3.4 and 9.4 GHz,

respectively.

Fig. 6.1. Unit Cell of the EBG Structure with its Square Loop and Patch (EBG1).

The other EBG structure (EBG2) is shown in Fig. 6.3, and it consists of a circular

patch inside a circular loop. The strip width of the circular loop is 0.5 mm with an outer

radius of 4.5 mm, while the patch is 3.25 mm in radius. Thus, the gap between adjacent

dual-band elements is 5.0 mm. The simulation approach is the same as that used for EBG1.

The respective resonant frequencies of the corresponding patch are 5.9 and 10.9 GHz, as

illustrated in Fig. 6.4.
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Fig. 6.2. Simulated Reflection Magnitude and Phase of EBG1 with its Square Loop and
Patch.

Fig. 6.3. Unit Cell of the EBG Structure with its Circular Loop and Patch (EBG2).

6.2. Analysis of Checkerboard Surfaces

The fields reflected from EBG1 are out-of-phase from those reflected by EBG2 at two

frequencies, 4.6 GHz and 9.9 GHz, as shown in Fig. 6.6. At those two frequencies, the

scattered fields are cancelled along the normal direction. This square checkerboard design

cancels the scattered fields along the principal planes and redirects them towards the four
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Fig. 6.4. Simulated Reflection Magnitude and Phase of EBG2 with its Circular Loop and
Patch.

principal quadrants. The angle of the maximum bistatic scattering fields can be approx-

imated by array theory [41]. Two dual-band EBG structures were designed to realize a

four-quadrant dual-frequency band checkerboard surface, which is illustrated in Fig. 6.5.

Patches of other geometries could be used to achieve the same RCS reduction performance,

as long as they have the same reflection responses as EBG1 and EBG2. In those cases, the

checkerboard surface ideally provides the same RCS reduction, which mainly depends on

the phase difference between the reflection phases of the two EBGs.

An expression that approximates the 10-dB RCS reduction of a checkerboard surface,

which was introduced in Chapter 4, is

RCS Reduction = 10log
[

A1e jP1 +A2e jP2

2

]2

(6.1)
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Fig. 6.5. Dual-Band Checkerboard Surface with 4x4 EBG1 and 4x4 EBG2.

where A1 and A2 are the reflection magnitudes of the two EBGs, and P1 and P2 are their

reflection phases. Equation (6.1) serves as a guideline for predicting the 10-dB RCS reduc-

tion bandwidth of a checkerboard surface.

The predicted RCS reduction of the dual-band checkerboard surface of Fig. 6.5, using

the analytical expression (6.1), is plotted in Fig. 6.8. It agrees well with measurements

and simulations, and it predicts 10-dB RCS reductions of 63% and 23%, respectively, for

the two frequency bands of 3.58 - 6.85 GHz and 8.56 - 10.73 GHz. These two bands

correspond to 180± 37 degrees phase difference between EBG1 and EBG2, as shown in

Fig. 6.6, and they match well with our simulations and measurements.
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Fig. 6.6. Simulated Reflection Coefficient Phases of EBG1, EBG2 and Phase Difference
between them.

6.3. Measurements and Simulations

A dual-band checkerboard surface of the design shown in Fig. 6.5 was designed, simu-

lated and fabricated as depicted in Fig. 6.7; the overall dimensions are 112 mm x 112 mm.

Its scattering patterns were measured at ASU’s EMAC facility; the measurement setup is

illustrated and discussed in [25]. Simulated and measured data of the dual-band checker-

board EBG surface of Fig. 6.7 are discussed in this section. Two-dimensional monostatic

RCS patterns for both TEz and TMz polarization, as a function of frequency, are discussed

in detail in subsection B. Since the magnitude of the reflection coefficient of a PEC surface

is unity and the magnitude of the reflection coefficient of an EBG surface is also nearly

unity, the predictions and comparisons of both designs are based on (6.1), which has been

shown to predict the 10-dB RCS reduction quite accurately [25].
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The checkerboard surface ground plane was simulated and measured, in terms of RCS

reduction, over the frequencies from 2.0 to 14.0 GHz. The 10-dB RCS reduction, in the

frequency bands of 3.94 - 7.40 GHz and 8.41 - 10.72 GHz, is of 61% and 24% bandwidths,

respectively. Comparison between the simulation and measurement indicates a very good

agreement, as illustrated in Fig. 6.8.

Fig. 6.7. Fabricated Dual-Band Checkerboard Surface.
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Fig. 6.8. RCS Reduction at Broadside Incidence for the Checkerboard Surface. Predicted
10-dB RCS Reduction Bandwidths using (6.1) are 63% and 23%. The Simulated RCS
Reduction Bandwidths are 61% and 24%, and they are in Excellent Agreement with the
Measured Ones of 57% and 24%.
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6.3.1. Bistatic RCS

Under normal incidence at 6.5 GHz, the three dimensional bistatic RCS pattern of the

checkerboard EBG surface of Fig. 6.7 is illustrated in Fig. 6.9, and exhibits main reflected

lobes at ϕ = 45◦, 135◦, 225◦ and 315◦. Comparison of the RCS between the checkerboard

EBG surface and an equal-sized PEC surface were then performed. In the principal planes

(xz and yz planes), the maximum RCS is reduced by 16.8 dB compared to the maximum of

the corresponding PEC surface. The maxima of the RCS in the diagonal planes (ϕ = 45◦

and 135◦) are at θ = 24◦. Due to the diffraction from the edges, the maximum is not exactly

located at the angle of θ = 26◦ predicted by array theory [41]. The maximum RCS of the

four lobes in the diagonal planes is reduced by 5.2 dB compared to the maximum of the

PEC surface. This is due to the redirection of the reflected fields in four directions along

the diagonal planes, instead of a single lobe in the normal direction for the PEC surface.

The two-dimensional comparison of the PEC and checkerboard surface is better illustrated

by their bistatic patterns of Figs. 6.10 and 6.11, where the scattered fields are plotted versus

the elevation angle.

Simulated three-dimensional bistatic scattering pattern of the checkerboard EBG sur-

face of Fig. 6.7 at 5.2 GHz is shown in Fig. 6.12. Its two-dimensional patterns, as exhibited

in Figs. 6.13 and 6.14, illustrate the comparison between the PEC surface and checkerboard

EBG surface along the xz, yz planes and ϕ = 45◦, 135◦ planes, respectively. Along the xz

and yz planes, the maximum RCS is reduced by 11.5 dB compared to the maximum of

the PEC surface. The maxima of the RCS are located at θ = 27◦,35◦ along the ϕ = 45◦
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Fig. 6.9. Simulated Three-dimensional Bistatic RCS Pattern of the Checkerboard EBG
Surface of Fig. 6.7 at 6.5 GHz at Broadside Incidence.
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Fig. 6.10. Simulated Two-dimensional Bistatic RCS Patterns at 6.5 GHz along the xz and
yz Planes for the PEC and Checkerboard EBG Surfaces.
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Fig. 6.11. Simulated Two-dimensional Bistatic RCS Patterns at 6.5 GHz along the ϕ = 45◦

and 135◦ Planes for the PEC and Checkerboard EBG Surfaces.

and 135◦ planes, and are reduced by 5.1 dB and 7.1 dB compared to the maximum of the

related PEC surface. The four main lobes do not divide perfectly into the same amplitude

because the physical design geometry is not symmetrical along those two planes and also

because of edge diffractions.
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Fig. 6.12. Simulated Three-dimensional Bistatic RCS Pattern of the Checkerboard EBG
Surface at 5.2 GHz at Broadside Incidence.
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Fig. 6.13. Simulated Two-dimensional Bistatic RCS Patterns at 5.2 GHz along the xz and
yz Planes for the PEC and Checkerboard EBG Surfaces.
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Fig. 6.14. Simulated Two-dimensional Bistatic RCS Patterns at 5.2 GHz along the ϕ = 45◦

and 135◦ Planes for the PEC and Checkerboard EBG Surfaces.
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6.3.2. Monostatic RCS

Because the reflection coefficient of an EBG structure varies with polarization and in-

cident angle [42], it is advisable to investigate the performance under oblique incidence

for the TEz and TMz polarizations. The two-dimensional monostatic RCS patterns of the

checkerboard EBG surface of Fig. 6.7 at two different frequencies, 6.5 and 5.2 GHz, were

simulated and measured for both TEz and TMz polarized fields. They are also compared

with the monostatic RCS for the corresponding PEC surfaces. Those RCS patterns are

illustrated and discussed in the sections that follow.

• TEz Polarization

TEz polarization two-dimensional monostatic RCS patterns at 6.5 GHz in the xz and yz

planes, as illustrated in Fig. 6.15, indicate that the RCS in the normal direction is reduced

by 22 dB compared to the maximum of the corresponding PEC surface. The maxima of the

side lobes are reduced by 16.9 dB compared to the maximum of the corresponding PEC

surface. The monostatic RCS patterns in the ϕ = 45◦ and 135◦ planes, as illustrated in Fig.

6.16, show that the maxima of the four main scattered beams are directed at θ = 12◦; this

is due to the wave redirection by the checkerboard surface. Thus, the maxima of the four

beams for the checkerboard surface are reduced by 5.8 dB compared to the maximum of

the related PEC surface.

Similarly, the maxima of the scattered lobes at 5.2 GHz appear at θ = 18◦ along the

ϕ = 45◦ and 135◦ planes, and the maxima for the checkerboard surface are reduced by

5.3 dB. The RCS maxima in the xz and yz planes are reduced by 10.9 dB compared to the
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Sim. PEC (φ = 0° & 90°)

Meas. Checkerboard (φ = 0°)

Meas. Checkerboard (φ = 90°)

Sim. Checkerboard (φ = 0°)

Sim. Checkerboard (φ = 90°)

Fig. 6.15. TEz Polarization Two-dimensional Simulated and Measured Monostatic RCS
Patterns along the xz and yz Planes for the PEC and Checkerboard EBG Surfaces at 6.5
GHz.

maximum of the related PEC surface. The two-dimensional monostatic RCS patterns along

the xz, yz planes and ϕ = 45◦, 135◦ planes are shown in Figs. 6.17 and 6.18, respectively.
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Sim. PEC (φ = 45° & 135°)

Meas. Checkerboard (φ = 45°)

Meas. Checkerboard (φ = 135°)

Sim. Checkerboard (φ = 45°)

Sim. Checkerboard (φ = 135°)

Fig. 6.16. TEz Polarization Two-dimensional Simulated and Measured Monostatic RCS
Patterns along the ϕ = 45◦ and 135◦ Planes for the PEC and Checkerboard EBG Surfaces
at 6.5 GHz.
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Sim. PEC (φ = 0° & 90°)

Meas. Checkerboard (φ = 0°)

Meas. Checkerboard (φ = 90°)

Sim. Checkerboard (φ = 0°)

Sim. Checkerboard (φ = 90°)

Fig. 6.17. TEz Polarization Two-dimensional Simulated and Measured Monostatic RCS
Patterns along the xz and yz Planes for the PEC and Checkerboard EBG Surfaces at 5.2
GHz.
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Sim. PEC (φ = 45° & 135°)

Meas. Checkerboard (φ = 45°)

Meas. Checkerboard (φ = 135°)

Sim. Checkerboard (φ = 45°)

Sim. Checkerboard (φ = 135°)

Fig. 6.18. TEz Polarization Two-dimensional Simulated and Measured Monostatic RCS
Patterns along the ϕ = 45◦ and 135◦ Planes for the PEC and Checkerboard EBG Surfaces
at 5.2 GHz.
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• TMz Polarization

Two-dimensional monostatic RCS patterns for the TMz polarization at 6.5 GHz, for

the xz and yz planes and ϕ = 45◦ and 135◦ planes, are displayed in Figs. 6.19 and 6.20,

respectively. The patterns illustrate that the maxima of the scattered fields are reduced by

14.2 dB compared to the maximum of the corresponding PEC surface along the xz and

yz planes, while the four main reflected lobes are directed at θ = 12◦ in the ϕ = 45◦ and

135◦ planes. In addition, the maxima for the checkerboard surface are reduced by 5.0 dB

compared to the maximum of the related PEC surface.
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Sim. PEC (φ = 0° & 90°)

Meas. Checkerboard (φ = 0°)

Meas. Checkerboard (φ = 90°)

Sim. Checkerboard (φ = 0°)

Sim. Checkerboard (φ = 90°)

Fig. 6.19. TMz Polarization Two-dimensional Simulated and Measured Monostatic RCS
Patterns along the xz and yz Planes for the PEC and Checkerboard EBG Surfaces at 6.5
GHz.

From the two-dimensional monostatic RCS patterns at 5.2 GHz, as illustrated in Figs.

6.21 and 6.22, it is observed that the RCS maximum is reduced by 13.0 dB compared to the

maximum of the related PEC surface along the xz and yz planes. The four main scattered
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Sim. PEC (φ = 45° & 135°)

Meas. Checkerboard (φ = 45°)

Meas. Checkerboard (φ = 135°)

Sim. Checkerboard (φ = 45°)

Sim. Checkerboard (φ = 135°)

Fig. 6.20. TMz Polarization Two-dimensional Simulated and Measured Monostatic RCS
Patterns along the ϕ = 45◦ and 135◦ Planes for the PEC and Checkerboard EBG Surfaces
at 6.5 GHz.

lobes are directed at θ = 18◦ along the ϕ = 45◦ and 135◦ planes, while the RCS maxima

are reduced by 5.1 dB compared to the maximum of the corresponding PEC surface.
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Sim. PEC (φ = 0° & 90°)

Meas. Checkerboard (φ = 0°)

Meas. Checkerboard (φ = 90°)

Sim. Checkerboard (φ = 0°)

Sim. Checkerboard (φ = 90°)

Fig. 6.21. TMz Polarization Two-dimensional Simulated and Measured Monostatic RCS
Patterns along the xz and yz Planes for the PEC and Checkerboard EBG Surfaces at 5.2
GHz.

−100 −80 −60 −40 −20 0 20 40 60 80 100
−40

−35

−30

−25

−20

−15

−10

−5

0

Theta (degrees)

M
on

os
ta

tic
 R

ad
ar

 C
ro

ss
 S

ec
tio

n 
(d

B
sm

)

 

 

Sim. PEC (φ = 45° & 135°)

Meas. Checkerboard (φ = 45°)

Meas. Checkerboard (φ = 135°)

Sim. Checkerboard (φ = 45°)

Sim. Checkerboard (φ = 135°)

Fig. 6.22. TMz Polarization Two-dimensional Simulated and Measured Monostatic RCS
Patterns along the ϕ = 45◦ and 135◦ Planes for the PEC and Checkerboard EBG Surfaces
at 5.2 GHz.
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CHAPTER 7

CYLINDRICALLY CURVED CHECKERBOARD SURFACES

This chapter proposes cylindrically curved checkerboard surfaces on cylindrically

curved ground planes. The RCS of cylindrical checkerboard surfaces are examined for

three different radii of curvature. Both narrow and wide band curved checkerboard surfaces

are evaluated by simulations and measurements under normal incidence for horizontal and

vertical polarizations.

7.1. Introduction

This chapter extends and applies checkerboard surfaces for RCS reduction on cylin-

drically curved ground planes. Design, fabricate, simulate, measure and compare the per-

formance of narrow and wide band cylindrical checkerboard surfaces are performed. A

physical interpretation of the bistatic scattering patterns is provided, and the simulated

monostatic scattering frequency responses are compared with measurements.

The cylindrically curved checkerboard surfaces are designed using the following pro-

cedure. First, each EBG structure is designed on a flat surface. Then, combining dif-

ferent EBG/PEC structures on the same surface completes the flat checkerboard design.

The flat checkerboard surfaces are then imported to the curved surface of cylinders with

different radii of curvature to realize cylindrically curved checkerboard surfaces. The

curved checkerboard surfaces are simulated and measured for monostatic, and simulated

for bistatic, scattering. Finally, the bandwidth of the monostatic RCS reduction is examined

and compared, and it is based on the corresponding cylindrical PEC surfaces. The same

procedure applies to both narrow and wide band checkerboard surfaces.
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A narrow band checkerboard surface is designed by combining PEC and EBG struc-

tures on the same surface. The EBG structure is designed with periodic square patches on

Rogers RO3003 substrate, with the bottom surface of the substrate being PEC. The period

of the EBG structure is 10.0 mm x 10.0 mm, which includes a patch of 9.0 mm x 9.0 mm

and a gap of 1.0 mm. The substrate thickness is 1.52 mm and the dielectric constant is 3.0.

The phase and magnitude of the reflection coefficient of the infinite unit cell array were

simulated using Ansys HFSS and are illustrated in Fig. 7.1. The 0◦ reflection phase occurs

at the resonant frequency of 7.1 GHz. The magnitude of the reflection coefficient at the

resonant frequency is −0.1 dB due to dielectric and radiation losses.

Fig. 7.1. Reflection Coefficient of the EBG Structure with its Square Patches.

After the reflection coefficient is simulated, the RCS reduction of the checkerboard

surface can be predicted by (7.1), as detailed in [25], over the frequency band of 5 - 9 GHz.

The RCS reduction maximum is more than 30 dB at 7.1 GHz, while the RCS is reduced by
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more than 10 dB in the frequency band of 6.8 - 7.4 GHz; thus, the 10-dB RCS reduction

bandwidth is 8% and it is illustrated in Fig. 7.2.

Fig. 7.2. Predicted RCS Reduction Bandwidth is 8% for the Narrow Band Checkerboard
Surface.

RCS Reduction = 10log
[

A1e jP1 +A2e jP2

2

]2

(7.1)

where A1 and A2 are the reflection coefficient magnitudes of the two EBG structures, and

P1 and P2 are their reflection phases.

Another design, a wide band checkerboard surface, consisting of two alternating EBG

structures (EBG1 and EBG2) is also considered. When the PEC fields of the narrow band

checkerboard are replaced with a judiciously designed EBG structure, the bandwidth of the

resulting checkerboard is significantly enhanced. The EBG structure with square patches

is the same design as the one for the narrow band checkerboard surface. The second EBG
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structure is designed with circular patches of 4.5 mm radius and 1.0 mm gap between the

adjacent patches. The substrate is also the same, Rogers RO3003. The reflection phase and

magnitude were simulated, and they are displayed in Fig. 7.3 which indicates a resonant

frequency of 9.5 GHz and an associated reflection magnitude of −0.08 dB.

Fig. 7.3. Reflection Coefficient of the EBG Structure with its Circular Patches.

The RCS reduction of this wide band checkerboard surface has also been predicted by

(7.1) over 5 - 11 GHz, once the reflection coefficients of the two EBGs are simulated, and

it is illustrated in Fig. 7.4. The RCS reduction maximum is more than 30 dB at 7.3 and 8.9

GHz, while the bandwidth of 10-dB RCS reduction is about 27% (7.0 - 9.2 GHz).

For simplicity of fabrication, both narrow band and wide band checkerboard surfaces

are designed to contain 4 x 4 EBG sections, as introduced in [25]. Each EBG section

contains 5 x 5 unit cells. The design principle is based on array theory [41]. The equal-

sized EBG structures are placed alternately one after another. The dimensions of the entire
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Fig. 7.4. Predicted RCS Reduction Bandwidth is 27% for the Narrow Band Checkerboard
Surface.

checkerboard surfaces are 200 mm x 200 mm. The substrate of RO3003 was chosen be-

cause of its flexibility and availability. The fabricated checkerboard surfaces are used for

measurements of three different radii of curvature, 10λ , 5λ and 3λ ; the measurement setup

is detailed in [25]. The geometries of the cylindrical checkerboard surfaces are shown

within the 3-D RCS pattern figures in the next section, for their corresponding radii of

curvature.

7.2. Performance of Cylindrically Curved Checkerboard Surfaces

Simulations and measurements of the narrow and wide band cylindrically curved

checkerboard surfaces are compared with the corresponding cylindrically curved PEC sur-

faces and presented in this section. The monostatic backscattering under normal incidence

is discussed for HH and VV polarizations. The simulated 3-D bistatic RCS patterns are also
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illustrated. It is noted that for the HH polarization the electric field of the incident wave is

along the x-axis (parallel to the plane of curvature, XY ) while for the VV polarization the

electric field is along the z-axis (perpendicular to the plane of curvature, XY ), referring to

the coordinate system of Fig. 7.7.

7.2.1. Narrow Band Design

The narrow band cylindrically curved checkerboard surface with a radius of curvature

of 10λ (radius = 420 mm) is simulated and measured. A fabricated prototype is depicted

in Fig. 7.5. Comparisons of the measured and simulated monostatic RCS reduction are

illustrated in Figs. 7.6 and 7.8, for HH and VV polarizations, respectively. A good agree-

ment is obtained for both polarizations. The RCS reduction is based on the corresponding

curved PEC surfaces, and the 10-dB reduction bandwidth is 8%. The 3-D bistatic simulated

RCS patterns at 7.0 GHz for HH and VV polarizations are displayed in Figs. 7.7 and 7.9,

respectively. Under normal incidence, the RCS is dramatically reduced along the principal

planes (Y Z and XY planes). Eight main reflected lobes appear (four on each side of the

XY plane), because the axis of the cylindrically curved checkerboard surface is along the

z-axis. The separation angle between the two adjacent inner most lobes along the plane of

curvature (XY plane) is 36◦.
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Fig. 7.5. Fabricated Narrow Band Cylindrically Curved Checkerboard EBG Surface.
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Fig. 7.6. Simulated and Measured Narrow Band RCS Reduction for HH Polarization under
Normal Incidence. The Radius of Curvature is 10λ .
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Fig. 7.7. 3-D Bistatic Simulated RCS Pattern at 7.0 GHz for HH Polarization under Normal
Incidence. The Radius of Curvature is 10λ . The Separation Angle between the Center Two
Lobes along the Plane of Curvature (XY Plane) is 36◦.
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Fig. 7.8. Simulated and Measured Narrow Band RCS Reduction for VV Polarization under
Normal Incidence. The Radius of Curvature is 10λ .
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Fig. 7.9. 3-D Bistatic Simulated RCS Pattern at 7.0 GHz for VV Polarization under Normal
Incidence. The Radius of Curvature is 10λ . The Separation Angle between the Center Two
Lobes along the Plane of Curvature (XY Plane) is 36◦.
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The next design is the checkerboard surface with a radius of curvature of 5λ (radius =

210 mm), for which comparisons of the measured and simulated monostatic RCS reduction

are illustrated in Figs. 7.10 and 7.12, for HH and VV polarizations, respectively. The 10-

dB RCS reduction bandwidth is 7%. There is a good agreement for both polarizations. The

3-D bistatic simulated RCS patterns at 7.2 GHz for HH and VV polarizations are illustrated

in Figs. 7.11 and 7.13, respectively. The separation angle between the two adjacent inner

most lobes along the plane of curvature (XY plane) is 58◦, which is larger than that for

the checkerboard surface of 10λ curvature. This is expected since, based on geometrical

optics, the separation angle is inversely proportional to the radius of curvature.
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Fig. 7.10. Simulated and Measured Narrow Band RCS Reduction for HH Polarization
under Normal Incidence. The Radius of Curvature is 5λ .
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Fig. 7.11. 3-D Bistatic Simulated RCS Pattern at 7.2 GHz for HH Polarization under
Normal Incidence. The Radius of Curvature is 5λ . The Separation Angle between the
Center Two Lobes along the Plane of Curvature (XY Plane) is 58◦.
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Fig. 7.12. Simulated and Measured Narrow Band RCS Reduction for VV Polarization
under Normal Incidence. The Radius of Curvature is 5λ .
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Fig. 7.13. 3-D Bistatic Simulated RCS Pattern at 7.2 GHz for VV Polarization under
Normal Incidence. The Radius of Curvature is 5λ . The Separation Angle between the
Center Two Lobes along the Plane of Curvature (XY Plane) is 58◦.
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Comparisons of the measured and simulated monostatic RCS reduction for the curved

checkerboard surface with a radius of curvature of 3λ (radius = 126 mm) are illustrated in

Figs. 7.14 and 7.16, for HH and VV polarizations, respectively. The agreement between

simulated and measured patterns is good. The RCS reduction bandwidth is 8% for VV po-

larization. However, it is difficult to achieve the 10-dB RCS reduction for HH polarization

because a minor lobe is directed along the normal direction, as illustrated in Fig. 7.15. The

appearance of the side lobe at the normal direction can be attributed to the effects of the

AGSWs. The 3-D bistatic simulated RCS pattern at 7.1 GHz for VV polarization, illus-

trated in Fig. 7.17, clearly displays four main lobes. The separation angle between the two

adjacent inner most lobes is 82◦. As expected, due to geometrical optics, the separation

angle between the center two lobes increases with decreasing radius.
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Fig. 7.14. Simulated and Measured Narrow Band RCS Reduction for HH Polarization
under Normal Incidence. The Radius of Curvature is 3λ .
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Fig. 7.15. 3-D Bistatic Simulated RCS Pattern at 7.1 GHz for HH Polarization under
Normal Incidence. The Radius of Curvature is 3λ . The Separation Angle between the
Center Two Lobes along the Plane of Curvature (XY Plane) is 82◦.

BW / Angle 10 λ 5 λ 3 λ
Horizontal Polarization 8% / 36◦ 7% / 58◦ 0% / 82◦

Vertical Polarization 8% / 36◦ 5% / 58◦ 8% / 82◦

Table 7.1. Summary of Bandwidth and Separation Angle between the Center Two Lobes
for the Narrow Band Cylindrically Curved Checkerboard Surface.

A summary of 10-dB RCS reduction bandwidth and separation angle between the center

two lobes for the narrow band cylindrically curved checkerboard surface is listed in Table

7.1.
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Fig. 7.16. Simulated and Measured Narrow Band RCS Reduction for VV Polarization
under Normal Incidence. The Radius of Curvature is 3λ .

Fig. 7.17. 3-D Bistatic Simulated RCS Pattern at 7.1 GHz for VV Polarization under
Normal Incidence. The Radius of Curvature is 3λ . The Separation Angle between the
Center Two Lobes along the Plane of Curvature (XY Plane) is 82◦.
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7.2.2. Wide Band Design

The wide band cylindrically curved checkerboard surface with three different radii of

curvature are examined and presented in this section. The RCS reduction of the checker-

board design with a radius of curvature of 10λ is simulated, measured, and compared. A

prototype of the fabricated wide band design is depicted in Fig. 7.18. The results, illus-

trated in Figs. 7.19 and 7.21 for HH and VV polarizations, respectively, illustrate that the

10-dB RCS reduction bandwidth is 9%. The 3-D bistatic RCS patterns are simulated at 7.9

GHz for HH and VV polarizations, and they are displayed in Figs. 7.20 and 7.22, respec-

tively. Four main reflected lobes appear at each side of the XY plane. The separation angle

between the two adjacent inner most lobes along the plane of curvature is 40◦.

Fig. 7.18. Fabricated Wide Band Cylindrically Curved Checkerboard EBG Surface.
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Fig. 7.19. Simulated and Measured Wide Band RCS Reduction for HH Polarization under
Normal Incidence. The Radius of Curvature is 10λ .

Fig. 7.20. 3-D Bistatic Simulated RCS Pattern at 8.0 GHz for HH Polarization under
Normal Incidence. The Radius of Curvature is 10λ . The Separation Angle between the
Center Two Lobes along the Plane of Curvature (XY Plane) is 40◦.
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Fig. 7.21. Simulated and Measured Wide Band RCS Reduction for VV Polarization under
Normal Incidence. The Radius of Curvature is 10λ .

Fig. 7.22. 3-D Bistatic Simulated RCS Pattern at 7.9 GHz for VV Polarization under
Normal Incidence. The Radius of Curvature is 10λ . The Separation Angle between the
Center Two Lobes along the Plane of Curvature (XY Plane) is 40◦.
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For the second design, 5λ curvature, the measured and simulated RCS reduction plots

are illustrated in Figs. 7.23 and 7.25 for HH and VV polarizations, respectively, and the

10-dB RCS reduction bandwidth is 22%. The 3-D bistatic simulated RCS patterns at 8.2

GHz for HH and VV polarizations are displayed in Figs. 7.24 and 7.26, respectively. As

expected, the separation angle between the two adjacent inner most lobes is 52◦, and it is

larger than that for 10λ curvature.
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Fig. 7.23. Simulated and Measured Wide Band RCS Reduction for HH Polarization under
Normal Incidence. The Radius of Curvature is 5λ .
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Fig. 7.24. 3-D Bistatic Simulated RCS Pattern at 8.4 GHz for HH Polarization under
Normal Incidence. The Radius of Curvature is 5λ . The Separation Angle between the
Center Two Lobes along the Plane of Curvature (XY Plane) is 52◦.
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Fig. 7.25. Simulated and Measured Wide Band RCS Reduction for VV Polarization under
Normal Incidence. The Radius of Curvature is 5λ .
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Fig. 7.26. 3-D Bistatic Simulated RCS Pattern at 8.2 GHz for VV Polarization under
Normal Incidence. The Radius of Curvature is 5λ . The Separation Angle between the
Center Two Lobes along the Plane of Curvature (XY Plane) is 76◦.
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Figs. 7.27 and 7.29 display the data for the 3λ curved surface, for HH and VV polar-

izations, respectively, and the monostatic RCS reduction bandwidth is 20% for VV polar-

ization. However, it barely reaches the 10-dB RCS reduction for HH polarization because

a minor lobe is directed along the normal direction, due to the presence of AGSWs on the

surface, as illustrated in Fig. 7.28. The 3-D bistatic simulated RCS pattern at 8.4 GHz for

VV polarization is illustrated in Fig. 7.30. The separation angle between the two lobes

along the plane of curvature is 48◦ for VV polarization, because the minor lobes appear

closer to the center.
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Fig. 7.27. Simulated and Measured Wide Band RCS Reduction for HH Polarization under
Normal Incidence. The Radius of Curvature is 3λ .

A summary of 10-dB RCS reduction bandwidth and separation angle between the center

two lobes for the wide band cylindrically curved checkerboard surface is listed in Table 7.2.
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Fig. 7.28. 3-D Bistatic Simulated RCS Pattern at 8.1 GHz for HH Polarization under
Normal Incidence. The Radius of Curvature is 3λ . The Separation Angle between the
Center Two Lobes along the Plane of Curvature (XY Plane) is 84◦.

BW / Angle 10 λ 5 λ 3 λ
Horizontal Polarization 9% / 40◦ 22% / 52◦ 0% / 84◦

Vertical Polarization 9% / 40◦ 8% / 52◦ 20% / 48◦

Table 7.2. Summary of Bandwidth and Separation Angle between the Center Two Lobes
for the Wide Band Cylindrically Curved Checkerboard Surface.
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Fig. 7.29. Simulated and Measured Wide Band RCS Reduction for VV Polarization under
Normal Incidence. The Radius of Curvature is 3λ .

Fig. 7.30. 3-D Bistatic Simulated RCS Pattern at 8.4 GHz for VV Polarization under
Normal Incidence. The Radius of Curvature is 3λ . The Separation Angle between the
Center Two Lobes along the Plane of Curvature (XY Plane) is 48◦.
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CHAPTER 8

CONCLUSIONS

To reduce the RCS, PEC and EBG structures are combined together to build checker-

board surfaces, because they are anti-phase in terms of the reflection coefficient at the res-

onant frequency. Five different designs of checkerboard surfaces are analyzed, designed,

simulated with HFSS and measured at the ASU EMAC facility for RCS reduction.

The first checkerboard surface is the combination of the PEC and EBG structures. The

RCS reduction is generated by comparing the RCS for the checkerboard surface to the RCS

for the PEC plane of the same size. In terms of the scattering fields, the main scattering

beams of the square surface are re-directed toward the four quadrants, instead toward the

normal direction, in order to realize the RCS reduction. The RCS reduction of 10-dB

toward the broadside direction is realized in a narrow frequency band. For oblique wave

incidence, the bistatic patterns illustrate that the phase of the EBG structure is dependent on

the incident angle and polarization. The reflected lobe appears in the direction where a null

was supposed to be. Although the EBGs with vias and without vias perform very similar, it

has to be noticed that the resonant frequency is slightly shifted due to the presence/absence

of the vias. Also, the presence of the vias affects the scattered fields more for oblique

incidence, especially T Mz wave incidence, and increases the complexity of the fabrication.

Thus, a reasonable conclusion is that the vias do not appreciably enhance the RCS reduction

performance of checkerboard designs.

The second design is the combination of two different kinds of EBG structures on the

same ground plane. The checkerboard surfaces, both square and hexagonal designs com-

bining two different designs of EBG structures (EBG1 and EBG2), were designed, sim-

114



ulated, fabricated and measured. The main scattering beams of the square checkerboard

surface are also re-directed toward the four quadrants, instead toward the normal direc-

tion. Thus, the RCS reduction of 10-dB toward broadside direction is realized over a wider

frequency bandwidth of over 60%. The simulations and measurements are in excellent

agreement both in terms of RCS reduction bandwidth and monostatic RCS scattering pat-

terns. The maxima of the bistatic RCS for the hexagonal checkerboard surfaces are reduced

more efficiently than that for the square design. The analytical expression of (4.2) provides

a good design guideline of 10-dB RCS reduction of a dual EBG checkerboard surface com-

pared to a corresponding PEC surface.

A dual-band checkerboard surface obtained 10-dB dual RCS reduction bandwidths of

over 61% and 24% with the combination of the two different designs of dual-band EBG

structures. Because the maxima of the scattered fields by the checkerboard EBG surface

are re-directed toward four directions along the diagonal ϕ = 45◦ and 135◦ planes, the RCS

along the xz and yz principal planes is reduced significantly. The maxima of the bistatic

RCS patterns are reduced by 5.2 dB and 5.1 dB, from those of the corresponding PEC

surface, at 6.5 GHz and 5.2 GHz, respectively. Also, for the checkerboard EBG surface,

the measured monostatic scattering patterns at the two frequencies along the principal xz,

yz planes and diagonal ϕ = 45◦, 135◦ planes were compared with the simulated ones for

both TEz and TMz polarizations. Excellent agreement is obtained between measurements

and simulations, in terms of monostatic RCS scattering patterns and 10-dB RCS reduction

bandwidths.
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Cylindrically curved checkerboard surfaces, for both narrow and wide bandwidths,

were designed for three different radii of curvature. A 10-dB RCS reduction bandwidth

of over 8% is obtained for the narrow band checkerboard design, while a 22% bandwidth

is realized for the wide band design. While the RCS along the principal planes are reduced

significantly, the principal scattered fields are re-directed toward other directions on both

sides of the XY plane. For surfaces with a small curvature (e.g., 3λ ), the 10-dB RCS reduc-

tion for HH polarization at the normal direction is barely achieved because of the presence

and impact of AGSWs on the surface. The separation angle between the two adjacent inner

most lobes along the plane of curvature (XY plane) increases as the radius of curvature

becomes smaller, because the curvature is parallel to the XY plane. Due to geometrical

optics, the separation angle between the two adjacent inner most lobes on either side of the

XY plane is inversely proportional to the radius of curvature. A good agreement in RCS

reduction is obtained between the simulations and measurements for all three (10λ , 5λ and

3λ ) radii of curvature for both narrow and wide band cylindrically curved checkerboard

surfaces.

Overall, according to the performance of the five different checkerboard surfaces, the

most important factor is the phase difference between the two different EBG structures.

It is obvious that the 180◦ phase difference leads to the largest RCS reduction toward the

broadside direction. Secondly, the electrical size of each pattern plays a key role for the

main scattering beams. The directions of the main lobes can be designed in a specific angle

by adjusting the electrical size of each pattern. However, the angles of the maxima of the
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main lobes are slightly shifted from the expected directions, and the minor lobes near the

broadside direction may constructively add due to the effect of the finite periodicity of the

checkerboard surface.
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