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Abstract

The objective of this work was to study and develop new solutions for electromagnetic

scattering problems in order to improve the radio frequency performance of modern

wireless systems. This is achieved by engineering low profile stealthy structures based

on metal backed resistively loaded Frequency Selective Surfaces (FSS).

The deployment of ultra-thin (≤ λ/17) microwave FSS absorbers is proposed as a

means to reduce the scattering of electromagnetic energy from the surface of satellite

platforms which are covered with thermal blankets. This is achieved by exploiting

the similarity of the physical construction of this class of absorber and the dielectric

clad foil backed outermost layer of space blankets. Simulated reflectivity results are

presented for five close packed hexagonal patch FSS based absorber designs, ranging

in thickness 140 µm− 112 µm (λ/213− λ/25 at 10 GHz). These are suitable for

mechanical integration into the top surface of a multi-layer insulator (MLI). A desktop

inkjet printer was used to pattern the array elements and the required surface resistance

(Rs) which ranges from 50 mΩ/sq−40 Ω/sq, was obtained by employing a suitable

mixture of nanosilver particle ink mixed with an aqueous solution in conjunction with

controlling the print dot density. The same manufacturing technique was used for

all of the experimental test pieces described in this thesis. A single sheet (140 µm,

Rs = 50 mΩ/sq) of Polyethylene Terephthalate (PET) substrate was used to create

the thinnest absorber and eight sheets were stacked together to create the 1120 µm

(Rs = 20 Ω/sq) ultra-thin absorber. Reflectivity and radiation pattern experiments were

performed in anechoic chambers, and the results are shown to compare favourably

with the numerical predictions. To demonstrate the effectiveness of this concept, a
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dipole antenna was designed to work at 10 GHz and placed above the metal surface

of a 10x10x10 cm3 mock-up of a CubeSat. The installed radiation patterns of the

CubeSat with and without the FSS absorber are compared to experimentally confirm

that a major increase in the gain and polarisation purity is obtained by suppressing

the backscatter from the top surface of the platform. In addition, using the ultra-thin

absorber to electromagnetically decouple the antennas from the host vehicle removes

the boresight null which occurs when the antenna is placed λ/2 above the CubeSat, and

the forward hemisphere radiation pattern is shown to be very similar to the antenna in

free-space.

This work also reports the use of resistively loaded FSS superstrate and substrate

absorber arrangements as a means to reduce the radar cross-section (RCS) and hence

create low-observable (‘stealthy’) metal backed antennas. The design methodology for

the superstrate absorber is demonstrated by creating a 3 mm thick absorber, patterned

with two nested loops and a centre patch (Rs = 40Ω/sq), placed above a slot array which

exhibits a transmission window covering the working frequency band (10−10.2 GHz)

of a 4x4 microstrip patch array. It is shown that although the FSS based superstrate

absorber reduces the antenna gain by less than 2 dB (using this as the benchmark

obtained in the open literature), it has minimal impact on the shape of the beams which

are directed at 0◦, 22.5◦ and 45◦. Moreover 90% radar backscatter suppression is

achieved over 92% of the frequency range 7− 24 GHz. For the substrate solution,

an alternative 3 mm thick broadband metal backed absorber design was created by

patterning four loops and a centre patch (Rs = 18 Ω/sq) on the PET sheet. The structure

was designed to exhibit −10 dB reflectivity over the frequency range 7.04−27.58 GHz,

resulting in a fractional bandwidth of 118.65%. It is shown that by carefully removing

24 unit-cells located immediately behind a 7.5 GHz dipole placed λ/4 above the FSS

surface, the gain is only reduced by 0.17 dB compared to a conventional metal backed

antenna, but in this case the RCS is significantly lower. The experimental results

obtained for the two absorber arrangements and integrated antenna designs, are shown

to be in close agreement with the computed reflectivity and far field patterns.
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Chapter 1

Introduction

1.1 Radiation-Absorbent Materials

The invention of radar in the early 20th century started a new era in warfare which

is linked to electronics engineering. The possibility to detect airborne targets was of

great importance during World War II for the United Kingdom. This enabled RAF

aircraft to be scrambled to defend the British isles against German bombers, fighters and

submarines. As a consequence of this rapid development of radar technologies, studies

of the interaction between radio signals and different types of materials drew great

interest from academics and the military engineers working on electronic countermea-

sures. One of the first demonstrations of this new technology was made by the Germans

during the war. This was achieved by coating their submarine periscopes, snorkels and

conning towers with a carbon loaded material to suppress British radar backscattered

signals in the VHF band. That coating was reported to reduce the reflection from those

structures by 26 dB in the 112− 195 cm wavelength band [1]. Moreover, the study

of radiation-absorbent materials (RAM) was also aimed at engineering a means of

reducing the interference between radars and the structures around them.

The increase in the ‘stealth’ budget led to the development of some of the most brilliant

pieces of engineering in the last century, such as the American stealth bombers F-117
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Nighthawk [2], B-2 Spirit [3] and the F-22 Raptor, the first stealth 5th generation fighter

[4]. In addition, new findings in RAM design techniques allowed the modernisation of

4th generation fighters, such as the F/A-18E/F Super-Hornet, which had several parts of

the plane coated or covered with RAM, as seen in Figure 1.1 [5].

Figure 1.1 Super-Hornet Radar Cross-section Reduction (RCSR) [5].

Figure 1.1 illustrates different techniques which can be employed to achieve electro-

magnetic radiation backscatter suppression, and where they could be used on a modern

aircraft. For example, conductive coatings over dielectric surfaces which combined

provide a less reflective surface (as seen on the canopy), improvements on the design

and geometry of the airframe to scatter incident waves into other directions and RAM

placed on critical areas of the jet, such as in the engine air inlet.

However, RAM does not only find its use exclusively for military applications. On

a consumer level, absorbers can be used as a means to reduce interference between

electronic devices and improve electromagnetic compatibility (EMC) on printed circuit

boards (PCB) [6], cluttered antenna towers and satellites, and suppress radar backscatter

of wind turbines [7]. These applications will be described in more detail in Section 1.6.

It is important to note that the use of RAM to electromagnetically cloak a target must

take into account considerations such as (i) changing the shape of the vehicle/structure,

which might affect the placement of other devices or, for example, disrupt an air
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intake; (ii) increased development cost; (iii) changes in performance, such as the

aero/hydrodynamics of an aircraft, wind turbine or a ship. To address these issues, this

PhD study describes an in-depth investigation into new thin and ultra-thin, cost effective

design strategies and prototyping of absorbers working at microwave frequencies,

comparing and analysing different approaches and assessing their ability to meet the

demanding performance and thickness constraints.

The development of thin and ultra-thin (thickness≤ λ/17, explained in further detail in

Chapter 3 [8]) RAM is a key design objective to satisfy some of the considerations men-

tioned above, such as the preservation of the aerodynamic capabilities of an aircraft. The

optimisation of reflectivity bandwidth to thickness ratio, and compromise between gain

and radar cross-section reduction in applications related to antenna environments are

investigated in this study to the best practice in engineering future radiation-absorbent

materials. These absorbers could be used for a wide variety of applications includ-

ing mitigating EMC problems in busy electromagnetic (EM) environments such as

an antenna tower or a spacecraft, or to create low observability antennas for stealth

platforms.

1.1.1 Effect of radar cross-section reduction

The term radar cross-section (RCS, σ ) refers to an effective area of a target which

reflects the energy towards the source, as illustrated in Figure 1.2 for an ideal isotropic

radiator [9] and shown in Equation (1.1), where Ei is the incident field amplitude and

Er is the reflected field amplitude at range R.

σ = lim
R→∞

4πR2
∣∣∣∣Er

Ei

∣∣∣∣2 (1.1)

In order to achieve a specified performance goal for stealth platforms, it is important

to give a quantitative perspective of how the reduction in RCS effectively reduces the

ability of a radar to detect a target. Equation (1.2) [9], formally known as the radar
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Figure 1.2 Reflection of radar signals by an isotropic radiator [9].

range equation, quantifies the power received by an antenna from an illuminated object.

It is noticeable that it is expressed in terms of the gain of the antennas used in the

radar system, the distance, frequency and the target RCS, σ . Moreover, Equation

(1.2) shows that the only parameter that the manufacturer of a stealth platform can

control is σ , hence the great interest of the scientific community in developing new

RAM technologies to reduce the reflected signals. The radar range equation is given as

follows

PR =
PT GT GRλ 2σ

(4π)3 R4
, (1.2)

where GT and GR are the transmitting and receiving antenna gain, respectively, λ is the

wavelength, R is the detection range, PT and PR are the transmitted and received power,

respectively, with the latter depending on the RCS (σ ). By shifting R to the left side

of the equation, it is possible to observe that the detection range is proportional to the

fourth root of σ . Furthermore, one can create a relation between the RCS reduction and

the reduced detection range as shown in Equation (1.3),

R2

R1
=

(
σ2

σ1

) 1
4

, (1.3)

where R1 and σ1 are the detection range and the RCS of a given object, respectively,

and the terms with the subscript 2 refer to the same object with RCS reduction (RCSR)
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treatment applied to the surface. For example, a 12 dB RCSR reduces the detection

range by 50%. More examples are quantified on Table 1.1.

Table 1.1 Reduced detection range for different RCS reduction levels.

RCS Reduction
Reduced Detection Range

dB %

10 90 0.56 R
15 97 0.42 R
20 99 0.32 R
25 99.7 0.24 R
30 99.9 0.18 R

For this research project, the objective is for the RAM design to achieve at least 10 dB

(90%) reduction of the reflected signals. This value has been widely used in the literature

as a figure of merit (FOM) to quantify the performance of low observability materials.

As seen in Table 1.1, this represents a detection range 56% for the same target and, for

example, can completely change the theatre of operations for military applications, and

is also sufficient for resolving most of the electromagnetic compatibility problems, as

it will be discussed in this thesis. Consequently, terms such as Fractional Bandwidth

(FBW) and FOM will always be referenced to a 90% RCS reduction, unless explicitly

stated.

1.2 Types of Radiation-absorbent Materials

The open literature presents information on a wide variety of different RAM which

is commercially available. The most commonly used type in Radio-Frequency (RF)

engineering is pyramidal absorber, which is a high performance carbon loaded foam,

usually presenting broad-band operation and often used in anechoic chambers [10], as

illustrated in Figure 1.3.

This class of microwave absorber although highly efficient, is not suitable for appli-

cations requiring a low physical profile and a more limited and controllable band of

operation. In order to distinguish between different types of RAM, a broad classification
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Figure 1.3 Pyramidal absorbers used in a near-field anechoic chamber.

has been proposed in [11] which classifies the material by their working frequency

range: broadband and narrowband absorbers.

The most commonly known narrowband absorber is the Salisbury Screen [12], which

is composed of a resistive screen placed λ/4 distance from a metal sheet, as shown in

Figure 1.4(a) which illustrates the absorber with a plane wave with its electric vector

on the vertical or horizontal axes (TE or TM polarisation, respectively). This simple

structure allows the designer to easily tune the frequency of operation by adjusting the

separation distance between the two sheets. Maximum absorption is achieved when

the resistive sheet’s impedance is equal to the free-space impedance (≈ 377Ω). Figure

1.4(b) shows a simulation in CST Microwave Studio [13], which compares the reflection

coefficient for different values of surface resistance. The maximum FBW of a Salisbury

screen is approximately 75%, and is classified as a narrowband absorber in the literature

[14]. For this reason, in this work, we will use the term broadband for an absorber which

exhibits a FBW≥ 80%, by defining the Salisbury screen performance as the threshold for

the classification. Other examples of narrowband absorbers include magnetic absorbers

[15], Dallenbach layer [16, 17] and most circuit analog (CA) absorbers [18, 19].

The Jaumann screen [16, 20] and geometric transition [10, 21] are examples of RAM

classified as broadband absorbers. The former is an extension of a Salisbury screen

and is composed of multiple layers spaced by a quarter of a wavelength apart (Figure

1.5d), whereas the latter can be exemplified by pyramidal absorbers. A few examples of

broadband absorbers are depicted in Figure 1.5.
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Figure 1.4 (a) Concept of a Salisbury screen; (b) Computed reflection coefficient for a Salisbury
screen comparing the performance for different values of impedance on the resistive sheet.

Figure 1.5 (a) Circuit analog absorber; (b) Combination of Salisbury screen and Dallenback
layer [22]; (c) Geometric transition absorbers; (d) Jaumann screens [20].

Although circuit analog absorbers generally exhibit narrow band operation, these can be

designed to achieve a broadband performance by employing lossy Frequency Selective

Surfaces (FSS) patterned with nested resonant loops [23] or rotating split-ring resonators

[24]. In order to design broadband CA absorbers, it is necessary to understand how a

grounded periodic array of resistively loaded elements can be engineered to obtain the

desired band of operation. The absorber performance is closely related to the thickness

(distance from the FSS to the ground-plane), geometry of the unit cell and surface

resistance of the elements. The following section discusses how those properties impact

on the design of thin and ultra-thin microwave absorbers. A deep understanding is

of critical importance to this research project which focused on the optimisation of

low profile RAM for applications where physical constraints limit the thickness of the

absorber material, such as RF enhanced spacecraft thermal blankets.

This study analysed the design of two different kinds of low profile RAM, referred in the

literature as thin and ultra-thin absorbers. Those two terms are used to define physically



1.3 Frequency Selective Surfaces 8

and electrically thin absorbers, however in this work the latter is what determines its

classification. Absorbers designed with a thickness≤ λ/17 are classified as ultra-thin

and an explanation for this criteria is given in Chapter 3. Therefore, thin absorbers are

thicker than this threshold and electrically thinner than a Salisbury screen.

1.3 Frequency Selective Surfaces

A periodic structure composed of identical unit-cells (patches and/or loops) arranged on

a dielectric, with the ability to selectively reflect, transmit or absorb an electromagnetic

wave is known as a Frequency Selective Surface. These unit cells are often arranged in

a two-dimensional (2D) geometry, but 1D [25] and 3D [26] examples can be found in

the literature. FSS are widely used as free-standing two dimensional beam-splitters due

to their inherent frequency response characteristics, which can be tailored to exhibit

low-pass, high-pass, bandstop or bandpass spectral filtering shown in Table 1.2 [27].

Table 1.2 Single-layer FSS designs and their respective analog circuit and filter response
characteristics, the darker colors represent the conductive areas.

Low-pass High-pass Bandstop Bandpass

The images depicted in Table 1.2 show typical unit cell arrangements that are used to

create the periodic structure. The unit cells can be constructed using many different
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patch or slot shapes, each with a specific frequency response characteristic. One may

choose the most appropriate FSS type to meet the design requirements. For example,

a low-pass FSS can be constructed with an array of square patches, as in Table 1.2,

hexagonal [18] or circular [28], with a solid interior. In [27], Munk presents a range of

different designs (Figure 1.6) and in [29] the authors showed the equivalent circuit for

simple modelling of more complex FSS unit cell configurations (Figure 1.7).

It is also shown in Figure 1.6 that Munk separates the design into four different groups

[27]: (i) Centre connected unit cells comprised of thin lines; (ii) Loop-type elements,

commonly a square, circular or hexagonal ring, which may be nested for broadband

applications [23]; (iii) Solid interior, presenting a low-pass filter response. When these

are used to design absorbers, this arrangement presents a few advantages over the loop

type FSS, but it depends on the thickness [30]; (iv) Combination between loop types

and centre connected, sometimes used to create more compact designs [31, 32].

Figure 1.6 Examples of FSS unit cell designs [27].

Figure 1.7 Equivalent circuits for different types of FSS [29].



1.3 Frequency Selective Surfaces 10

1.3.1 Important considerations on the unit cell configuration

The FSS elements are arranged in unit cells which are repeated along the surface of the

structure. The lattice geometry has an impact on the frequency response but the effect

is less significant than the choice of the element shape. FSS with elements arranged

on a square lattice as shown on Table 1.2 is the most widely used geometry, but it is

not always the ideal design. For example, a solid hexagonal patch may be printed on a

triangular or square lattice, and despite maintaining the same patch dimensions (edge

dimension = 5.4 mm) and periodicity on the z axis (10 mm), the periodicity on the y axis

is modified (11.3 mm) and therefore the frequency response is different. This is shown

Figure 1.8 which depicts a simulation performed in CST Microwave Studio for a normal

TE incident impinging wave onto an FSS printed on a 0.14 mm thick polyethylene

terephthalate (PET) substrate (εr = 2.95). In the figure the copper hexagonal shaped

patches are shown in black color.
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Figure 1.8 Hexagonal low-pass patch array patterned on a (a) square and (b) triangular lattice;
(c) low-pass reflection coefficient comparison.

In addition to the choice of the lattice geometry, the unit cell spacing also has an impact

on the transmission/reflection, bandwidth, polarisation purity and angular sensitivity

[33] of an FSS filter. In addition to the choice of element shape and how the cells

are arranged on an FSS, stacking two or more layers can be used to achieve wider

transmission/reflection bandwidths and/or an increased spectral roll-off rate which can

be used to reduce the channel separation ratio [34]. This design technique is often used

to engineer FSS filters for use in Earth Observation space borne instruments as shown

in Figure 1.9.
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Figure 1.9 Three layer TE (left) and two layer TM (right) linear slot FSS used for spatial
demultiplexing in submillimeter wavelength bands [34].

The large range of unit cell configurations which are available, provides considerable

flexibility when designing thin and ultra-thin absorbers based on FSS. The following

section describes the general principle of operation of this class of absorber and explains

the performance metrics used in the work described in this thesis.

1.4 RAM: General Principle of Operation

The absorption of an electromagnetic wave is the result of an impedance match between

the medium through which the signal propagates and the structure on which the waves

impinges upon. RAM can be analysed by using an equivalent transmission line (TL)

circuit approach in which the reflected power is related to the mismatch between the

free-space (the medium) and the absorber (the structure) impedance [16]. Equation (1.4)

describes the magnitude of the reflection coefficient Γ for a generic surface interacting

with an EM wave with TE and TM (vertical and horizontal) polarisation components

[16], as previously depicted in Figure 1.4(a).

∣∣ΓT E,T M∣∣=
√(

ℜ{ZT E,T M
in_S }−η

T E,T M
0

)2
+
(

ℑ{ZT E,T M
in_S }

)2

√(
ℜ{ZT E,T M

in_S }+η
T E,T M
0

)2
+
(

ℑ{ZT E,T M
in_S }

)2
, (1.4)

where ZT E,T M
in_S refers to the input impedance of the surface for TE and TM polarisations,

and η0 represents the impedance of free-space. Therefore, to analyse the scenario in

which a generic surface only presents Ohmic losses, the condition ℜ{ZT E,T M
in_S }> 0 and
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ℑ{ZT E,T M
in_S }= 0 must be satisfied, i.e only the real part of the impedance exists whereas

the imaginary parts are cancelled. Equation (1.4) can be reduced to

Γ =
Zin_S −η0

Zin_S +η0
, (1.5)

which provides an easier interpretation and the understanding that the reflection coeffi-

cient will be zero when the condition Zin_S = η0 is satisfied. Thus, one might design an

absorber to match the impedance of the RAM with the medium it is placed in, which is

one of two absorber concepts that may be applied to radar backscatter reduction [35]: (i)

matched-characteristic-impedance and (ii) matched-wave-impedance, which has been

described above. With regards to (i), this concept relies on making both dielectric and

magnetic constants, εr and µr, equal to each other to create the condition in which the

medium’s intrinsic impedance is equal to the free-space intrinsic impedance. That is

derived from the impedance in the medium of propagation which can be written as

shown in Equation (1.6) [36]:

Z =

√
µ0µr

ε0εr
. (1.6)

Therefore, for a dielectric which εr = µr:

Z =

√
µ0

ε0
≈ 377 Ω . (1.7)

That is, Z becomes equal to the free-space impedance η0 or Z0. This condition requires

that the characteristic impedance of the absorber must be ≈ 377 Ω. Therefore, the

concept of matched-wave-impedance, in which the imaginary part is cancelled and the

remaining real part matches the free-space impedance, better describes circuit analog

absorbers as those depend on the FSS design rather than the dielectric itself. For this

important characteristic, these is also referred to as High Impedance Surface (HIS).
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1.4.1 Principle of operation of RAM based on FSS

In Figure 1.7 it was shown that an FSS can be analysed as an equivalent circuit contain-

ing inductors and capacitors. In the same manner, a Salisbury screen can be represented

by a single 377 Ω resistor separated by a distance of λ/4 from a short-circuit, as shown

in Figure 1.10(a). The quarter wavelength separation is used to produce an open-circuit

at the resistive screen, i.e, the transformed ground-plane impedance. This is depicted in

Figure 1.10(b).

377 Ω

λ/4

Z0

(a)

377 ΩZ0

(b)

Figure 1.10 Salisbury screen equivalent circuit. (a) Transmission line model; (b) Circuit model
transforming the ground plane to an open-circuit at the resistive sheet.

In order to reduce the thickness of the Salisbury screen, a resistively loaded FSS can be

used to replace the 377 Ω sheet, changing the analog circuit illustrated in Figure 1.10

to the metal backed equivalent circuit for the chosen FSS element shape such as those

shown in Figure 1.7. In this manner, capacitances and inductances are introduced into

the analysis, in addition to the loss which is represented by a resistor. By placing the

FSS sheet closer to the ground plane (< λ/4) the open-circuit in 1.10(b) is changed to

an inductance. Consequently, to absorb the impinging signals, the imaginary parts of

the input impedance need to be cancelled and the mechanism of absorption therefore

relies on Ohmic losses to provide a good impedance match to Z0.

The geometry of this arrangement is similar to a High Impedance Surface [37] (HIS).

These metal backed structures have been employed to design low-profile antennas

[38, 39] and broadband absorbers [40, 41]. In the former case the HIS is virtually

lossless, whereas for the latter application, loss is introduced into the structure. The

lossless HIS reflects an impinging electromagnetic wave with the same phase, behaving

as a perfect magnetic conductor (PMC), whereas a perfect electric conductor (PEC)
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introduces a 180◦ phase shift. Low loss HIS which are often known as artificial magnetic

conductors (AMC) [42] are generally limited to applications that are narrowband.

A generic model for a high impedance surface composed of square loops is depicted in

Figure 1.11, the patterned loops have a surface resistance Rs, h is the thickness of the

dielectric slab and p refers to the periodicity of the resistive FSS. The equivalent circuit

shows the inductance presented by the ground plane, L′, which is arranged in parallel to

the resistive LCR equivalent circuit of the square loops.

Figure 1.11 3D model of the resistively loaded high impedance surface and its analog circuit
representation.

In order to analyse the FSS based absorber illustrated in Figure 1.11, the lossy FSS will

be analysed first. The impedance of the resistive frequency selective surface can be

represented, as shown in the equivalent circuit, by Equation (1.8) [43]:

ZFSS = R− j
(

1−ω2LC
ωC

)
, (1.8)

where L and C are determined by the shape of the patterned elements. To determine the

surface impedance of the absorbing structure, Zs, the thin grounded dielectric needs to

be taken into consideration, and is given by Equation (1.9) [43]:

Zd = jZT E,T M
m tan(βh) , (1.9)

where ZT E
m = (ωµrµ0)/β and ZT M

m = β/(ωεrε0) are the characteristic TE and TM

impedance of the dielectric, in which β =
√

k2 − k2
t is the normal propagation constant

in relation to the slab and kt = k0 sinθ is the transverse wavenumber with θ being the
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angle of incidence. The wave number in the dielectric, k, is a complex value as shown

in Equation (1.10) [36]:

k = ω
√

µ(ε ′− jε ′′) . (1.10)

As the surface impedance is obtained from the parallel combination of the FSS and the

grounded dielectric, Zs can be expressed as:

Zs =
ZdZFSS

Zd +ZFSS
. (1.11)

In order to calculate the real part of Zs, one might expand ZFSS and manipulate the

fraction to obtain [43]:

ℜ{Zs}=
RZ2

d[
1−ω2LC

ωC −Zd

]2
+R2

, (1.12)

ℑ{Zs}=
[ωLZd]

[
1−ω2LC

ωC −Zd

]
+
[ 1

ωC Zd
][1−ω2LC

ωC −Zd

]
+R2Zd[

1−ω2LC
ωC −Zd

]2
+R2

. (1.13)

When the imaginary parts of the FSS and ground-plane cancel each other, ℑ{ZFSS}= 0,

the surface impedance becomes purely real. Consider a thin substrate (h << λ ),

Equation (1.12) reduces to [43] :

ℜ{Zs}=

(
ZT E,T M

m

)2
tan2

(
kT E,T M

m h
)

R
. (1.14)

Finally, from Equation (1.14) it is easy to find the optimum value for the resistance

(Ropt) so that Zs matches the free-space impedance η0 as shown in Equation (1.15):

Ropt =

(
ZT E,T M

m

)2
tan2

(
kT E,T M

m h
)

η
T E,T M
0

. (1.15)
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Assuming that the dielectric layer is vacuum, β = 2π/λ , ω = β
1

√
µ0ε0

and ZT E
m = ZT M

m .

Equation (1.15) is reduced to:

Ropt = η0 tan2 (kh) (1.16)

This can be used to design FSS based absorbers with lumped resistors strategically

placed on the individual elements with further simulations required to compensate the

effects of the dielectric. However, it is still often necessary to find a relation between

the lumped resistance R and the actual surface resistance of the FSS sheet. This would

be required, for example, when the structure is constructed using FSS elements which

are patterned using resistive inks. That can be obtained from Equation (1.17) [43]

Rs ≈ Ropt
A
p2 , (1.17)

where Rs is the surface resistance (in Ω/sq), p is the period of the unit-cell and A is

the surface area of the resistive pattern in the unit cell. It is important to note that for

loop type unit cells, Equation (1.17) would be more accurate if A is considered to be

the actual area in which the current flows [6], as shown in Figure 1.12. On the other

hand, for patch type absorbers, almost the entire element area supports strong current

flow, therefore, A can be assumed to be the area of the unit cell [43]. Furthermore,

the relation between Rs and Ropt implies that for more compact unit cell designs, the

smaller the surface resistance needs to be in order achieve the same Ohmic losses.

Figure 1.12 Computed surface current on a resistive loop FSS absorber.
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1.4.2 Polarisation and angle of incidence effects

The design of FSS based absorbers also needs to consider the effects of wave polarisation

and oblique angles of incidence as Zs directly depends of θ . To mitigate those effects,

designers often use symmetric elements to obtain the same response at normal incidence

for TE and TM waves, therefore also absorbing circular polarised signals [41] and

compact unit-cells to provide angular stability [19, 44].

Equations (1.18)-(1.21) show the dependency of the impedance, polarisation and angle

of incidence [44], where ZT E
m /ZT M

m are the impedance for TE and TM waves, respec-

tively, which are both affected by the angle of incidence θ , as shown in Equation (1.21),

for the propagation constant.

Zd = jZT E,T M
m tan

(
k0h

√
ε ′r + jε ′′r − sin2

θ

)
where, (1.18)

ZT E
m =

ωµrµ0

β
, (1.19)

ZT M
m =

β

ωεrε0
, (1.20)

β = k0

√
εr − sin2

θ . (1.21)

In Chapter 3, the relationship between the impedance, angle of incidence and wave

polarisation (as shown in Figure 1.4(a)) will be explored in further details, where a

comparison between Equations (1.19) and (1.20) also show that the different effects of

wave polarisation on the impedance of the surface.

1.5 Optimality and Figure of Merit

Throughout this thesis, the optimality and figure of merit are important benchmarks

which will be used to compare this work to results previously published in the open

literature.



1.5 Optimality and Figure of Merit 18

The optimality (C0) establishes a relation between the thickness (hreal) of the designed

FSS based absorber and the theoretical minimum thickness (hmin) for a defined reflection

loss and bandwidth of operation as shown in Equations (1.22) and (1.23) [8]. In most

cases C0 = 100% is the design objective.

hmin ≥
|lnρ0|(λmax −λmin)

2π2 , (1.22)

Co =
hmin

hreal
100% , (1.23)

where λmax and λmin are the maximum and minimum wavelengths for a given value of

reflectivity ρ0, e.g for −10 dB reflectivity ρ0 = 0.3162. Equation (1.22) is only valid

for single layer non-magnetic substrates, however this is the case for the work reported

in this thesis. A more general formula is given below [8]:

|lnρ0|(λmax −λmin)< 2π
2
∑

i
µs,ihi , (1.24)

where µs,i is the magnetic permeability of the substrate i, when more than one layer has

been used.

The FOM is the relationship between the −10 dB reflectivity bandwidth and the electri-

cal thickness of the absorber. This is given by the Equation (1.25) [6]:

FOM =

(
λ

hreal

)
FBW% (1.25)

where hreal is the total thickness of the modelled absorber and FBW% = 2× fmax − fmin

fmax + fmin
×

100% is the fractional bandwidth over which the reflectivity exhibited by the absorber

is ≤ 10 dB.
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The design of FSS based absorbers is based on three factors: (i) the shape and geometry

of the unit cell; (ii) the thickness of the structure; (iii) the surface resistance of the

patterned FSS elements.

1.6 Applications of Thin Microwave Absorbers

As previously mentioned in this Chapter, the defence industry is best known for develop-

ing high end projects involving RAM. Radio Detection and Ranging, radar, relies on the

detection of reflected signals from a source antenna in order to determine the location of

a target in space. The decreased detection range provided by a stealth platform results

in higher survivability for pilots and highly specialized crew. The F-117, as previously

referred to as the first stealth bomber, actually not only employed a special coating to

absorb radar signals, but also made use of the airframe geometry which was designed

to scatter radiation in directions away from the source radar. However, many modern

radar systems usually rely on more than one antenna rather than a single monostatic

transmit-receive high power antenna, such as radar systems located in the radome of a

modern fighter jet. This multi-station configuration, known as a bistatic radar system

[45], can be used to detect the weakly scattered radar signals from a stealth platform that

only relies on its geometry to reduce RCS. Figure 1.13 presents a comparison of radar

returns exhibited by planes of different eras, where the Mig-29 Fulcrum presents a high

RCS, the F-117 Nighthawk a low RCS but also scattering waves in random directions,

and the F-22 Raptor.

The geometry of the F-117 also presents an aerodynamic challenging platform. There-

fore, a large investment has been made to make it possible to develop stealth technolo-

gies utilizing advanced radar-absorbing materials which are able to reduce the RCS by

means of dissipation of the energy rather than by randomly scattering the signals by the

shaped airframe. Additionally, the development of advanced RAM has also enabled the

creation of other highly manoeuvrable aircraft such as the F-22, F-35 and the Russian

Su-57. Low observability can also be achieved by using passive and active loading [46]
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(a) (b)

(c)

Figure 1.13 Illustration of radar returns for a (a) non-stealth platform; (b) stealth platform with
some bistatic scattering and (c) a stealth platform with low bistatic scattering.

as previously shown in Figure 1.1. In summary, the four means to achieve backscatter

reduction are: (i) shaping; (ii) use of RAM; (iii) passive loading and (iv) active loading.

RAM may also find use in future space applications. During this work, we have

shown that by patterning the outermost layer of thermal blankets with a resistively

loaded FSS, backscattered signals from antennas placed on satellite platforms can be

reduced. Absorption of the reflected signals improve the shape of radiation patterns

of the onboard antennas by reducing ripples created by constructive and destructive

interference [47]. In addition, gain degradation is reduced and polarisation purity is

maintained to accomplish the desired performance of the payload antennas.

Another application for thin RAM is to mitigate electromagnetic compatibility problems

which are often observed in electronic circuits [48]. Absorbers can be strategically

placed on cables, PCBs and antennas to reduce interference which is attributed to

external unwanted signals and internal noise from onboard devices, as shown in Figure

1.14 [6].

Recently, feasibility studies have been carried to find a means to reduce the RCS of

wind turbines [7]. Radars often rely on the Doppler effect to find and track a moving

object in space. For that reason buildings and terrain topography do not influence the
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(a) (b) (c)

(d)

Figure 1.14 Application of RAM for use in electronic circuits. (a) Shielding cables; (b)
suppressing noise radiation between onboard components; (c) supression of electromagnetic
fields from cables in close proximity circuit boards; (d) reduction of microwave interference in
the RF section of dish antennas [6].

performance of a radar system. However, wind turbines have moving blades which can

cause interference with airborne targets, e.g airports need to accurately determine the

position of traffic in the airspace; if a rotating blade from a wind turbine is within the

range of that radar, it can create ghost targets and also shift the position of aircraft flying

in that region. To mitigate this, coating the blades with a resistive FSS absorber would

suppress backscatter radiation and hence improve air safety, as shown in Figure 1.15.

Another application for microwave absorbers is as a means to reduce the radar cross-

section of metal backed antenna arrays. This challenging objective has recently gained

considerable interest, and new developments have been reported in several technical

publications. For example, it has been demonstrated in [49] that the placement of a

resistive FSS superstrate above the surface of a slot antenna array, significantly reduces

the RCS of the structure. Within the frequency range of the antenna, the transmission

loss is about 2 dB. A different concept is reported in [50] in which the authors use a
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Figure 1.15 Wind turbine in the line of sight of a radar antenna. By coating the blades with
RAM, as in the zoomed image, the RCS can be reduced.

hybrid FSS to modify the ground plane of a microstrip patch array in order to suppress

scattering. The challenge of the two reported techniques is to maintain the antenna

performance whilst reducing the RCS outside the working frequency band. This thesis

will present results of new studies and absorber designs for both superstrate and substrate

arrangements with detailed discussions on performance trade-offs, and strategies for

preserving the radiation pattern of the primary antenna.

1.7 State of the Art of Thin FSS Absorbers

1.7.1 Thin FSS absorbers

In Section 1.1 the historical perspective provided the origins of early research works

on radiation-absorbent materials. The Salisbury screen [51] first reported in 1952 was

the first major contribution to this field of technology. By stacking multiple layers of

resistive sheets, an increase in the −10 dB reflectivity bandwidth is achieved. This class

of RAM, known as Jaumann absorbers, although too thick for some applications is still

of interest in modern research studies such as in [40, 52, 53] which describes the use of

Salisbury screens and Jaumann absorbers for solar radiation absorption. Furthermore,

more recent enhancements to the design of classical Salisbury screens have been made in

order to improve bandwidth and angular stability [54, 55]. Since its invention, through
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the following decades, new applications have provided the motivation to develop thinner

and broader band absorbers.

The introduction of CA absorbers by Severin in 1956 [56], who used sheets patterned

with lossy metallic geometric elements, created the idea that resistive periodic surfaces,

such as an FSS, could be used to create thinner absorbers (hreal < λ/4) whilst keeping

the same bandwidth. However, the difficulty of manufacturing lossy elements stalled

the development of absorbers based on FSS. Small experimental structures have been

created by soldering resistors to the metallic elements, but this method is too laborious

and expensive for the mass production of large area, physically thin absorbers such as

the examples shown in Figure 1.16 [57–59].

(a) (b)

(c)

Figure 1.16 Different FSS absorber designs using lumped resistors. (a) Using both magnetic and
electric resonances [57]; (b) Using a superstrate [58]; (c) Multilayer [59] (recreated 3D model).

With the availability of new manufacturing methods, absorbers based on FSS (or HIS)

gained more interest after 2010 [6]. The fabrication techniques used to form the

individual elements include:

• Spraying of carbon loaded ink [60, 61];
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• Inkjet printing on thin substrates:

– Carbon nanotubes based ink [62];

– Nanosilver particles based ink [23, 63];

• Stencil patterning technique using electro-conductive shielding paint [41];

• Deposition of Indium Tin Oxide (ITO) film for optically transparent absorbers

[64].

Consequently, thin and ultra-thin microwave absorbers were then able to be modelled

and prototyped with relatively low costs and faster production methods. Studies have

been carried out with foremost contributions from Professor Costa at the University

of Pisa who reported the modelling, characterisation and criteria for obtaining the

maximum bandwidth of this class of thin microwave absorber [43, 65, 66].

1.7.2 Ultra-thin absorbers

Ultra-thin absorbers with a thickness less than λ0/17, are reported in a small number

of publications. This class of FSS based RAM which is classified as a metamaterial

absorber (MA), provides near perfect absorption of the signal over extremely narrow

bands (often < 1%). In this case, the FSS elements are conductive so the fabrication

methods are easier to carry out using a milling machine or photolithographic pattern-

ing. The main source of loss is attributed to the electrical properties of the substrate

whereas the patterned features determine the frequency of operation. MA have been

studied for multiband operation at very well defined frequencies due to its narrowband

characteristics. For example, Figure 1.17 shows the design and reflection coefficient of

a λ0/142.65 (0.5 mm) [67] and a λ0/48 (0.6 mm) [68] thick absorbers

Moreover, within this class of high impedance surfaces are Electromagnetic Bandgap

(EBG) absorbers, which have a different principle of operation from a metamaterial

absorber [69]. EBGs are composed of grounded metallic periodic structures which
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(a) (b)

(c) (d)

Figure 1.17 Illustration of published ultra-thin metamaterial absorbers. (a) Dual-band design
and reflectivity (b) [67]; (c) triple-band design and reflectivity (d) [68].

present the behaviour of an artificial magnetic conductor [70] with forbidden band of

propagation modes [69] as shown in the dispersion diagram in Figure 1.18(a) [71]. This

is in contrast to a MA which converts electromagnetic energy into heat as illustrated in

Figure 1.18(b) [67]. A thermal difference > 2◦C is observed when the EM waves are

absorbed by the MA.

For use in satellite communications, Costa et al [72] reported a preliminary study

based on simulations, which was aimed at improving the RF performance of low

reflectivity Multi-layer Insulators (MLI). MLI are constructed using up to 35 ultra-

thin layers of dielectric material ranging from 54µm−254µm in thickness, which

are interleaved between metallic foil layers to insulate the electronic components and

payload instruments from the extreme temperatures in space. Due to its construction,

conventional MLIs present a highly reflective grounded dielectric sheet when placed

over the surfaces of a spacecraft. However, by patterning the upper most ultra-thin
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(a) (b)

Figure 1.18 (a) Dispersion diagram of an electromagnetic bandgap structure [71]; (b) Tem-
perature profile of a MA measured with a lock-in IR thermal camera at different frequencies
[67].

dielectric layer with resistive elements, it is possible to suppress backscatter radiation

and potentially decouple the payload antennas from the spacecraft platform. The first

part of this thesis deals with RF enhanced thermal blankets based on FSS absorbers.

1.7.3 Deployment of thin absorbers for low observability antennas

An important application of this work is the use of thin RAM as a means to reduce the

RCS of metal backed antennas. In this regard, antennas are amongst the structures which

have most impact on the RCS of host platforms [73]. In [74] the authors were the first

to propose an FSS based radome which exhibits a transmission window in conjunction

with an absorption band. In this numerical study, the structure was created by placing a

metal plate perforated with interdigital Jerusalem cross-slots behind a periodic array

of resistively loaded single square loops. Working at normal incidence, the absorber

generates a pass band centred at 4.6 GHz and exhibits −10 dB reflectivity in the

frequency range 10−18 GHz thus giving a (lower) transmission / (upper) absorption

band separation ratio of about 1 : 2.2. In [49] a 2.5 GHz microstrip fed slot array antenna

was covered by a resistive FSS superstrate which was used to reduce the RCS above the

working frequency band of the array. In this case, the slotted metallic sheet radiating

elements of the antenna functions as the ground plane (out-of-band) above which is

placed the resistive square loop FSS to form the absorber structure, as shown in Figure

1.19(a). The authors proposed different methods to reduce the impact of the absorber
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on the primary antenna performance, whilst obtaining a low RCS in conjunction with

the suppression of grating lobes. This antenna/superstrate arrangement exhibits an

‘in-band’ gain reduction of 2 dB and the 90% absorption band above 6 GHz giving a

transmission/absorption edge of frequency band separation ratio of about 1 : 2.4.

(a) (b)

Figure 1.19 (a) Superstrate solution for low observability antenna arrays [49]; (b) Proposed
prototype of a PRAS by [75].

Other researchers have investigated an alternative arrangement where a patch antenna

is surrounded by a metamaterial absorber whilst also placing a resistive FSS above

the radiating elements to create a Partially Reflecting Absorbing Surface (PRAS). For

example, in [75], the authors used a single square patch antenna designed to work at

7.65 GHz. This was surrounded by a MA and covered by a partially reflecting radome

grounded by a slot array, as shown in Figure 1.19(b). The absorbing surface (AS) is

responsible for suppressing part of the out-of-band electromagnetic waves. The signal

that passes through the radome is then absorbed or diffracted in other directions by

the MA. The main idea behind this technique is to create a cavity which, internally,

continuously reflects the radiated signal from the patch antenna to improve its gain

whilst also contributing to RCSR.

Another recently published alternative superstrate based solution has been reported in

[76], where a frequency selective absorber (FSA) is designed in conjunction with a

circular polarized antenna working at 5 GHz. Computed and experimental results are

used to show that a RCS reduction of about 10 dB is obtained over a 30% frequency

band above and 45% below the transmission window.
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Figure 1.20(a) [77], shows a microwave absorber placed behind a printed monopole

antenna for RCS reduction. In this arrangement the authors used a 3D absorptive

frequency selective reflector to replace the traditional metal back plate which is normally

placed λ/4 behind low gain antennas to enhance boresight performance. A thinner

alternative is shown in Figure 1.20(b) where a hybrid ground-plane is used as a means

for RCSR of a printed microstrip patch array antenna [50]. However, the proposed

RCSR technique depends on a finite bandstop FSS groundplane which only provides

out-of-band RCS reduction. On the other hand, a hybrid groundplane backed by an

RF-absorbing structure could potentially reduce the antenna RCS, regardless of what is

placed behind the device. This alternative solution has been proposed in [78] , where

a low-profile 1.4 GHz patch antenna is backed by an FSS ground-plane, with a solid

conductive sheet placed underneath the patch while the FSS is grounded by an RF

absorbing ground-plane as shown in Figure 1.20(c).

(a) (b) (c)

Figure 1.20 Substrate solutions for RCSR. (a) 3D AFSR [77]; (b) Hybrid FSS with square loops
removed to accommodate patches and transmission lines [50]; (c) RF-absorbing ground-plane
[78].

1.8 Objectives of this Research Project

There are two key objectives of this research programme:

(I) Study and development of ultra-thin absorbers: The objective of the first part of

this PhD project is to improve the performance of FSS based absorbers with electrical

thickness less than λ0/17. The goal is to find a methodology to engineer ultra-thin

absorbers which ideally presents polarisation insensitivity and angular stability, as well

as an improved −10 dB reflectivity bandwidth when compared to alternative structures
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reported in the literature, such as in [67, 68]. The motivation to study the design and

performance of ultra-thin FSS based absorbers comes from the need to improve the

performance of RF payloads by electromagnetically decoupling the antennas from

the host satellite platform. This can be achieved when an array of resistively loaded

elements is deposited on the outermost surface of thermal blanket material to create an

ultra-thin RAM. The construction of these MLI is similar to a metal backed FSS based

absorber since the outermost layer of the thermal blanket is made of a thin aluminium

layer coated with an insulator (dielectric) such as PET, which can range in thickness

from 54−256 µm. Dual (RF/thermal) use of the space blankets is obtained at low cost

and without imposing additional weight constraints. The work addresses a technology

need to create RF enhanced thermal blankets, which has recently been identified by

the European Space Agency (ESA/IPC/THAG(2016)8, ‘IPC Technology Harmonisation

Report: RF Metamaterials and Metasurfaces (see Apendix A). The hypothesis needs

to be validated by performing farfield measurements of an antenna placed in close

proximity to a mock-up of a CubeSat, as discussed in Section 1.8.1.

(II) Thin microwave FSS absorbers for low observability antennas: The second

part of this research programme addresses the need to develop broadband thin FSS based

RAM to provide RCSR to metal backed antennas. This is achieved by investigating two

different arrangements:

− Superstrate: This approach is characterised by placing the FSS based absorber in

front of the antenna to suppress radar backscatter. In order to provide a transmission

window, the RAM ground-plane is perforated and the slots are carefully designed to

resonate at the same frequency and bandwidth as the radiating elements of the primary

antenna. In this manner, it is possible to create a class of absorber which can be easily

adjusted to cover the frequency band of the antenna. Furthermore, the superstate is

antenna agnostic, not requiring a complete redesign of the absorber for different types of

antennas operating within the same band, and therefore not requiring any modifications

to be performed on the antenna. In addition, the work described in this thesis aims

to obtain absorbing characteristics with angular stability and polarisation insensitivity,
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as well as minimize the transmission loss caused by the thin absorber’s resistive FSS,

whilst achieving a lower transmission-to-absorption frequency separation ratio than

reported in previously published papers such as in [49, 74] as mentioned in Section

1.7.3. Finally, for the first time the impact of a superstrate absorber on the radiation

pattern of a beam scanning antenna array is reported. The hypothesis needs to be

validated with transmission and reflection measurements to evaluate the performance

of the standalone superstrate and farfield tests to compare the radiation patterns of the

designed antenna working with and without the FSS absorber.

− Substrate: Low gain antennas, such as a dipole, are often placed λ/4 above a metal

plate to improve their gain and front-to-back ratio (FBR). This, however, increases the

RCS of the host platform because of the presence of the large metal surface. In order to

mitigate this problem, the work proposes to replace the metal ground-plane by a thin

FSS broadband absorber in order to reduce the RCS without significantly degrading

the antenna performance and simultaneously reducing the transmission-to-absorption

frequency separation ratio. This is obtained by strategically removing the resistive FSS

elements above the ground plane immediately behind the antenna. Moreover, to avoid

the use of a large ground-plane and consequently an increase in the RCS, a compromise

between antenna gain and FBR is obtained to determine the optimum area for the

backing structure of the dipole antenna. In addition, this design should offer a higher

flexibility in terms of the unit-cell design and the absorber should provide angular and

polarisation stability.

In general, both approaches aim to reduce transmission losses and provide broadband

RCS reduction. It is also important that the antenna must be a standalone element in

the system, not requiring any modifications to its initial design to overcome possible

negative impacts caused by the FSS absorbers. That includes avoiding the placement

of additional metamaterial absorbers surrounding the antenna or parasitic elements to

improve the gain. The former inherently contributes to an increase in RCS due to the

larger area required to accommodate the MA [75], whereas the latter contributes to the

generation of grating lobes [49].
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1.8.1 Contributions

The main achievements and contributions are listed as follows:

a) Design of high figure of merit ultra-thin absorbers:

In this thesis, we report the use of very thin metal-backed FSS absorbers as a means to

control the scattering of electromagnetic energy from cluttered antenna environments

such as spacecraft platforms. These were constructed using PET material with sheet

thickness in the range 140 µm (λ/214) to 1120 µm (λ/25). The optimum performance

around the 10 GHz design frequency was obtained from an array of hexagonal patch

elements with the conductivity of the silver plating adjusted to achieve the desired

resistive loading. At normal incidence, the FSS-based structures present −10 dB

reflectivity bandwidths that are strongly dependent on the thickness of the PET sheet

and vary between 2% and 16%. Moreover, the FOM numerical predictions which range

from 370 to 443 compare favourably with the 308 value for a classical Salisbury screen.

The design methodology is verified by measuring the radar backscatter from the 140 µm

and 1120 µm thick absorbers in the frequency range 8−12 GHz [18].

b) Comparison of FSS topologies for maximising the bandwidth of thin microwave

absorbers:

After determining that the maximum −10 dB reflectivity bandwidth of ultra-thin ab-

sorbers (< λ/17) is obtained using a hexagonal patch element geometry, the maximum

achievable bandwidth is compared for circuit analog absorbers with thickness in the

range of λ/18 to λ/14. Two different types of FSS topologies were investigated to

identify the crossover point below which the bandwidth of structures patterned with

nested loops is narrower than a much simpler arrangement consisting of an array of

patch elements. The results show that the deployment of a multi-resonant loop FSS,

which are widely used to enhance the bandwidth of this class of microwave absorber,

are only undesirable below a threshold thickness, which is determined in this thesis,

where it is impossible to merge the individual absorption bands that are generated by the
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nested loops. Numerical simulations are compared with radar backscatter measurements

that were performed at normal incidence over the frequency range 7−14 GHz [30].

c) Electromagnetic decoupling of antennas installed on a mock-up CubeSat:

This work demonstrates that the ultra-thin FSS absorber design based on the results

obtained in a) and b), can be integrated into the outermost layer of thermal blankets as

a means to electromagnetically decouple payload antennas from spacecraft platforms.

This is achieved by exploiting the similarity of the physical construction of this class of

absorber and the dielectric clad foil-backed outermost layer of space thermal blankets.

The effectiveness of this concept is evaluated for a critical test case where a linearly

polarized dipole antenna working at 10 GHz is placed at three different distances

above the surface of a 10 cm CubeSat mock-up. This scenario was chosen as the

dipole will radiate into both half spaces and any reflections from the vehicle onto

which it is mounted will significantly affect its behaviour. The ultra-thin absorber

suppresses the energy contained in the antenna backlobes, and it is shown that the

installed performance for all three geometries closely resembles the beam shape of the

antenna in isolation. Experimental results have been obtained for one arrangement to

confirm that the directive gain is increased by 18 dB in the boresight direction relative

to the null when the mock-up is not covered. The FSS absorber is composed of an array

of resistively loaded hexagonal patches that are patterned on a 1.12 mm (λ/25) thick

foil-backed PET sheet to replicate the physical construction of commercially available

space blankets [47].

d) Superstrate absorber for wideband RCS reduction of metal backed antennas:

This part of the research project reports the design of a 3 mm thick resistively loaded

FSS based superstrate which exhibits a transmission window at 10±0.2 GHz in con-

junction with radar backscatter suppression of more than 90% over the frequency range

11.35− 24 GHz. The goal was threefold: (i) to create a low profile periodic array

that can be placed over the antenna aperture without the need to modify the design

of the radiating elements, (ii) to achieve a transmission/absorption frequency band
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separation ratio of 1 : 1.13, which is significantly smaller than the values reported in

[49, 74], and in conjunction also providing RCS reduction at frequencies below the

transmission window, and (iii) to investigate the radiation pattern performance and RCS

of a 4×4 element beam steering microstrip patch array which is covered by the FSS

based superstrate. Numerical simulations were validated by experiments performed in

an anechoic chamber for transmission/reflection and radiation pattern analysis. The

experimental data was obtained with and without the FSS superstrate placed above

the radiating aperture to determine the impact on the antenna gain and establish RCS

reduction.

e) Substrate absorber for wideband RCS reduction of metal backed antennas:

The last contribution achieved within this PhD programme is the demonstration of an

alternative method for reducing the RCS of a metal backed dipole antenna. A 3 mm

thin microwave absorber is designed to provide wideband radar backscatter suppression

when the resistive substrate is placed behind the subject antenna which works at the

centre frequency of 7.5 GHz. The FSS based absorber is composed of nested square

loop elements tuned to provide a −10 dB reflection bandwidth of 118.65% (ranging

from 7.04− 27.58 GHz), FOM = 1009 and 61.65% optimality. It is shown that by

carefully removing some of the resistive elements immediately behind the antenna,

there is very little impact on the RCS, nor does it contributes to the generation of grating

lobes, but this increases the dipole gain by at least 2 dB when compared to a fully

populated FSS covered ground-plane. It is observed that, for this design, the antenna

exhibits a gain reduction of only 0.17 dB at 7.5 GHz compared to an arrangement with

a metal backing plate. Numerical results were used to determine the best compromise

between FBR and gain to obtain the optimum size for the ground plate, in order to

not unnecessarily increase the RCS. This is investigated using a 2D monostatic RCS

computation in CST Microwave Studio, in which the performance and accuracy of

different solvers for RCS analysis is discussed. Finally, experiments are used to validate

the numerical predictions, and hence confirm the validity of the design approach.
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1.9 Organisation of this Thesis

The thesis is organised to show the evolution of this research project. This Chapter

has aimed to introduce core concepts which are of major importance for the under-

standing of the following topics. Chapter 2 discusses the details of the simulations

and experimental validations which are presented in this thesis. In addition, the use of

inkjet printer will be explained, how the settings and preparations are used to pattern

the resistive FSS with the desired surface resistance and what methodology has been

used to determine the configurations before the printing process. Furthermore, it will

also provide an understanding of how the choice of the FSS elements effectively results

in broadband designs and how it is dependent on the electric thickness of the absorber.

The use of CST Studio Suite and its different solvers are discussed to provide the

most accurate result depending on the characteristics of the simulation, e.g, Frequency

Domain Solver is used for unit cell boundary conditions, whereas the Time Domain

Solver is used for antenna simulations and the Asymptotic Solver is used for fast 2D

RCS maps generation. The limitations of these are also discussed in Chapter 2.

Chapter 3 introduces the work performed to create the new ultra-thin absorber designs.

The results obtained from Chapter 2 were of great importance and used to engineer

the design of this class of absorber. The results are validated through a series of

measurements performed in an anechoic chamber, where the reflectivity tests were

conducted. In addition, simulations and experiments were made to validate the capability

of a λ/25 absorber and demonstrate its use to successfully recover the radiation pattern

shape of a dipole antenna placed in close proximity of a metal mock-up of a CubeSat.

These simulations and experiments were conducted to study the possibility of employing

ultra-thin absorbers to produce RF enhanced MLI which can potentially improve the

radiation pattern performance of installed antennas.

Chapter 4 presents superstrate absorber solutions for creating low observability anten-

nas. The design techniques exploit a good understanding of the principle of operation

of this type of absorber which is engineered to exhibit a narrow transmission window.
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A 10 GHz 4x4 patch antenna array has been modelled, in addition to its microstrip

feed network, which used three different power-dividers with embedded delay lines to

provide the phase shifting needed to investigate the effects on radiation pattern shape

and gain reduction at different beam tilt angles. Different numerical techniques, pre-

viously discussed in Chapter 2, are used for the design and optimisation of the thin

superstrate absorber and the simulation results for RCS reduction and antenna patterns

are compared to experiments performed in an anechoic chamber.

Chapter 5 verifies the feasibility of replacing a metallic plate which is often used to

enhance the gain of antennas and increase the FBR, such as dipoles, by a thin microwave

absorber which is designed to suppress radar backscatter. It is shown that this design

provides a better solution than the superstrate absorber for arrays of dipole antennas due

to the lower complexity of the design. Moreover, it is shown that by careful removal

of several unit cells from the absorber immediately behind the antenna which works

at 7.5 GHz, a > 5 dB increase in gain is obtained when compared to the dipole in

isolation and, in conjunction, exhibits RCS reduction of > 10 dB across the frequency

range 7.04−27.58 GHz. It is shown that the proposed designs do not generate grating

lobes, demonstrating that this could be a feasible solution to reduce backscatter induced

interference in electromagnetically cluttered environments.

Chapter 6 will conclude this thesis, summarizing its results and how they relate to the

proposed objectives summarized in Section 1.8. It will also discuss how to overcome

limitations in the manufacturing process and future work which is proposed to carry on

the contributions of this PhD project.
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Chapter 2

Thin and Ultra-thin Microwave FSS

Absorbers: Design, Validation,

Fabrication and Topology

2.1 Introduction

In this chapter, the techniques used to model the FSS based absorber designs are dis-

cussed. A general overview of CST Microwave Studio (MWS) is presented and specific

design methodologies are explained. Moreover, a brief explanation of the simulation

techniques used in this project is given, as some methods are more efficient than others

to solve a specific EM problem, e.g, an antenna simulation is made more efficiently by

choosing the Time Domain Solver whereas an absorber unit-cell computation is only

possible using the Frequency Domain Solver.

It is important to validate the simulated results by reproducing plots published in peer-

reviewed papers to ensure that the correct settings are used for a specific numerical

computation.

The manufacturing techniques are also presented in order to provide an understanding

of the inkjet print process which was used to pattern the resistive FSS and obtain the
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desired sheet resistance. Details of the experimental set-ups used in this work are also

given.

Finally, two different FSS topologies are compared to determine the element type which

provides the widest reflectivity bandwidth for a given absorber thickness. This work

was of great importance in this PhD project which investigated both thin and ultra-thin

absorbers. The results obtained are used throughout this thesis because they provided

the FSS element shape which was used to create the thin and ultra-thin absorber designs.

2.2 CST Microwave Studio

CST Studio Suite is a full-wave 3D electromagnetic analysis software package which is

marketed by Dassault Systèmes Simulia [1]. The suite contains six different solvers

which are directly linked to different simulation methods which are chosen by the

software according to the solver and type of discretization selected by the user. The

solver is chosen by the user based on the type of EM problem which is required to be

solved. For brevity, only those solvers from CST MWS 2018, used in this project, are

described below [2]:

(i) Time Domain Solver: This solver uses Transmission Line Matrix (TLM) and

Finite Integration Technique (FIT) methods. The technique is selected upon the

choice of the meshing method. The solver was used in this project to model and

simulate the performance of patch antennas and microstrip lines that were used

to construct the beamforming circuits. Its wide use in the open literature has

demonstrated that it can deliver accurate results when correctly configured. In

addition, this solver enables frequency swept RCS simulations to be made for

electrically small structures and has been extensively used in Chapters 4 and 5.

The computational methods are explained below:

• Finite Integration Technique (FIT): FIT is a discretization method for

Maxwell’s equations in their integral form, initially developed in 1977 by
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Weiland [3]. This discrete reformulation needs a finite calculation domain

to solve the equations. The meshing is performed in the enclosed domain

which is split into several small elements, or grid cells where Maxwell’s

equations are formulated and solved. This is the most commonly used

method to solve problems in CST Microwave Studio when using the Time

Domain Solver;

• Transmission Line Matrix (TLM): In the TLM method, the space is dis-

cretized into hexahedral cells inside a mesh of lines, where the EM fields

are represented by wave pulses which scatter within the cells and propagate

along transmission lines between the adjacent nodes [4].

(ii) Frequency Domain Solver: This solver uses the Finite Element Method (FEM)

to perform EM simulations. It is used in all chapters of this thesis because

it invokes the unit-cell boundary condition, which is used to design periodic

structures, such as the FSS designs that were used to create the absorbers described

in this work. It is also a useful tool for solving general EM problems relating to

small to medium sized structures. The FEM is briefly discussed below:

• Finite Element Method (FEM): FEM is a mathematical technique suitable

for solving a wide range of engineering problems, such as electromagnetism,

fluid mechanics and structure simulations. This is the most widely used com-

putational method in academia and industry [5]. It works by meshing the

domain into small finite domains and transforming complex partial differen-

tial equations (PDE), such as Maxwell’s equations, into algebraic equations

which are solved using numerical methods to provide an approximation of

the exact value of the PDE.

(iii) Asymptotic Solver: This solver uses the Shooting Bouncing Ray (SBR) method

and is employed to perform RCS and farfield calculations generating 2D and 3D

maps of the scattered EM field. A major advantage is that a significantly reduced
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computational time is required to obtain solutions compared to the Time Domain

Solver, however, it is only accurate for modelling electrically large objects. This

solver was used in Chapters 4 and 5 to analyse if the modifications in the FSS

absorbers contributed to the generation of grating lobes. The SBR method is

briefly explained below:

• Shooting Bouncing Ray (SBR): This method is an extension of Physical

Optics (PO) and Geometric Optics methods [6] which take into consideration

the EM properties of the surfaces upon which the rays impinge [7]. In this

method parallel rays are launched over an object and scattering of the waves

is calculated based on the relative angle to the surface and the electrical

properties at that point. These properties are required to calculate the RCS

of a target coated with RAM, or other metamaterials.

(iv) Integral Equation Solver: This solver uses the Method of Moments (MoM)

to create a discrete model of the modelled structure. It is efficient to simulate

large structures such as ships and planes to provide field distribution, RCS and

antenna farfield. The IE was used in Chapter 3 for a fast computation of the

current distribution on a satellite. The MoM is explained below:

• Method of Moments (MoM): MoM is also a commonly used method to

evaluate EM problems. It approximates functional equations to matrix form

which are solved using linear algebra methods [8, 9].

(v) Eigenmode Solver;

(vi) Multilayer Solver.

In the following section, the modelling procedure for FSS in CST is presented. it shows

how to correctly configure the frequency domain solver for the simulation of FSS based

absorbers. The numerical modelling technique is validated by simulating absorbers

previously published in the open literature and comparing the two sets of results to

ensure these are similar.
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2.3 FSS Modeling

The most computationally efficient way of modelling a periodic surface in a full wave

simulator is to correctly configure the boundary conditions to enable the use of Floquet

ports. These are wave ports within CST which produce an EM signal which impinges

onto a periodic surface, considering a unitary cell which is repeated to infinity [10]. The

CST dialogue box, to set-up an FSS simulation, automatically configures the Frequency

domain solver to present a unit-cell boundary condition in the x and y axis, and an open

boundary on the z axis. The elements within the boundary box are repeated periodically

whilst the incident plane wave propagates in the ± z direction. An example of a periodic

array of patch elements is depicted in Figure 2.1.

Figure 2.1 Schematic of an infinite periodic array with a square patch element inside a unit-cell
box.

As previously mentioned in Section 1.3.1, a unit-cell is not limited to a square lattice

arrangement as shown in Figure 2.1. This configuration, however, is the most simple

and is the default option in CST MWS, shown in Figure 2.2(a). In this work, a close

packed triangular lattice was used to study the spectral response of an array composed

of hexagonal patch elements. To create this geometry which is illustrated in Figure

2.3(b), the unit-cell configuration in CST MWS is shown in Figure 2.2(b) for an FSS

with a periodicity P.

Two additional settings must be adjusted to perform FSS simulations correctly, which

depends on the kind of problem being analysed: (i) the Floquet modes and (ii) the

z axis boundary conditions at zmin and zmax. The Floquet modes determine which
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(a) (b)

Figure 2.2 Different unit-cell lattice geometry configurations modelled in CST MWS using a (a)
square lattice and a (b) triangular lattice.

(a) (b)

Figure 2.3 Schematic showing different unit-cell lattice geometry arrangements in CST MWS.
(a) square lattice; (b) triangular lattice.

propagation modes are excited and analysed in the periodic array, such as TE(0,0),

TM(0,0), TE(0,1), TM(0,1), . . ., where TE(0,0) and TM(0,0) are the fundamental

Floquet modes, i.e, linear vertical and horizontal polarised waves, respectively. Some

metamaterials achieve linear RCS reduction by rotating the wave polarisation by 90◦

[11], i.e, a TE(0,0) wave is reflected as a TM(0,0) wave or other Floquet modes, thus

the number of modes must be taken in consideration in the modelling, depending on

the structure. In addition, when configuring the Floquet ports, the incident plane waves

are parametrised by the angle of incidence, θ , and the rotation of the electric vector,

φ , where θ = 0◦ corresponds to a normal incident wave and φ = 0◦ corresponds to a

vertically polarised wave (for TE(0,0)). Thus, if angle of incidence scanning is required,
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a parameter sweep can be set to automatically perform simulations at the desired values

for θ .

The boundary conditions in the z axis will define whether the FSS is a free-standing

structure in space, which is the case for a beam splitter FSS, or backed by a PEC or

PMC. For FSS based absorbers there are two different approaches which can be used to

model the problem: (i) Material based: the ground-plane and the spacer material used

to separate it from the FSS substrate are physically modelled; (ii) Boundary condition

based: the ground-plane is replaced by a PEC boundary at zmin, and the spacer is

set using CST’s native background material to separate the FSS from the grounded

boundary. For these two approaches, Table 2.1 compares the simulation time for an

absorber based on an FSS patterned on a PET substrate, h = 0.14mm, εr = 2.95 and

tanδ = 0.025, spaced 5 mm from the ground-plane and simulated in the frequency

range 3−20 GHz. The FSS uses a randomly created nested square loop geometry to

compare the computational efficiency of the two approaches. Two different simulations

were performed for each method. The difference between the runs is in the mesh

density, where the second presents a higher tetrahedrons count, which is often required

for convergence and improved accuracy.

Table 2.1 Comparison between computational time for a material based simulation and
boundary condition based simulation. UC stands for unit-cell.

Run # Simulation type
Boundary Conditions

# tetrahedrons Time (s)
xmin xmax ymin ymax zmin zmax

1 Material based UC UC UC UC Open add-space Open add-space 23,954 83
1 Boundary condition based UC UC UC UC PEC Open add-space 18,481 66
2 Material based UC UC UC UC Open add-space Open add-space 92,665 197
2 Boundary condition based UC UC UC UC PEC Open add-space 52,211 100

A 20.5% reduction in the simulation time is observed on the first run, with the boundary

condition based technique using 5,473 less tetrahedrons than the material based simu-

lations. This computational efficiency is more noticeable when a higher mesh density

is used. For this case the boundary condition based simulation is about 49.2% faster

using 40,454 less tetrahedrons than the material based method. These simulations were

performed on a desktop running on an Intel Core i7 9700K @ 4.8 GHz and 32 GB of

DDR4 memory @ 3200 MHz.
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2.4 Validation of the Simulation Methods

The investigation of a new technology requires a rigorous process of hypothesis formu-

lation and validation. In EM research, numerical simulations are used as an important

step to test the hypothesis because computer models present accurate and fast solutions

with the ability to use optimisation algorithms to design novel structures. However,

EM simulators, such as CST MWS, require that the materials, boundary conditions

and computational method are correctly configured to achieve a high fidelity model

comparable to its performance in the real world.

The objective of this research project is to develp a new class of thin and ultra-thin FSS

microwave absorbers, so the simulation methodology presented in Section 2.3 needs

to be validated by comparing results with structures reported in the open literature. A

metal backed nested square loop FSS absorber which is arranged on a square lattice,

reported in [12], is chosen to validate the ultra-thin absorber simulations. A triangular

lattice nested hexagonal loop FSS absorber reported in [13] is used to validate the thin

absorber simulations. The simulation results discussed in the next section are for normal

incident TE polarised waves.

2.4.1 Ultra-thin square lattice FSS absorber

In [12], an ultra-thin (λmax/32) absorber with unit cells composed of four concentric

nested square loops with a patch in the centre for additional tunability is reported. The

dimensions published in the paper are reproduced in Table 2.2.

Table 2.2 FSS unit cell characteristics [12].

Length (mm) Width (mm) Spacing (mm) Resistance (Ω/sq)

Loop 1 7.5 0.45 0.30 25
Loop 2 6.0 0.50 0.30 1680
Loop 3 4.4 0.60 0.30 28
Loop 4 2.6 0.70 0.25 24
Patch 0.7 - - 4
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The FSS has a periodicity of 8 mm and is separated from a PEC boundary by a vacuum

layer 1.52 mm thick, i.e, it is a theoretical model where the elements are not printed

on a substrate. This structure, which is illustrated in Figure 2.4(b), exhibits a −10 dB

reflection bandwidth of 136% in the frequency range 6.4− 33.4 GHz. Figure 2.4(a)

depicts the results published in [12] and are compared to the simulation performed in

CST MWS 2018, which gives a FBW of 138% in the frequency range 6.4−34.9 GHz.

The simulation model is configured using the boundary based method, and the resistive

elements are 20 µm thick as reported in the paper.
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Figure 2.4 Validation of the simulation method for an ultra-thin square lattice, nested square
loop FSS absorber. (a) Result published in [12] compared to the validation performed in CST
MWS; (b) unit-cell used for the simulation and the parameters for Table 2.2.

These results show that the simulation model built into CST MWS is correctly config-

ured. The small discrepancies can be attributed to a number of factors which are not
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described in the paper, such as meshing, number of samples for the frequency domain

solver and convergence criteria, which are all variables that one can control within the

frequency domain solver.

2.4.2 Thin triangular lattice FSS absorber

In [13] a thin (λmax/12) metal backed quadruple nested hexagonal loops FSS absorber is

reported. This design exhibits a FBW of 108% in the frequency range of 7.8−24 GHz.

The loops are printed on a 0.14 mm thick Novelle IJ-220 substrate and is separated

from the ground plane by a 3 mm thick Rohacell foam (εr = 1.05) spacer. The absorber

performance is compared to a stencil printed structure printed on a Taconic TLY-5

laminate (εr = 2.2 and tanδ = 0.0009) and also bonded to a 3 mm thick Rohacell layer

backed by an aluminium plate. The former absorber is printed using Epson Stylus C88+

inkjet printer set for an RGB value of (21,21,21) and a 1:7 mixture: the RGB code

and mixture are explained in Section 2.5.1. The latter absorber was constructed with

elements patterned by using a stencil to deposit Y Shield HSF-74 electroconductive

shielding paint [14] to form the loops. Both absorbers were designed with a surface

resistance value of 27 Ω/sq for the loop elements.

The unit cell geometry is shown in Figure 2.5, and the results compared in Figure 2.6.

Figure 2.5 Concentric hexagonal loops used in [13]. p= 6.93 mm, L1 = 5.56 mm, L2 = 4.17 mm,
L3 = 2.49 mm, L4 = 1.05 mm, w1 = 1.1 mm, w2 = 1.2 mm, w3 = 1.1 mm, w4 = 1.2 mm,
R = 27 Ω/sq, ta = 3 mm, tt = 0.13/0.14 mm on the TLY-5 and Novelle IJ-220 respectively.

The CST simulation exhibits a FBW of 107% for −10 dB reflectivity covering the

frequency range of 7.2−23.8 GHz. This is in very good agreement with the simulated
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Figure 2.6 Validation of the simulation method for a thin triangular lattice FSS absorber from
the work reported in [13] and from the validation in CST MWS.

reflectivity results reported in [13]. In conclusion, the results shown in Sections 2.4.1

and 2.4.2 demonstrate that the numerical models used in this project are correctly

configured and sufficiently accurate. Nevertheless, experimental verification of the

designs is always desirable.

2.5 Inkjet Printing and Material Properties

CST MWS includes a library giving the electrical properties of many different materials.

However, it does not include the substrate type and ink properties used in this project.

In order to model the FSS absorbers, a simple set-up in the software was used to

include these two new materials to the library: (i) the PET sheet used as a substrate

for the resistive FSS; (ii) the resistive material to simulate the ink that was used to

pattern the FSS elements. The substrate on which the FSS was patterned is Novelle

IJ-220. This material is manufactured by Mitsubishi Imaging [15], and is a letter

size (215.9×279.4 mm2), 140 µm thick PET sheet with a microporous inkjet receptive

coating. The electrical properties of this material are not available from the manufacturer,

however in [16] the author reported the use of data fitting to characterise this type of

substrate. In her work, the relative permittivity, εr, was given as 2.5, as shown in Figure

2.7(a).
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New simulations and measurements were performed in this PhD project to obtain the

loss tangent, not described in [16], to improve the accuracy of the numerical model. The

experimental set-up for the transmission measurements is shown in Section 2.6, where

an FSS composed of linear dipoles designed to resonate at ≈ 9.6 GHz was patterned

using an Epson Stylus C88+ inkjet printer (Figure 2.8) with the settings configured

to achieve the maximum conductivity. The bandstop transmissions coefficient was

measured and compared to simulations in CST MWS. The simulated data were fitted

to the experimental results, as shown in Figure 2.7(b), and the values obtained for the

dielectric constant and loss tangent were εr = 2.95 and tanδ = 0.025, which are in

agreement with the results recently published in [17]. In addition, a sensitivity analysis

line is also plotted taking in consideration the average variation of the dipole length and

width found later in Table 2.3. That shows that the value of εr can be interpreted to be

between 2.5−2.95, however, from all the experiments performed throughout this work,

2.95 is the best value, agreeing with the findings in [17].
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Figure 2.7 Measured and simulated spectral transmission response for the characterisation of
the relative permittivity of the PET substrate (a) results published in [16]; (b) this work.

In [16], the methodology that was employed to print resistively loaded FSS patterns was

based on the use of Metalon JS-B25P nanosilver inkjet printer ink [18]. The surface

resistance was adjusted by changing the dot density obtained from an Epson Stylus C88+

inkjet printer (maximum of 600 DPI). For example, to create more electrically resistive

elements it is necessary to increase the separation distance between the nanosilver

particles. This is controlled by using black and white printing and selecting different

shades of gray, where 100% black yields a highly conductive surface because the
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Figure 2.8 Photograph of the Epson Stylus C88+ inkjet printer and a dipole FSS patterned on a
Novelle IJ-220 substrate.

nanosilver dots are closely packed, thereby imposing a low resistance to the induced

current. When the level of black ink is reduced, and the same pattern is printed, more

resistance is obtained because the particle separation is increased. Figure 2.9 shows a

photograph obtained using a Zeiss Stemi DV4 microscope, comparing a section of two

dipole elements with different printed dot densities.

Figure 2.9 Optical microscope photograph of a section of a printed dipole comparing different
dot densities. (a) 100% black, (b) 90% black.

2.5.1 Printer configuration

The printer needs to read the information from a software which can precisely control

the gray scale. In this project, two free software packages were used for this purpose:
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(i) DipTrace (free academic license) and (ii) Inkscape, a multiplatform vector graphics

standalone software. In both cases the printer is configured to use the best photo quality

and matt paper/heavy weight for the PET sheets. The FSS pattern is exported from CST

in DXF format, which can be read by both software suites. DipTrace has a more user

friendly interface, and the control is performed by carefully selecting the red, green and

blue (R,G,B) values to achieve the desired shade of gray. On the other hand, printers

often use a different color model which relates to each of the cartridges used, cyan,

magenta, yellow and black, CMYK. The CMYK scale ranges from 0 to 1 (0%−100%),

whereas the RGB ranges from 0 to 255, which in gray scale 0 translates to black and

255 to white. The relation between the two scales is given as follows [16]:

R =255× (1−C)× (1−K) (2.1)

G =255× (1−M)× (1−K) (2.2)

B =255× (1−Y)× (1−K) (2.3)

For example, Figure 2.9a was printed using 100% black, which is obtained from RGB

code (0,0,0), whereas for Figure 2.9b the printer was configured to use 90% black,

which is RGB code (25,25,25). To determine the surface resistance (Rs) for each RGB

code, a bandstop FSS composed of an array of dipoles length 16 mm, width 8 mm

and spaced 18 mm apart was designed to resonate at 10 GHz. The structures were

printed on the PET sheets and their transmission coefficients were measured, and by

fitting simulated values, an approximate value for Rs was obtained. Figure 2.10 depicts

examples of the plots for different shades of gray (RGB codes).

The plots show three different results: (a) RGB (0,0,0), Rs ≈ 30 mΩ/sq; (b) RGB

(10,10,10), Rs ≈ 230 mΩ/sq; (c) RGB (25,25,25), Rs ≈ 2.8 Ω/sq. In addition, Figure

2.10(d) shows that the curing method is also important and has some impact on the

final result obtained for Rs. ‘Baking’ the FSS after it has been printed results in a more

conductive pattern than drying the sheet in an open space, at room temperature. When
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Figure 2.10 Simulated data fitted to measured results to determine the approximate value of Rs.
(a) RGB (0,0,0), maximum conductivity; (b) RGB (10,10,10); (c) RGB (25,25,25); (d) Effects
of air drying vs oven drying curing methods.

baking, the FSS is left inside an electric oven for 30 minutes at 80 ◦C with small weights

placed at the corners of the sheet to prevent the PET from curling at the edges. If a more

resistive FSS is desired, it must be cured over 48 h to ensure the complete evaporation

of the aqueous solution present in the Metalon JS-B25P ink as described in [16].

Another method to achieve higher surface resistance is described in [16]. This uses

a mixture of Metalon JS-B25P ink and the Epson aqueous vehicle provided with the

inkjet printer kit [19]. When a mixture Volink : Volaq sample is produced, the aqueous

solution dilutes the nanosilver particles present in the ink, creating a more resistive FSS.

To ensure that the nanosilver particles do not bond after the printing phase, the FSS

needs to be cured at ambient temperature. The slow evaporation of the aqueous vehicle

then creates a larger separation between the silver particles. Figure 2.11 reproduces the

results reported in [16] which were used as the basis to set-up the printer configurations

for the FSS manufacture which is described in this thesis.
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Figure 2.11 Relationship between Rs and ink:aq mixture volume for different RGB codes.
Reproduced from [16].

Additionally, the printer can also be set to use the remaining cartridges, i.e cyan, magenta

and yellow. However, DipTrace is limited to the use of the RBG code. For example, if

the cyan cartridge is to be used to print a resistive FSS, it is difficult to obtain the RGB

code for a specific shade of cyan. However, Inkscape software turns the black and white

RGB code conversion to a percentage of cyan in a straight forward way as shown in

Figure 2.12.

This process may be required to be used for a few reasons, such as: (i) the printer head

is not designed to support nanosilver particles and wears out after a large numbers of

print runs, and using the remaining color cartridges is therefore desirable; (ii) using

different surface resistance values to print individual FSS sheets in the same printing

process. The effect of the wear on a printer head will be described on Section 2.5.2,

which discusses the limitations of this technology.



2.5 Inkjet Printing and Material Properties 58

Figure 2.12 Conversion from the shade of gray using RGB code (25,25,25) to a shade of cyan
using Inkscape. The shade of gray is converted to a percentage of black, which is used as the
percentage of cyan in the printer.

2.5.2 Inkjet printing limitations

Inkjet printing of electronic devices has many advantages over other traditional methods

of fabrication, such as fast prototyping and lower cost. This is particularly the case for

resistive FSS printed with a mixture of ink (the most expensive item in the process) and

aqueous vehicle.

However, this method of manufacture also presents a few limitations. As mentioned in

Section 2.5.1, the desktop printer used to create the FSS is not designed to allow the

flow of nanosilver particles through its printing head. This can damage the printer head.

To mitigate this problem, a cleaning process is performed before and after each use

to wash out the remaining conductive ink particles from the printer head. An empty

cartridge is filled with the aqueous solution, and is inserted into the ink slot that is used;

several sheets are printed until the result is free of any traces of ink. It is important to

mention that these sheets can be reused in subsequent cleaning processes or recycled

to avoid waste of material. Figure 2.13 shows the difference between two printed FSS

(Chapter 4) that were patterned using the same mixture, 1:7, and RGB code (16,16,16).

The result of the wear on the black printer head can be observed in Figure 2.13(a) where

the horizontal lines, which are in the same direction as the travel of the printer heads,

are shown to be more visible and an overlap between the nested elements is present.

The solution to this irreversible problem is to use another cartridge slot with a clean

printer head. In this case the cyan slot was used, and as seen in Figure 2.13(b), the
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lines are more faded and the deposition of ink is more uniform over the whole surface.

Moreover, there is no overlap between the nested elements.

(a) (b)

Figure 2.13 Results of the wear on an Epson Stylus C88+. (a) Black printer head after a year of
use; (b) first time use of a (cyan) printer head.

The result of printing horizontal lines, regardless of the state of the printer head, is

that the TE and TM responses of the FSS are different, due to the interaction of the

electric field which in one case is across (TE) and the other parallel (TM) to the gaps.

An example of this effect is depicted in Figure 2.14(a), which shows the transmission

coefficient of an array of single square loop (Figure 2.14(b)). A symmetric unit cell

geometry should exhibit the same transmission response for TE and TM waves at

normal incidence, but in this case the surface resistance of the loops is polarisation

sensitive.
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Figure 2.14 (a) Effect of the printed horizontal lines on a symmetric FSS; (b) single square loop
FSS used for the experiment, where L−17.5 mm, P= 19.3 mm, w= 5 mm.
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Another limitation is created by human error. A commercially available syringe is used

to create the ink and the aqueous vehicle mixture. Thus, without a means to precisely

determine the volume of the solutions, the printing process is subject to small errors

in the ratio of the mixture. However, for the absorber to present an impedance match

close to free-space, the FSS must be printed with the desired surface resistance using

the ink:aq volume obtained from the results in Figure 2.11. In the work described in

this thesis, several FSS samples were printed using close neighbouring values to the

predetermined RGB code in order to obtain the optimum performance.

It is important to note that these limitations are attributed to the resources available in

our laboratory. Higher manufacturing precision can be achieved by using alternative

printing equipment such as in [20].

2.5.3 Resolution

The dipoles shown in Figure 2.8 were subjected to microscopic inspections using a

TESA-VISIO 300 non-contact measurement machine. The physical dimensions shown

in Table 2.3, compare well to the nominal design dimensions depicted in Figure 2.15.

This confirms that the Epson C88+ printer can pattern the FSS elements with a good

degree of accuracy.

Figure 2.15 Dimensions reference for Table 2.3.
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Table 2.3 Statistical analysis of the printed dipole dimensions with 5 samples.

Dimension reference
Sample Statistics

1 2 3 4 5 Average Std. Dev. Variance

1 1.969 2.027 1.968 2.008 1.961 1.99 0.026 0.00068
2 16.1 16.038 16.101 16.057 16.119 16.08 0.030 0.00092
3 7.99 8.061 7.943 7.98 7.99 7.99 0.038 0.00146
4 9.952 9.996 9.964 9.917 9.954 9.96 0.025 0.00064

On the other hand, the resolution obtained from the desktop printer limits the spacing

between the elements to 0.3 mm. Figure 2.16 shows a photographic image of a closely

packed hexagonal patch array with a 0.3 mm gap between the elements printed with

a 1:7 mixture and RGB (24,24,24). The horizontal lines and the ink overlap between

adjacent patches are clearly visible. Section 2.7 shows how these limitations can affect

the performance of a thin and ultra-thin absorber.

Figure 2.16 Horizontal lines and overlap between printed hexagonal patch elements on an FSS.
Microscopic image taken from a TESA Visio 300.

2.6 Experimental Set-up

This section is divided into three main sections which covers the majority of experimen-

tal work reported in this thesis: FSS transmission measurements, absorber reflection

measurements and antenna far-field pattern measurements.
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2.6.1 FSS transmission coefficient measurements

These experiments were carried out to characterise the surface resistance of the printed

FSS. This was required to obtain the printer settings for the manufacture of the absorbers.

The facilities available in the university include a near-field and a far-field anechoic

chamber. The former was used for both the transmission and reflection coefficient

measurements described in Section 2.6.2.

Due to the availability of pyramidal horn antennas and ease of FSS manufacture on

a letter size sheet, the characterisation experiments were performed in X-Band (8−

12 GHz) band. A pair of X-Band horn antennas were placed 1.5 m apart on opposite

sides of a square (0.9 m2) RAM filled absorber screen which has a square aperture

(30 cm length) inserted in the centre. A 30 cm×30 cm, 1 cm thick Rohacell foam tile

is placed in this insert and the S21 and S12 parameters are measured using an Agilent

Programmable Network Analyser (PNA) 8361C. A reference value is first obtained

to account for the path loss, which is subtracted from the transmission coefficients

measured when the foam sheet is replaced by the FSS in the measurement set-up. The

resistively loaded FSS is placed on the Rohacell foam and held in place by masking

tape. Aluminium tape is used to cover the outer edges of the letter size FSS to ensure

that only the signals which interact with the FSS are detected by the receiving antenna.

A photograph of the experimental set-up is shown in Figure 2.17(a) and a 3D recreation

of the arrangement is shown in Figure 2.17(b), where it is possible to observe the

positioning of the transmit and receive antennas which are mounted on a tripod that was

modified to accommodate the two horns.

In summary, the sequence of the test procedure is: transmission coefficient of the

reference set-up → FSS is taped to the Rohacell foam and the transmission coefficients

are measured in the range 8− 12 GHz → the reference transmission coefficient is

subtracted in a post-processing stage using Matlab. The data obtained from CST MWS

simulations is fitted to the experimental results and the desired information is extracted,

such as the dielectric constant of the PET sheet as depicted in Figure 2.7(b).
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(a) (b)

Figure 2.17 Transmission coefficient measurement set-up. (a) Photograph showing the transmit
antenna, and the PNA for the transmission measurement of the dipole FSS shown in Figure 2.8;
(b) 3D model of the near-field chamber created in Blender, giving a more general overview of
the set-up.

2.6.2 Reflection coefficient measurements

The antenna backscatter experiments were used to validate the numerical simulations of

the reflectivity exhibited by the thin and ultra-thin absorbers which were developed in

this work. Two different set-ups were deployed. The first uses the same RAM covered

screen perforated with an aperture at the centre in which the FSS absorber was inserted,

as shown in Figure 2.18(a). The second set-up, although simpler, was chosen to be used

for most of the reflectivity experiments because of a major advantage that it is easier to

use time gating, which will be discussed briefly in the following subsection. The latter

arrangement is depicted in Figure 2.18(b), where a non-reflective stand is used as a base

to place the FSS absorber under test.

The procedure to measure the reflection coefficient is similar to the transmission mea-

surements, with the difference being that both antennas are deployed in a bistatic

configuration, separated by a distance of 80 cm from the FSS absorber as shown in

Figure 2.18. A reference signal over the test frequency range is obtained by measuring

the S21 value from a calibration target composed of an FR-4 board coated with a 35 µm

layer of copper sheet. This has the same dimensions as the printed sheet and was also

used as the ground-plane for the resistive FSS. The patterned PET substrate is placed

above the ground-plane, separated by either one or more sheets of the PET material, as
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(a) (b)

Figure 2.18 Representation of the reflection measurement set-ups rendered in Blender: (a) using
an absorber screen; (b) using a simple stand.

shown in Figure 2.19 or by a layer of Rohacell with the desired thickness, determined

in the design of the absorber.

In summary, the sequence of the test procedure is: reflection coefficient of a metallic

target (same size as the sample under test) → metallic target is replaced by the absorber

and the reflection coefficient is measured over the desired frequency range → the

reference reflection coefficient is subtracted in a post-processing stage using Matlab.

Figure 2.19 Example of an ultra-thin absorber assembled over the ground-plane using a single
layer of PET for spacer.

2.6.3 Time gating

Time gating is a resource available in the Agilent PNA 8361C, which, through an

inverse fast Fourier transform (IFFT), allows the user to select a window in the time
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domain to filter out reflections from the environment, and only measure the desired

signal. This eliminates the ripples often observed in frequency domain measurements,

producing a cleaner and smoother plot, as depicted in Figure 2.20. Time domain plots of

the gating process are shown in Figure 2.21. Extra care must be taken in the positioning

of the antennas and/or target as the window chosen for the time gating depends on the

distance travelled by the EM wave. Thus, if the experiments require repositioning of

the equipment or the device under test (DUT), a new IFFT needs to be performed to

find the new window needed for the time-gate. In addition, a new reference level needs

to be saved to account for the difference in the received power.
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Figure 2.20 Frequency domain comparison of a ‘ripple-free’ time-gated signal and its non-gated
equivalent.
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Figure 2.21 Time domain view of a non-gated (a), and gated signal (b).
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2.6.4 Antenna far-field measurements

Antenna radiation pattern experiments were employed to validate the simulations

obtained from CST MWS. The measurements were performed in the QUB 9.6×4.6×

4.3 m far-field anechoic chamber. During this 3 years research programme, the far-

field chamber instrumentation was upgraded, so two different set-ups were used in the

experiments.

The first set-up used a Scientific Antenna turntable and 1780 series receiver to generate

the radiation patterns. The antenna under test (AUT) was manually aligned before the

measurements were performed. A picture of this arrangement is shown in Figure 2.22,

which was used for all the experiments performed in Chapter 3.

Figure 2.22 Far-field chamber used before the upgrade.

The upgraded Orbit equipment, which was employed to obtain the results in chapters 4

and 5, uses a more modern antenna positioning mechanism which, coupled with newer

software, can perform automatic alignment of the transmitting (TX) antenna and the

AUT (RX). The azimuth-scanner, which also performs elevation scanning, is shown in a

3D render in Figure 2.23(a), where an ultrawide-band (UWB) horn antenna is the AUT.

The TX antenna is shown in Figure 2.23(b), which also has a rotary joint to perform

automatic cross-polar measurements.
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(a) (b)

Figure 2.23 Upgraded anechoic chamber. (a) Azimuth and elevation scanner; (b) Photograph of
an X-Band horn used as a TX antenna.

The AUT is installed in close proximity to the metallic surfaces of the roll, azimuth

and elevation scanners. Low gain antennas must be decoupled from these structures to

avoid unwanted reflections and therefore both flat and pyramidal absorbers have been

used to carefully cover these surfaces.

2.7 FSS Topologies: Optimising the Bandwidth of Thin

and Ultra-thin absorbers

As mentioned in Chapter 1, the deployment of thin microwave absorbers is desirable for

electromagnetic cloaking of metal backed objects such as wind turbine blades and space

vehicle platforms. For these applications, several critical design drivers are imposed

on the surface treatments used to reduce radar signature. These include robustness and

minimisation of the physical thickness to ensure no degradation of the aerodynamic

performance of the host platform.

It is well known that for this class of absorber, the thickness is proportional to the

reflectivity bandwidth [21]. It is therefore very important to identify the two FSS

topologies which are best suited to maximise the −10 dB reflection bandwidth [22] of
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thin and ultra-thin absorbers. Two of the most common designs were compared: (i)

closely packed patch elements and (ii) nested loop elements.

Concentric nested loops are often used to create high performance thin (< λ/4) ab-

sorbers with two or more unequal size elements in each unit cell [23], as shown in

Figures 2.5 and 2.3(a) [12, 13]. These generate discreet absorption bands at different

frequencies which can then be merged by a suitable choice of the physical dimensions

and surface resistance values to obtain a -10 dB reflectivity bandwidth well beyond

the value that is available from a single resonance structure. For example, the 3 mm

thick metal backed resistively loaded quadruple hexagonal loop FSS absorber discussed

in Section 2.4.2 exhibits 90% signal suppression over a bandwidth of 108% between

7.8−24.0 GHz (thickness range λ/12.25 -λ/4).

Although this technique is useful for enhancing the bandwidth of thin absorbers, it is not

possible to merge the high Q reflectivity nulls generated by the individual loops when

the absorber is below a threshold electrical thickness. Our numerical simulation studies

show that a better performance can be obtained using less complex FSS designs with

unit cells composed of a single shaped patch element [24]. This threshold value, and

a comparison of the bandwidths obtainable from ultra-thin absorber designs based on

these two FSS topologies, have not been reported in the open literature. CST MWS has

been employed to optimize the performances of close packed hexagonal shape loops

and patch based FSS absorbers with thickness in the range λ/18 - λ/14 in order to

identify the threshold thickness. This narrow range was obtained from the work reported

in [25], where the author calculated the thickness limit of broadband electromagnetic

absorbers, as discussed in Section 1.5. In summary, this analysis aims to identify the

preferred FSS topology which should be used to create microwave absorbers, based on

the electrical thickness of the design.
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2.7.1 Numerical predictions

For this study, an array of elements arranged on a triangular lattice was chosen to

compare the performance of FSS topologies based on concentric hexagonal shaped

loops and patches. This geometry was chosen because it presents a larger surface area

and two additional capacitively coupled edges compared to a square shaped element.

The reason for this behaviour can be understood by inspection of Equations (2.4) to

(2.6) [26].

FBW = R
√

C/L, (2.4)

C = εrε0 (A/h) , (2.5)

L = l
µ0

4π
ln

{
1+

32h2

w2

[
1+

√
1+

(
πw2

8h2

)]}
. (2.6)

Equation (2.4) shows the fractional bandwidth obtained from an LC circuit which is

used to represent an FSS. The values of L and C are obtained from Equations (2.5) and

(2.6) which are based on the microstrip circuit theory, where L is the inductance of a

straight transmission line, and C is the capacitance of the element. l is the length of the

line, h is the height (thickness) of the substrate, w is the width of the element and A its

area. If it is desirable to achieve the widest bandwidth, it is important to increase the

capacitance and decrease the inductance as much as possible. Hence a hexagonal patch

design is a good choice of element to be used.

To investigate the widest -10 dB reflectivity bandwidth which is obtainable from patch

and loop FSS absorber topologies, the scattering coefficients from structures constructed

of three different physical layers were computed in CST. The resistively loaded elements

are patterned on a single Novelle IJ-220 PET substrate and, for each arrangement, the

gap between the metal ground plane and the FSS sheet was filled with Rohacell material

(εr = 1.05). The simulations were performed using a triangular lattice and the unit-cell

boundary condition described in Section 2.3, with plane waves impinging on the surface
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(a) (b) (c)

Figure 2.24 Geometry of the two FSS based absorbers [22]: (a) General exploded side view; top
view of the (b) hexagonal patch array and (c) hexagonal loop array. Orange shows the resistive
elements, yellow is the unmettalised region.

at normal incidence. Figure 2.24(a) shows an exploded view of the composite structure

and Figure 2.24(b) and 2.24(c) illustrate the hexagonal patch and unit cell constructed

with two nested loop FSS topologies studied. A topology composed of two nested loops

is enough to find the threshold thickness above which the resonance of the concentric

elements merge to create a wideband absorber.

Table 2.4 summarises the physical dimensions and surface resistance (Rs) values for

each of the six different loop and patch based FSS absorbers investigated. T is the

electrical thickness of the absorber, λ is the free-space wavelength, h is the physical

thickness of the Rohacell layer, w is the width of the loops, p is the periodicity for both

topologies, s is the gap between the loops, r1 is the external radius of the external loop

(or patch), and r2 relates to the external radius of the inner loop. These were designed

with thicknesses in the range 1.64 mm (λ /18) and 2.14 mm (λ /14), from which 140 µm

is attributed to the PET substrate.

The simulated reflectivity bandwidth of the two optimised absorber topologies is de-

picted in Figure 2.25, where it is shown that the crossover point is predicted to be

approximately 1.89 mm (λ/15). Below this threshold thickness, it is not possible to

merge the individual absorption resonances that are generated by the nested loops and a

better performance is obtained from the patch based topologies which are very much

easier to design. This is illustrated in Figure 2.25 which shows reflection loss plots
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Table 2.4 Unit cell dimensions and surface resistivity of the two FSS absorber topologies
[22].

T h Hex. patch
dimensions

Hex. loops
diagonals

Hex. loops
dimensions

Hex. Patch Rs
vs Hex. Loop
Rs

λ/18 1.64 mm r1 = 3.0 mm,
p = 5.4 mm

r1 = 3.9 mm,
r2 = 3.2 mm

w = 0.5 mm,
s = 0.2 mm,
p = 8.83 mm

Rs = 80Ω/sq
vs Rs =
4.5Ω/sq

λ/15 1.89 mm r1 = 2.9 mm,
p = 5.2 mm

r1 = 3.9 mm,
r2 = 3.2 mm

w = 0.5 mm,
s = 0.2 mm,
p = 8.83 mm

Rs = 57Ω/sq
vs Rs =
4.45Ω/sq

λ/14 2.14 mm r1 = 2.9 mm,
p = 5.2 mm

r1 = 3.9 mm,
r2 = 3.2 mm

w = 0.5 mm,
s = 0.2 mm,
p = 8.83 mm

Rs = 80Ω/sq
vs Rs = 7Ω/sq

for three cases, one below (1.64 mm, λ/18), one at the threshold absorber thickness

(1.89 mm, λ/15) and the other above (2.14 mm, λ/14). Above the threshold thickness

the two loops generate individual absorption bands which are merged to give a wider

FBW than absorbers based on patch elements.
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Figure 2.25 Simulated reflectivity bandwidth of the two FSS absorbers at normal incidence
working at a center frequency of about 10 GHz for thicknesses in the range 1.64 mm (λ/18) –
2.14 mm (λ/14) [22].

Table 2.5 summarizes the -10 dB reflection bandwidths and the FOM for each of the

absorber designs studied.

Table 2.5 Simulated reflectivity bandwidth and FOM for two FSS absorbers [22].

T Hexagonal patch
FOM / FBW%

Hexagonal loops
FOM / FBW%

λ/18 470 / 27% 195 / 11%
λ/15 478 / 31% 608 / 40%
λ/14 497 / 38% 643 / 46%
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As a general observation the computations show that a near perfect impedance match

to free-space must be sacrificed to maximise the fractional bandwidth of this class of

absorber. This is in contrast to the design methodology often reported in the literature

where value of the resistor is carefully adjusted in the computer model, to maximise

the depth of the reflectivity null at resonance. The relationship between the fractional

bandwidth and maximum radar backscatter suppression is illustrated in Figure 2.26 for

the case of a λ/14 thick hexagonal patch FSS absorber.

Figure 2.26 Predicted maximum reflection loss and fractional reflection bandwidth versus
surface resistance - 2.14 mm (λ/14) thick hexagonal FSS absorber, maximum FBW 38% [22].

The resistive loading required to suppress radar backscatter is proportional to the

thickness of the absorber [21]. However, there is a level of tolerance in how much the

surface resistance may vary, such that the bandwidth and energy absorption are not

significantly affected [21].

2.7.2 Experimental verification

Hexagonal patch and double loop FSS based absorbers with thickness 2.14 mm (λ/14),

have been manufactured and the radar backscatter from each structure was measured at

normal incidence to confirm the accuracy of the numerical simulations. The fabrication

was limited to one thickness due to the availability of the Rohacell foam.

The printing process followed the methodology described in Section 2.5.1, and for this

work the FSS was allowed to cure for 48h before the measurements were made. Table

2.6 summarises the ink/solvent volume ratio and the RGB settings used in the printer to

obtain the surface resistance values of 7 Ω/sq (loops) and 80 Ω/sq (patch).



2.7 FSS Topologies: Optimising the Bandwidth of Thin and Ultra-thin absorbers 73

Table 2.6 Ink and aqueous solution mix and RGB code used to manufacture the two
absorbers [22].

Topology Mixture (ink:aq) RGB code
Loop - Mixture 1 1:5 (25,25,25)
Patch 1:7 (24,24,24)

(a) (b)

Figure 2.27 Photograph of the two FSS absorber topologies [22].

The printed PET sheets were glued to the surface of a 2 mm thick Rohacell foam

spacer backed by a copper plate using 3M Scotch Weld repositionable spray glue. A

photograph of the two structures is given in Figure 2.27. Time gated bi-static reflection

measurements were made in an anechoic chamber relative to a 20x22 cm2 metal plate

that was placed 80 cm (> 26λ ) from the aperture of a pair of 20 dB standard gain horns

which cover the frequency range 7 - 14 GHz (Figure 2.28). The experimental reflectivity

plots for the two FSS absorbers working at normal incidence are shown in Figure 2.29.

These are compared with simulations based on the nominal design dimensions of the

periodic array and the modelled surface resistance values given in Table 2.4. In Figure

2.29(a) the experimental results for the absorber based on FSS loops show an upward

shift in the resonant frequency whereas for the FSS hexagonal patch topology (Figure

2.29(b)), this is correctly centred at about 9.7 GHz, but in this case the radar backscatter

suppression is lower than the values obtained from the predicted results.

To explain the differences between the computed and measured results, further investi-

gations have been made using the TESA-VISIO 300, shown in Figure 2.16, in order to

obtain the physical dimensions and observe on a microscopic level the quality of the
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Figure 2.28 Photograph of the normal incidence bistatic reflectivity measurement set-up [22].
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Figure 2.29 Computed (solid lines) and measured (dotted line) reflectivity plots at normal
incidence [22]. (a) Loop topology, (b) Patch topology.

patterned elements. For the patch FSS, the gap (g) between the elements was found

to be about 10% smaller than the nominal design dimensions. Moreover Figure 2.30

shows other limitaions which occur when a simple inkjet printer is used to pattern the

FSS: a non-uniform metal edge profile and straight lines used to create the patterned

array. The latter suggests that the surface resistance is not uniform across the surface

of the patch and therefore may be slightly different from the desired value used in the

numerical model.

Figure 2.30 Photographic images of the printed loop based absorber measured using a TESA
Visio 300
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Further physical measurements made on a sample of the 2.14 mm (λ/14) FSS nested

loops showed that the inner and outer loop separation were 23% smaller than the

nominal design values and the gap between the elements was 4.5% larger than the

expected. This could explain the upward frequency shift observed in the measured

results in Fig 2.29(a). This analysis is shown in Figure 2.29(a), and although it was not

possible to reproduce the same results in CST, as replicating such manufacturing errors

was too complex, the trend shows the upward frequency shift.

2.8 Conclusions

This chapter covered four major aspects of this research project:

(I) - Modeling FSS based absorbers in CST Microwave Studio, including the validation

of the numerical results for built models of thin and ultra-thin absorbers;

(II) - The material properties of the substrate, ink features and manufacturing processes,

including the limitations of inkjet printing resistive FSS absorbers;

(III) - General experimental set-ups used in the project;

(IV) - Identification of the two best element topologies for designing thin and ultra-thin

FSS absorbers.

Points (I)-(III) form the basis of the design, manufacture and experimental work de-

scribed in the following chapters in this thesis. Only design specific information will be

explained when needed, in order to avoid repetition in the thesis.

The study performed in point (IV) investigated the radar backscatter suppression prop-

erties obtained from two FSS topologies which are contending options for creating thin

and ultra-thin metal backed microwave absorbers for radar cross section reduction. The

results show that it is impossible to merge the discrete resonances that are generated

by the individual loops when the structure is thinner than λ/15. Therefore ultra-thin

electromagnetic absorbers below this threshold thickness should be designed using

FSS arrays composed of resistively loaded patch elements. In addition to yielding
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a better electromagnetic performance in terms of the operating frequency range, the

simpler pattern layout has significantly fewer structural design variables and therefore

performance optimisation requires less computational resources and is much faster.

This type of FSS structure is described in Chapter 3.

However, the study also showed that absorbers based on loop elements exhibit wider

reflectivity bandwidths when the thickness is ≥ λ/15. This topology is used to create

the absorber designs presented in Chapters 4 and 5.

Finally, this chapter also demonstrated that inkjet printing is a rapid and low cost

solution for the fast prototyping of FSS based absorbers, but further work is required

to overcome the limitations imposed on the dimensional accuracy and pattern quality

which is needed for the operation of this class of ultra-thin absorber.
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Chapter 3

Ultra-thin FSS Absorbers

3.1 Introduction

This chapter presents the design, development, fabrication and experimental validation

of physically and electrically ultra-thin (< λ/17) RAM. The motivation for this work is

driven by the demand in the aerospace industry to electromagnetically cloak metallic

structures, such as aircraft and satellites, either to create low observable platforms,

or to reduce EMC problems caused by unwanted reflections on antenna farm hosted

spacecraft platforms. For both cases the absorber must be ultra-thin and very lightweight

so as not to compromise the aerodynamic performance of the structures.

For example, in 2016, the European Space Agency (ESA) Technology Harmonisation

Advisory Group published a technical note (see Appendix A) on future desirable

applications of RF metamaterials and metasurfaces. This report discusses the need to

devise a means to create RF-enhanced thermal blankets for spacecraft. The intention

is to develop such ultra-thin material to electromagnetically decouple the antennas

which are installed onboard a satellite. This will reduce passive intermodulation (PIM)

and distortion of the radiation patterns, improve the polarisation purity and impedance

stability of the antennas [1, 2]. This topic will be discussed in detail in this Chapter.
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The definition of ultra-thin absorbers used in this thesis is based on Equation (1.24) for

non-magnetic broadband absorbers, i.e λmax >> λmin and µs,i ≡ 1, as seen in Equation

(3.1), where hi is the thickness of the ith layer and ρ0 is the linear value of the specified

return loss.

|lnρ0|λmax ≤ 2π
2
∑

i
hi . (3.1)

In [3], the author concludes that a physically realizable absorber cannot provide broad-

band absorption (λmax >> λmin) of at least 90% of the impinging energy, if its thickness

is less than λmax/17.2. However, the work reported in this chapter demonstrates that

narrow-band absorbers can be designed to exhibit more than −10 dB reflectivity when

the thickness of the structure is < λmax/17.2. We therefore classify a RAM thinner

than this threshold for broadband radar backscatter suppression reported by Rozanov, as

ultra-thin absorbers. Moreover, as shown in Chapter 2, this class of FSS based absorber

presents a limited degree of freedom with regards to the element design because multi-

resonant loops do not exhibit broadband characteristics for absorber designs thinner

than λ/16, a value close to the calculated value given in [3].

The core aim of this work is to study the design characteristics of ultra-thin FSS

absorbers which can be integrated into spacecraft thermal blankets. The hypothesis

that suppressing antenna backscatter on the outermost layer of a space vehicle can

be achieved by deploying a thermal blanket with enhanced RF performance is tested

using CST MWS [4]. As an illustration, an absorber design is created and used to

electromagnetically decouple a dipole antenna from a one unit CubeSat. The simulations

which show a significant reduction in pattern distortion compare favourably to the

experimental results.

3.2 Thermal Blanket Design Characteristics

Modern spacecraft platforms are subject to a multitude of temperature fluctuations that

range from +150◦C when exposed to the sun, to −150◦C when in shadow [5]. The
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mechanical structure and payload instruments must therefore be protected from these

temperature extremes. Multi-Layer Insulation (MLI) blankets are normally employed

to provide passive thermal control and are ideal for protecting delicate instruments by

ensuring that their normal operating temperature is not exceeded. Thermal blankets

work by limiting the amount of radiative heat transfer and the key properties of concern

are the IR emissivity and solar absorptivity, which affects the outer temperature of the

MLI.

The overall MLI performance is strongly related to the number of layers in the composite,

therefore in principle it should be possible to modify the properties of the outermost

metal backed dielectric layer without degrading the overall thermal performance of

the blanket. To provide a 100% reflective barrier, MLI’s are constructed from 2−35

dielectric layers which are vapour deposited with aluminium (≈ 0.1 µm thick) on one

or both sides [6]. The individual sheets are constructed from Polyimide or Polyethylene

Terephthalate material with thickness in the range 5−240µm. To provide environmental

protection the composite is often bonded to an outer cover of the same material which

is up to 300 µm thick.

As discussed in Section 1.7.2, the surface of thermal blankets are highly reflective

and can generate some electromagnetic compatibility problems such as (i) polarisation

purity reduction, demonstrated in this chapter; (ii) ripples on the radiation pattern [2];

(iii) passive intermodulation [1] and (iv) gain variation. It is the objective of this work

to develop ultra-thin absorbers to suppress the reflected EM radiation and decouple

the antennas from the body of the spacecraft. The development of absorbers which

thickness< λ/17 is to comply with the thickness requirement for the construction of

the MLI.

The metal film contained within the MLI scatters EM waves, therefore an investigation

was carried out to study the relationship between skin depth (δ ) and the reflectivity of

a single aluminium film which is deposited between each dielectric layer. This effect

defines the depth a signal can penetrate a material and it is a function of the frequency
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( f ), material’s resistivity (ρ) and permeability (µ = µrµ0), as described in Equation

(3.2) [7]. Figure 3.1 plots the skin depth of different materials versus frequency.

δ =

√
ρ

π f0µrµ0
. (3.2)

Figure 3.1 Skin depth for different metals versus frequency. The inset is zoomed in the frequency
of interest for this project.

CST MWS was employed for the reflectivity simulations, in which two different

aluminium metallised surfaces were tested. These were placed in free-space, and

modelled using the unit-cell boundary conditions which are described in Chapter 2. The

numerical model results are depicted in Figure 3.2 in which shows that the reflectivity

does not depend on the thickness of the material. For example, at 10 GHz the skin depth

of aluminium is ≈ 0.8 µm, therefore it would be expected that a material thickness 8

times smaller than one skin depth (0.1 µm) should not be as reflective as a 10 µm thick

sheet. This is confirmed by the theoretical result also plotted in Figure 3.2, which is

obtained from Matlab using Equation (3.3) [8], where |ρ|2 is the absolute square of the

reflection coefficient.

|ρ|2 ≈ 1−4
Rs

η
(3.3)
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Figure 3.2 Reflectivity (left axis) and absorbance (right axis) for an aluminium sheet thinner or
as thick as the skin depth from 1−12 GHz.

By interpreting the plot in Figure 3.2 we note that the simulation model does not take

into account the penetration effect, thus yielding the same reflectance level for thickness

≤ δ (0.1 µm vs 0.8 µm, in this case). These tests were conducted in versions 2018 SP6

and 2020 SP5 of the software.

Therefore, to ensure that a single metallised layer of the stacked material, as illustrated

in Figure 3.3, provides very high reflectivity, experimental verification was obtained for

a single metal backed dielectric layer of a thermal blanket composite.

Figure 3.3 Illustration of a thermal blanket composed of eight layers.

The sample was provided by RAL Space [9] and is shown in Figure 3.4. The thermal

blanket was placed on the surface of a 30×30 cm2 sheet of Rohacell. The reflectivity

experiment was made using a pair of standard gain X-Band horn antennas, as described

in Section 2.6.2, and the reflected power is compared to the energy reflected from a

flat board covered by aluminium tape (30 µm thick). The result using this calibration
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test piece is shown in Figure 3.5. The plots show that the single ultra-thin aluminium

backed dielectric layer covered Rohacell reflects 80% of the electromagnetic waves

over the studied frequency range 8−12 GHz, and therefore can be used as a conductive

ground-plane for FSS based absorber designs. Moreover the result demonstrates the

need to RF enhanced thermal blankets to suppress scattering from spacecraft platforms.

Figure 3.4 Experimental set-up for the reflectivity measurement of a single metal backed
dielectric layer thermal blanket.
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Figure 3.5 Measured reflection coefficient of a single layer thermal blanket provided by RAL
Space.

It is noticeable that the thermal blanket provided could not be placed perfectly flat over

the Rohacell. The effects of those creases are minimum in that scenario. The plot on

Figure 3.5 shows an almost flat reflection coefficient with a variation of no more than
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0.2 dB over the measured frequency range. To properly investigate how the creases

affect the properties of an absorber, it would be necessary to pattern the FSS on top of

the ultra-thin dielectric layer. However, the laboratory did not possess this technology

at the time, which is further discussed in Section 6.2.2.

3.3 Design of Ultra-thin Absorbers for RF Enhancement

of Multi-layer Insulators

The thickness profile of the insulator material (typically 5 µm − 240 µm) used to

manufacture MLIs imposes challenges in constructing a new class of ultra-thin FSS

absorber, which must be placed on the front surface of the structure. The theoretical

study reported in [1] was the first to propose the use of resistive HIS to reduce the

reflectivity of thermal blankets and hence mitigate unwanted PIM and coupling between

antennas onboard a spacecraft, and pattern degradation.

In that study, the authors designed a 1 mm thick absorber composed of resistively

loaded cross-dipoles printed on a teflon substrate. The numerical results show that

signal suppression up to 30 dB can be achieved for TE and TM waves over the frequency

range of 8−12 GHz. It was proposed that the resistive HIS should be placed in the inner

layer of the blanket, as shown in Figure 3.6, however, the results depicted in Figure 3.5

show that a single layer of aluminised material strongly reflects signals which would

scatter energy incident from the onboard antennas. Therefore, the arrangement the

arrangement reported in [1] would not work.

More recently an alternative solution has been proposed using a modulated metasurface

concept [10]. For this arrangement, a non uniform conductive patterned layer is printed

on the top surface of a metal backed thermal blanket. This is currently the only

arrangement that has been rigorously investigated as a means to reduce the power

reflected from an MLI. Antenna backscatter suppression is obtained by deploying a

periodic array which is designed to spread the impinging energy to create reflected
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Figure 3.6 Layout of the proposed RF enhanced MLI reported in [1].

waves that are randomly phased. The working frequency range is determined by the

intrinsic resonance of the metasurface and is, therefore, proportional to the thickness

of the MLI. In [10], a 6% bandwidth was achieved for a 500 µm thick structure. At

frequencies outside this narrow band, the patterned surface does not couple to the

incident RF energy and the EM response is determined by the metal backing of the

thermal blanket.

The approach used in this PhD project follows a similar strategy as reported in [10].

However, instead of spreading the backscattered energy from a modulated metasurface,

a resistive FSS is printed on the surface of the outermost metal-backed dielectric layer

of the MLI composite to absorb the incident power. The geometry of the arrangement,

which is similar to a lossy HIS, permits reuse of the MLI so that its thermal properties

are retained. However, the EM behaviour changes from one presenting an almost

perfect reflecting surface to one which absorbs most of the impinging energy over the

intrinsic bandwidth of the microwave absorber. The size, shape and surface resistance

of the periodic elements can easily be selected to provide strong absorption at different

frequency bands and can be optimised for operation at incident angles corresponding to

the illumination at different spatial positions on the spacecraft surface by the individual

radiating sources comprising the antenna farm.

To illustrate this concept, Figure 3.7 show a satellite covered with standard MLI, and in

Figure 3.8 a zoomed image of the thermal blanket patterned with a resistive hexagonal

patch array on its outermost layer is shown. This modification does not increase the
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weight or size of the MLI, but it significantly improves the RF performance of the

installed antennas.

Figure 3.7 Mock-up based on the Hayabusa-2 satellite [11] covered with MLI.

Figure 3.8 Concept art of an RF enhanced MLI. The black hexagons are the resistive array
elements printed on an ultra-thin layer of PET.

Modern thermal blankets are constructed with insulators ranging in thickness from

5−240 µm. This physical constraint was first considered when planning the design

of the ultra-thin FSS based absorbers. For experimental verification, 140 µm thick

single metal backed sheets of the Novelle IJ-220 substrate were used. This is composed

of PET material which is often used for the manufacturing of commercial MLI [6].

Therefore, the designs presented in this chapter are based on single or multiple layers of

this 140 µm thick material.
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As discussed in Chapter 1, the equivalent circuit of a metal-backed resistively loaded

FSS consists of a parallel connection of a series LCR and and Lg, the transformed

inductance of the metal ground-plane for a thickness < λ/4. To represent the losses in

the dielectric, an impedance Zd is introduced to represent it as a length of transmission

line, as shown in Figure 3.9.

Z0 Zd

R

L

C

Lg

Figure 3.9 Equivalent circuit model if the FSS absorber with the dielectric as an additional loss
mechanism.

CST MWS was employed to predict the radar backscatter suppression in the frequency

range 8−12 GHz for 5 different thickness 140, 280, 560, 840 and 1120 µm (λ/213−

λ/25 centred at 10 GHz) of FSS based metal backed PET absorbers. These simulations

were performed to study the behaviour of this class of absorber regarding: (i) bandwidth;

(ii) figure of merit; (iii) loss mechanism and (iv) angle of incidence response. The

thickness was chosen based on stacking multiple layers of Novelle IJ-220 PET substrate

(1 to 8). By adjusting the value of surface resistance, it was possible to achieve ultra-thin

absorber designs with a higher figure of merit than previously presented in the literature,

which is often limited to metallised substrate as previously shown in Section 1.7.2. For

each absorber thickness (Lg fixed), the physical dimensions of the unit cells (L f ss, C f ss)

and the surface resistance (Rs) of the patches were adjusted to optimise the bandwidth

performance at normal incidence. The reflectivity of the absorbers was also computed

for angles of incidence up to 60◦ to the direction of propagation of the TE and TM

incident waves.

For each case, the optimum solution was obtained by constructing an array of closely

spaced capacitive coupled unit cells each containing a hexagon patch with a surface
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resistance optimised to provide maximum bandwidth. As reported in Chapter 2, ultra-

thin absorbers present a wider bandwidth when patterned with patch elements than

nested loops. Figure 3.10 shows the schematic representation of the unit cell used in the

CST MWS build models. The physical dimensions for each absorber thickness (td) and

the corresponding Rs are given in Table 3.1.

Figure 3.10 Schematic of unit cell geometry and side view of the FSS based absorbers.

Table 3.1 Optimised surface resistance and physical dimensions of the absorbers inves-
tigated.

td (µm) r (mm) P (mm) Rs (Ω/sq) Electrical thickness at 10 GHz
140 5.4 9.8 0.05 λ/213
280 5.14 9.2 0.8 λ/105
560 4.5 8.1 4.5 λ/51
840 3.9 7.1 11.6 λ/34
1120 3.46 6.3 20.3 λ/25

3.3.1 Ultra-thin absorber performance predictions

To obtain the dimensions and surface resistance described in Table 3.1, each design was

manually adjusted for maximum bandwidth within the physical limits imposed by the

fabrication technology. For this class of absorber, the most important parameter which

is used to optimize the FBW for -10 dB reflectivity is the surface resistance, as shown

in Figure 3.11 [4]. Figure 3.12 depicts the absorbance for each of the five optimised

ultra-thin absorbers. The absorbance is automatically calculated using a post-processing

step in CST, as shown in equation (3.4), where A is the absorbance, Γ refers to the



3.3 Design of Ultra-thin Absorbers for RF Enhancement of Multi-layer Insulators 90

reflection coefficient and T refers to the transmission coefficient, which is zero for a

grounded structure.

A = 1−|Γ|2 −|T|2. (3.4)
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Figure 3.11 Surface resistance parameter sweep simulations in CST MWS for normal TE
incident waves.
(a) 140 µm absorber, (b) 280 µm absorber, (c) 560 µm absorber, (d) 840 µm absorber, (e)
1120 µm absorber.
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Table 3.2 Computed relationship between FBW, FOM and absorber thickness.

td (µm) FBW FOM Electrical thickness at 10 GHz
140 2% 370 λ/213
280 4% 381 λ/105
560 8% 408 λ/51
840 12% 428 λ/34
1120 16% 443 λ/25
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Figure 3.12 Normal incidence absorbance calculated using Equation (3.4) for each absorber.

Based on the results depicted in Figure 3.12, a relation between absorber thickness,

FBW and FOM can be extracted. These results are presented in Table 3.2, which shows

that there is an almost linear relationship between FBW and thickness.

It is also important to note the relation between thickness and surface resistance. In

contrast to resistively loaded FSS absorber arrangements that are constructed with foam

spacers [12], the signal suppression exhibited by the thinnest structure investigated in

this study is mainly attributed to absorption of the high intensity electric fields inside

the PET filled cavities and not the resistively loaded elements. Although the energy

loss in the FSS screen is significantly lower than the dielectric material, the absorber

performance is critically dependent on the value of the surface resistance (Rs in the

equivalent circuit model) that is used to model the hexagonal patch elements in the

full wave simulations. This design parameter, which is proportional to the absorber

thickness [13], must be specified precisely in order to maintain a good impedance match

to free-space.
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These results are depicted in Figure 3.13, in which a transition between the loss in the

substrate to the printed patch elements can be observed as the thickness is increased.
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Figure 3.13 Power dissipated in the lossy (a) ink and (b) dielectric.

This result shows that by increasing the absorber thickness, that energy is gradually

distributed between the PET and the resistive elements.

3.3.1.1 Sensitivity analysis

The parametric studies have shown that the RF performance of thicker structures is more

tolerant to variations in the surface resistance of the FSS patches, and therefore this

imposes demanding requirements on the precision and repeatability of the processes that

are needed to manufacture MLI with integrated ultra-thin microwave absorbers. The

optimum design of the 140 µm structure is based on a surface resistance of 0.05 Ω/sq,

but the results show that reflectivity levels below -10 dB cannot be obtained if the

hexagonal patch elements are patterned with a metal that exhibits a value greater than

0.2 Ω/sq. In contrast, the 1120 µm thick absorber exhibits an acceptable reflectivity

bandwidth at 10 GHz when the surface resistance of the patches varies from ∆R =

±15 Ω/sq. The results of a comprehensive investigation to establish the impact of

manufacturing tolerances are summarised for all five absorber designs in Figure 3.14.

The plots show the variation from the optimum surface resistance value which is needed

to reduce the maximum reflection loss to below −10 dB.
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Figure 3.14 Computed upper and lower Rs variations from the calculated optimum values for
each ultra-thin absorber working at normal incidence, in which 90% absorption is attainable at
10 GHz.

This result shows an increased tolerance for different values of Rs as the FSS based

absorber becomes thicker, and that the variation of the surface resistance is almost

the same in all studied scenarios. There was a difference when the simulations were

performed with the 560 µm thick absorber, however that difference is < 1 Ω/sq.

3.3.1.2 Angular stability

Angular sensitivity is an important performance consideration given that a metalised

MLI installed on a spacecraft is often illuminated by spillover energy and backlobe

radiation from low gain antennas, incident at different angles and electric field vector

orientations. Although the ultra-thin FSS based absorbers reported in this thesis have

been designed to work at normal incidence, the performance of all five structures was

investigated at angles of incidence from 0◦ to 60◦ for TE and TM polarised waves. The

reflectivity plots are shown in Figures 3.16 to 3.20 for the 140 µm, 280 µm, 560 µm,

840 µm and 1120 µm thick absorber arrangements. The structures exhibit a small

narrowing of the absorption bands up to 30◦ incidence, and for these cases the reflection

nulls are fairly stable and exhibit an upwards frequency shift of less than 1% (TE) and

5% (TM). However the performance degradation is much more severe at tilt angles of

45◦ and 60◦ particularly for the thicker absorber where the radar backscatter suppression
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is less than −10 dB in the TE plane and for TM polarised waves a 15% shift in the

reflection null is predicted.

The angular stability and its dependence on the absorber thickness can be understood by

interpreting Equations (1.18) and (1.21) [13], which are repeated here for convenience:

Zd = jZT E,T M
m tan(βh)where, (3.5)

ZT E
m =

ωµrµ0

β
, (3.6)

ZT M
m =

β

ωεrε0
, (3.7)

β = k0

√
εr − sin2

θ . (3.8)

Equation (3.5) can be rewritten considering substrates which h << β using Taylor’s

expansion tan(βh) ≈ βh, which for this frequency range h < 3 mm is sufficient to

satisfy this condition at the studied frequency range. Rearranging Equation (3.5) in

terms of (3.6) and (3.7):

ZT E
d = j

ωµrµ0

β
βh ⇒ ZT E

d = jωµrµ0h , (3.9)

ZT M
d = j

β

ωεrε0
βh ⇒ ZT M

d = j
β 2h

ωεrε0
. (3.10)

It becomes explicit from Equation (3.10) that TM polarised waves are dependant of

θ , whereas oblique TE waves do not present the same effect. However, TE waves are

also affected by oblique angles of incidence, as β was cancelled via Taylor series ap-

proximation, which is latter demonstrated in the reflection coefficient plots for different

values of θ .
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To visualize the impact of the absorber thickness, Figure 3.15 plots the impedance

versus angle of incidence for three different thickness of the PET substrate (εr =

2.95+ j0.0378) at 10 GHz.
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Figure 3.15 Computed impedance dependency on the angle of incidence for three different
substrate thickness.

From Figure 3.15, it can be seen that the shift in the reflection null, which is directly

dependent on the impedance, is much more significant for thicker metal backed FSS

structures operating at oblique angles of incidence in the TM plane. These results

confirm that the Taylor series approximations previously discussed are valid for TE and

TM waves when the condition h << β is satisfied.

The -10 dB reflectivity bandwidth exhibited by the thinnest and thicker FSS absorbers for

TE and TM waves for simultaneous operation in both planes of incidence is summarised

in Fig. 3.21. These results give easy visualisation of the influence of the thickness of the

absorbers operating in both TE and TM polarisations at different angles of incidence,

which may be required for the operation of circularly polarised antennas used on a

spacecraft.
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Figure 3.16 Predicted frequency response for the 140 µm thick absorber at angles of 0◦ to 60◦

for TE (a) and TM (b) polarisations.
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Figure 3.17 Predicted frequency response for the 280 µm thick absorber at angles of 0◦ to 60◦

for TE (a) and TM (b) polarisations.
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Figure 3.18 Predicted frequency response for the 560 µm thick absorber at angles of 0◦ to 60◦

for TE (a) and TM (b) polarisations.
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Figure 3.19 Predicted frequency response for the 840 µm thick absorber at angles of 0◦ to 60◦

for TE (a) and TM (b) polarisations.
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Figure 3.20 Predicted frequency response for the 1120 µm thick absorber at angles of 0◦ to 60◦

for TE (a) and TM (b) polarisations.
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Figure 3.21 Computed −10 dB reflectivity bandwidths of the FSS based 140 µm and 1120 µm
thick absorbers in TE, TM and combined TE/TM planes working at angles of incidence of 0◦ to
60◦.
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The sequence of results from Figures 3.16-3.21 demonstrate the effects predicted in

Equations (3.9) and (3.10). For simplicity, let us compare the thinnest and the thicker

absorbers. The 140 µm FSS based absorber shows a tendency of reducing the absorption

for TE waves, but practically the same absorption levels are observed for TM waves

which shows an upwards shift in its operating frequency. These effects are amplified,

especially for oblique TM waves, on the 1120 µm FSS based absorber, as a significant

change in its characteristic impedance was predicted and shown in Figure 3.15.

3.3.2 Construction and experimental results

The Epson Stylus C88+ inkjet printer was used as means for fast prototyping the

thinnest and the thickest metal backed hexagonal patch FSS structures. Table 3.2 shows

that at normal incidence the −10 dB reflectivity bandwidth is 2% (140 µm) and 16%

(1120 µm). The FSS used for the 140 µm thick absorber was printed as described in

Section 2.5.1 with the printer configured for the highest DPI settings, RGB (0,0,0). The

sheet was patterned with nanosilver ink [14] and dried for 30 minutes inside an oven at

80 ◦C in order to achieve a surface resistance of 50 mΩ/sq [14] which is required for the

construction of the thinnest absorber. The thicker, 1120 µm, absorber was manufactured

by selecting an Inkvol : Aqvol mixture ratio of 1 : 7 and printer RGB code of (13,13,13)

[15] configured in grayscale to define the required DPI. These digital settings and the

selected ink composition were previously obtained by constructing a linear dipole FSS,

and fitting the numerical predictions to the spectral transmission plots in the frequency

range around resonance as shown in Section 2.6.1.

The thicker absorber was manufactured by bonding eight PET sheets together using 3M

Scotch-welding adhesive to remove air voids between the individual layers. Construc-

tion of the two absorbers was completed by bonding the unpatterned surface of the PET

spacer to a rigid FR4 backed 35 µm thick copper plate.

Figure 3.22(a) depicts a photograph of a typical unit cell of the hexagonal patch FSS.

The physical dimensions of the two prototypes were measured with the TESA-VISIO



3.3 Design of Ultra-thin Absorbers for RF Enhancement of Multi-layer Insulators 99

optical system shown in Chapter 2. A random sample of 5 of the 264 unit cells were

checked and an error of between 0.5% and 1% was found for r (Figure 3.10), and

up to 10% for the gap between the hexagonal patches. On a microscopic level, the

quality of the patterned elements is imperfect. A non-uniform jagged metal edge profile

is observed in conjunction with straight printed lines which exhibit different optical

intensities. The latter feature suggests that the surface resistance is not homogeneous

over the surface of the patch elements which is in contrast to the assumption used in the

numerical model.

Time gated swept frequency reflection measurements were carried out in range 8−

12 GHz using a pair of standard gain horns placed at a distance of 1.3 meters from the

surface of the two FSS based absorbers. There were precision aligned using a laser and

configured for normal incidence illumination as shown in Figure 3.22(b). A metal plate

of the same size was used to calibrate the experimental set-up and then substituted with

each of the two planar absorbers.

(a) (b)

Figure 3.22 (a) Photograph of a 140 µm thick unit cell measured using a TESA Visio 300,
non-contact precision optical instrument; (b) photograph of the bistatic reflectivity measurement
set-up.

Figure 3.23 shows very good agreement between the measured radar backscatter mea-

surements and numerical simulations for the 1120 µm thick FSS based absorber. The

measured -10 dB reflectivity bandwidth of 15.37% and the position of the reflectivity

null at 9.91 GHz compare favourably with the simulated values of 16% and 9.84 GHz.
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Figure 3.23 Measured and predicted reflection coefficients of the FSS based absorbers working
at normal incidence.

However the correlation between the two sets of results is less perfect for the 140 µm

thick absorber. Figure 3.23 shows that the measured reflectivity null is shifted 488 MHz

above the resonant frequency obtained from the numerical predictions. As a general

observation it is noted that the sensitivity to dimensional tolerances (and surface resis-

tance) is very much greater for this ultra-thin structure. A further investigation carried

out in CST MWS shows that the measured frequency shift can be attributed to the

presence of a 7 µm airgap between the metal ground plane and the unpatterned surface

of the PET. To better match the numerical simulations with the experimental results, the

surface resistance was increased from 50 mΩ/sq used in the design, to 200 mΩ/sq in

the CST model. This would account for (i) the slight increase in the thickness of the

absorber and (ii) imperfections in the patterning of the hexagonal patch shown in Figure

3.22(a). The lower quality factor observed in the measurements of the thinner absorber

could not be replicated in CST. Changes in the value of Rs or the air gap would only

result on a change of the minimum value of the null or a frequency shift. During the

experiments, the sample was measured several times, which yielded on the same result

as seen in Figure 3.23.
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3.4 Application of Ultra-thin Absorbers to Suppress An-

tenna Backscatter on Spacecraft Platforms

The electromagnetic scattering from the conductive surfaces of a spacecraft thermal

blanket can degrade the RF performance of instruments installed on a spacecraft, mainly

those that deploy low gain antennas [2]. These interference effects are responsible

for distortion of the beam shape, a reduction in the gain and polarization purity, and

also undesirable RF coupling in antenna farms. In [2], the authors have shown that

electromagnetic scattering from a large spacecraft platform can reduce the gain of a

broad beam quadrifilar helix antenna (15 dB front to back ratio, FBR) by 2 dB. More

examples regarding the influence of the spacecraft on the performance of an antenna can

be found in the literature. In [16], the authors demonstrated that the isotropic radiation

pattern of a UHF communications antenna is significantly degraded by coupling between

the antenna and the deployable payload sensor booms (which act as directors) on a

weather nanosatellite. In [17] the authors demonstrated through numerical simulations

that the undesirable pattern nulls can be removed by encasing each of the four sensors of

that arrangement with a cylindrical shaped metasurface composed of thin metal strips.

To further illustrate this undesirable effect, simulations were performed using CST

MWS to obtain the current distribution on a satellite platform which is illuminated by

a bifilar helix antenna located at the bottom surface of the spacecraft. The antenna

operates at 2.5 GHz, and has a gain of 9.3 dBi and a 11.9 dB FBR. The helix structure

was designed with the aid of Antenna Magus software [18], and the simulated farfield

pattern was imported into CST as a ‘Farfield Source’ to reduce simulation time. With

the Integral Equation solver set to the medium accuracy mode, the simulation time was

63 hours and 28 minutes. The satellite was modelled using Blender [19] and has been

previously shown in Figure 3.7. The CST model assumes that the entire structure is

metallic and details such as the thermal blanket and creases are discarded during the

import process. The farfield source was placed at the bottom of the main structure of

the satellite (1 m x 2m x 1.4 m) and the simulation was performed using the Distributed
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Computing server available in the laboratory running on two Nvidia Tesla M60. The

current distribution depicted in Figure 3.24 demonstrates that the backlobe of the bifilar

helix antenna can couple electromagnetically with all the onboard antennas by inducing

a voltage and mutual impedance between them. In this particular case, the boresight gain

is reduced by 0.5 dB and the distortions in the radiation pattern shape are perceptible,

even though the peak backlobe power is 11 ∼ 12 dB below the energy in the boresight

direction.
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Figure 3.24 Computed current distribution with the 2.5 GHz, 63 cm long bifilar helix antenna
located at the bottom of the satellite mock-up, (a) bottom view (b) top view; (c) computed
radiation pattern of the helix in isolation and installed on the spacecraft.

Simulations in CST MWS were carried out to demonstrate the effectiveness of elec-

tromagnetically cloaking a spacecraft to mitigate the aforementioned effects. The

effectiveness of this concept is evaluated for a critical test case where circularly [20]

and linearly polarised dipole antennas working at 10 GHz are placed at three different
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distances above the surface of a 10 cm CubeSat mock-up. This scenario is chosen

as the dipole will radiate equally into both half spaces and any reflections from the

vehicle onto which it is mounted will significantly affect its behavior. An ultra-thin

resistively loaded FSS absorber is employed to suppress the energy contained in the

antenna backlobes, and it is shown that the installed performance closely resembles the

beam shape of the antennas in isolation. Experimental results have been obtained for

one arrangement with the linearly polarised antenna to confirm that the directive gain

can be increased by as much as 18 dB in the boresight direction.

3.4.1 CubeSats

CubeSats are small cube-shaped satellites often assembled in units of 10 cm per side.

They belong to a category of Small Satellites named Picosatellite which have a mass

< 1 kg or Nanosatellite which have a mass ranging from 1−10 kg. The missions per-

formed by CubeSats include science, Earth observation and technology demonstration

[21]. An example of a 2U (2x10 cm units) is shown in Figure 3.25. A comprehensive

table is given in [21], and it is reproduced below describing the weight characteristics

of different types of satellites.

Table 3.3 Types of satellites [21].

Types Mass (kg)

Conventional large satellite > 1000
Medium satellite 500-100

Small satellites Minisatellite 100-500
Microsatellite 10-100
Nanosatellite 1-10
Picosatellite <1
Femtosatellite <0.1

A CubeSat was used in this study instead of a larger satellite because of the limited

available computing power. A more complex structure covered with an ultra-thin

absorber requires a higher mesh density to accurately simulate the electromagnetic field

whereas the model of a 1U CubeSat is a simple cube with flat copper surfaces.
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Figure 3.25 Mock-up of a 2U CubeSat with UHF deployable antennas.

3.4.2 Radiation patterns of dipole antenna on a CubeSat

This feasibility study was made to demonstrate that a significant improvement is

achieved by using resistively loaded ultra-thin FSS absorbers to cover the surface

of a CubeSat. The investigation considered two different scenarios:

1. A circular polarised (CP) dipole which exhibits a gain of 2.2 dB at 10 GHz and

radiates identical but crosspolarised radiation patterns with equal energy in the

forward and rear (towards the surface of the CubeSat) hemispheres. The antenna

was placed at three different heights above the 10× 10× 10 cm3 CubeSat: (i)

λ/2; (ii) 3λ/2; (iii) 5λ/2. The edges of the CubeSat are between ±72◦ (λ/2)

and ±33◦ (5λ/2) relative to the direction of the peak backlobe radiation (180◦);

2. A linear polarised (LP) dipole which exhibits a gain of 2.4 dB at 10 GHz and

exhibits an identical radiation pattern in the rear (towards the spacecraft) and

forward hemispheres. This antenna was studied because it is simpler to construct

than a CP dipole, and therefore, it was also used for the experimental verification

of the numerical results. Three different heights were modelled for this scenario:

(i) λ/4; (ii) λ/2; (iii) λ . In these arrangements the backlobe field of view to

the outer edge of the satellite platform ranges between ±58◦ and ±80◦. The

study involving LP dipoles was developed using different heights if compared to

the CP antenna investigation. That happened as the LP dipoles were considered

on a later stage of the project, in which the fabrication of a CP dipole antenna

was not possible. Therefore, we complemented this investigation adding two
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extra scenarios (λ and /4) to observe the effects of different line of sights of the

antenna in relation to the edges of the CubeSat.

The arrangements were selected to highlight the performance improvements that are

achieved by when the CubeSat is covered by the ultra-thin FSS absorber. The most

significant improvement is the removal of the deep copolar null on boresight which

is attributed to ground plane induced destructive interference caused by placing the

antenna at a distance of
(1+2n)λ

2
above a ground-plane, where n = 0,1,2,3, . . . [22].

The numerical simulations for the worst case arrangement (λ/2) are validated by

measured results using a mock-up of a CubeSat with the top surface covered with a

resistively loaded FSS patterned using an ink jet printer.

In Section 3.3.3, two different absorbers were constructed and tested and one of the

structures, the 1120 µm ultra-thin RAM, was shown to exhibit nearly -20 dB reflectivity

at 10 GHz, whereas the performance of the thinner sample was shown to be inferior at

this frequency. For this reason, the thicker absorber was used in the numerical model

and experimental verification of the results.

3.4.2.1 CP dipole simulation results

A simple cross-dipole configuration working at 10 GHz was designed in CST MWS.

The antenna was fed by discrete ports with a phase difference of 90◦ suitably chosen

to give right hand circular polarised (RHCP) signal in the forward hemisphere and left

hand circular polarised (LHCP) waves in the rear hemisphere, in the direction of the

mock-up satellite. Figure 3.26 shows an illustration of the CP dipole antenna and its

optimised dimensions. The predicted RHCP and LHCP radiation patterns of the CP

antenna in free-space are shown in Figure 3.27, in which the peak directive gain is

2.2 dBic.

The next step was to numerically predict the radiation pattern of the dipole antenna

when it is placed λ/2, 3λ/2 and 5λ/2 above the top surface of the CubeSat. For brevity,

the 3D pattern results obtained for the 3λ/2 and 5λ/2 are now shown. The surface



3.4 Application of Ultra-thin Absorbers to Suppress Antenna Backscatter on Spacecraft
Platforms 106

Figure 3.26 CST model of the CP dipole antenna and its dimensions.

Figure 3.27 Simulated directivity patterns for the CP dipole antenna in free-space at 10 GHz.

current monitor was set to provide the coupled current distribution over the surface of

the CubeSat. The result for λ/2 spacing is depicted in Figure 3.28, which shows that

the strongest current flows at the centre of the top surface which is strongly illuminated

by the peak of the LHCP main beam. Figure 3.29 depicts the 3D directivity pattern of

the CP dipole antenna placed λ/2 above the uncovered CubSat. It is observed that the

radiation pattern of the CP dipole is significantly degraded by electromagnetic scattering

from the conductive spacecraft platform. For this case, an equal amplitude antiphase

interfering RHCP wave is launched in the boresight direction upon reflection of the

LHCP signal. The resultant destructive interference of the copolar signal in conjunction

with edge scattering produces an 18.3 dB null in the forward hemisphere (boresight

direction) thus reducing the peak gain from 2.2 dB to −16.1 dB.
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Figure 3.28 Current distribution on the CubeSat for RHCP dipole antenna placed λ/2 above the
CubeSat structure.

Figure 3.29 Computed 3D directivity pattern at 10 GHz for a RHCP polarised cross dipole
placed λ/2 above the uncovered CubeSat.

The result depicted in Figure 3.28 shows that covering only the top face of the CubeSat

is sufficient to decouple the antenna from the copper platform. This significantly reduces

the simulation time by removing the need for high density mesh in areas of the model

which are weakly illuminated by the LHCP signal.

The 3D radiation pattern of the CubeSat model with the top surface covered with the

1120 µm thick absorber is shown in Figure 3.30, where high absorption of the LHCP

back lobe effectively removes the boresight null.

The 2D polar plots, for the three positions of the antenna above the uncovered and

absorber covered CubeSat are shown in Figure 3.31. Note that the radiation patterns
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Figure 3.30 Computed 3D directivity pattern at 10 GHz for a RHCP polarised cross dipole
placed λ/2 above the covered CubeSat.

are symmetrical about the boresight direction so the 2D cuts in the planes φ = 0◦ and

φ = 90◦ as defined in Figure 3.29 are identical.

A remarkable improvement in the antenna performance is observed when the CubeSat

is covered with the thin FSS. Absorption of most of the backlobe energy which is

incident on the metal surfaces at all incident angles and the two wave polarizations

at 10 GHz, effectively decouples the low gain dipole from the host platform. The

predicted boresight gain (2.7 dB) is significantly higher than the computed results for

the antenna sited on the spacecraft without the 1.12mm thick resistively loaded FSS.

By comparing Figure 3.27 and the right column of Figure 3.31, it is evident that in

the forward hemisphere the beam shape is very similar to the copolar and crosspolar

patterns that are generated by the dipole antenna in isolation. Moreover, the effects of

edge diffraction also become more evident as the dipole is placed further away from the

body of the CubeSat. That implies on a different line of sight from the dipole to the

edges, ±72◦ (λ/2), ±47◦ (3λ/2), ±33◦ (5λ/2)), and the results show that this effect

is mitigated when the FSS based absorber is placed in the set up.

In addition to the beamshape and gain, the deployment of the absorber also improves

the polarisation purity of the radiated signal. The axial ratio (AR) is the ratio between
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(a)

(b)

(c)

Figure 3.31 Polar plots (φ = 0◦) comparing the antenna performance when placed at (a) λ/2,
(b) 3λ/2, (c) 5λ/2 above the uncovered (first column) and absorber covered (second column)
CubeSat.

the major and minor axis of the polarisation ellipse, shown in Figure 3.32. For a perfect

CP wave, the axial ratio is 0 dB. In practice, however, this is hard to achieve and a
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3 dB or lower AR is often specified for wireless applications. Figure 3.33 shows a

large reduction in the predicted boresight axial ratio, from 14.38 dB to 1.74 dB occurs

when the antenna is located λ/2 above the CubeSat and covered by the ultra-thin FSS

based absorber. In the other two analysed cases (3λ/2 and 5λ/2) an improvement in

the polarisation purity is also achieved. It is observed that increasing the separation

distance between the antenna and the vehicle greatly reduces the AR, however it still

remains above the 3 dB threshold. On the other hand, by covering the CubeSat with the

FSS absorber it is always reduced to a value significantly below 3 dB.

Figure 3.32 Polarisation ellipse of the electric vector [22].
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Figure 3.33 Comparison of axial ratio of CP dipole antenna placed at three distances above the
CubeSat with (covered) and without (uncovered) FSS absorber.

Several attempts were made to build a CP dipole antenna at the working frequency

of 10 GHz. But the small size of the wire structure imposed great difficulty in the
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fabrication. Instead, a LP dipole was used to experimentally verify the accuracy of

the simulated results. The simulations and experiments are described in the following

sub-subsection.

3.4.2.2 LP dipole antenna simulation

In the numerical model a center fed half-wavelength linearly polarised dipole was placed

at a distance of λ/4, λ/2, and λ (7.5, 15 and 30 mm) above the surface of the CubeSat

mock-up (10× 10× 10 cm3). Figures 3.34 (a) and (c) show that the antenna beam

shape is significantly modified by backlobe energy reflected from the metal platform.

For the λ/4 geometry, the energy reflected in the boresight direction is in phase with

the reference signal and constructive interference yields a 5.2 dB increase in the peak

gain. For the other two cases studied, destructive interference produces a deep null in

the boresight direction and the predicted gain of the antenna is reduced from 2.4 dB to

−18.4 dB (λ/2) and −10.8 dB (λ ) where the edges of the platform are more strongly

illuminated in the E plane. When the top surface of the CubeSat is covered with the

thin FSS absorber the computed results (Figures 3.34 b,d) in the forward hemisphere

show that the deep nulls observed in the boresight direction are filled in and for all three

cases studied the installed performance more closely resembles the patterns predicted

for the dipole antenna in isolation. The results obtained from these test cases show that

the decoupling effect of the FSS is independent of the position of the antenna above

the space vehicle. Table 3.4 summarizes the predicted boresight gain (for the antenna

2.4 dB in isolation), for the dipole placed above the uncovered and FSS covered mock

up of the CubeSat.

Table 3.4 Summary of computed boresight directivity comparison for the uncovered
and FSS covered CubeSat.

Height Gain (dB) Uncovered Gain (dB) FSS Covered

λ/4 7.6 4.8

λ/2 -18.4 4.0

λ -10.8 2.8



3.4 Application of Ultra-thin Absorbers to Suppress Antenna Backscatter on Spacecraft
Platforms 112

(a) (b)

(c) (d)

Figure 3.34 Computed normalized directivity pattern of LP dipole antenna at 10 GHz in isolation
and mounted at different heights above CubeSat mock-up (a) without and (b) with the FSS
absorber for H-Plane, (c) without and (d) with the FSS absorber for E-Plane. The directivities
are normalized to the dipole in free space 2.4 dBi gain.

3.4.3 Experimental Results

A photograph of the mock-up model of the CubeSat is depicted in Fig. 3.35. The

structure was manufactured by soldering five copper clad boards to form a hollow metal

cube with side lengths of 10 cm. For simplicity a linear polarised dipole antenna was

fabricated by soldering the 0.53 mm thick wire arms and the folded balun to the center

conductor and outer jacket of a 1.9 mm diameter semi rigid cable. E (XoZ) and H

(XoY) plane radiation patterns were measured in the anechoic chamber with the mock

up model of the CubeSat mounted on a precision azimuth turntable and the antenna

sited 15 mm (λ/2) above the top surface of the mock-up, as shown in Figure 3.36. The

significant improvement which occurs when the metal structure is covered with the 306

element FSS absorber is shown in Fig. 3.37.

In general the agreement between the numerical simulations and experimental results is

quite good. The minor discrepancies that are observed in the plots can be accounted for
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Figure 3.35 Photograph of the CubeSat mock-up covered with a 1.12 mm thick FSS absorber.

Figure 3.36 Photograph of the CubeSat mock-up mounted on the turn-table. The structure is
placed over Styrofoam to prevent ripples caused by the wooden table.

by various factors that are not included in the computer model, including: (i) amplitude

ripple which is imposed on the free-space antenna patterns because of unavoidable

backscatter from the support jig, and azimuth turntable, (ii) the aperture (shown in

Figure 3.35) which is inserted in the FSS to enable the antenna to be connected to the

microwave receiver, and (iii) the impact of the semi rigid cable transmission line which

is placed in close proximity to the absorber.
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Figure 3.37 Normalised measured and simulated copolar radiation patterns of dipole antenna
at 10 GHz in isolation and mounted λ/2 above CubeSat mock-up with and without the FSS
absorber (a) H Plane, (b) E Plane.

3.5 Conclusion

Full wave simulations have been used to investigate the scattering of electromagnetic

energy from ultra-thin FSS based absorbers which are manufactured from the same

material as MLI material. The physical thickness of these is compatible with the

thin outermost layer of commercially available thermal blankets, therefore by printing

a resistively loaded FSS on the top surface and exploiting the presence of the first

foil backing layer in the composite structure, a microwave absorber can easily be

integrated into the MLI. The results presented in this chapter are for absorbers working

at 10 GHz, and although the physical dimensions can easily be scaled, operation at lower

frequencies may result in a narrower reflectivity bandwidth because of the limitation on
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the maximum substrate thickness which is imposed to ensure sufficient flexibility of the

material and to meet weight restrictions. A trade-off between the maximum obtainable

reflectivity bandwidth and the permissible physical thickness of the MLI is therefore

required. For the structures studied, the signal suppression when exposed to TE and

TM waves between 0◦ and 30◦ is reasonably insensitive to the direction of propagation

of the impinging signals. However the computed performance for larger angles of

incidence is significantly degraded and therefore an alternative strategy should be used

to create the in plane anisotropy that is required to balance the TE and TM waves. The

RF behaviour of thermal blankets that are deployed on large spacecraft platforms could

be enhanced by patterning the surface of the structure with tiles composed of different

periodic arrays. The FSS element size and surface resistance can then be designed to

account for the spatial distribution of the antennas operating at different frequencies and

mounted on a spacecraft platform [23]. The concept described is a promising solution

which has the potential to reduce scattering from spacecraft structures and suppress the

generation of passive intermodulation products which are produced by existing thermal

blankets.

Numerical and experimental results have also been employed to quantify the improve-

ment in the installed radiation pattern performance for a practical case where a low gain

dipole antenna is sited in close proximity to a CubeSat. By printing the resistively loaded

elements on the surface of the outer foil backed dielectric cover sheet, it was shown

that it is possible to change the electromagnetic behaviour of the spacecraft mock-up

platform from one presenting an almost perfect reflecting surface to a material that

absorbs the impinging energy, therefore the strongly illuminated vehicle has minimal

impact on the antenna gain. An important outcome from this work is the demonstration

that resistively loaded FSS modelled in an infinite size and plane wave electromagnetic

environment, perform well when exposed to impinging RF energy from a low gain

antenna over a wide range of angles on the surface of a small platform. In addition,

the test cases studied show that significant suppression of backscatter is obtained when

the FSS is positioned in both the near (λ/4) and far field (λ ) of the antenna, and this
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therefore enables the physical layout of the payload instruments to be adjusted without

the need for costly design iterations. A good performance was obtained when the top

surface of the CubeSat mock-up was covered with an array of 306 identical unit cells.

However, future work could consider the study of FSS designs with smaller periodic

elements in order to reduce sensitivity to the incident angle and wave polarisation [24].

This is an attractive low cost solution which would enable the space blanket to protect

the payload from the hostile thermal environment and simultaneously improve the RF

performance of the antennas.
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Chapter 4

Thin Superstrate Absorber for RCS

Reduction of Metal Backed Antennas

4.1 Introduction

Radar cross-section is an important consideration in the design and performance of

many modern electronic defence systems. The radar signature of air, sea and space

platforms is normally dominated by electromagnetic scattering from the metal surfaces

of the vehicle, such as the onboard sensors and payload antennas [1]. Various RCS

reduction techniques are available to suppress backscatter from the host vehicle, such

as geometrical shaping and the usage of new absorbent materials [2–4]. However

these cannot be used to electromagnetically cloak high gain antennas composed of

metal backed arrays of radiating elements such as dipoles, helices, slots and microstrip

patches. The RCS of this class of antenna is significantly enhanced outside the working

frequency band [5–7] by large specular reflections from the flat metal plate, which is an

integral part of the radiating structure [1, 8]. Although this would seem unavoidable,

several different superstrate based solutions have been proposed as a means to lower

radar observability [5, 9–18]. For each case, the design objective is to reduce the
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structural RCS in conjunction with making available a transmission window that covers

the working frequency range of the subject antenna.

The earliest reported method exploits the electromagnetic behaviour of a metal radome

which is perforated with a close packed array of slots to produce a bandpass spectral

response [19]. By careful design, low loss transmission is achieved ‘in band’, whereas

‘out of band’ signals are reflected from the curved surface of the radome in directions

outside the field of view of the interrogating radar. Although this approach is suitable

for achieving monostatic RCS reduction, it is less effective when a bistatic radar system

is used for target detection. For this scenario, absorption of the signals is a better option

than randomising the backscattered energy.

In [9] the authors where the first to propose an FSS based radome which exhibits a

transmission window in conjunction with an absorption band. In this numerical study,

the structure was created by placing a metal plate perforated with interdigital Jerusalem

cross-slots behind a periodic array of resistively loaded single square loops. Working at

normal incidence, the absorber generates a pass band centred at 4.6 GHz and exhibits

high absorption with −10 dB reflectivity in the frequency range 10− 18 GHz thus

giving a (upper) transmission/ (lower) absorption band separation ratio of about 1 : 2.2.

Building on this work, in [5] the authors reported on a new design strategy for reducing

the ‘out of band’ radar signature of a microstrip fed flat plate slot array which was

designed to work over the frequency range 2.43−2.53 GHz. Computer simulations

were employed to show that the structural component of the RCS is suppressed when

a resistively loaded square loop FSS is placed 5 mm above the front surface of the

radiating aperture, which is used to provide a backing plate for the absorber. This

antenna/superstrate arrangement exhibits an ‘in-band’ gain reduction of 2 dB and a

reflection coefficient of at least −10 dB above 6 GHz giving a transmission/absorption

edge of frequency band separation ratio of about 1 : 2.4.

More recently an alternative superstrate based solution has been reported in [7], where

a frequency selective absorber (FSA) is designed in conjunction with a 5 GHz circular
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polarized antenna. Computed and experimental results are used to show that a RCS

reduction of about 10 dB is obtained over a 30% frequency band above and 45% below

the transmission window. Although the gain loss is reported to be very low, integration

of the FSA is not possible without redesign of the primary radiating source, since the

two parts of the structure are strongly coupled.

In [10, 15, 17, 20], various techniques using Partially Reflective Surfaces and Artificial

Magnetic Conductors were employed as a means to reduce the RCS of patch antennas.

In these arrangements, either a metamaterial absorber is placed around the radiating

elements, or a resistive FSS is placed above the antenna and integrated to a lossy meta-

material ground plane to create a frequency selective radome with absorbing properties

out of band. The techniques reported in these publications, although reasonably effec-

tive, can only be implemented by increasing the physical size of the antenna, which by

nature increases the RCS [1, 7]. Figure 4.1 shows the typical difference in size needed

to accommodate a hypothetical MA around a 4×4 patch array antenna, based on the

arrange illustrated in Figure 1.19(b), which needs a partially reflective surface radome

to reduce the RCS. In this chapter, the physical advantage of using an approach based on

a resistively loaded FSS superstrate for suppression of radar backscatter will be shown.

Figure 4.1 Patch array antenna in isolation compared with a solution which requires an MA to
be placed around the radiating elements for RCS reduction.

This chapter reports on a 3 mm thick resistively loaded FSS based superstrate absorber

which exhibits a transmission window centred at 10.1±0.1 GHz in conjunction with

radar backscatter suppression of more than 90% over the frequency range 7−24 GHz.
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The goal was threefold: (i) to create a low profile periodic array that can be placed

over the radiating aperture without the need to modify the design of the antenna, (ii) to

achieve a transmission/absorption frequency band separation ratio of 1 : 1.13, which is

significantly smaller than the values reported in [5, 9], and in conjunction also providing

RCS reduction at frequencies below the transmission window, and (iii) to quantify the

RCS reduction and the impact on the radiation pattern shape of a phased array patch

antenna.

The impact on gain and beam shape are studied for an arrangement with the superstrate

placed 15 mm (λ/2) above a 4×4 (88 mm, 94 mm) microstrip patch antenna working

at normal incidence, and steered to scan angles of 22.5◦ and 45◦. In addition, numerical

predictions are employed to investigate the relationship between antenna gain and

the achievable RCS reduction, in order to understand the trade-offs between these

two conflicting performance metrics. Moreover, the Asymptotic Solver was used to

investigate the potential generation of grating lobes which is attributed to the periodic

geometry of the absorber design, and is compared to the result obtained in [5]. The

numerical results, which were obtained from CST Microwave Studio simulator software,

are compared to the measured far field radiation patterns of the antenna at 10.1 GHz,

and the normal incidence reflectivity of the microstrip array in the frequency range

7−27 GHz. The experimental data was obtained with and without the FSS superstrate

placed above the radiating aperture to determine the impact on the antenna gain and

RCS reduction.

4.2 Principle of Operation

The principle of operation of a metal backed resistively loaded FSS absorber composed

of a single loop element can be described in terms of a simple equivalent circuit model,

as seen in Figure 4.2. This consists of a parallel connection of the FSS impedance which

can be represented by a series L, C, R circuit and the transformed impedance Lg, of

the metal plate that is placed behind the periodic array. L and C values are determined
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by the unit cell geometry and R is used to model the loss of the FSS array, which in

this proposed design is created by varying the surface resistance of the loop and patch

elements. The imaginary parts of the FSS impedance and the inductance presented by

the ground plane cancel each other at the centre design (resonant) frequency, therefore

by selecting a suitable value for R, it is possible to provide an impedance match (377 Ω)

to free space, thereby creating a ‘perfect’ absorber.
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Figure 4.2 (a) Equivalent circuit of a superstrate absorber showing the series RLC circuit
representing (single loop) the resistive FSS in parallel to a tank resonator representing the
perforated ground plane. (b) ideal spectral behaviour of a superstrate absorber.

For the absorber to work as a superstrate with a transmission window, the transformed

inductance representing the solid metal back plate is replaced by an equivalent circuit

consisting of a capacitance Cp and inductance Lp in parallel as shown in Figure 4.2(a).

This is used to model the perforated ground plane which exhibits a bandpass spectral

response. Low loss signal propagation through the absorber is achieved when the

passband [21] is adjusted to coincide with the working frequency range of the antenna.
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For normal incidence operation, resistively loaded symmetrical shaped elements exhibit

identical spectral responses [22] when the surface is exposed to TE and TM waves,

and therefore backscatter suppression is independent of wave polarisation. However at

oblique incidence, this is not the case, but the differential shift of the two resonances

can be minimised by employing strongly coupled compact unit cells [23]. Figure 4.2(b)

illustrates the ideal spectral behaviour of the superstrate.

4.3 Superstrate Design

4.3.1 Initial hypothesis

Prior to achieving the optimum design which is described in the next subsection, two

different topologies were considered for this study: (i) a resistive hexagonal patch array

with a tripole slotted ground-plane on a triangular lattice configuration and (ii) a resistive

square patch array with a cross-slot ground-plane arranged on a square lattice. Both

designs are illustrated in Figure 4.3. For brevity, the results obtained are not described

in detail, but are merely used to show the evolution of the final design.

Figure 4.3 Unit-cells of the hexagonal and square patch FSS absorber designs, initially consid-
ered for this study.

Patches were initially considered to achieve the optimum solution because these require

a higher surface resistance than FSS composed of nested loops, as shown in Equation

(1.15), where Rs is proportional to the area over which the electric current flows on

the resistive element. A higher surface resistance leads to lower currents flowing on

the elements, therefore reducing transmission losses and hence minimising antenna
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gain reduction. Numerical predictions show that the surface resistances for ≈ 2 dB

antenna gain reduction at 10.1 GHz (operating frequency of the antenna) is 176 Ω/sq

and 370 Ω/sq for the hexagonal patch array and the square patch array, respectively.

The tripole and cross-slot FSS superstrate absorbers were designed to operate with dual

polarised antennas and also provide radar backscatter suppression in both polarisations,

therefore also reducing the RCS for CP waves. The former is an appropriate design to

fit the triangular lattice structure, whereas the latter is an alternative topology that was

used to try and improve the absorption bandwidth and transmission response by placing

the slot array formed by the crossed dipoles in the gap between the resistive patches.

The results are depicted in Figure 4.4.
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Figure 4.4 Comparison between the hexagonal patch array and the square patch array FSS
absorber topologies (a) transmission; (b) reflection.

Figure 4.4(a) shows faster roll-off characteristic above and below the resonant frequency

for the tripole slot (hexagonal patch absorber), when compared to the cross-slot (square

patch absorber). The higher Q-factor is the consequence of the thinner the tripole

slots which was used to maximise the absorption bandwidth - this design characteristic

was taken in consideration when designing the final slot array. The computed -10 dB

reflectivity bandwidth for both designs is ≈ 53%, which is narrower than a Salisbury

screen (77%). For comparison, the square patch absorber ( fc = 15 GHz) has an electrical

thickness of λc/5, where λc is the centre wavelength (at fc), whereas the thickness of

the hexagonal patch is λc/4, which is the same as a Salisbury screen. The cause of this
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apparent reduction in absorber performance, as discussed in the following subsection, is

the high value of surface resistance which is needed to achieve a low transmission loss

(2 dB) in the working frequency band of the antenna. In addition, as shown in Figure

4.4(b), the transmission/absorption frequency band separation ratio exhibited by the

square patch design is 1 : 1.54, which is poor compared to the 1 : 1.18 value obtained

for the hexagonal patch array.

A new design is proposed in the next subsection to achieve a larger -10 dB reflection

bandwidth. Moreover, for simplicity, the FSS superstate was tailored to work with a LP

patch array, removing the need for a cross-slot and therefore making the design easier

to achieve. The study will present the steps followed to obtain the final superstrate

design, such as the influence of the surface resistance on transmission loss and antenna

gain, and the relative position of the single slots and the resistive nested square and loop

elements which were engineered to widen the absorption bandwidth and miniaturise the

unit-cell size.

4.3.2 Single slot perforated ground plane design

The slot FSS which is deployed as the ground plane of the superstrate absorber serves

two purposes: (i) to provide a narrow band-pass filter response which allows transmis-

sion and reception of waves over the same frequency range as the microstrip patch

array; (ii) to exhibit a similar scattering behaviour as a solid metal plate at all other

frequencies, thereby providing a suitable backing structure for the absorber.

The spectral response of a multi-screen slot FSS can be designed to closely match the

ideal shape of the transmit/receive window i.e a flat low loss transmission peak with a

fast roll-off rate above and below the passband [24]. However, for simplicity a ground

plane was created using a single 0.035 mm thick copper screen perforated with an array

of ≈ λ/2 linear slots. By applying the appropriate boundary conditions, a single 3D

unit cell was used to model the periodic structure which is infinite in extent. In the

numerical model the slot array was placed on the surface of a 1.2 mm thick substrate
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with permittivity of 3.2 and loss tangent of 0.003 (Taconic TLC-32). The apertures are

arranged on a square lattice with the same periodicity (13.43 mm) as the resistively

loaded FSS elements which are printed on the top surface of the superstrate absorber.

Figure 4.5a depicts the layout and physical dimensions of the ground plane which was

optimised to generate the spectral transmission response shown in Figure 4.6. The

passband peak (0.3 dB loss) shifts from 9.95 GHz to 10.1 GHz when coupling between

the two individual collocated periodic arrays is accounted for in the design.

(a) (b)

Figure 4.5 Unit cell geometry and dimensions. (a) slot array; (b) FSS resistive array: A1 =
9 mm, A2 = 7.5 mm, A3 = 6.6 mm, A4 = 3.8 mm, A5 = 2.5 mm, Rs = 40 Ω/sq.
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Figure 4.6 Simulated normal incidence TE plane wave transmission and reflection plots for
perforated ground plane.

4.3.3 Resistive FSS design

The key objectives for the design of the resistively loaded FSS absorber were threefold:

(i) to maximise the −10 dB reflectivity bandwidth for normal incidence interrogation by

radar in conjunction with not exceeding the maximum target antenna gain reduction, (ii)
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to place the onset of the RCS reduction as close as possible to the upper edge (10.2 GHz)

of the transmission window, and (iii) to minimise the antenna beam shape distortion.

The FSS array, which is shown in Figure 4.5b, is patterned on the surface of a 0.14 mm

thick substrate with permittivity 2.95 and loss tangent 0.025 (Novele IJ-220 PET

material). The unit cells are composed of three nested elements, two loops and one

patch, and for the optimum design each has a surface resistance (Rs) value of 40 Ω/sq.

In order to obtain the desired performance, the periodic array is placed 3 mm above

the surface of the perforated ground plane using a lossless foam spacer (Rohacell), as

illustrated in Figure 4.2(a). The dimensions were chosen as a compromise between the

maximum achievable absorption bandwidth and the transmission loss in the frequency

range 10.0−10.2 GHz. Whilst aiming for wideband absorption, for this study a 2 dB

target was set, as used in [25], for the maximum transmission loss through the FSS

based superstrate.

4.3.4 Trade-off study and absorber performance

To achieve the optimum design, a parametric study was first conducted to understand the

absorption band/transmission loss trade-off. This considered the impact on performance

of the geometry, physical dimensions and surface resistance of the nested elements, and

the position of the slots in the ground-plane in relation to these.

Because of physical obstruction, it is intuitive that the signal loss through the low profile

absorber (10.0−10.2 GHz) is weakly dependent on the alignment of the nested elements

and the slots on the upper and lower surfaces, respectively. To illustrate this, simulated

results are plotted in Figure 4.7 for two extreme configurations: (i) the slot is positioned

equidistant between the loop elements as depicted in Figure 4.5, and (ii) the slot is

located coincident with the centre of the nested elements. The numerical predictions

show that the loss at the peak of the passband is reduced from 3 dB to 2 dB when the

energy source is centrally located between the nested elements to reduce blockage. This

unit cell alignment arrangement was used for the trade-off study presented below and to



4.3 Superstrate Design 129

obtain the optimum superstrate design which is depicted in Figure 4.5. As a general

observation, the unit cell alignment has almost no impact on the ‘out-of-band’ absorber

performance, and moreover Figure 4.7 clearly shows that the main source of energy

loss in the transmission window is attributed to the resistively loaded nested elements

and not the perforated ground plane (Figure 4.6).

Figure 4.7 Simulation showing the effect of slot position on TE wave transmission loss. Rs =
40 Ω/sq

The computer model was also used to investigate the extent to which the propagation

through the superstrate of ‘in-band’ TE waves and the backscatter suppression of ‘out-

of-band’ signals, is affected by the choice of surface resistance value for the printed

elements. Figure 4.8(a) shows that the absorber exhibits lower transmission loss for

larger values of Rs, whereas in Figure 4.8(b) a significant reduction in the −10 dB

reflectivity bandwidth is predicted to occur. For this reason a trade-off must be employed

in the design process, particularly since the absorption band is positioned so close to the

upper edge of transmission window. Rs = 40 Ω/sq was chosen as the optimum value to

provide a compromise between the achievable absorption bandwidth and the maximum

2 dB target transmission loss.

The computed results for the optimum design are depicted at normal incidence for

TE waves in Figure 4.9. The lower edge of the -10 dB reflectivity bandwidth (71%)

is shown to be at 11.35 GHz, which is only 11.25% (1 : 1.11) above the upper edge

(10.2 GHz) of the working frequency band of the antenna. This is desirable for many
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Figure 4.8 Simulated effect of surface resistance of FSS on the absorber performance for (a)
transmission and (b) reflection.

operational scenarios, and compares well to previously reported results, 117% (1:2.2)

in [9] and 108% (1 : 2.4) in [5]. Figure 4.9 also shows that the predicted results

obtained for TM polarised waves is as expected very similar to an absorber backed

by a solid ground plane, and exhibits −10 dB reflectivity over the frequency range

10.62−23.73 GHz (76%). Comparing all three responses, it is apparent that the slots

have only a minor effect on the absorption behaviour above 11.35 GHz. However the

reflectivity of the perforated metal backed absorber increases significantly faster in the

TE plane at frequencies closer to the transmission window, for example at 10.55 GHz

this yields a value close to −7.7 dB. Figure 4.10 shows that this is attributed to the

interaction between the surface currents that flow around the slots and the current which
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is supported by the resistive elements. This separates the −10 dB reflectivity band into

two parts: from 8.85 GHz to 10 GHz and from 11.35 GHz to 24 GHz (Figure 4.9)

which gives a combined absorption bandwidth of 92%.
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Figure 4.9 Simulated reflection and transmission coefficients of FSS absorber for normal incident
waves.

Figure 4.10 Computed surface currents at 10.55 GHz for the FSS, backed by a perforated slot
ground and illuminated at normal incidence by TE waves.

Numerical predictions were employed to investigate the angular stability of the absorber

for TE and TM polarised waves incident at 0◦, 15◦, 30◦ and 45◦. The results depicted

in Figure 4.11(a) demonstrate that the −10 dB reflectivity bandwidth is almost con-

stant when the absorber is exposed to TE waves incident up to 30◦, and even though

performance degradation is observed at 45◦, significant backscatter suppression is still

achieved. The TM response of the absorber, Figure 4.11(b), shows that for normal

incidence operation a reflectivity peak is generated at 24.2 GHz. This resonant re-

sponse shifts to lower frequencies for waves impinging at larger angles which produces
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a reduction in the continuous absorption bandwidth. However, strong absorption is

achieved over most of the frequency range 12− 27 GHz for waves up to 30◦ for TE

polarisation, whilst for TM polarised waves the superstrate presents a reflection peak at

−4 dB between 15.5−17.2 GHz.
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Figure 4.11 Simulated reflection coefficients of FSS absorber for incident waves at 0◦, 15◦, 30◦

and 45◦. (a) TE polarisation and (b) TM polarisation.

4.4 Antenna Simulations

For this feasibility study, a 4×4 microstrip patch antenna was designed to work at a

centre frequency of 10.1 GHz. The topology of the manufactured patch array is depicted

in Figure 4.12. Broadside corporate transmission lines are used to feed each row of
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1× 4 antennas. These are fed by delay lines via panel mounted SMA connectors in

order to produce elevation beam scanning.

(a)

(b)

Figure 4.12 Antenna assembly models, (a) power divider, patch array and feeding ports (from
left to right); (b) superstrate mounted 15 mm above the antenna aperture.

When compared to Figure 4.1, it is clear that this arrangement is more compact and can

be used in conjunction with other flat plate antennas working in this frequency range.

Also, the antenna’s structure is preserved and the overall area is not increased.

The power dividers are represented in more detail in Figure 4.13.

Figure 4.13 Power dividers used to provide the phase shift necessary for the beam scanning. (a)
0◦ beam; (b) 22.5◦ beam and (c) 45◦ beam.

The simulated S11 is depicted in Figure 4.14, which compares the return loss of the

reference antenna (without the superstrate absorber) and covered by the superstrate. The

simulations were performed using CST block simulation to create a virtual connection
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between the power dividers and the input ports of the antenna. These results show that

a good impedance matching was achieved with the power dividers connected to the

antenna array.
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Figure 4.14 Simulated return loss of the antenna with and without the FSS superstrate absorber.

4.4.1 Antenna pattern performance

The CST software was used to simulate the performance of the patch antenna which

was patterned on the surface of a 0.508 mm thick substrate with εr = 3.55 and loss

tangent 0.0027 (Rogers RO4003C).

In the numerical model the individual patches were connected to delay lines, which

were designed to steer the beam along the boresight direction and at tilt angles of 22.5◦

and 45◦ in the vertical (E) plane, which corresponds to an excitation of the electric

vector perpendicular to the slots of the FSS superstrate absorber. Predicted results

were obtained with and without the FSS based superstrate placed λ/2 above the array

aperture as illustrated in Figure 4.12(b). At this separation distance the predicted return

loss with and without the superstrate is 21 dB and 18.5 dB respectively. Simulated 3D

radiation patterns with the FSS superstrate are shown in Figure 4.15. The E-Plane plots

with and without the complete FSS superstrate absorber placed above the patch array

antenna are shown in Figure 4.16. The plots also show the predicted patterns with only

the perforated dipole slot array placed above the microstrip patch antenna.
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Figure 4.15 3D radiation pattern computation of the array at the three scan angles of 0◦, 22.5◦

and 45◦.
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Figure 4.16 Simulated antenna gain in E-Plane in isolation, covered with the perforated ground-
plane (slot array) and the superstrate. (a) 0◦ beam; (b) 22.5◦ beam; (c) 45◦ beam.
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Although the antenna gain is reduced by 1.65 dB (0◦), 1.26 dB (22.5◦) and 1.77 dB

(45◦), the results also show that the shape of the radiation patterns are largely unaffected

by the presence of the superstrate at normal and oblique incidence angles.

4.4.2 Antenna RCS performance

As discussed in [5, 26] the RCS of an antenna array can be separated into two main

components: the structural RCS (σs) and an antenna component (σa). These are

combined to give the total RCS (σt) which is given by (4.1).

σt =
∣∣∣√σs − (1−Γa)

√
σae jφ

∣∣∣2 . (4.1)

The structural RCS represents the field scattered by the short-circuited antenna, and the

antenna component accounts for the scattered field taking into account the actual port

impedance of the antenna. Γa is the reflection coefficient and φ is the phase difference

between σs and σa. The objective is not to modify the antenna design, but instead to

reduce the ‘out-of-band’ RCS by decreasing the magnitude of the structural component

of σt .

Eight monostatic simulation runs were performed to evaluate the RCS reduction which

is obtained from the arrangement shown in Figure 4.12(b). The results are depicted in

Figure 4.17 for TE and TM waves impinging on the absorber at normal incidence, and

with the antenna array terminated in a short circuit and a 50 Ω matched load.

The average RCS reduction (RCSR) is greater than 10 dB across the frequency range

7−27 GHz. Moreover, the results demonstrate that by employing a single polarisation

perforated ground plane, a significant ‘in-band’ and ‘out-of-band’ RCSR is achieved

for TM waves. Similarly, a low observable target is presented to TE polarised signals,

except over the narrow frequency band of the subject antenna for the hypothetical case

where the input port is terminated in a short-circuit.
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Figure 4.17 (a) Computed RCS for TE and TM normal incident waves for the reference antenna
with and without the FSS superstrate; (b) RCS reduction obtained for the reference antenna.

Furthermore, by placing the superstrate absorber above the antenna aperture instead of

deploying metamaterial absorbers around the outer part of the patch array (Figure 4.1

[20]) an overall increase in the area of the antenna is avoided, which by itself contributes

to a higher RCS as σt ∝area [1]. In addition, employing a closely packed resistive array

which used metallic parasite elements to enhance the gain, also suppresses the onset of

grating lobes which was highlighted as a potential problem for this type of arrangement

in [5]. This is discussed in more detail in the following subsection.
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4.4.3 Grating lobe analysis

In [5] the authors comment on the grating lobe generation which is attributed to the

geometry of the different topologies used in their designs. In their work, variations

of the arrangement previously shown in Figure 1.19(a) were investigated as potential

options to improve the antenna gain. These variations are shown in Figure 4.18, where

in (c) and (d) parasitic elements are introduced for further gain enhancement. The

parasitic elements are composed of conductive patches which replaced the resistive

loops of the FSS in the places where those overlapped the slot antenna.

(a) (b) (c) (d)

Figure 4.18 Four different variations of the superstrate proposed in [5] for gain enhancement.
The parasitic elements in (c) and (d) are represented by the red square patches, where in (c) all
the resistive elements are removed.

It can be noted that in Figures 4.18 (a) and (b) the authors removed the resistive unit cells

which overlapped the radiating slots of the antenna array, thus removing the physical

obscuration imposed on the waves by the resistively loaded FSS patches. This approach

was not investigated in this PhD project for two reasons: (i) it is shown in Figure 4.19(b)

that the grating lobes are stronger when compared to the uniformly distributed array in

Figure 4.19(a). Furthermore, Figure 4.19(c) shows that even stronger reflection grating

lobes are generated closer to boresight at small scan angles when parasitic elements are

used to increase antenna gain and (ii) this superstrate was tailored to function with a

specific type of slot array, whereas this project proposes a generic approach where the

superstrate can be used with many different types of antennas, and the number of slots

will vary with the area of the antenna.

In CST MWS, the Asymptotic Solver was used for the calculation of the scattered

fields, such as performed in the study above. Two different simulations were performed:
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(a) (b)

(c)

Figure 4.19 Normalised RCS for an impinging TE plane wave on the superstrate proposed in
[5]. (a) uniform array, (b) overlapping cells removed (Figure 4.18(b)) and (c) parasitic elements
introduced (Figure 4.18(d)).
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Figure 4.20 Normalised RCS for an impinging TE plane wave on the superstrate absorber
proposed in this work. (a) solid ground-plane and (b) slotted ground-plane.

(i) using a solid ground-plane and (ii) using the perforated ground-plane to construct

the absorber. The normalised computations of the RCS of the superstrate in isolation

are depicted in Figure 4.20. By comparing with Figure 4.19, using the same scale,

the results of the simulations show weaker grating lobes scattered at larger angles in

both scenarios, demonstrating that the slotted ground-plane does not contribute to the

generation of reflection mode grating lobes, whereas the removal of the resistive rings or
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the introduction of metallic parasitic elements in [5] does cause undesirable scattering

of EM radiation which may be detected by bistatic radar systems.

4.5 Fabrication and Measured Results

4.5.1 FSS absorber standalone performance

The perforated ground-plane was formed using a LPKF milling machine to etch the

slots into the copper clad surface of a US-Letter size, 1.2 mm thick, TLC-32 substrate.

The resistive FSS was patterned on a 140 µm Novele IJ-220 PET substrate using an

Epson C88+ inkjet printer loaded with Metalon JS-B25P nanosilver particle conductive

ink mixed with an aqueous solution in a volume ratio of 1:7 (ink:solution). To achieve

fine control of the surface resistance, the printer is set to grayscale and the RGB values

set to (16,16,16), as previously reported in [27, 28]. The measured normal incidence

TE wave transmission response, with and without the resistive FSS, placed above the

slot ground-plane are presented in Figure 4.21 and compared to the simulated results

for the latter arrangement over the frequency range 8−12 GHz.
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Figure 4.21 Measured vs simulated transmission response of slot ground-plane in isolation and
complete FSS superstrate absorber.

A 0.1 GHz upwards frequency shift can be observed in the measured band-pass trans-

mission response in isolation, whereas the result for the superstrate absorber (adding the
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resistive FSS spaced by 3 mm) is shifted by 0.4 GHz. The differences can be attributed

to fabrication errors and uncertainties in the physical thickness and permittivity inherent

to the Taconic TLC-32 substrate, which is in the low-cost range marketed by the manu-

facturer. In this case, at 10.1 GHz, the insertion loss of the measured slot ground-plane

is within 0.6 dB of the computed peak maximum value for the slot array in isolation,

and 1.9 dB for the FSS superstrate absorber.

The reflectivity measurements are depicted in Figure 4.22, showing the reflection

coefficient for TE waves impinging at normal incidence on the absorber constructed

using solid and perforated ground-planes.
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Figure 4.22 Reflectivity measurements compared with the simulation performed in CST MWS
for TE waves impinging at normal incidence on the FSS absorber constructed with (a) solid
ground-plane and (b) perforated ground-plane.

The small discontinuities observed at 12 and 18 GHz are caused by the use of three

different horn antennas which was needed to cover the spectrum from 7−27 GHz. In
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Figure 4.22(a), the onset of the −10 dB reflectivity band is shifted 1.5 GHz upwards,

which can be explained by limitations in the capability of low cost inkjet printing

technology, such as the formation of horizontal lines, dimensional tolerances and the

feature sharpness as discussed in Chapter 2, added to the manufacturing uncertainties of

the slots shown in Figure 4.21. The results compare more favourably in Figure 4.22(b),

except at 10.1 GHz where a much stronger narrow reflection peak is observed, but this

rapidly decreases and over most of the frequency range the experimental results are

shown to be in close agreement to the simulated results. In addition, the measured lower

band of the -10 dB reflectivity is increased from ≈ 9−10 GHz to ≈ 8−9.8 GHz, which

represents a 10% increase in the lower band of the absorber. Therefore, the combined

FBW (lower band + upper band, 8−9.8 GHz + 11.53−24.55 GHz) is 91% and the

transmission/absorption frequency band separation ratio is 1 : 1.13, both comparing

favourably to values of 92% FBW and 1 : 1.11 which were obtained from the numerical

model.

4.5.2 Antenna RCS and radiation pattern performance

The superstrate was trimmed to be the exact same size as the antenna (88× 94 mm)

and a bistatic RCS measurement was performed in an anechoic chamber using three

pairs of standard gain horn antennas to cover the spectrum from 7−27 GHz, placed

1.7 m from the target patch array, as shown in Figure 4.23. Figure 4.24 depicts the

measured results obtained for the reflection coefficient of the 50 Ω terminated antenna

in isolation and covered with the superstrate for normally incident TE waves. The two

plots are normalised to the reflection coefficient of a metallic plate of the same size. The

dynamic range of the PNA was of concern during the measurements, however, using

this experimental set-up, the average bistatic reflection coefficient for an 88×94 mm

metallic plate was found to be ≈−46 dB. The PNA 8361C minimum amplitude with

an intermediate frequency (IF) bandwidth noise floor at 10 Hz is −105 dB, therefore a

dynamic range of ≈ 59 dB was available to perform all the measurements.
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Figure 4.23 Photograph of the RCS measurement set-up used.

8 10 12 14 16 18 20 22 24 26

Frequency (GHz)

-30

-25

-20

-15

-10

-5

0

R
e

fl
e

c
ti
o

n
 C

o
e

ff
ic

ie
n

t 
(d

B
)

Antenna+Superstrate Reference Antenna

Figure 4.24 Normalised bistatic reflection coefficients of the microstrip patch antenna array,
with and without the FSS superstrate absorber.

The RCS was calculated by rewriting Equation (1.2) for σ , as seen in Equation (4.2):

σ =
PR

PT

[
(4π)3 R4

GT GRλ 2

]
(4.2)

where GT = GR = 20 dB for the matched standard gain horn antennas, placed 1.7 m

from the target antenna. The transmitted power (PT ) available from the PNA was set

to −5 dBm, however cable loss to the horns needs to be taken into account, similarly

the received power needs to remove the effect of cable loss to properly calculate the

signal strength at the receiving horn antenna (PR). As shown in Figure 4.25(a), the
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measured insertion loss between the available SMA cables becomes very noisy beyond

18 GHz because the noise caused by the cut-off frequency of 18 GHz for SMA devices.

Thus, Figure 4.25(b) only plots the calculated and simulated RCS up to 18 GHz. An

illustration of the RCS test set-up is shown in Figure 4.23.
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Figure 4.25 (a) Measured insertion loss of both cables used to feed the horn antennas in the
experimental set-up. (b) Computed and measured RCS of the loaded microstrip patch antenna
array in isolation and with the superstrate absorber for normally incident TE waves.

There is a good agreement between the measured and computed RCS of the 50 Ω

matched antenna in isolation, although the strong absorption at 10.1 GHz which was

observed in the numerical simulations was not found in the experimental results. When

the antenna is covered with superstrate a significant RCS reduction can be observed

despite the weak agreement with the predicted results below 12.5 GHz. That is related
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to the accuracy of the numerical model for such complex structures, which requires the

mesh density to be reduced to make the computation possible. For these complex RCS

sweep simulations, CST MWS limits the number of poles in the Time Domain Solver to

99, therefore using the same mesh density as the antenna in isolation was not possible.

The E-plane patterns of the patch array were measured at scan angle of 0◦, 22.5◦ and

45◦ in a 9.6 m farfield chamber as shown Figure 4.26. The antenna was measured (i) in

isolation, Figure 4.26(a); (ii) covered with the perforated ground-plane and finally (iii)

covered with the FSS superstrate absorber, Figure 4.26(b). For each scan angle, power

dividers with delay lines were milled on a 0.64 mm thick Taconic RF60A substrate

(εr = 6.15 and tanδ = 0.0028) as shown in Figure 4.12(a). The phase difference

between each of the four ports for the boresight directed beam is 0◦, 70◦ for a scan

angle of 22.5◦ and 127◦ for a scan angle of 45◦.

(a) (b)

Figure 4.26 (a) Antenna set-up on the azimuth/elevation axis scanner in the farfield chamber.
(a) isolation, before rotation to perform E-plane scan; (b) covered with the superstrate on the
correct alignment for E-plane scanning using the azimuth turntable.

4.5.2.1 Antenna in isolation

The normalised experimental results for the antenna in isolation are shown in Figure

4.27, and compared to the predicted patterns obtained from CST MWS at the centre of

the transmission window at 10.1 GHz.
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Figure 4.27 Simulated and measured E-plane radiation pattern of the patch antenna array in
isolation at 10.1 GHz.

The results obtained for the 0◦ and 22.5◦ beams are in good agreement with the sim-

ulated radiation patterns. The response observed for the 45◦ beam is less satisfactory

because of strong ripples which are imposed on the pattern and a wider than predicted

beam, even though the metallic surfaces of the scanner were covered with flat absorbers

to mitigate the backlobe reflections. In all three cases, the beam pointing angle is very

close to the simulated values. The variation in the beam shape for 45◦ tilt angle is most

likely caused by power and phase imbalance in the delay lines and the cables used to

connect the power dividers to the antenna, as shown in Tables 4.1 and 4.2. In Table 4.1

the difference in amplitude between cable 1 (used as a reference) and the other three

cables used in the beamforming network are shown. As a general observation, this

could be solved by connecting the power divider directly to the antenna, without the use

of cables. However, this was not possible due to the fabrication constrains (linewidth

and spacing between ports), thus the approach using the power dividers in Figure 4.13

had to be taken.
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Table 4.1 Power and phase imbalance between the cables used to feed the antenna.

Measurement Insertion loss difference (dB) Phase difference (◦)

Cable 1 to 2 -0.03 4.71
Cable 1 to 3 0.24 18.25
Cable 1 to 4 0.07 14.63

Table 4.2 Power and phase imbalance between the output ports of the three different
power dividers used in the beamforming circuit.

Device
Power difference (dB) Phase difference (◦)

S21 −S31 S21 −S41 S21 −S51 S31 − S21 S42− S21 S52− S21

Simulated 0◦ 0.00 0.00 0.00 0.00 0.00 0.00
Measured 0◦ −0.61 0.34 0.46 8.20 20.06 10.09
Simulated 22.5◦ 0.10 0.10 0.10 −71.80 −144 −214
Measured. 22.5◦ 0.06 0.45 0.87 −73.37 −146.43 −215.03
Simulated 45◦ 0.20 0.10 0.15 −128.03 −259.00 27.86
Measured 45◦ −0.49 −0.82 −0.53 −120.71 −270 16.60

We can observe that the power and phase imbalance at the output ports of the power

divider which is used to create the 45◦ beam tilt are more significant than the other two

microstrip circuits. However, the most critical result which demonstrates the feasibility

of the concept in transmission mode, is obtained by comparison of the measured

radiation pattern of the antenna covered by the FSS superstrate and the measured beam

shape of the antenna in isolation. For that reason the measured results shown in Figure

4.27 will be used to normalise the two sets of measurements described below.

4.5.2.2 Antenna covered by the perforated ground-plane

Figure 4.28 plots the normalised measured radiation patterns at 10.1 GHz of the array

covered by the slotted ground-plane in relation to the antenna in isolation at 0◦, 22.5◦

and 45◦.

Covering the aperture of the antenna with the slot ground-plane increases the maximum

measured gain by 0.1 dB at 0◦ and 22.5◦ but decreases the peak gain by 2 dB at 45◦ tilt

angle. However all three measurements show good preservation of the beam shape.
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Figure 4.28 Measured E-plane radiation patterns of the patch antenna at 10.1 GHz in isola-
tion and covered by the perforated ground-plane at (a) 0◦, (b) 22.5◦ and (c) 45◦. Numerical
simulations for the covered antenna are inserted for comparison.

4.5.2.3 Antenna covered by the superstrate absorber

Figure 4.29 plots the normalised measured radiation patterns of the antenna array at

10.1 GHz covered by FSS based superstrate absorber and the antenna in isolation at 0◦,

22.5◦ and 45◦.

The measured results show that the FSS superstrate absorber decreases the peak gain

by 2.0 dB at 0◦, 1.0 dB at 22.5◦ and 2.0 dB at a tilt angle of 45◦, which is in good

agreement with the 2 dB value obtained from the numerical simulations. Moreover,

the measured pattern shape in all three cases is similar to the experimental results

obtained for antenna in isolation. A calibrated standard gain antenna was not available

at 10.1 GHz, therefore it was not possible to obtain the measured gain.

Additionally, simulated H-Plane patterns for the 45◦ beam, defined as the φ cut in

θ = 45◦ is depicted in Figure 4.30.
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Figure 4.29 Measured E-plane radiation patterns of the patch antenna at 10.1 GHz in isolation
and covered by the FSS superstrate absorber at (a) 0◦, (b) 22.5◦ and (c) 45◦. Numerical
simulations for the FSS superstrate antenna are inserted for comparison.

This result shows that the superstrate absorber pattern is visibly narrower than the

reference antenna and the backlobe gain difference is < 1 dB.

4.6 Conclusion

In this chapter a novel FSS superstrate absorber design which exhibits a well defined

transmission window has been proposed, which can suppress radar backscatter of metal

backed antennas. The arrangement is based on a periodic structure with unit cells

composed of resistively loaded nested square loops and a patch. Using this approach,

the superstrate absorber is used as an add-on element which can be placed above the

radiating aperture, not requiring any modifications to be made to the antenna design.

This is a significant advantage over some previously published work [15, 17, 20], which
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Figure 4.30 Simulated H-Plane pattern for the 45◦ beam (φ cut).

require an additional MA to be placed around the subject antenna, contributing to an

inherent increase in the RCS.

EM simulations show that there are several advantages of using nested loops for

unit-cell miniaturisation and carefully positioning these in relation to the slots in

the ground-plane: RCSR > 10 dBsm is obtained, more resilience to grating lobes,

low impact on the antenna beam shape at normal and oblique scanning angles, and a

transmission/absorption frequency band separation ratio of only 1 : 1.13, in conjunction

with a loss in gain which is comparable to the numerical results reported in [5], where a

frequency band separation ratio 1 : 2.4 was obtained. It is also important to highlight

that in the theoretical work in [5], the slot array is the primary radiating element fed

by a microstrip circuit, whereas for the design presented in this chapter, the perforated

ground-plane is a standalone component of the absorber design, and its use is not

restricted to a microstrip patch array, which, in this work, was chosen for its ability to

provide beam steering.



4.6 Conclusion 151

To verify the accuracy of the numerical model, reflection measurements were carried

out in an anechoic chamber. The results show good agreement with the simulations,

and the minor discrepancies observed can be attributed to dimensional and permittivity

value tolerances and print resolution limitations in the manufacturing process. However,

using higher precision manufacturing techniques and higher quality substrates should

remove the observed differences. For instance, milling machines use drills bits that

create rounded edges on the four corners of the etched slot elements. This affects both

the pass-band frequency roll-off rate (width of the slot), and the resonant frequency

(length of the slot and εr of the substrate) of the absorber. In addition, measurements

were also carried out to characterise the RCS of the antenna in isolation and covered by

the superstrate absorber. The results are a good match with the CST MWS predictions,

a clear RCSR > 10 dBsm is obtained when the absorber is placed above the reference

antenna.

Antenna radiation patterns were also obtained to study the impact that the perforated

ground-plane and superstrate absorber have on the beam shape and radiated power, com-

pared to the antenna in isolation. The result shows that the presence of the superstrate

absorber has minimal impact on the shape of the radiated beam, and the energy loss

is similar to the predicted results. The observed differences in the 45◦ beam radiation

pattern can be mitigated by the use of phase stable and precisely trimmed coaxial

cables, as well as a more accurately manufactured beamforming circuits. Due to the

unavailability of a standard gain antenna at 10.1 GHz, it was not possible to measure

the actual gain in those scenarios. However it is possible to analyse the realised gain

qualitatively through the simulations. For a 0◦ beam tilt the boresight gain calculated

in CST MWS is 15.89 dB for the antenna in isolation, decreasing to 14.24 dB when

working in conjunction with the superstrate, which is a trade-off ≈ 1.65 dB loss in gain

for > 90% of RCS reduction.
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Chapter 5

Resistively Loaded Ground-plane for

RCS Reduction of Metal Backed

Antennas

5.1 Introduction

Low-gain antennas provide wide signal coverage and are used to broadcast information

from devices such as domestic routers, radio transmitters and for sharing content over

bluetooth. For example, dipole antennas which can be made from a single coaxial

cable, radiate a near omnidirectional pattern exhibiting a gain of ≈ 2.2 dBi [1]. The

simplicity of its construction creates an attractive low-cost solution for communication

networks and, therefore, are often used as the fundamental radiating elements in sectoral

base-station antennas as shown in Figure 5.1. In this example, the antennas are oriented

horizontally relative to the metal ground-plane which is separated by a distance of λ0/4,

to improve the gain in the equivalent sector where the antennas are placed [2]. The

arrangement shown in Figure 5.1(a) is composed of three sectors covering 120◦ each,

and therefore provides omnidirectional coverage in the azimuth plane using antenna

arrays such as the one illustrated in Figure 5.1(b).
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(a) (b)

Figure 5.1 (a) Photograph of a base-station antenna. (b) 3D representation of an open sectoral
antenna exposing the dipole arrays and feeding network.

As discussed in Chapter 4, metal backed antennas are often cited as the critical com-

ponent on low-observable platforms due to the highly reflective flat ground-plane.

However, although the superstrate solution presented in the previous chapter is a viable

technique for RCS reduction, the impact on the antenna performance implies that this

might not be the ideal strategy in scenarios where a 2 dB loss in the peak gain can

compromise the quality and operation of communication systems. For this reason,

much research has been published in the open literature to achieve low RCS antenna

reflectors, with different techniques being explored.

In [3], a microstrip patch antenna array working at 2.5 GHz with a hybrid FSS ground-

plane arrangement was proposed. In that work, the authors replaced the metallic ground

by a band-stop FSS with the loop elements removed and replaced with metal in the area

immediately below the patch array and its feeding microstrip network, as previously

shown in 1.20(b). The boresight directivity of the antenna exhibited only 0.3 dB loss

in comparison to an arrangement based on a solid ground-plane, whilst providing an

‘out-of-band’ −10 dB RCSR from 6−8 GHz. This was obtained by designing the FSS

to strongly resonate at the same frequency as the patch array. Based on this work, in [4],

the authors developed a single layer square loop FSS which exhibits strong reflection of

signals only at the working frequency of 4.2 GHz of a dipole antenna. The FSS was

designed to provide −10 dB ‘out-of-band’ RCSR (below and above the high-reflectivity

band at 4.2 GHz). In that case, the bandstop FSS works in isolation with the antenna,
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without any absorbing structure placed behind, unlike the works discussed in the next

paragraphs. These solutions are not suitable for environments were the antenna is

located above or in close proximity to other metallic structures. In this case, a frequency

selective absorber is a better alternative for suppressing ‘out-of-band’ signals whilst

providing strong in-band reflections.

The FSA strategy has been explored in [5–7]. In general terms, these structures exhibit

a reflective-band within its absorptive-band, as depicted in Figure 5.2(a) [6]. Different

designs have been explored, for example, in [5] the authors proposed the 3D structure

shown in Figure 1.20(a). This FSA is composed of a metal backed resistively loaded

FSS, which is separated from the ground-plane by an array of vertical strip lines (24 mm

tall) etched on a Rogers 4230 substrate to provide a reflective-band from 5−6 GHz

which is within the −10 dB reflectivity frequency range of 2−10 GHz. The study used

a monopole and a dipole antenna to demonstrate that the high ‘in-band’ RCS at the

working frequency of the antennas ( f0 ≈ 5.45 GHz) is compensated by an increase in

gain of 0.9 dB and 2.3 dB for the monopole and dipole, respectively.

Building on this work, in [7] the authors replaced the FSS based absorber by convoluted

pyramidal absorbers, such as proposed by Turpin in [8], to suppress radar backscatter

from a 1 to 64 feeding network of a 8× 8 dipole antenna array, working at 10 GHz.

The 3D bandstop FSS was placed parallel to the plane of the printed dipole antennas

to provide high reflectivity over the frequency range 9.5−10.5 GHz, which is within

the -10 dB reflectivity band 2 GHz to 18 GHz. Figure 5.2(b) shows a photograph of

the proposed design reported in [7], which is ≈ 2 mm smaller than the arrangement

described in [5].

To achieve a lower profile, in [6] the authors proposed a 2D FSA which is composed of

a double layer FSS absorber with parasitic elements to generate the strong reflection

band shown in Figure 5.2(a). This design is 12 mm thick, ≈ 50% thinner than the

arrangements reported in [5, 7], and was designed to provide ≥ 90% signal suppression

in the frequency range 1.75 to 7.75 GHz in conjunction with a high reflectivity band,

3.51−4.69 GHz (Figure 5.2(a)).
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(a) (b)

Figure 5.2 (a) Reflection coefficient of the FSA proposed in [6]. (b) Photograph of the con-
structed antenna in [7], (1) is the dipole array, (2) are the bandstop FSS, (3) are the convoluted
pyramidal absorbers and (4) is the feeding network.

These ground-plane designs exhibit a high ‘in-band’ RCS characteristic to provide gain

enhancement to low gain antennas whilst reducing the ‘out-of-band’ RCS. However,

some applications require suppression of backscattered energy throughout an entire fre-

quency range, such as low-observability platforms and cluttered antenna environments,

therefore different techniques need to be explored to provide a suitable solution. For

example, in [9] the authors developed a low-profile metasurface to improve antenna

gain and simultaneously reduce the ‘in-band’ RCS from 10.7−12 GHz. To achieve

this objective, a co-planar metasurface is placed alongside a probe-fed 4×4 patch array,

as shown in the photograph in Figure 5.3. When compared to a reference antenna,

without the co-planar metasurface, an ‘in-band’ RCSR of 5 dB was observed whilst

the gain was increased by ≈ 5 dB. A similar strategy was proposed in [10], where two

1× 4 patch antenna arrays are stacked and each layer has a co-planar resistive FSS

surrounding the radiating elements which work at 3 GHz, whilst providing ‘out-of-band’

RCSR. This design provides an average ‘in-band’ RCSR of 6 dB and 10 dB RCSR from

6−14.5 GHz at the expense of 0.7 dB loss in peak gain. The arrangements presented

in those papers have the common characteristics of higher than desirable ‘in-band’

RCS to provide antenna gain enhancement and a bulky design which might impede the

deployment on stealth platforms.
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Figure 5.3 Photograph of the 2D FSA proposed in [9], showing the metasurface co-planar to the
probe-fed patch array.

In situations where a low-gain antenna such as dipoles are placed λ0/4 above a ground-

plane to maximise the forward boresight gain, the ideal scenario is to develop a structure

which is able to provide RCS reduction across the entire desired frequency band, have

minimal impact on the peak gain and exhibit a low-profile. With this intent, the work

described in this chapter aims to engineer a thin FSS based absorber which exhibits those

characteristics. The following sections will discuss the development process to achieve

a 3 mm thick resistively loaded FSS absorber which exhibits a −10 dB reflection

bandwidth of 118.65% (7.04 − 27.58 GHz), FOM = 1009 and 61.65% optimality.

When used as a backing structure for the dipole antennas, it will be shown that by

carefully removing a few unit cells immediately behind the dipole which in our proof of

concept study was designed to operate at 7.5 GHz, the low-observable reflector provides

> 5 dB increase in boresight gain whilst exhibiting significant ‘in-band’ and ‘out-of-

band’ RCSR. In addition, ray-tracing simulations are used to evaluate the possibility of

generating grating lobes in a similar manner as performed in Chapter 4.

5.2 Wideband Compact Nested Loop FSS Absorber: Unit-

cell Design

The characteristics of the absorber for this feasibility study were based on: (i) thickness:

low-profile; (ii) Optimality > 60%: above the value for most of other FSS absorber

structures reported in the literature; (iii) very wide operating frequency band over which

RCSR is > 10 dB: ideally beyond x-band for fabrication and measurement purposes due
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to the availability and practicality of deploying standard-gain horns in the experiments.

The low-profile characteristic refers to both physical and electrical thickness, the former

impacts the application of the technology on low-observability platforms or crowded

antenna spaces, whilst the latter is directly related to the reflectivity bandwidth and

optimality of the design, previously discussed in Chapter 1.

Two different element geometries were initially considered, nested hexagonal and

square loops. Although this work demonstrated that hexagonal elements can yield a

slightly higher FBW due to its geometric properties, the square loop design was chosen

for this study. The main reason was that removing unit cells from the FSS can be done

more uniformly due to the square lattice, and also this avoids the diagonal overlapping

that was observed in the inkjet printing process, as discussed in Chapter 2.

Similar to what was done in Chapter 4, the nested loop design was engineered to

increase the operational −10 dB reflectivity bandwidth of the absorber by exploiting

the multi frequency resonances of this class of FSS. CST MWS was used to manually

optimise the design consisting of 4 concentric square loops with a central patch, as

shown in Figure 5.4. This process was done with a parametric sweep in CST MWS,

in which the length, width and separation of the concentric loops were sequentially

simulated to obtain the widest FBW possible given the fabrication constraints given in

Chapter 2. The elements are printed with a surface resistance of 18 Ω/sq on a 140 µm

thick Novele-IJ220 PET substrate and spaced from a copper ground-plane by 3 mm

thick Rohacell material. The absorption performance of this optimised FSS based

absorber is depicted in Figure 5.5, where the normal and oblique incident plane wave

responses were simulated for TE (Figure 5.5(a)) and TM waves (Figure 5.5(b)).

From these results for normal incidence operation, and using Equation (1.25), the

3 mm thick absorber exhibits a FBW= 118.65% across the frequency range 7.04−

27.58 GHz, FOM = 1009 and a C0 value (optimality), from Equation (1.23), of 61.65%.

An identical spectral behaviour is observed for the TE and TM responses at normal

incidence, however, beyond 30◦ incidence, performance degradation is observed for

TM polarisation, which can be expected as previously discussed in Chapter 3 (Figure
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Figure 5.4 Unit-cell dimensions for the designed substrate absorber.

0 5 10 15 20 25 30

Frequency (GHz)

-15

-10

-5

0

R
e

fl
e

c
ti
o

n
 C

o
e

ff
ic

ie
n

t 
(d

B
) TE  = 0

°

TE  = 15
°

TE  = 30
°

TE  = 45
°

TE  = 60
°

(a)

0 5 10 15 20 25 30

Frequency (GHz)

-30

-25

-20

-15

-10

-5

0

R
e

fl
e

c
ti
o

n
 C

o
e

ff
ic

ie
n

t 
(d

B
)

TM  = 0
°

TM  = 15
°

TM  = 30
°

TM  = 45
°

TM  = 60
°

(b)

Figure 5.5 Computed performance of the nested square loop design at normal incidence and
oblique angles up to 60◦ for (a) TE and (b) TM plane waves.
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3.15). The response of the absorber to TE polarised waves is less sensitive at oblique

incidence, maintaining close to −10 dB reflectivity up to 30◦ and without the frequency

shift observed for TM waves. The contribution of each square loop can be observed in

Figure 5.6 (normal incidence, TE polarisation), which depicts the current distribution at

(a) 7 GHz (b) 13 GHz

(c) 17 GHz (d) 21 GHz

(e) 23 GHz (f) 27 GHz

Figure 5.6 Surface current distribution at various frequencies over the working band of the
absorber, where the contribution of each loop is shown for normal incidence TE waves.
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the working frequencies of the absorber. The larger loops resonate at lower frequencies

and stronger resonances are observed for the smaller elements at the higher frequencies

with the outer loops contributing less to the absorption of the incident signal.

To properly validate the hypothesis that the removal of a small number of unit-cells

directly beneath a dipole antenna would provide significant gain enhancement without

penalising RCS reduction (in and out of band, Figure 5.5), a dipole antenna working at

7.5 GHz was designed and manufactured. The purpose of the study was to demonstrate

that this thinned FSS based substrate absorber is a better alternative than a conventional

metal plate which is placed λ0/4 below the antenna to maximise the gain and minimise

the impact on the impedance (short circuit is transformed to an open circuit at the

input port of the antenna). The next section briefly discusses the antenna theory

for metal backed antennas, and it is the ground work for the RCS simulations and

the manufacturing of the absorber as the dimensions of the full structure had to be

determined based on the front-to-back ratio and gain of the antenna versus the ground-

plane size.

5.3 Horizontal Dipole Above a Metallic Ground-plane

The presence of a metallic slab placed near a radiating element can alter the radiation

properties of the antenna. This alteration is caused by the reflection of waves from

the ground-plane, which depends on the distance and constitutive properties of the

material. For example, in [11] the authors demonstrate the effect of soil parameters

on narrow-band power line communications (PLC) electric field distribution, and how

those change according to the frequency of the analysed signal. Also, in the third

chapter of this thesis, the negative impact of the structure of a satellite on the radiation

performance of low gain on-board antennas was shown. For some applications, however,

placing an antenna at specific distances above a ground-plane is of interest to achieve

sectorisation and improve the gain in desired areas, as previously shown in Figure 5.1.
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By using image theory [2], it is possible to analyse the behaviour of the electric field

of a dipole antenna sited next to an infinite perfect electric conductor. To account for

the reflections, a virtual source is introduced, which combines with the actual source to

form an equivalent system, as shown in Figure 5.7.

Figure 5.7 Horizontal dipole element above an infinite ground-plane [2].

Figure 5.8 illustrates the behaviour of the electric field for far-field observations. To find

the angle ψ , shown in the figure, one can use the dot product between the unitary vectors

ây and âr as follows: cosψ = ây · âr = ây · (âx sinθ cosφ + ây sinθ sinφ + âz cosθ) =

sinθ sinφ , and therefore sinψ =
√

1− cos2 ψ =
√

1− sin2
θ sin2

φ . Now it is possible

to calculate the direct and reflected components of the electric field, Ed
ψ and Er

ψ respec-

tively, as seen in Equations (5.1) and (5.2) [2], where η is the free-space impedance, Rh

is the reflection coefficient (−1 to 0), I0 the current, l refers to the length of the antenna

and k to the wave vector.

Ed
ψ = jη

kI0le− jkr1

4πr1
sinψ , (5.1)

Er
ψ = jRhη

kI0le− jkr2

4πr2
sinψ . (5.2)

For the farfield, the approximations in Equations (5.3) and (5.4) are valid.
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Figure 5.8 Farfield observation of a horizontal electric dipole above an infinite perfect electric
conductor.

r1 ≃ r−hcosθ

r2 ≃ r+hcosθ

 for phase variations, (5.3)

r1 ≃ r2 ≃ r for amplitude variations. (5.4)

Therefore, it is possible to determine the total field by adding the direct and reflected

vectors. This is valid only above the ground-plane:

Eψ = Ed
ψ +Er

ψ = jη
kI0le− jkr

4πr

√
1− sin2

θ sin2
φ

[
e− jkhcosθ +Rhe jkhcosθ

]
. (5.5)

Which is the general formulation for an imperfect conductor. For a PEC, Rh = −1,

therefore the identity 2 j sin(khcosθ) = e− jkhcosθ −1e jkhcosθ can be used. Equation

(5.5) can be rewritten as:

Eψ = Ed
ψ +Er

ψ = jη
kI0le− jkr

4πr

√
1− sin2

θ sin2
φ [2 j sin(khcosθ)] . (5.6)
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Figure 5.9 illustrates the distribution of the electric field for a dipole antenna in free-

space and placed horizontally at five different positions above an infinite PEC ground-

plane [2]. The result for the antenna sited λ0/2 above the ground-plane has been

explored in Chapter 3, however the λ0/4 case which provides maximum gain enhance-

ment in the boresight direction, will be studied in the following sections.

Figure 5.9 Radiation pattern of a horizontal electric dipole above an infinite perfect electric
conductor for different heights [2].

These results are accurate when an infinite ground-plane is used, but this does not

reflect the ‘real world’. It was therefore, necessary to determine the size of the metallic

slab to be used in this part of the project, to demonstrate the viability of deploying the

thinned FSS absorber to replace the metal ground-plane that is used in conventional

arrangements.

5.3.1 Finite ground-plane simulations

The RCS of a metallic flat plate is directly related to the frequency and the area of the

target. This relation is shown in Equation (5.7), which gives the RCS of a flat metal

plate with an area A for a normally incident plane wave.

σ = 4π
A2

λ 2 . (5.7)
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It was our intention to find a compromise between the area of the flat plate and the

achievable dipole gain which is a function of that area, i.e the objective was to minimise

‘A’ to reduce the RCS but simultaneously achieve the desired antenna gain. To balance

the decision, the antenna front-to-back ratio was used as a benchmark, and the 7.5 GHz

dipole antenna (length of dipole arms 9.55 mm) was placed at λ0/4 above the ground-

plane for the numerical computations of the FBR and gain. For a dipole radiating in

free-space, the gain is ≥ 2.1 dBi and the FBR is 1, i.e the magnitude and distribution

of energy radiated in the forward and rear hemispheres is identical. Figure 5.10 shows

the simulations comparing the peak boresight gain and FBR versus the size of the

rectangular shaped flat plate.
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Figure 5.10 Peak boresight gain and FBR versus the size of the flat square shaped plate
(3.25λ0 −5.6λ0) for a horizontal dipole placed λ/4 above the ground-plane.

The infinite ground-plane does not exhibit a back-lobe as it is the expected characteristic

of this design, and a boresight gain of 7.35 dBi. By making the metallic plate finite,

effects such as edge diffraction and alteration of the radiation pattern affect both FBR

and gain, as depicted in Figure 5.11.

The gain variation observed in Figures 5.10 and 5.11 is caused by the edge diffraction

effect which partially shapes the distribution of the radiated energy. The predicted results

show that the smaller ground-plane, which is 128×112 mm2 (≈ 3.2λ0×2.8λ0) exhibits

a similar FBR and gain as the arrangement with the dipole placed above the larger

reflector, which is 224×208 mm2 (≈ 5.6λ0×5.2λ ), but has a smaller RCS and requires
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Figure 5.11 H-plane radiation pattern plots comparing arrangements with the dipole placed λ0/4
above an infinite ground-plane and various finite size rectangular flat plates.

a shorter simulation time. However, the study was conducted using the 224×208 mm2

ground-plane because it is easier to perform the verification measurements as the higher

RCS provides a larger dynamic range for the PNA, which is necessary to counteract

issues relating to the excessive loss in the cables from 18−26.5 GHz as observed in

Chapter 4. This choice does not impact on the purpose or objectives of this study as the

relative RCS reduction will be compared to an absorber/ground-plane with the same

area.

5.4 Dipole Radiation Pattern and RCS Performance Com-

putations

After the dipole antenna was modelled and the size of the ground-plane determined,

the RCS of the structure could be calculated. Five different scenarios were studied as

described below.

1. Antenna in free-space

2. Antenna + finite metallic ground-plane;



5.4 Dipole Radiation Pattern and RCS Performance Computations 169

3. Antenna + FSS substrate absorber fully populated, Figure 5.12(a);

4. Antenna + FSS substrate absorber removing 6 horizontal unit-cells and 2 vertical

unit-cells (6x2), Figure 5.12(b);

5. Antenna + FSS substrate absorber removing 6 horizontal unit-cells and 4 vertical

unit-cells (6x4), Figure 5.12(c).

(a) (b) (c)

Figure 5.12 Illustration of the FSS based substrate absorber (224×208 mm2) for three different
scenarios. (a) fully populated, (b) 6x2 cells removed and (c) 6x4 cells removed.

For each individual case the antenna radiation performance, normal incidence RCS and

ray-tracing simulations to investigate the occurrence of grating lobes were performed.

To achieve efficient computational time and accurate results for the radiation pattern and

RCS calculations, symmetry boundary conditions were used on the vertical (magnetic,

Ht = 0) and horizontal (electric, Et = 0) planes that divided the absorber, as depicted in

Figure 5.13.

To validate the methodology, a computation of the scattered field from a normally

incident plane wave on the fully populated FSS absorber was performed to compare the

results, as shown in 5.14.

Figure 5.14 shows very small computational errors between the set-ups with the symme-

try boundary conditions set to on (RCSsym) and off (RCSfull), therefore all the remaining

simulations were performed using this feature.
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Figure 5.13 Symmetry planes used for radiation pattern and RCS predictions.
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Figure 5.14 Relative error for TE polarised waves impinging on the surface of the FSS absorber
12 GHz when the symmetries (RCSsym) are applied in the CST model.

5.4.1 Antenna performance

The 7.5 GHz dipole antenna was placed λ0/4 above the ground-plane in all of the

scenarios studied. The S11 was first computed to investigate the occurrence of a possible

impedance mismatch when the antenna is placed above the metal ground-plane and the

substrate FSS based absorber. The results depicted in Figure 5.15 show that the peak

resonance shifts downwards by 8% when the antenna is placed λ0/4 above the finite

size ground-plane, but the return loss is <−10 dB for all the arrangements studied.
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Figure 5.15 Comparison of the computed return loss of the dipole antenna in free-space and
λ0/4 above the metal and FSS absorber ground-plane arrangements.

The return loss of the dipole when 6x2 cells are removed from the FSS absorber shows a

stronger resonance at ≈ 6.9 GHz than the arrangement with 6x4 unit-cells removed and

the finite metal back ground-plane, however these minima only differ by ≈ 1 dB. This

result shows that by removing more elements from the FSS absorber, the dipole exhibits

an electromagnetic behaviour which is closer to a complete metallic ground-plane of

the same size. That can also be observed from Table 5.1, which shows the impedance

values at 7.0 and 7.5 GHz at the input port of the antenna for each of the scenarios

plotted in Figure 5.15. As a general observation, the impedance matching, as seen in

Table 5.1, was more favourable at 7 GHz (discrete port impedance of 73Ω). However, it

is the objective of this work to show that the performance can also be improved within

the operational band of the substrate absorber, i.e beyond 7 GHz. Provided that the

antenna’s return loss at 7.5 GHz is < −10 dB, it should still perform satisfactorily

at that frequency. That can also be observed when the realised gain pattern plots are

discussed.

The simulated H-Plane radiation patterns of the dipole are plotted in Figure 5.16(a)

at the centre frequency, 7.5 GHz, and Figure 5.16(b) close to the lower edge of the

−10 dB reflectivity frequency band of the FSS absorber, 7 GHz.

The peak realised gain at the centre working frequency of each arrangement is given as

follows:
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Table 5.1 Dipole impedance values at 7.5 GHz for the six simulated scenarios in Figure
5.15.

Scenario Impedance at 7.0 GHz Impedance at 7.5 GHz

Free-space (54.21+−30.50)Ω (68.27+ j2.2)Ω

Finite GP (67.87+ j13.48)Ω (103.41+ j44.81)Ω

Fully populated absorber (97.56+ j22.68)Ω (97.56+ j22.68)Ω

6×2 cells removed (73.48+ j9.15)Ω (106.74+ j36.41)Ω

6×4 cells removed (68.18+ j11.89)Ω (102.81+ j42.74)Ω

1. Antenna in free-space: 2.11 dBi;

2. Antenna + finite metallic ground-plane: 7.62 dBi;

3. Antenna + fully populated substrate absorber: 5.37 dBi;

4. Antenna + substrate absorber removing 6x2 unit-cells: 6.7 dBi;

5. Antenna + substrate absorber removing 6x4 unit-cells: 7.45 dBi.

It can be observed that by carefully removing the (6x4) unit-cells behind the antenna, a

≈ 2.1 dB improvement in gain is obtained compared to the fully populated absorber. In

addition, a very small difference of 0.17 dB occurs between scenarios 2 and 5 and this

shows that it is possible to achieve an almost identical radiation performance by only

removing 24 compact unit-cells from the surface of the finite size FSS absorber. For

better visualisation of a direct comparison between the realized gains results for these

two cases, Figure 5.17 plots the radiation pattern of the antenna operating at 7.0 and

7.5 GHz using a scale from 0−9 dB. The higher gain at 7.0 GHz can be attributed to a

better return loss at that frequency, as previously shown in Figure 5.15.

5.4.2 RCS reduction performance

It is necessary to investigate if the improvement in antenna gain compromises the RCS

reduction of the FSS based substrate absorber because of the removal of the 24 unit-

cells containing the resistively loaded square loop and patch elements. The simulations

were divided in two ranges, 5−19 GHz and 19−30 GHz, to avoid longer simulation

times due to the wide-frequency range. The RCS for normally incident TE waves



5.4 Dipole Radiation Pattern and RCS Performance Computations 173

-135°

-90°

-45°

0°

45°

90°

135°

180°

-30 (dB)

-20

-10

0

10

CST Free-space
CST Metal backed
CST 6x2 cells removed

CST 6x4 cells removed
CST Fully populated absorber

(a) 7.5 GHz
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Figure 5.16 Computed H-plane realized gain of the dipole compared for the four different cases,
finite size metal and FSS absorber backed antenna, and dipole in isolation.

which impinge on the metallic ground-plane is compared to the three FSS absorber

arrangements in Figure 5.18.

The simulations show that a 10 dB RCS reduction is obtained across the operating

frequency range (7.04− 27.58 GHz) for the thin FSS absorber when compared to a
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Figure 5.17 Direct comparison of the computed realized gain of the dipole at the lower edge of
the absorber band and at the centre working frequency of the antenna.
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Figure 5.18 Computed RCS performance of the three FSS absorber arrangements compared to a
metallic reflector of same size, used for gain enhancement of the dipole antenna.

copper clad reflector of the same area. By removing 6x2 unit-cells, the FSS based

substrate absorber also exhibits ‘in-band’ (7.5 GHz) RCSR, and the same behaviour

is observed after removing 6x4 elements immediately behind the dipole antenna. An

interesting observation is the fact that after the removal of 6 horizontal and 4 vertical

elements, the simulated RCS is up to 1 dB lower than the 6x2 thinned arrangement

and 2.5 dB lower than the fully populated absorber at frequencies beyond 11.24 GHz.

An investigation has been made by simulating the backscattered radiation at 21.8 GHz,

where the difference is most evident, to study the cause of this unexpected difference.

The result depicted in Figure 5.19 shows that the reduction of the maximum RCS (at 0◦)

is caused by a 3 dB increase in the radar backscatter at oblique angles, but the scattered
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energy levels, which could potentially be detected by a bistatic radar system, are weaker

than the radiation scattered from the metallic ground-plane.
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Figure 5.19 Simulated H-plane RCS plot of the finite size metal plate and FSS absorber at
21.8 GHz. Energy impinges on structures at normal incidence (φ = 0◦).

To investigate if the removal of selected unit-cells, and subsequent interruption of the

periodicity, would generate grating lobes, the Asymptotic Solver from CST MWS was

used. The comparison is made with a metallic plate used to normalise the 2D pattern

plot shown in Figure 5.20.

As a reminder, ray-trace simulations in CST MWS are accurate for structures where

the size is >> λ . Therefore, these plots for energy which impinges at φ = 0◦, are

used as a means to visualise and compare differences in the intensity of the color map

at different observation angles. A comparison between Figures 5.20(b), 5.20(c) and

5.20(d) suggests that the break in the periodicity of the FSS results in rather minor

generation of grating lobes, given the < 20 dB relative to the maximum normalised

value of those plots.
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(a) Metallic ground-plane
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(b) Fully populated absorber
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(c) Removal of 6x2 unit-cells
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(d) Removal of 6x4 unit-cells

Figure 5.20 2D RCS map (dBm2) plots to investigate the generation of grating lobes due to the
break up of periodicity in two of the FSS based substrate absorbers.

5.5 Experimental Results

5.5.1 Construction of the FSS based substrate absorber and dipole

antenna

The procedure described in Chapter 2 was used to pattern a 140 µm thick PET substrate

using an Epson C88+ inkjet printer. The cyan cartridge was used to print the 18Ω/sq

unit-cells using a mixture of Metalon JS-B25P nanosilver ink and the aqueous vehicle

of 1vol : 6vol using RGB(40,255,255), 80% cyan (where 0,255,255 = 100% cyan), to

obtain the desired 18 Ω/sq surface resistance. A photograph taken using a microscope

of a printed unit-cell is shown in Figure 5.21. The reason for using the cyan cartridge

has been explained in Section 2.5.1, and is due to a worn-out black printer head. In this

case, only the cyan slot is filled with mixture ink:aqueous solution, and color print is

enabled in the printer configurations.
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Figure 5.21 Photograph of a printed nested square loop and patch unit-cell used to construct the
FSS based substrate absorber.

The linear-polarised dipole antenna was fabricated by soldering the 0.53 mm thick wire

arms and the folded balun to the centre conductor and outer jacket of a 1.9 mm diameter

semi-rigid coaxial cable. A photograph of the antenna and the measured S11 results are

depicted in Figure 5.22.
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Figure 5.22 Construction of the 7.5 GHz dipole antenna. (a) photograph; (b) measured S11
compared to the simulated result.

The following sections describe the sequence of measurements performed to verify the

numerical results. An observation needs to be made regarding the comparison between

the S11 of the antenna in isolation and λ0/4 above the FSS absorber. Because of the

logistics and very limited laboratory access during the Covid-19 pandemic in 2020,

only the arrangement with the dipole in isolation, shown in Figure 5.22(b), could be

verified experimentally. The minimum is at 7.5 GHz as predicted from CST, and the S11

value difference can be explained by the ideal antenna model simulated in CST, which

is perfectly matched to a dipole, with an input impedance of Zin = (73+ j42.5)Ω.
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5.5.2 Reflectivity measurements

The first reflectivity tests were made to find the correct RGB code to obtain a surface

resistance of 18Ω/sq. Three different FSS (224x208 mm2) were printed using the

RGB codes (25,255,255), (30,255,255) and (40,255,255), and placed over a 3 mm

thick Rohacell sheet which was backed by a 35 µm thick copper clad FR4 slab. The

measurements were performed in the semi-anechoic chamber using 3 sets of standard

gain horn antennas placed 1.2 m distance from the absorber, as shown in Figure 5.23.

Figure 5.23 Photograph of the bistatic set-up used to obtain the reflection measurements.

The result of the three sets of measurements are depicted in Figure 5.24, where the

FSS printed with the RGB code (40,255,255) was found to give the closest result to

the reflectivity prediction obtained from CST MWS. The sequence followed during the

measurement process is described in Figure 5.25.

Figure 5.26 depicts the reflection coefficient comparison of the fully populated FSS

absorber and with 12 and 24 unit-cells removed.

A direct comparison with CST MWS is only possible with for the fully populated

FSS absorber due to the unit-cell boundary condition not allowing modification of the

geometry to account for the removal of the unit-cells in the region under the dipole.

A difference at the lower frequencies is observed when unit-cells are removed from

the FSS, and the RCS is higher than the simulated result in Figure 5.18. In addition,

stronger signal suppression can be observed at the higher frequencies of the −10 dB

reflectivity band. However, it is important to consider an important characteristic of
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Figure 5.24 Measured reflection coefficient of the fully populated FSS absorber for different
RGB print configurations compared to the numerical prediction obtained from CST MWS.

Figure 5.25 Measurement sequence for the FSS based substrate absorber.
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Figure 5.26 Measured reflection coefficient for the three FSS absorber arrangements compared
to the numerical prediction from CST MWS (fully populated absorber).

these measurements: between steps 1 and 2 from Figure 5.25, a 7 mm diameter hole

was drilled to allow the physical insertion of the antenna for the radiation pattern
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experiments. A portion of the incident signal is transmitted through that void at higher

frequencies since λ is comparable to the hole size.

5.5.3 Single dipole antenna radiation pattern performance

The dipole antenna was tested in four different scenarios (steps 2, 3, 4 and 7 from Figure

5.25) and compared with the radiation pattern simulations shown in Section 5.4.1. The

experiments were performed in the QUB 9.6×4.6×4.3 m far-field anechoic chamber,

and the values are normalised to the directivity of the antenna spaced λ0/4 from the

metallic ground-plane. Figure 5.27 shows a photograph of the dipole placed above

the absorber, after 24 unit-cells were removed, mounted on the azimuth scanner in the

anechoic chamber.

Figure 5.27 Photograph of the dipole mounted on the azimuth scanner with the FSS based
substrate absorber with 6x4 unit-cells removed, placed λ0/4 behind the antenna.

Several experiments were made for the dipole in isolation, however because it exhibits

almost omnidirectional radiation characteristics, strong reflections from the azimuth

scanner and surrounding materials occur. Although flat absorbers were placed in some

strategic areas, the measured patterns differed from the simulations, and are not shown

here. On the other hand, when the metallic plate and FSS absorbers are placed λ0/4

behind the antenna, it creates an isolated environment which, therefore, made it possible
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to obtain the H-Plane (XoY) radiation patterns shown in Figures 5.28 and 5.29 for the

dipole working at 7.5 GHz.
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Figure 5.28 Measured radiation pattern plot at 7.5 GHz of the antenna comparing 4 studied
scenarios.
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Figure 5.29 Individual H-Plane radiation pattern at 7.5 GHz comparison between simulated and
measured results. All plots are normalised to the metallic ground-plane for the simulated and
measured results.
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A significant improvement in peak gain of the dipole antenna spaced λ0/4 from the

metallic ground-plane is achieved, when compared to the antenna operating in isolation.

This is because the back radiation reflected from the metal plate constructively interferes

with energy that radiates in the forward hemisphere (Figure 5.16). The results show that

the losses caused by the fully populated FSS based substrate absorber reduce the gain on

boresight by ≈ 2.5 dB, but the decrease is only about 0.35 dB and 0.2 dB when 12 and

24 unit-cells are removed, respectively. These results are in good agreement with the

numerical predictions plotted in Figure 5.29, showing that gain enhancement, ‘in-band’

and ‘out-of-band’ RCS reduction is possible to achieve with this new arrangement.

5.6 Conclusion

In this chapter a simple, yet innovative, strategy for radar backscatter reduction of

a metal backed dipole antenna has been investigated. A wideband 3 mm thick FSS

based substrate absorber was developed using unit-cells composed of nested square

loop and patch elements. The optimised design achieved −10 dB reflectivity across

the frequency range 7.04−27.58 GHz, which gives a FBW=118.65%, FOM = 1009

and a C value (optimality) of 61.65%. This compares favourably to results published in

the literature where the best values that have been reported in [12], for a 3 mm thick

absorber are 107% bandwidth, operating in the frequency range 7.275−23.825 GHz

and 56% optimality.

These computations demonstrate that a reflection band, which was designed to coincide

with the working frequency (7.5 GHz) of a dipole, is obtained by removing unit-cells

from the surface of a metal backed FSS based absorber. This window without the

unit-cells printed on the upper surface must be physically aligned to the antenna. This

technique with 6x4 unit-cells removed provides an increase in peak gain of 5.34 dB

in relation to the antenna in isolation and 2.63 dB compared to the antenna placed in

front of the fully populated FSS absorber. Therefore, in summary, the wide-band FSS

based substrate absorber exhibits 10 dB ‘in-band’ and ‘out-of-band’ RCS reduction
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for metal-backed antennas, whilst providing a remarkable gain enhancement over the

antenna operating in isolation, with only 0.17 dB loss when compared to an arrangement

where the dipole is placed above a high RCS metallic ground-plane.

EM simulations showed that careful removal of a small number of unit-cells in close

proximity to the dipole antenna does not increase the RCS of the structure at normal

incidence, nor does it generate grating lobes. Although higher scattered power at oblique

angles are observed, the RCS levels are still very much lower than a metallic reflector.

The mean RCS values calculated across all the angles in the H-Plane (Figure 5.19), are

given below, where RCSR> 10 dB of the absorbers is observed.

• Mean RCS of the metallic plate = -4.19 dBm2;

• Mean RCS of the fully populated absorber = -15.05 dBm2 ;

• Mean RCS of the absorber removing 12 unit-cells = -15.11 dBm2 ;

• Mean RCS of the absorber removing 24 unit-cells = -14.95 dBm2 .

The experimental results show a small difference in the reflected power after removal

of 6x2 and 6x4 elements from the FSS absorber, which agrees with the numerical

prediction shown in Figure 5.18. But the antenna gain is significantly increased when

the thinned FSS absorber is deployed, which is in line with simulated results.

This solution for the RCSR of low-observability metal backed antennas differs from the

superstrate arrangement proposed in Chapter 4. Although the latter solution provides

wideband RCS reduction, there is a 2 dB loss in antenna gain, whereas by careful design

the FSS based substrate absorber exhibits a loss of about 0.17 dB, whilst also providing

wideband backscatter suppression. Each of these two arrangements are suitable for

different types of antennas, and the tools to decide which arrangement could be used

were provided based on simulated and measured results.

The thinned FSS substrate absorber is simpler to design and manufacture than the other

previously reported solutions discussed in the introduction section of this chapter, and

moreover it is potentially cheaper to manufacture and deploy on low-observable vehicles

or cluttered antenna environment due to its low profile characteristics.
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Chapter 6

Conclusions and Future Work

6.1 Contribution of the Work Reported in this Thesis

As demands for low-profile stealth technologies increases, significant time is being

invested to devise solutions that can significantly reduce the RCS of an object without

compromising its weight, aerodynamics, performance and cost. This continued progress

since World War II [1] led to the development of different arrangements to suit the

needs of a specific platform. For example, (i) the modernisation of 4th generation fighter

planes to mitigate the RCS on highly reflective areas by using conductive coatings and

sealants [2]; (ii) the advancement from the low manoeuvrable F-117 stealth bomber

[3] to the more aerodynamic F-22 [4]; (iii) pyramidal absorbers used in anechoic

chambers [5] and their convoluted counterparts which can be employed to reduce radar

backscatter of metal-backed antennas [6]; (iv) new fabrication technologies to reduce

manufacturing costs, such as carbon nanotubes and nanosilver based inks [7] and (v)

optically transparent absorbers using ITO [8].

The potential application of absorbing materials to mitigate EMC problems in PCBs,

cluttered antenna environments and satellites, has focused recent research activity on

developing solutions based on circuit analog absorbers which are metal backed FSS.

These are manufactured using resistive elements to create its periodic surface which can
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be designed to exhibit wideband RCSR characteristics combined with a thin physical

profile, as reported in [9]. This PhD research project focused on the development of

new and advanced FSS based absorbers that can be used in several distinct areas of RF

engineering. More specifically, the objective of this thesis is to contribute to the study

and development of thin and ultra-thin absorbers (≤ λ/17) and to devise new means for

suppressing radar backscatter from spacecraft platforms and RCS reduction of metal-

backed antennas. The former was motived by an EMC problem identified by ESA,

where interference effects are caused by EM scattering from thermal blankets used to

regulate the temperature of spacecraft and their payloads, whereas the latter is required

to satisfy the technology need for low-observable ‘stealthy’ platforms, or cluttered

antenna spaces where it is necessary to reduce the interference caused by unwanted

reflections from the ground-plane of the antenna and surrounding environment.

Currently, only two research teams have proposed solutions to reduce the interference

caused by unwanted reflections from the highly reflective surface of multi-layer insula-

tors which form space thermal blankets. In [10], the authors used a computer model to

study an arrangement in which a resistive FSS is placed on the inner side of a spacecraft

platform and is spaced from the metallic layer of the thermal blanket. However, in

Chapter 3 we showed why this is not a practical solution. In [11], a more rigorous

arrangement has been investigated, which is composed of a 500 µm thick conductive

metasurface which is placed on the outer side of the space vehicle. The structure is

designed to spread the impinging energy as waves that are randomly phased. For the

work presented in this thesis, we engineered a new class of ultra-thin absorbers based on

resistive FSS. This is patterned on the outer layer of the thermal blanket and is designed

to suppress (and not scatter the signals as in [11]) the energy from impinging EM signals

of antennas installed on the spacecraft platform. These RF enhanced thermal blankets

will reduce beam shape distortion, increase polarisation purity and potentially mitigate

PIM which are generated by reflected waves from the discontinuities on the surface of

MLI material.



6.1 Contribution of the Work Reported in this Thesis 187

In this PhD research, a comparison between FSS topologies for maximising the −10 dB

reflectivity bandwidth of thin and ultra-thin FSS based absorbers was studied to define

which arrangement, unit-cells composed of patch elements or nested loops are more

suitable for each case. We found that FSS based absorbers patterned with patch elements

exhibit a wider −10 dB reflectivity bandwidth when the electric thickness is < λ/15

[12], i.e ultra-thin absorbers perform better if these are composed of an array of patch

elements. On the other hand, absorbers which are thicker than λ/15 exhibit wider band

operation when patterned with nested loops to create the resistive FSS. For this case,

the designer can exploit the multi-resonant spectral response.

The work reported in Chapter 2 established which topology would better suit the design

of ultra-thin absorbers that can be placed on the outer layer of spacecraft thermal

blankets. This low-profile characteristic is necessary as thermal blankets are required

to be a lightweight and very thin, typically < 140 µm. Using full wave simulations in

CST MWS, it was shown that by careful choice of the surface resistance of a metal

backed close packed hexagon shaped patch FSS, it is possible to engineer a 140 µm

thick absorber, λ/213 at the studied frequency of 10 GHz, which exhibits a Figure of

Merit (370) with a higher value than previously reported in the open literature for this

class of structure [13–16], and the classical Salisbury screen (FOM = 308, λ/4 thick).

During the research and development of ultra-thin absorbers, new analysis needed

to be performed to gain a deep understanding of the EM behaviour of resistively

loaded metal backed FSS when the thickness is < λ/17, and to demonstrate how these

can potentially be employed to create RF enhanced spacecraft thermal blankets. For

example, the relationship between thickness, surface resistance, angular stability and

FBW [17] was established and, importantly, the results were used to optimise the design

of the FSS absorber. These have a direct impact on how the structure can be engineered

to meet the stringent limitations imposed by the thickness of the dielectric used to

separate the patterned array from the thin ground-plane. This is required because the

proposed solution uses the thermal blanket’s own architecture, i.e its outermost layer
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constructed of a metallic foil coated by a thin dielectric layer, to create the ultra-thin

absorber.

For this study, five different thickness 140, 280, 560, 840 and 1120 µm (λ/213−λ/25

centred at 10 GHz) of FSS based metal backed PET absorbers were designed. It was

shown that the thickness has a direct bearing on the absorption mechanism, i.e if the

energy is mostly dissipated in the lossy substrate or the resistive ink of the hexagonal

patches. The work also showed that the sensitivity of the surface resistance defined for

the FSS elements is inversely proportional to the thickness (the EM performance of

thicker absorbers is more tolerable to manufacturing variations of Rs). Additionally, the

impedance dependency on the angle of incidence has a direct relation to the thickness

of an FSS based absorber and the wave polarisation. An equivalent circuit for this class

of absorber is provided to show the physical relation between the design of the absorber

and the lumped LRC parameters that can be used to model a circuit analog absorber.

Throughout this thesis, an Epson Stylus C88+ inkjet printer loaded with nanosilver

ink was used as a means for fast and low cost prototyping of the FSS. This technique,

previously reported in [18], uses an ink and aqueous solution volume ratio in conjunction

with the print dot density (by selecting an appropriate RGB code) to provide fine control

of the surface resistance of the patterned array on the surface a PET substrate. To

verify the numerical results, the thinnest (140 µm) and thickest (1120 µm) ultra-thin

FSS based absorbers were fabricated using the inkjet printer to pattern the resistive

hexagonal patch array. Reflection measurements show good agreement between the

simulated and measured results, although for the 140 µm thick FSS based absorber

designed it was necessary to compensate for the small air gaps between the metal tape

ground-plane and the PET substrate in the numerical model to explain the 488 MHz

measured upwards frequency shift.

For this feasibility study, a 10×10×10 cm mock-up of a 1U CubeSat was constructed

with copper clad material to experimentally verify the influence of a metallic platform

on the radiation pattern of a low gain antenna. A dipole working at the centre frequency

of 10 GHz was chosen because it radiates an almost omni-directional radiation pattern.
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The experiments consisted of placing the dipole in isolation and at different heights

above the metallic CubeSat and measuring the radiation pattern in an anechoic chamber.

In the worst case scenario, when the antenna is placed λ/2 above the mock-up, a deep

null in the boresight radiation pattern was observed, as predicted. The surface of the

CubeSat above which the dipole is placed was also covered by the 1120 µm thick FSS

based absorber. For this case a complete restoration of the radiation pattern shape,

changing from a null to a peak was observed, demonstrating that the ultra-thin absorber

(λ/25) suppressed almost all of the backlobe energy from the dipole, which strongly

illuminated the surface of the mock-up structure. The contribution of this study was

to show that a very large RF performance improvement can be achieved by absorbing

impinging signals from low gain antenna by simply patterning the outermost layer of a

foil interleaved MLI with a resistive FSS.

For low-observability antennas, the open literature reports on different creative solu-

tions for RCSR of the structural RCS (σs) which is the major component of the total

radar cross-section of metal backed antennas. These can be simplified into two major

arrangement categories: (i) superstrate: when the absorbing surface is placed in front

the antenna and (ii) substrate: when the RAM is located behind the antenna. In this

thesis, we presented solutions for both arrangements and discussed the advantages and

disadvantages of each design.

The superstrate approach is often found in the open literature with an architecture

consisting of an FSS based absorber placed above a single patch, or a patch array, which

is surrounded by a metamaterial absorber [19, 20]. In this case, the overall physical area

of the antenna and inherently the RCS are increased. In addition, in many proposed

solutions the antenna also needs to be modified to fit the proposed arrangements, and

any change to the design of the superstrate would require a modification to the design of

the antenna. The work undertaken in this research project proposed a new design which

builds on the architecture reported in [21], in which the authors employed numerical

simulations to study an arrangement where a resistive FSS is placed over a 4x4 slot

antenna array, which works at 2.5 GHz. This arrangement uses the slot antenna as the
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perforated metal ground-plane for the FSS to create an absorber, which works over the

frequency range 6−18 GHz. The work presented in Chapter 4 builds on this idea to

create a design consisting of an FSS based absorber with a perforated band-pass ground-

plane which resonates at the same working frequency as a 10.1 GHz 4x4 microstrip

patch array. This superstrate architecture is a ‘standalone’ generic design which removes

the need to make any modifications to the antenna design. It is shown that the structure

absorbs impinging energy below and above 10.1 GHz (with a combined reflectivity

bandwidth of 92%), and transmits signals at the centre frequency of the subject antenna.

The study contributes to the area of low observable antennas by showing the relationship

between the loss in the peak gain of the antenna and the relative position of the slots

in the ground-plane and the resistively loaded nested square loop and patch unit-cells

which are patterned on the opposite side of the 3 mm thin absorber. By carefully

aligning the resistive unit-cells between the slots, the transmission can be improved by

more than 1 dB. The work also shows that the gain loss is inversely proportional to the

value of surface resistance of the FSS, and a trade-off study was therefore performed to

provide a compromise between the −10 dB reflectivity bandwidth and antenna gain.

The objective was to achieve broadband 10 dB RCSR, a maximum of 2 dB loss in the

boresight gain of the 4x4 patch array, as given in [21], and a transmission/absorption

frequency separation ratio as close to one as possible. For reference, the study reported

in [21] obtained a frequency band separation ratio 1 : 2.4. However, in this study it was

reduced to only 1 : 13, and 1.65 dB loss in gain was observed, staying below the 2 dB

benchmark objective. In addition, for the first time it was demonstrated that the beam

steering capabilities of the 4x4 patch array are not affected by the superstrate, which

has virtually no impact on the beam shape at 22.5◦ and 45◦ tilt angles.

The numerical results were validated by experiments performed in an anechoic chamber

to measure the reflection coefficient of the reference antenna and superstrate absorber

arrangements. The resistive FSS was printed on a 140 µm PET thick sheet using a

1:7 (ink:aqueous solution) mixture in the black cartridge and the RGB code (17,17,17)

to give a 40 Ω/sq surface resistance. A Rohacell sheet was used to create the 3 mm
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spacer. In addition, the radiation patterns were measured for the uncovered and covered

antenna, with the results normalised to the peak gain of the reference (uncovered) 4x4

microstrip patch array. The results show that the FSS superstrate absorber decreases the

peak gain by 2.0, 1.0 and 2.0 dB at 0◦, 22.5◦ and 45◦ tilt angles respectively, comparing

favourably to the simulations. Moreover, the experimental results also show that the

antenna exhibits a very similar beam shape when it is working in isolation and covered

by the FSS superstrate absorber, and greater than 10 dB RCSR reduction is observed

across the frequency range 7−24 GHz.

The substrate approach is an alternative arrangement which provides RCS reduction

without compromising the gain of the antenna, where a high RCS ground-plane is placed

λ/4 behind for monopole or dipole antennas in order to simultaneously maximise the

gain and remove backlobe radiation. The common characteristic found in the open

literature is the design of frequency selective absorbers, which exhibit a narrow high

reflection band placed between two absorption bands [6, 22, 23]. The reflection band is

designed to work at the same frequency as the subject antenna, and is engineered using

different techniques which were described in chapter five of this thesis. It was shown

that most of the structures proposed in the open literature do not exhibit a low-profile,

and therefore are not suitable for the aerodynamic low observable platforms or those

antennas that fit within an antenna array enclosure. The work reported in this chapter

engineered a solution based on a thin (3 mm, λmax/14) FSS based substrate absorber,

composed of resistively loaded nested loop and patch elements, which provides a 10 dB

RCSR over the frequency range 7.04−27.58 GHz, resulting in a fractional bandwidth

of 118.65%. In this study, it is observed that the lossy unit-cells are responsible for

decreasing the gain of a 7.5 GHz biderectional dipole antenna when the metal ground-

plane is replaced by the FSS absorber spaced λ/4 behind the dipole. The difference

between the RCS of the fully populated FSS based absorber and thinned structures

where a number of unit-cells are removed from its surface was studied. It is shown that

only 0.17 dB loss in gain occurs after the removal of 24 unit-cells when compared to

an arrangement with a high RCS flat metal plate positioned λ/4 behind the antenna,
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which is used to increase the peak gain > 5 dB compared to a free standing dipole.

When compared to the fully populated absorber, the gain of the antenna is increased

by ≈ 1.33 and ≈ 2.1 dB, after removing 12 and 24 unit-cells respectively. Moreover,

the numerical RCS predictions showed that the in and out-of-band −10 dB reflectivity

bandwidth is virtually unaffected by the removal of that small number of unit-cells.

The simulations are validated by experiments which were performed in an anechoic

chamber to measure the reflection coefficient of the fully populated FSS absorber and

the response after removing 12 and 24 unit-cells. The FSS absorbers were patterned

on a 140 µm thick PET sheet using an ink and aqueous solution mixture of 1vol : 6vol,

RGB (40,255,255), to give an 18 Ω/sq surface resistance value. A 3 mm thick Rohacell

sheet was employed to produce a spacer between the periodic array and the ground

plane. The tests were carried across the frequency range 7− 26.5 GHz. In general,

good agreement between simulation and measurements was obtained, with differences

in the results caused by imperfections in the manufacturing process and the presence of

a 7 mm diameter hole which was drilled through the metal backed absorber to allow

for the physical insertion of the antenna for the radiation pattern measurements, which

was not accounted for during the simulations. The radiation pattern measurements

compared favourably to the results obtained from the numerical model, with a decrease

in peak gain of only about 0.35 dB and 0.2 dB observed when 12 and 24 unit-cells were

removed, respectively, when compared to an arrangement with a metal ground-plane.

This is a significant improvement compared to the substrate solution (≈ 2 dB) discussed

in chapter 4.

In summary, this thesis presented a study of three different FSS absorbers and their

application to stealth technologies. For one application, the structure is designed

to suppress backscatter from the surfaces of a spacecraft and hence improve the EM

performance of the installed antennas and reduce PIM generation. The other applications

are focused on RCSR of metal backed antennas. The results obtained provided important

analysis and design information, which made a major contribution to our understanding

of the EM behaviour of the FSS absorbers and how these affect the overall functioning
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of nearby antennas. The use of inkjet print technology was shown to be a feasible, low-

cost and fast prototyping technique for manufacturing the absorbers for the purposes of

verifying the computed results. The next section will discuss potential future work that

can be carried on based on the research done during this PhD research.

6.2 Recommended Future Work

6.2.1 Future development on RF enhanced thermal blankets

The first part of this work in Chapter 3 of this thesis described one measurement with

a single dielectric/metal layer thermal blanket. The sample was provided by RAL

Space [24], to investigate the extent to which the 0.1 µm thick aluminium layer of

the MLI reflects 10 GHz signals. The results show that even though the material is

8 times thinner than the skin depth of the metal conductor at 10 GHz, the reflection

coefficient was ≈ 1 dB i.e ≈ 80% of the incident energy was reflected in the measured

frequency range 8− 12 GHz. Due to limitations in the fabrication process, the PET

patterned ultra-thin absorbers were directly glued to 30 µm thick aluminium tape for

the measurements and no actual thermal blanket was used during this research.

It is possible that, for a ‘real world’ thermal blanket with metal layers that are a fraction

of one skin depth, the signal can still interact with the layers underneath the outermost

surface of the MLI. It was shown that CST MWS does not provide a means to consider

the thickness of the ground-plane for unit-cell simulations, therefore a numerical study,

which takes this physical factor into consideration, could not be performed in this

research. In this case, more rigorous analysis can be performed using other software

suites. For example, COMSOL is a robust multi-physics suite which can perform RF

analysis of metasurfaces [25], and can also be programmed to study the effects of heat on

the performance of the thermal blankets. Further investigations can potentially provide

the information necessary to successfully construct RF enhanced thermal blankets

which may exhibit higher FBW and FOM, and predict the performance of antennas
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working in close proximity to the MLI covered by the ultra-thin absorber at different

temperatures that the spacecraft will encounter in orbit.

Inkjet printing technology was shown to be a fast means for prototyping the FSS

absorber, however some drawbacks were found using a simple desktop printer for

patterning the unit-cells. These were discussed in this thesis, and the main ones

identified, such as undesirable horizontal lines caused by the printer head pattern, and

the limitation in the achievable gap between the array elements. It was shown that these

two factors can significantly compromise the EM performance of the absorber. By

using a more sophisticated manufacturing technique, i.e the use of a more advanced

printer, it is possible to achieve a better quality standard regarding the uniformity and

resolution of the printed elements and surface resistance precision. For example, in [26]

the authors used a Fujifilm Dimatix Materials Printer (DMP-2800) loaded with carbon

nanotubes suspended in distilled water and homogenised by a dispersant to produce

an ink that could be used with the DMP-2800. The work reports the relation between

the number of printed layers on a polycarbonate sheet and the surface resistance, as

depicted in Figure 6.1.

Figure 6.1 Measured surface resistance versus number of printed layers on the polycarbonate
substrate [26].

The result of the printer process is depicted in Figure 6.2, which shows that the printed

array does not exhibit any artefacts, resulting in measurements that are very close to
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the numerical predictions. The same research group also reported in [27] good results

by combining the carbon nanotubes with magnetic nanoparticles of Fe3O4 to engineer

ultra-wideband absorbers. This shows that other inkjet printing technologies also have

another degree of freedom on the materials used for the fabrication of microwave

absorbers, which enables more creative designs to be devised and tested for real world

applications. For example, the result illustrated in Figure 6.3 shows that higher values of

surface resistance can be obtained whilst keeping the printed elements uniform, without

artefacts (similar to Figure 6.2).

Figure 6.2 Photograph of the patterned array on the polycarbonate substrate using a Dimatix
DMP-2800 [26].

Figure 6.3 Measured surface resistance versus number of printed layers of magnetic carbon
nanotube ink [27].
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As shown in Chapter 3, maintaining the uniformity and precision of the surface resis-

tance of ultra-thin absorbers greatly impacts on its EM performance. Therefore, the use

of better prototyping techniques can lead to more accurate results. Moreover, it may

be possible to pattern the FSS directly on the surface of the thermal blanket by using a

material printer such as the Dimatix DMP-2850 [28], as shown in Figure 6.4, this is not

possible with the Epson Stylus C88+.

Figure 6.4 Photograph of a Dimatix Materials Printer DMP-2850 [28].

6.2.2 Future development on low-observability antennas

The state of the art of ‘stealth’ antenna designs is in constant development due to the

increased budget destined towards low-observable platforms and other defence and

commercial technologies. Improvements to the manufacturing techniques certainly is

an important factor on the decisions made during the design process of superstrate or

substrate FSS based absorbers.

One of the greatest challenges faced during this research was to balance the −10 dB

reflectivity bandwidth of the FSS based absorber and the losses incurred on the transmit-

ted signal from the subject antenna. This is an inherent problem of the FSS superstrate

absorber which we identified in Chapter 4. While the design of FSA integrated to the

antenna, as reported in [23], is a good solution which provides wideband absorption

with almost no impact on gain, we demonstrated that it is possible to create a structure

that can be placed above a metal backed antenna array to reduce the RCS without the

need to modify any aspects of the design of the radiating elements. However the loss in
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gain is unavoidable and is ≈ 2 dB. Therefore, devising a technology which provides a

means to reduce the RCS of the structure without exhibiting a negative impact on gain

and maintaining the original design of the antenna is something yet to be developed for

antennas where the substrate method is not suitable, such as a microstrip patch array.

To achieve that, one may use an arrangement with a conductive AMC placed behind the

antenna array to compensate for the losses caused by the resistive elements of the FSS.

For example, in [29] the author shows that the gain of a single co-planar waveguide

(CPW) patch is increased by 10 dB by placing an artificial magnetic conductor at the

back of the antenna, as shown in Figure 6.5. In that case, the AMC not only compen-

sates for the 2 dB loss in gain but also has the potential to improve the antenna gain

performance. That result shows that the design of the absorber can be improved by

choosing different values of surface resistance, which will provide the widest −10 dB

reflectivity bandwidth for a determined unit-cell arrangement. The loss in gain caused

by lower values of surface resistance can be neutralised by the placement of the AMC

in the system.

Figure 6.5 Photograph of the AMC placed behind the CPW patch antenna [29].
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mechanical or hybrid, leaving a fully electronic solution to a stage in which actual performances 
will have been proven with simple mechanical means.

Figure 4-35 – Uni-dimensional (elevation) beam scanning modulated metasurface antenna concept (left) and 
predicted performances, Università di Siena (I) and WaveUp (I).

4.6.2.5 RF-Enhancement of thermal blankets

A further interesting application of modulated metasurfaces is for thermal-blankets with enhanced 
RF behaviour aims at using modulated metasurface for controlling the scattering of RF waves 
within a selected frequency range to spread energy over wide angles thus avoiding unwanted 
reflections and improving decoupling among antennas and reducing interference with other 
equipment. Initial exploration has led to the conclusion that a single metasurface layer, obtained 
adding a patterned extra layer to a typical thermal-blanked, is capable of significantly spreading the 
impinging wave producing a reduction of the power received by a victim aperture of 15-25dB, 
depending on its size and distance from the blanket.

Although similar in application with the AMC-based concept described in Section 4.6.1.3, it 
exploits a different concept. Individual metasurface elements differ from one another, with a global 
pattern which may be repeating or not, and are designed in such a way to ensure that impinging RF 
wave is scattered almost uniformly with a random phase. In this way it can be implemented as the 
outer layer of standard thermal-blanket, while its unpredictable non-planar in-orbit shape of the 
thermal-blanket does not affect the RF de-coupling performances. Furthermore phase randomness 
ensures high decoupling levels also in near-field.  

Modulated metasurface

Moveable ground plane
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Figure 4-36 – RF metasurface layer for an enhanced thermal-blanket, WaveUp (I). Top: metasurface layer 
prototype; bottom left: field scattered by a continuous surface (including effect of non-planarity); bottom 

centre: field scattered by the metasurface prototype; bottom right: test setup (field source is outside the picture 
on the right side).

4.6.3 SUMMARY TABLES

4.6.3.1 Industry, Research Institutes and Organisations

Table 4.3 below lists European Industry, Research Institutes and Organisations involved in 
Research activities and Product developments in the area of RF Metastructures.

Space Unit (SU) Name Country
Technology 
Competence 

ID
Validated through Harmonisation - Remarks

Université catholique de 
Louvain (UCL) Belgium 7-A Antennas Metamaterials, Metasurfaces

Lamda Guard Canada 7-A Antennas Metamaterials, Metasurfaces
MDA Corporation -
MacDonald, Dettwiler and 
Associates Ltd. Canada 7-A Antennas

Metamaterials, passive, semi-active, active arrays, hybrid electro-
mechanical arrays, metamaterials

ViaSat
Czech 
Republic 7-A Antennas Metamaterials, Metasurfaces

TICRA Denmark 7-A Antennas

Metamaterials, metasurfaces. TPMSWI - Antenna reflector and technology, 
fees (space qualified). Software development, consultancy and antenna 
design for Earth deck and lateral face antennas.
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A major issue in this application field are the limitations imposed to antennas by 
aerodynamics leading to two potential solutions using metasurfaces: 

o Antennas integrated in the thermal protection system for re-entry vehicles (Pride, 
TBC)

Navigation
The most challenging requirement arises from the strict phase and group delay stability 
requirements often leading to complex solutions: 

o High-performance user antennas (Galileo)
o Low cost space user antennas for small platforms (LEO constellations)

The application potentials of RF metastructures are summarized in the following table:

ID Mission / Mission Type Need TRT
ROM 
Cost

Priority

1 Compact and light feeder-link antennas Telecommunication 2020 500 k€ 9
2 Global coverage antennas Telecommunication 2019 400 k€ 8
3 High-performance fixed, nomadic and mobile 

terminal antennas (multiple products)
Telecommunication 2018* > 1 M€ 2

4 Enabling solutions for specific services
(multiple products)

Telecommunication 2020* > 500 k€ 6

5 Scattering and RFC mitigation solutions Telecommunication
Earth Observation

2019 500 k€ 4

6 Low complexity data downlink antennas at 
X- and Ka-band

Earth Observation 2020 1 M€ 5

7 Simpler instrument antennas for smaller 
platforms (multiple products)

Earth Observation 2022* > 1 M€ 10

8 Radar transponder antennas and calibration 
targets

Earth Observation 2020 1 M€ 12

9 X-band MGA and HGA for TM/TC link Human and Robotic 
Exploration

2018 600 k€ 1

10 High-performance body conform X-band 
antennas for descent and landing modules

Human and Robotic 
Exploration

2025 1 M€ 13

11 Compact and lightweight X- and Ka-band 
antennas for rovers

Human and Robotic 
Exploration

2025 1 M€ 14

12 On-body wearable antennas for astronauts Human and Robotic 
Exploration

2025 1 M€ 15

13 Antennas integrated in the thermal protection 
system for re-entry vehicles

Space 
Transportation

2020 1.5 M€ 3

14 High-performance user antennas Navigation 2019 300 k€ 7
15 Low cost space user antennas for small 

platforms
Navigation 2020 500 k€ 11

* First available product 
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