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1 ABSTRACT

1 Abstract

This thesis deals with artificial materials based on periodic structures such as fre-
quency selective surfaces and metasurfaces. Although the list of applications can
be very long, this work mainly focuses on the control of electromagnetic propaga-
tion inside buildings and the design of antennas.

In the case of buildings, signal enhancement or attenuation is required depend-
ing on the application. For instance, frequency selective surfaces are capable of
spatial frequency filtering which can be useful for electromagnetic management in-
side secure buildings. Reconfigurable intelligent surfaces are capable of changing
the scattering parameters based on the requirements with low power consumption
and can improve the signal coverage inside buildings. From an antenna design per-
spective, antennas based on metasurfaces can provide broadband and low-profile
properties. A combination of active metasurfaces with antennas can be advanta-
geous for polarisation switching, phase control or beam-steering.

Studies from the basic concepts to complex structures are presented in this
thesis: propagation measurement inside a building with and without a blocking
carpet; impedance characterisation of dipole elements; optically transparent fre-
quency selective surfaces; the design of a sparse frequency selective surface for the
control of radio coverage in buildings for signal enhancement inside a room; a com-
parison of state-of-the-art methods for metasurface synthesis; a study of printed
scattering reflectors made of a standard two-layer circuit board as well as a textile
metasurface manufactured by an electroplating process; the design of a reflective
switchable polarisation rotator with PIN diodes allowing adaptive beamforming or
antenna polarisation switching; the design of a broadband GNSS antenna system
for interference mitigation and localisation; the design of a short backfire antenna
(SBA) for satellite communication based on metasurface.

Key words

GNSS antenna, Satellite antenna, Switchable metasurface, Textile metasurface,
Frequency selective surface, Holographic technique, Polarisation rotator.
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1 ABSTRACT

Abstrakt

Tato práce se zabývá problematikou uměle vytvořených materiál̊u na bázi perio-
dických struktur, konkrétně frekvenčně selektivńımi povrchy a metapovrchy. Hlav-
ńı d̊uraz je kladen předevš́ım na ovlivňováńı elektromagnetického pole uvnitř bu-
dov a na návrhy konstrukćı antén.

V př́ıpadě budov se v závislosti na aplikaci vyžaduje ześıleńı nebo zeslabeńı
signál̊u v určitých částech frekvenčńıho spektra. K tomu lze využ́ıt frekvenčně se-
lektivńı povrchy, které umožňuj́ı prostorovou frekvenčńı filtraci. Rekonfigurovatel-
né inteligentńı povrchy jsou schopny na základě požadavk̊u měnit své odrazné
parametry při ńızké spotřebě energie a mohou zvýšit pokryt́ı signálem uvnitř bu-
dov.

Z hlediska návrhu antén mohou antény založené na metapovrš́ıch mı́t širokopás-
mové vlastnosti i při jejich ńızkém profilu. Kombinaćı aktivńıch metapovrch̊u
s anténami lze doćılit přeṕınáńı polarizace, kontroly fáze nebo směrováńı vyzařova-
ného elektromagnetického pole.

V této práci jsou uvedeny studie od základńıch koncept̊u až po komplexńı struk-
tury a zahrnuj́ı následuj́ıćı témata: měřeńı š́ı̌reńı uvnitř budovy při použit́ı elektro-
magneticky nepr̊uhledného koberce, impedančńı charakterizace dipólových prvk̊u,
návrh opticky transparentńıho frekvenčně selektivńıho povrchu, návrh frekvenčně
selektivńıho povrchu pro ześıleńı signálu uvnitř mı́stnosti, srovnáńı metod pro
syntézu metapovrch̊u, návrh a studie reflektor̊u vyrobených ze standardńı dvou-
vrstvé desky plošných spoj̊u a textilńıho metapovrchu vyrobeného galvanickým
procesem, návrh reflexńıho přeṕınatelného polarizačńıho rotátoru s PIN diodami
umožňuj́ıćıho adaptivńı formováńı paprsku nebo přeṕınáńı polarizace antény, návrh
širokopásmového anténńıho systému GNSS pro potlačeńı a lokalizaci zdroje rušeńı,
návrh SBA antény pro družicovou komunikaci na bázi metapovrchu.

Kĺıčová slova

GNSS anténa, Satelitńı anténa, Přeṕınatelný metapovrch, Textilńı metapovrch,
Frekvenčně selektivńı povrch, Holografie, Polarizačńı rotátor.
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2 INTRODUCTION

2 Introduction

Radio, wireless internet, mobile phones, satellite communication, deep space com-
munication, RF (radio frequency) sensing systems, medical imaging, microwave
heating; the list of devices and use cases where electromagnetic waves play a cru-
cial role is extensive. Therefore, the ability to control electromagnetic waves is a
mandatory requirement for well-functioning RF systems. As the demands for new
technologies are getting more challenging, new approaches need to be found.

Very often, antennas are restricted due to space and weight limitations. This
is particularly important in space applications where large parabolic reflectors
[1] are expensive to transport [2, 3]. A modern aircraft contains around 30 to
50 antennas [4]. To be able to design low-profile antennas with reduced drag is
therefore a mandatory requirement in aviation as many antennas are placed on
the fuselage, resulting in reduced fuel economy. Furthermore, there are additional
challenging requirements such as controlled multi-beam radiation patterns [5, 6]
and broadband/multi-band operation [7, 8]. Power consumption [9], efficiency
[10, 11] and costs of manufacturing [12, 13] are also very important factors.

These challenges can be addressed by utilising periodic structures such as fre-
quency selective surfaces (FSS) [14] and metasurfaces [15]. Even though research
of such surfaces has been very extensive, this technology has not yet been fully
adopted.

There are many applications of such surfaces. Subreflectors based on FSS allow
multi-band operation of parabolic antennas and radio telescopes. For instance, a
space probe Voyager 1 [16] and its twin Voyager 2 [17] have an FSS subreflector in
front of the main 3.66m parabolic reflector. This configuration allows dual-band
(X and S) operation. The antenna works as a Cassegrain parabolic antenna at
X-band where the FSS reflects, and as a prime focus radiator at S-band where the
FSS is transparent [18]. The Cassini spacecraft developed for Saturn exploration
had a four-band antenna based on FSS which could operate at S, X, Ku and Ka
bands [19].

A very important application are radomes [20] which protect the antennas and
electronics inside. Antennas need to be protected against weather conditions such
as wind, moisture, rain, dust etc. Radomes should be transparent for electromag-
netic waves transmitted or received by the antennas inside and should not bend
the electromagnetic waves. Utilising FSSs can help solve such problems [21].

Mutual coupling reduction between antennas is a very common challenge for
RF engineers; however, metasurfaces can be used to increase the isolation between
planar antennas [22, 23]. Furthermore, metasurfaces allow the replacement of
bulky parabolic antennas with flat reflectarrays [24, 25, 26, 27]. As an example,
this technology is now being adopted on 12-unit CubeSat GomX-5 where a flat
reflectarray will be unfolded in orbit in 2022 [28].

FSSs can also control electromagnetic propagation inside buildings [29] and,
depending on the application, they can either suppress or enhance propagation in
such environments [30, 31]. Network capabilities have grown exponentially [32]
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2 INTRODUCTION

and the more wireless networks [33] are present, the higher risk of interference [34]
can be expected. Furthermore, protecting wireless networks against suspicious
activity [35, 36] is extremely important for privacy protection in secure buildings
[37, 38, 39]. There can be some other requirements for the FSS such as optical
transparency when the surfaces are placed into window frames while the frequency
response needs to remain unchanged [40, 41]. The scattering properties of the
rooms can be further modified by using lossy FSSs (absorbers) [42, 43]. In addition,
energy-efficient solutions are required [44] to reduce energy consumption.

The aim of this thesis was to address several topics in the area of frequency
selective surfaces and metasurfaces. Particular emphasis was given to the study
of FSSs used for signal enhancement or reduction inside buildings. Furthermore,
the design of new metasurfaces and their synthesis was studied. Finally, the
development of novel antennas based on metasurfaces was carried out.

As there are many definitions of both FSSs and metasurfaces and they often
overlap, in this thesis FSS is understood as a spatial filter that affects the magni-
tude of the incoming wave by its transmission or reflection. On the other hand,
metasurfaces are considered in this thesis as more complex structures which affect
magnitude, phase but also polarisation and thus allow the control of wave fronts.
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2 INTRODUCTION

2.1 State-of-the-Art

Frequency selective surfaces (FSSs) have been studied intensively since World War
II [14]. When a conductive sheet is hit by an electromagnetic wave, the wave is
reflected back from the sheet and the angle of reflection is determined by Snell’s
law [45] (the effects of the finite sheet are not considered for simplicity [46]).

The conductive sheet (reflector) can take the shape of a parabola used in
parabolic antennas [47, 48, 49, 50]. The solid parabolic reflector can be replaced
by parallel rods to reduce weight and increase the wind loads [51]. This config-
uration only works for linearly polarised waves that are oriented parallel to the
rods. It is worth noting that such surfaces can be used as a polarisation filter as
the electromagnetic waves parallel to the rods are reflected while the waves with
perpendicular polarisation to the rods can propagate through this structure. This
principle has been used not only at microwave frequencies [52] but also in optics
[53]. The distance between the rods is critical as it affects the overall performance
of the antenna system such as the front-to-back ratio [54]. In this case, the re-
flector itself does not have any resonation frequency as the equivalent circuit of
the long rods can be considered as an inductor. If the rods are split and an air
gap is present, the capacitance between the rod parts and the inductance of the
conductive rods will act as a resonation circuit and therefore resonation will occur.
Such a reflector will work as a band-stop FSS [14].

Many types and shapes of FSSs have been published e.g., all-dielectric FFSs [55],
or FSSs made purely from a conductive sheet which can be further divided into
capacitive [56] and inductive FSSs [57, 58]. Hybrid versions combining dielectric
and conductive structures have also been designed [59, 60, 61].

FSSs can take the geometrical shape of a Jerusalem cross [62], circular loop
[63], rectangular loop [64], circular, rectangular or hexagonal patch [65] to name a
few. The shapes can be interleaving and also based on a multi-layer design [66]. If
an array of ring or square loops is replaced by an array of slots, the surface changes
its characteristics from a band-stop filter to a band-pass filter. The combination
of multi-layer complementary arrays can be used for electromagnetic interference
(EMI) shielding [67, 68, 69].

With the increasing use of wireless systems, the applications and effects of FSSs
inside buildings were studied. They could be an alternative solution for reducing
interference. They can also increase the security of wireless networks, enhance
or block signal while keeping the walls transparent to systems such as broadcast
radio or cellular telephone [70]. Therefore, the impact of the walls on the FSS
response was studied [71]. It was found that isolation and passive amplification
capabilities of FSSs can be used in buildings for signal reduction or enhancement
[72, 73].

When the inter-element spacing is greater than λ/2, grating lobes [74] occur.
As the length of simple FSS shapes equals approximately λ/2, the FSS is then
sensitive to oblique angles of incidence. In such cases, even though the surface can
work well at a normal incidence, at oblique incidence the energy can be radiated
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2 INTRODUCTION

into unwanted directions and therefore efficiency can be reduced. Loaded elements
were developed for grating lobes mitigation as they allow smaller inter-element
distance [14]. On the other hand, there might be cases, where grating lobes are
desirable. For instance, they can be used for propagation enhancement in corridors
inside buildings [75].

Parameters such as the reflection/transmission coefficient, bandwidth and an-
gular stability [76] are of main concern when FSSs are designed. Furthermore,
FSSs can improve the antennas for satellite communications with very strict re-
quirements for the radiation pattern [77] or they can be used for microwave lenses
[78].

Metamaterials are very often designed as 2D surfaces with a small (sub-wave-
length) thickness, therefore such planar structures are called metasurfaces [19].
They can be based on a resonance of a periodic layout which allow for the chang-
ing of the value of magnitude, phase and polarisation of reflected/transmitted
electromagnetic waves.

Metasurfaces have mainly been designed for interaction with a plane wave
or a surface wave. From a surface wave perspective, corrugated surfaces were
developed. Depending on the direction of the propagation, they either support the
propagation (hard surfaces) or stop the propagation (soft surfaces). Hard surfaces
can be used for quasi-TEM waveguides [79, 80] or for corrugated horn antennas
which have the benefits of symmetric radiation pattern and low cross-polarisation
[81] in comparison with standard horn antennas. For GNSS applications choke
ring antennas eliminate multipath reflections from the ground [82, 83, 84].

Taking it a step further, mushroom-type impedance surfaces [85] or electro-
magnetic band gap (EBG) metasurfaces [23] were developed. They consist of
conductive patches that are connected to the ground layer through a vertical in-
terconnect access (VIA). As a result, mushroom-type metasurfaces suppress the
surface waves in both directions due to their symmetry [86]. As an example, they
can also be used for reducing multipath interference [87]. For the antenna design,
surface waves can be excited on an artificial impedance surface. Such a modulated
surface can produce the desired radiation pattern [88]. This technique allows for
antennas to be designed on curved surfaces and for the antennas to be integrated
into complex objects [89].

A very important aspect of metasurfaces is the response to the plane wave
coming from the broadband direction. Metamaterials allow for the reflecting of
electromagnetic waves with a phase shift of 0◦ instead of 180◦ as it is usual for
perfect electric conductors (PEC). Therefore, such surfaces are also called artificial
magnetic conductors (AMC) or high impedance surfaces (HIS) [90]. Such unique
behaviour has been used to design low-profile antennas [91, 92, 93].

Even though metamaterials were developed as periodic structures, the dis-
covery of quasi-periodic structures [94] helped to extend their usage since quasi-
periodic structures allow manipulation of electromagnetic wavefronts. To achieve
the desired scattering behaviour, the surface first has to be synthesised to achieve
the phase/amplitude distribution. Several methods for synthesis have been pub-

8



2 INTRODUCTION

lished [95, 96, 88, 97]. Even though they are based on the analytical calculations
and do not consider all the electromagnetic phenomena, they are very useful for
metasurface design. Therefore, knowledge of their limitations is very important.

There are many practical use cases where the quasi-periodic structures are
utilised. For instance, the standard curved parabolic reflectors can be replaced
by flat reflectarray antennas [98, 99]. Furthermore, a focusing metasurface based
on gradient AMC surface [100] and a metasurface scattering the electromagnetic
waves into arbitrary angle/angles [101] have been published. The quasi-periodic
metasurfaces can also be used for antenna lenses. For example, a lens antenna
using three metasurface layers in front of a feeding array [102] or a high-gain short
horn antenna based on metasurface-corrected lens were designed [103].

Metamaterials can be made active which means that their scattering properties
can be changed dynamically [104, 105, 106]. Usually, their active components are
either PIN diodes or varactor diodes. Currently, reflecting intelligent surfaces
(RIS) [107, 108] based on this technology have been studied intensively for future
wireless networks (6G). RIS could be used for improving the signal-to-noise ratio
especially for non-line-of-sight (NLOS) radio propagation [109]. If this technology
is implemented, RIS offers lower power consumption compared to standard access
points with transmitters. This technology can also be used for secure wireless
communication systems. As an example, a time-coding spread-spectrum RIS has
been designed and published [110].

Moreover, metasurfaces can be designed for polarisation conversion. Many
designs have been published for both reflective and transmissive surfaces. The
transmissive polarisation rotators usually consist of a multilayer structure. For
instance, designs consisting of three metallic layers based on split rings [111, 112]
or split square loops [113] have been published and rotated the polarisation by
90◦. Furthermore, linearly polarised waves can be converted to circular polarisa-
tion [114]. A four-layer, electronically tunable polarisation rotator allowing the
polarisation tilt angle of a linearly polarised wave to be arbitrarily controlled was
also presented [115]. Another tunable design consisted of four PCBs where eight
conductive layers were used in total [116]. The second group of polarisation ro-
tators are reflective metasurfaces [117]. They work as reflectors and are designed
with a ground plane similar to high-impedance surfaces. They can also be based
on asymmetric structures such as split-ring resonators [118, 119, 120], concentric
rings [121], hexagonal split ring resonators [122], H-shaped metasurfaces [123] or
L-shaped metallic patches [124] to name a few. Polarisation rotators can be also
active. Designs using PIN diodes for switching of their states [125, 113] were
published. Another metasurface with varactor diodes was used for frequency and
polarisation reconfigurability [126].

Furthermore, metasurfaces designed on textile surfaces are another topic of
interest. There are several techniques that have been published such as screen
printing with conductive inks [127], weaving [128], a knitting process with con-
ducting yarns [129] or using a liquid metal alloy embedded within a flexible silicone
elastomer [130].

9



3 AUTHOR’S CONTRIBUTION

3 Author’s Contribution

As mentioned in the State-of-the-Art section, many publications have been writ-
ten in the field of frequency selective surfaces and metasurfaces. On the other
hand, with the rapid development of wireless technology and the increasing num-
ber of practical challenges and applications, new solutions need to be explored.
Therefore, I focused on specific topics that seemed promising for further research.

3.1 Goals of the Thesis

The goals of the thesis can be summarized into several main points and were
covered in the papers presented later in the thesis:

� study of a technique for faster calculation of electromagnetic fields within
resonant environments

� study of frequency selective surfaces for use in buildings

� study of techniques for metasurface synthesis

� design of novel metasurfaces

� using metasurfaces for novel antenna designs.

Despite the increasing accuracy of RF solvers and computational power, it
is good practice to avoid relying on these tools only as understanding of RF
techniques, theory and an educated guess are important factors. Furthermore,
practical tests and measurements should be performed as some designs provide
promising results in simulation software but they might not work in practice for
mechanical and other reasons such as significant sensitivity to manufacturing tol-
erances. Therefore, in this thesis, emphasis was given to practical tests and the
structures were designed with the limitations of the real world in mind. This ap-
proach, based on practical testing, is more time-consuming and expensive as it
requires designing, manufacturing, measuring and when the tested structure does
not meet the given criteria, this process has to be repeated until the requirements
are fulfilled.

In this thesis, the covered topics were split into the following sections: Electro-
magnetic simulations, Electromagnetic propagation inside buildings and Antenna
design based on metasurfaces.

The published articles are highlighted in bold and italics in the following
text. The entire list of publications is presented at the end of this chapter followed
by the articles themselves.
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3.2 Electromagnetic Simulations

Modern electromagnetic components are becoming very complex in terms of the
shapes to obtain the maximum performance for a given task [131]. Electromag-
netic simulations based on Maxwell’s equations play a crucial role in designing
electromagnetic components such as frequency selective surfaces, metasurfaces and
antennas. Very often, several numerical methods and approaches are combined
[132]. Usually, a design starts with an analytical calculation. The final struc-
ture is then numerically calculated based on a parametric analysis to achieve the
best results possible. There are many aspects that affect the final behaviour of
the designed structure e.g., accuracy of numerical calculations and manufacturing,
available computational resources or quality of mesh.

For instance, available RAM memory determines the amount of detail that
can be considered in simulations with a finite element method (FEM). Performing
full-wave electromagnetic simulations of complex, resonant and electrically large
structures such as partially flooded vessels can be a challenging task. As the
permittivity of water is high (approximately 80 [133]), the generated mesh of
water is significantly denser in comparison to the same environment filled with
air. This scenario can easily lead to memory overflow. For that reason, a new
technique had to be found which was then tested with a large cavity containing 4
ports. The cavity was filled with water and the S parameters were measured and
compared with the numerical results calculated by FEM method. This work was
published in A Simplification Technique For S-parameter Calculations
within Partially Loaded Resonant Cavities [134] (page 17). More details
and measurements can be found in Appendix 6.1.

Furthermore, analytic approaches are useful for a quick and efficient solution
for a design of an antenna or a reflecting surface. Usually, they provide a good
approximation without the need of using complex and often expensive full-wave
electromagnetic tools.

Evaluation of the Input Impedance and Impedance Quality Factor
of a Dipole in Spatial and Spectral Domains [135] (page 19) was performed
with EMF method and a spectral domain method. Both methods were numerically
implemented in Matlab [136] and the quality factor of the dipole antenna was
calculated based on the results of both methods and compared.

Moreover, two methods for metasurface synthesis were compared. The first one
was based on a holographic technique, the second one calculated the reflection co-
efficients with susceptibility tensors. Both methods provided reflection coefficients
(magnitude and phase distribution) across the metasurface based on a required
scattering pattern. More information can be found in Metasurface synthesis
using susceptibility tensors and holographic technique [137] (page 23).
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3 AUTHOR’S CONTRIBUTION

3.3 Electromagnetic Propagation Inside Buildings

With the increasing demand for fast and reliable wireless services inside buildings,
wireless networks have to adapt. There are two main concerns. The first one is the
signal-to-noise ratio (SNR). With a higher SNR, faster data transfers are possible
as well as using less robust modulation and coding schemes which provide higher
speeds. This situation becomes even more challenging at high frequencies such as
mmWaves. The second concern is the security aspect and the ability to separate
networks or to block unwanted signals. Therefore, solutions for the optimisation
of electromagnetic propagation inside buildings need to be found. Such a solution
should not be expensive and should not consume too much power. A project
named Wireless Friendly and Energy Efficient Buildings (WiFEEB)
[138] (page 27) addressed such problems.

The technique of controlling the electromagnetic propagation inside a room by
changing the inter-element spacing is presented in A Sparse FSS for Control
of Radio Coverage in Buildings [139] (page 28). Such concepts can be fur-
ther converted into switchable surfaces which are able to change the propagation
properties based on a controlling algorithm. This approach can be easier and
cheaper to implement compared to complex transmission metasurfaces with the
same goal. Furthermore, the effect of a conductive carpet placed on a floor of a
Victorian house is presented in Appendix 6.2.

Compared to walls, which can be covered by wallpaper with a desired frequency
response, windows are more challenging as the optical transparency needs to be
maintained. Such a combination was presented in An Inductive Frequency
Selective Surface for Use in Secure Facilities [140] (page 30) and further
built and measured. The photos and results from this measurement can be seen
in Appendix 6.3.

Metasurfaces allow the electromagnetic waves to be scattered in a controlled
way. Therefore, they can be used for controlling the propagation inside buildings
and can be part of the wireless networks of future generations. Such metasurfaces
can be passive or active. Active metasurfaces based on programmable electronics
allow to dynamically change the scattering properties of the metasurface. When
the metasurface is made of textile, it can be part of curtains which can be stretched
when needed to obtain the required properties inside an indoor environment. Such
a solution requires power only during the slide as the metasurface can be com-
pletely passive. For such application, a textile metasurface needs to be developed
and a sufficient manufacturing process found. In this thesis, Study of Printed
Scattering Reflectors based on Discretised Metasurface [141] (page 34)
presents an example of a textile metasurface designed and fabricated using an
electroplating process.
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3.4 Antenna Design Based on Metasurfaces

Antennas play a crucial role in wireless systems. Therefore, this thesis highlights
the use of metasurfaces for antenna design. The combination of metasurfaces
and antennas allows for much greater possibilities and freedom during the design
process.

A standard dipole placed in front of a reflector is a common setup that pro-
vides linear polarisation and can be seen in many different antenna designs. When
circular polarisation (CP) and swapping between right-hand circular polarisation
(RHCP) and left-hand circular polarisation (LHCP) is required, complex antenna
systems such as phased crossed dipoles placed perpendicular to each other have
to be built. Furthermore, such a system requires relay switching and delay trans-
mission lines. The same functionality can be achieved with a single dipole and a
switchable polarisation rotator as presented in Reflective Switchable Polar-
ization Rotator Based on Metasurface with PIN Diodes [142] (page 39).
When this novel metasurface was in the off state, it allowed for the reflection of the
waveform as a standard reflector. When in the on state, it rotated the polarisation
of reflected signals by 90◦ and based on the polarity, it controlled the phase shift
of the rotated waveform by 180◦.

Global navigation systems are becoming crucial for many services as they are
widely used not only for positioning but also as a precision reference of time or fre-
quency. Therefore, interference mitigation and localisation is an important safety
feature of a critical RF system. For such a task, antenna arrays are needed for
creating nulls in their radiation patterns to minimise the signal level of an inter-
ference. Unfortunately, not every antenna design is suitable to be placed into an
antenna array. The mutual coupling between the elements can affect the input
impedance as well as the radiation pattern significantly. With such an antenna
system, the resulting radiation pattern could be unpredictable and interference
localisation could be a very difficult or even impossible task. Therefore, a new
design GNSS Sector Antenna for Interference Mitigation and Locali-
sation using a High Impedance Reflector [143] (page 49) was developed.
The combination of a metasurface and an array of two sleeve dipoles with a feeding
point in the centre provided the required radiation pattern across a wide frequency
range as well as a good impedance match. The construction details can be found
in Appendix 6.4.

Short backfire antennas (SBFAs) became popular for their high directivity and
compact dimension in comparison to antennas such as Yagi-Uda or helix antennas
which require a relatively long beam. Furthermore, SBFAs are easier and cheaper
to build in comparison to a parabolic dish. As an example, they were used during
the Apollo missions [144] or as prime focus feed on The Green Bank Telescope
[145] located in West Virginia, US. In this thesis, the reflective properties of a
metasurface were used for design of a novel short backfire antenna for communica-
tion with the geostationary satellite Es’hail-2 (QO-100). The antenna consisted of
a sub-reflector based on metasurface that worked as a power divider and a phase
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shifter, and allowed for the creation of a rotating field (circular polarisation). The
antenna also contained a high impedance which made it possible to reduce the
height of the sub-reflector above the main reflector. This antenna was designed
with ease of manufacture in mind. Therefore, a simple patch as a feeder was used
which reduced the need for a complex feeding network with a power divider and
a phase shifter. Furthermore, the complex manufacturing process of dipoles with
baluns was mitigated in this design. Even though this antenna can be used for
other services, the main motivation was to design a new antenna for ham-radio
community. For this reason, the antenna had to be compact as many amateur
radio operators have limited space for their antennas. The proposed design is pre-
sented in Compact Uplink RHCP 2.4GHz Short Backfire Antenna for
Geostationary Amateur Radio Satellite Es’Hail-2 (QO-100) (page 54).
Further details on the construction can be found in Appendix 6.5.
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A Simplification Technique For S-parameter Calculations within
Partially Loaded Resonant Cavities
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Abstract— Wireless sensor networks are being deployed for engine health monitoring on marine
vessels, which enables longer periods of time between engine servicing while reducing the risk of
component failure. Due to the nature construction of such vessels this type of wireless sensor
network must be able to operate within a highly resonant environment. To ensure reliability of
suitable communication systems electromagnetic modelling can be performed. Several techniques
are available for such modelling including ray tracing, finite element method, method of moments,
and FDTD based methods. Each has its own relative merits and disadvantages including, material
characterisation, computational time and required memory.

This work considers a technique for reducing the numerical complexity of finite element method
calculations within a resonant cavity under normal and partially flooded scenarios. Computa-
tional resources required to calculate electromagnetic fields within a cavity scenario when water is
present are considerably higher than for the equivalent empty model. Simulations have been ex-
perimentally validated using a cylindrical four port resonant cavity (see Figure 1) having internal
dimensions of 1 m× 0.2 m. Two methods are presented to reduce this additional computational
burden. Consider the cavity shown rotated by 90◦ and filled with 100 mm of water. Firstly
we consider a 55 mm thick slab of water below which we use an open boundary, allowing us to
ignore the cavity below this point. Secondly we consider a very thin layer of water (0.1 mm thick)
representing the surface of the water above an open boundary.

Figure 2 shows a comparison between simulated and measured s-parameter data for the two
methods proposed. Additionally, simulated full-wave results for the 100 mm of water calculated
using time domains over within CST Microwave Studio are shown. It can be seen that simulated
results are in good agreement with the measured experimental data. The proposed techniques

Figure 1: The experimental 4-port resonant cavity.

(a) (b)

Figure 2: A comparison between simulated and measured data (a) |S11| and (b) |S21| for the cavity filled
with 100 mm of water.
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reduce the computation time and memory requirement from 6 hr 3 min and 104.6 GB RAM, to
2 hr 11 min and 56.3 GB RAM for the 55 mm water layer above an open boundary, to just 7 min
and 4.7 GB RAM for the thin layer model above an open boundary. The thin layer method is
therefore 52 times faster than the equivalent full wave method and requires 22 times less system
memory.
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Abstract. In classic antenna analysis, there exist several 
methods of calculating input impedance when the source 
distribution of an antenna is known. The well-known in-
duced EMF method, based on spatially distributed cur-
rents, is typically applied for this purpose and, thereby, 
serves as a reference for this research. Conversely, the 
spectral domain method takes the opposite approach for 
the input impedance and is evaluated using a far-field 
pattern. This paper compares the induced EMF method 
and the spectral domain method. Furthermore, the quality 
factor of the dipole antenna, based on the impedance vari-
ation with frequency, is calculated for both methods. This 
study shows that the induced EMF method and the spectral 
domain method are in close agreement. 

Keywords 
Dipole, input impedance, quality factor, spatial 
domain, spectral domain, EMF method 

1. Introduction 
Quality factor Q [1] is one of the most fundamental 

characteristics of an antenna because of its connection to 
a bandwidth [2]. There are many ways to evaluate quality 
factor Q, both in the time [3] and frequency domains [4].  

The most popular method is probably the one based 
on input impedance frequency changes [1], [4]. If the dis-
tribution of currents on an antenna is known, the input 
impedance, and, consequently, quality factor Q [4], can be 
evaluated by the complex power balance in the spatial 
domain. This approach is known as the induced EMF 
method or the Poynting vector method [5]. 

Another way to determine Q is by spectral analysis, 
which is, in turn, based on the integration of the radiation 
pattern in visible and invisible space [6–8]. Integration in 
visible space (over real angles), which is well-known and 
demonstrated in the literature [5], facilitates the classic 
calculation of the radiation resistance of an antenna. A less 

well-known fact is that extending the integration to invisi-
ble space (complex angles) also allows the information 
pertaining to the reactance to become available thanks to 
the special properties of the radiation pattern as explained 
in [6]. 

In this paper we study the quality factor Q of a thin 
dipole from its input impedance by both methods, i.e., in 
the spatial and spectral domain method. The source current 
is prescribed as sinusoidal (one-term approximation which 
permits the semi-analytical evaluation of the background 
integrals). 

2. The Induced EMF Method 
When considering a thin linear antenna oriented in the 

z-axis, the input impedance (referred to current maximum) 
is given by the following double spatial integral [9]: 
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where the current is assumed as: 
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where k is wavenumber and L is dipole length respectively. 
The wire radius a is incorporated in the thin-wire kernel by 

 22)'( azzR  . (3) 

The result of (1) is available in closed form [5] and is 
used as a reference. 

3. Spectral Domain Method 
The spectral domain approach considers a z-oriented 

thin-strip dipole of length L and width w. However, it was 
shown [7] that thin-strip and small-radius dipoles are 
electromagnetically equivalent when 
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Hence, the above equation allows a comparison to be made 
between the thin-wire and thin-strip structures which is 
subsequently used to calculate the results.  

The thin-strip current is assumed to be constant along 
the dipole width: 
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Following the approach from [7], the far-field pattern is 
a Fourier transform of (5): 
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where ky and kz are vector propagation constant compo-
nents and k2 = ky

2 + kz
2. Consequently, the real and imagi-

nary parts of the input impedance are given by [6]: 
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The numerical evaluation of these integrals will be 
discussed in Sec. 5. 

4. Quality Factor 
For the purpose of this paper, we use a well-estab-

lished definition of the quality factor based on the variation 
of the input impedance with frequency [1], [4]: 
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5. Numerical Validation 
Equations (7–9) have been numerically evaluated in 

Matlab [10] using the rectangle method for integration. The 
input impedance and the untuned quality factor (9) of 
a dipole antenna have been investigated and compared with 
the analytical solution of (1). 

Since equation (8) for the reactance contains the defi-
nite integrals with infinite upper limits, the numerical im-
plementation is not straightforward making it necessary to 
estimate how large a number is needed to replace the infi-
nite limits, and how many subintervals must be used to 
obtain a calculation with sufficient accuracy.  

The initial value for the upper limits has been chosen 
(N = 20 000) and the integrals have been calculated in 
20 000 subintervals. The input impedance of a strip dipole 
of length L, ranging from 0.15 λ to 0.6 λ, with widths of 
0.01 λ, 0.001 λ and 0.0001 λ of the dipole, are presented in 
Fig. 1 which depicts both the EMF method and the spectral 
domain method.  

It can be seen that the input reactance for both 
methods, in particular the short dipole, is very similar for 
w = 0.01 λ and 0.001 λ. The results for the longer lengths 
show greater variation. Furthermore, the radiation 
resistance R (the spectral domain method) and REMF (the 
EMF method) provide the same results with only negligible 
differences as both methods overlap perfectly for all three 
widths in the graph. 
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Fig. 1. Input impedance evaluated by (7), (8) of a dipole vs. 

electrical length for N = 20 000, compared with EMF. 
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How the number of subintervals changes the results 
of the spectral domain method can be seen in the following 
scenario. A dipole antenna of width 0.001 λ and length 
0.6 λ has been considered and the upper limit has been set 
again to N = 20 000. For 20 000, 50 000 and 100 000 sub-
intervals the differences between XEMF and X are 16.5 Ω, 
11.4 Ω and 8.7 Ω, respectively. The expected trend shows 
that increasing the number of subintervals decreases the 
differences between the two methods. From the results it 
can also be seen that the convergence of the rectangle 
method, which was used for integration, is slow and the 
presented differences between the two methods are given 
mainly by this numerical error. 

The effect of the low value of the upper limit can be 
seen in Fig. 1 where the shifted black solid line 
(w = 0.0001 λ) does not reach the dash-dotted EMF line. 

To determine which upper limit of the integrals is 
suitable, the convergence of the spectral domain method 
has been investigated. Figure 2 clearly illustrates the dif-
ferences between the EMF and spectral domain methods. 
The input reactance is shown for the width of 0.0001 λ and 
lengths 0.4, 0.5 and 0.6 λ. The results are displayed for the 
upper limit N from 5 000 to 640 000. It can be seen that the 
input reactance requires the upper limit to be set to ap-
proximately 300 000 in this case where the spectral domain 
method converges for all three widths of the dipole. 

According to the previous results, the upper limits 
have been set to N = 300 000 and every integral has been 
calculated in 300 000 subintervals. Now it can be seen that 
both methods agree well for the width of 0.0001 λ, espe-
cially the short dipoles. 

In the next step, the untuned quality factor Q has been 
calculated for both methods using (9) as it is presented in 
Fig. 4. The width of the dipole antenna is 0.01 λ, 
N = 20 000 and 10 000 subintervals have been chosen for 
a faster but still reliable calculation as the graph is 
constructed from 60 different samples of L/λ. It can be seen 
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Fig. 2. Input reactance of dipoles of varying lengths with 

width 0.0001 λ versus integration limit N. 
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Fig. 3. Input impedance of a dipole versus electrical length, 

N = 300 000, compared with EMF. 
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Fig. 4. Untuned quality factor of a dipole antenna of length L. 

that both methods present a very similar pattern of quality 
factor Q. 

The last graph (Fig. 5) shows the quality factor Q of 
a dipole antenna (L = 0.5 λ) for both methods versus the 
width of the antenna. Moreover, the results of the closed-
form equation for radiation Q are displayed for compara-
tive purposes [11]. The well-known fact that wider dipole 
antennas have a lower quality factor can be seen in the 
figure. In this case, the same settings that were used in 
previous calculations have been used when calculating the 
Q factor.  

The differences between the results can be caused by 
several factors. The first is the previously mentioned nu-
merical error in the integration where an increased number 
of subintervals is required and, unfortunately, it will cause 
a significant increase in the calculation time. Thus, future 
work could incorporate more advanced techniques for the 
numerical evaluation of integrals. Secondly, the Induced 
EMF method is only valid for very thin dipoles in terms of 
wavelength which is also true for the calculation of the 
equivalent radius in (8). 
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Fig. 5. Quality factor of a dipole antenna of width w. 

6. Conclusion 
In this paper we have studied two completely differ-

ent methods for the calculation of the complex input im-
pedance of a dipole antenna. The first one (EMF method) 
is based on spatially distributed currents on a thin dipole 
while the second one (spectral domain method) evaluates 
the input impedance from a far-field pattern obtained by 
the Fourier transform of the current’s density. While the 
radiation resistance in the spectral domain method can be 
easily calculated with a classic numerical approach, the 
reactance requires more effort as the integrals with infinite 
upper limits need to be evaluated.  

For the numerical calculation of the reactance, the in-
finite upper limits have been replaced by a finite number. 
From our graphs it can be seen that the number can be 
estimated via a convergence of the results. Furthermore, 
the number of subintervals can be estimated when the 
characteristics calculated by the EMF method are known. 
The disadvantage of this numerical approach lies in the 
calculation time, as it can take several days for a ubiqui-
tous, generic PC to complete the calculations. In order to 
improve the accuracy and the computation time more ad-
vanced integration techniques are required.  

In conclusion, the upper limit can be lower for thicker 
dipoles. When a calculation of a thin dipole is required, 
a higher upper limit has to be set. To maintain the accuracy 
of the results, the number of subintervals has to be 
increased appropriately, especially for dipoles longer than 
0.4 λ.  

The quality factor of the dipole antenna has been 
calculated by both methods and the results are in close 
agreement. 

Finally, from the application point of view, for its 
simplicity and closed-form, the induced EMF method is 
more convenient for determining dipole impedance and 
consequently, the quality factor.  
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Abstract

For a conventional, conducting surface, Snell’s law applies
such that the incident and reflected waves have the same an-
gle to the surface normal. Two methods are studied in this pa-
per that allow the design of planar metasurfaces which reflect
wavefronts to prescribed directions. Two techniques are inves-
tigated; the first is based on the calculation of electric and mag-
netic susceptibility tensors and the second uses a holographic
technique.

1 Introduction

Controlling electromagnetic scattering via metasurfaces is a
topic of current interest both in acaemia and industry. Applica-
tions of metasurfaces include antennas, antenna arrays, lenses
and controlled electromagnetic wave scattering such as cloak-
ing.

In this paper we study two different methods to allow the de-
sign of planar metasurfaces. Our preliminary investigations
concentrate on the design of surfaces which do not conform to
standard specular scattering behaviour as described by Snell’s
law (Fig. 1). The first method is based on calculation of electric
and magnetic susceptibility tensors whereas the second method
is based on a holographic technique. Both approaches are com-
pared for plane wave to plane wave scattering from a theoreti-
cal perspective.

Fig. 1: Non-Snell’s law scattering concept

2 Synthesis based on susceptibility tensors

This method [1, 2] describes the surface via susceptibility ten-
sors in the spacial domain and offers closed-form solutions. In
this method the synthesis defines susceptibility tensors χee(ρ),
χmm(ρ), χem(ρ) and χme(ρ) for an arbitrary specified re-
flected and transmitted plane wave where ρ = xx̂ + yŷ. The
metasurface is normal to the z-axis and the differences between
the E or H fields on either side of the surface are defined as

∆Etx = Etx − (Eix + Erx) (1)

and the average fields are defined as

∆Ex,av =
Etx + (Eix + Erx)

2
, (2)

where the subscripts t, i, r denote transmitted, incident and re-
flected fields.

Then the electric and magnetic fields on either side of the meta-
surface are defined as

(
−∆Hy

∆Hx

)
= jωε

(
χxxee χxyee
χyxee χyyee

)(
Ex,av
Ey,av

)

+jω
√
εµ

(
χxxem χxyem
χyxem χyyem

)(
Hx,av

Hy,av

) (3)

(
∆Ey
−∆Ex

)
= jωµ

(
χxxmm χxymm
χyxmm χyymm

)(
Hx,av

Hy,av

)

+jω
√
εµ

(
χxxme χxyme
χyxme χyyme

)(
Ex,av
Ey,av

)
,

(4)

where ω is an angular frequency, ε is free-space permittivity,
µ is permeability, χ is electric/magnetic susceptibility of the
surface. As it can be seen the equations contain 16 unknown
susceptibility components. These equations can be simplified
and as a result only 4 susceptibility components have to be
calculated for both TE and TM polarizations.

TM polarization:

χxxee =
−∆Hy

jωµEx,av
(5)

χyymm =
−∆Ex
jωµHy,av

(6)

1
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TE polarization:

χyyee =
∆Hx

jωµEy,av
(7)

χxxmm =
∆Ey

jωµHx,av
. (8)

Then reflection and transmission coefficients for TM polariza-
tion are given by

Tx =
4 + χxxee χ

yy
mmk

2

(2 + jkχxxee )(2 + jkχyymm)
(9)

Rx =
2jk(χyymm − χxxee )

(2 + jkχxxee )(2 + jkχyymm)
(10)

and for TE polarization the coefficients are defined as

Ty =
4 + χyyeeχ

xx
mmk

2

(2 + jkχyyee )(2 + jkχxxmm)
(11)

Ry =
2jk(χxxmm − χyyee )

(2 + jkχyyee )(2 + jkχxxmm)
. (12)

In the results this method is referred to as Method I.

3 Holographic technique

The holographic technique [3, 4, 5] is used to compute an inter-
ference pattern, or computer generated hologram (CGH), from
a simulated incident wave-front and a back-propagated repre-
sentation of the desired scattered wave-pattern. Illumination of
the CGH by the incident wave-front then results in an approx-
imation the prescribed scattered wave-front.

Firstly, an interference pattern (CGH) that would exist on the
scattering surface, S, has to be calculated. The field on S due
to the incident field is I(x, y) and the field on S due to the scat-
tered field (traveling in backward direction) is S∗(x, y). Then
the interference pattern can be written as

H(x, y) = S∗(x, y)I(x, y). (13)

If we now create the surface H* and illuminate it from the an-
gle θi we get

R(x, y) = I(x, y)H∗(x, y)

= S(x, y)I∗(x, y)I(x, y) = S(x, y).
(14)

Hence, the surface S will radiate as an aperture (or phased ar-
ray) with a field distribution S(x, y) and produce a main beam
in the direction given by θs.

Practically, a computer-generated hologram is calculated using
equation 13 where the incident and reflected plane waves are
expressed as exponentials:

H(x) = ejk sin(θi)xe−jk sin(θs)x. (15)

In the results this method is referred to as Method II.

4 Surface reflection coefficient comparison
Both methods have been implemented in Matlab scripts and
compared in terms of the phase and magnitude of the reflection
coefficients on the surface S. For the simulations the surface
S was a square of side 10 λ. For simplicity, but without loss of
generality, spatial variations were only considered in one linear
(x) direction.

Firstly, an example conforming to Snell’s law was considered.
In this special case the surface should perform as a simple per-
fect magnetic conductor (PMC) reflector, so no surface varia-
tion in phase or magnitude is expected. The angle of incidence
was chosen 45◦ and the results are shown in Fig. 2 and Fig. 3.
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Fig. 2: Reflection phase - Angle of incident/reflected
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Fig. 3: Reflection magnitude - Angle of incident/reflected
wave: 45◦/45◦

The second scenario considers the angle of incidence 45◦ and
the angle of reflection 60◦.

The phase of the reflection coefficient is shown in Fig. 4. De-
spite the fact that the Method II based on holographic tech-
nique has linear response of phase of the reflection coefficient
and the phase of the Method I, based on susceptibility tensors,
is more complex, both methods are similar.
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Fig. 4: Reflection phase - Angle of incident/reflected
wave: 45◦/60◦

The holographic method assumes that the magnitude of reflec-
tion coefficient |R| equals 1 everywhere on the surface in com-
parison with the Method I where the magnitude is changing on
the surface as shown in Fig. 5.
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Fig. 5: Reflection magnitude - Angle of incident/reflected
wave: 45◦/60◦

The last scenario is an example in which the incident wave-
front is at 45◦ and the desired reflected wave-front is at 30◦.
The phase responses from both methods are again very similar
as shown in Fig. 6. However, it can be seen in Fig. 7 that
Method I has |R| greater than 1.

From a practical perspective the phase differences between the
two methods do not have a great impact as it is difficult to
make a continuous surface in terms of phase. In addition, any
practical surface will have to be optimized for a few discrete
levels.

Furthermore, it is difficult to manufacture a surface with vary-
ing magnitude of reflection coefficient across the surface. It
can be seen that for the Method I the surface should attenu-
ate (second scenario) or amplify (third scenario) the incoming
electromagnetic waves.
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Fig. 6: Reflection phase - Angle of incident/reflected
wave: 45◦/30◦

It is worth noting that when the magnitude of the reflection
coefficient is considered to be 1 everywhere on the surface (for
Method I), it negatively influences the side lobes [2].
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Fig. 7: Reflection magnitude - Angle of incident/reflected
wave: 45◦/30◦

5 Far-field comparison

Far-field pattern of the surface was computed via the calculated
reflection coefficients R using aperture antenna theory [6].

As it can be seen from Fig. 8, 9 and 10, all the main lobes
are in the expected positions and they are effectively identical
for both methods. In the first scenario, where the angles of
incident and reflected wave equal 45◦, the radiation patterns
match completely as in this case both methods provided the
same reflection coefficients. On the other hand, in the second
and third scenario the near side lobes differ. Overall, it can be
inferred that none of these methods is superior to the other.
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Fig. 8: Far-field - Angle of incident/reflected wave: 45◦/45◦
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Fig. 9: Far-field - Angle of incident/reflected wave: 45◦/60◦
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Fig. 10: Far-field - Angle of incident/reflected wave: 45◦/30◦

6 Conclusion

Two different methods for metasurface synthesis were studied
and implemented in Matlab codes. Both methods can be used
to design plane metasurfaces that do not conform to Snell’s
law. The results obtained show that while the holographic
method changes only the phase of the surface, the method

based on susceptibility tensors changes both phase and mag-
nitude of the reflection coefficient. Furthermore, the scattering
patterns were calculated and the results lead to a conclusion
that nether method is superior.

Future work will consider the realisation of metasurfaces using
periodic and non-periodic metallic elements above a ground
plane.
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Abstract— The design and construction of buildings has historically been driven by structural,
functional, and aesthetic considerations. However, the working and home environment is driven
increasingly by energy efficiency and electronic communications whether it be the internet, smart
energy metering (to be implemented by 2020), telephone, computer data or multimedia exchange
and in future by remote patient monitoring (Telecare) and Assisted Living. The wireless per-
formance of building design is not understood and the construction industries do not consider
wireless system performance in their designs or specifications despite the rapid employment of
metal skins and windows and facades containing metallised layers for energy conservation, both
of which are a significant problem for wireless signal propagation. Hence there is a significant
need to understand the performance of buildings and construction materials for efficient energy
consumption and for the efficient propagation of radio waves.

Security in buildings is also a very important issue. The emergency services require pervasive
communications at 400MHz throughout the built environment. In addition City Managers and
built environmental professionals will monitor a range of different aspects of the environment,
including factors such as air and water quality, noise and lighting levels as well as human and
vehicular movement and behaviour. Most of these services are wireless and they will significantly
increase in number and importance in the future. Wireless control is also used in buildings
for lighting, heating and energy control systems. The growth of use of these systems into new
and demanding applications requires greater efficiency in use of the electromagnetic spectrum and
control of wireless interference both within and between adjacent buildings and in the environment
itself. Hence, modern buildings must be designed to be wireless radio-friendly and energy efficient
whether they are hospitals, schools, offices, prisons or the home.

This paper presents the key findings resulting from the WiFEEB project and addresses how build-
ings and the built environment can be both energy efficient and wireless friendly. Our objectives
have been to develop and verify the new concept of the wireless friendly, energy efficient build-
ing. The wireless propagation properties of building and insulation materials have be assessed
and are presented. The same properties must be measured for building structures such as walls
(internal and external), floors, facades and window systems. These properties have been evalu-
ated from 400MHz to 20GHz to include both current and future wireless networks and systems.
Results are given resulting from the bespoke optimisation of CAD tools that combine wireless
propagation models with energy efficiency models producing a complete model for the built en-
vironment. New innovative construction materials such as glass and steel fibre reinforcement are
studied and new architectural designs investigated to improve wireless signal propagation while
maintaining energy efficiency. Techniques are presented to control wireless propagation within
buildings, namely frequency selective surfaces (FSS), smart wall units, adaptive antennas and
scattering surfaces. Finally, results of several case studies will be given.
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Abstract— Frequency selective surfaces have been widely used 

to control radio propagation within buildings.  In this paper we 

consider the application of a sparse FSS for improved coverage of 

radio signals between two isolated adjacent rooms.  The scattering 

lobes which will occur from a sparse FSS design can therefore be 

exploited to alter the coverage pattern within the second room.  

Keywords— frequency selective surfaces, sparse array. 

I. INTRODUCTION 

Over the last decade numerous papers have been published 
considering radio propagation within the built environment for 
the improvement of performance, capacity, or security [1-8].  
Such systems have been envisaged for use within buildings to 
limit the transmission of unwanted communications systems 
(e.g. Wi-Fi for SINR improvement), whilst transmitting wanted 
signals such as cellular, radio, TV, emergency services etc.  
Several authors have considered transmissive Frequency 
Selective Surfaces (FSS) for controlling the propagation of radio 
frequency (RF) signals into and within buildings including those 
published in [2-8].  FSS are large area filters based on periodic 
arrays of metallic or dielectric elements capable of operating 
with low-pass, band-pass, band-stop and high-pass frequency 
characteristics [9].  Alternative methods for controlling radio 
propagation within buildings have included intelligent walls 
[10], passive antenna based systems [11] and comb reflection 
FSS [12] for deployments in corridors. 

In this paper we consider the application of using a sparse 
FSS for improved coverage of radio signals between two 
adjacent rooms.  Classical FSS design typically uses inter-
element spacing d of less than our equal to half the wavelength 

λ of the operational frequency.  Wide incidence angle frequency 

response performance can be achieved when d << λ.  By using 
a sparse FSS we exploit the scattering lobes which will naturally 
occur for an array of elements having an spacing of greater than 
wavelength.  It is proposed that this technique can be used to 
mitigate the requirement multiple FSS panels within a wall 
which can be costly to install, or a large aperture which will have 
no frequency selectivity.   

II. DESIGN & SIMULATION 

This work considers two adjacent rooms separated by a 
perfectly isolating metallic wall.  All other walls are considered 

as open boundaries.  For analysis purposes a dual polarized 
inductive pass-band FSS has been considered.  The FSS 
comprises and array of 4x4 inter-woven inductive cross 

elements as illustrated in Fig.  1.  A standard design (d = λ/2) 

and sparse design (d = λ) have been considered.  The pass-band 
region has been designed to operate at 3.695 GHz.  The crosses 
are formed by two orthogonal slots of width W = 2mm, cut into 
a 1mm thick aluminium plate.  Due to the effects of mutual 
coupling the lengths of the slots were optimized to ensure that 
resonance occurred at the same frequency for both designs.  No 
further attempts to optimize the unit cell performance have been 
made as such techniques are widely known and are in the 
available literature, such as [9]. 

 

a)  b)  

Fig. 1. Fig. 1. Illustrations of  a 4x4 inter-woven simple inductive cross FSS 

for a) standard design d = λ/2 and b) sparse design d = λ. 

 

Simulations have been performed using CST Microwave 
Studio. The unit cell designs were analysed with the Frequency 
Domain Solver with periodic boundaries and were performed 
using a tetrahedral mesh over a frequency range from 1 to 6 GHz 
using 1001 points, with two Floquet modes being considered.  
Electric field strength simulations were performed using the 
Time Domain solver over a frequency range of 0 to 4.5 GHz.  E-
Field monitors were used at the resonant frequency of the FSS 
at 3.695 GHz. 

III. RESULTS 

The characteristics of a standard d = λ/2 and a sparse d = λ 
inductive cross FSS have been considered.  A comparison 
between the transmission |T| and reflection |R| characteristics of 
the normal and sparse FSS unit cells are given in Fig. 2.  It can 
be seen that the sparse design has a significantly narrower 
bandwidth performance when compared to the standard design.  
Fig. 3 shows the Electric field strength coupled between two This work was financially supported by WiFEEB - Wireless Friendly and 

Energy Efficient Buildings, a Marie Curie Industry-Academia Partnerships 

and Pathways (IAPP) project grant agreement 286333. 
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perfectly isolated rooms using the pass-band FSS for both the 
standard and sparse designs. An increase in electric field 
strength of over 10 dB can be clearly seen near to the isolating 
wall in the sparse FSS design.  

 

Fig. 2. A comparison of transmission |T| and reflection |R| response of 

standard (d = λ/2)  and sparse design (d = λ) inductive cross FSS structures. 

 

a)  

b)  

Fig. 3. Electric field strength coupled between two perfectly isolated rooms 

using a 4x4 inter-woven inductive cross FSS.  Inter-element spacing of a) λ/2 

and b) ~λ. 

IV. DISCUSSION AND CONCLUSIONS 

This paper has considered the application of using a sparse 
FSS for improved coverage of radio signals between two 
adjacent rooms.  By using a sparse FSS we exploit changes in 
the radiated power pattern which will naturally occur for an 
array of elements having an spacing of greater than wavelength.  
It is proposed that this technique can be used improve coverage 
performance close to wall in which the FSS aperture is places. 
Furthermore, it mitigates the requirement of large aperture that 
will have no frequency selectivity, or multiple FSS panels within 
a wall which can be costly to install.  Two isolated adjacent 
rooms connected by a 4x4 interspaced inductive cross FSS have 
been simulated.  Results presented in Fig.  3 show this 
hypothesis to be true with an increase in electric field strength 
of over 10 dB being visible near to the isolating wall.  
Disadvantages of the proposed technique are well documented 
[9] and include reduced band-pass/band-stop performance for a 
given FSS element, although this can be mitigated by using 
broadband unit cell designs.  It is with these in mind that the 
authors believe that this is an area worthy of further investigation 
and are not claiming that it is suitable or relevant for all practical 
scenarios.  
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Study of Printed Scattering Reflectors based on
Discretised Metasurface
Michal Cerveny, Kenneth Lee Ford, Alan Tennant

Department of Electronic and Electrical Engneering, The University of Sheffield, Sheffield, UK, m.cerveny@sheffield.ac.uk

Abstract—In this paper, metasurface synthesis for plane wave
to plane wave scattering was studied from the practical per-
spective. The study was focused on the design of discretised
surfaces that do not conform to standard specular scattering
behaviour as described by Snell’s law but allow to reflect
wavefronts to prescribed directions. The results of the synthesis
were compared with full-wave simulations and measurements.
Furthermore, the design was adopted for testing of a textile
metasurface manufactured by an electroplating process. The
practical design requirements are presented.

Index Terms—metasurface, electromagnetics, reflector, synthe-
sis.

I. INTRODUCTION

Metamaterials, which are constructed by sub-wavelength
artificial particles, allow control of electromagnetic waves.
They typically consist of small metallic scattering patches
which are placed on a dielectric layer as illustrated in Fig. 1.

Fig. 1. Metasurface.

Metamaterials where at least one of the parameters such as
dimensions, lattice size or geometry varies randomly, can be
used to attenuate the specular reflection. As a result, an artifi-
cial material with randomly distributed gradients of refractive
index can be designed. In contrast with a metallic plate, where
the incident wave is totally reflected to the specular direction,
this metamaterial provides a diffuse reflection (performing like
Lambertian reflectance). As a step further, we use synthesis
techniques based on susceptibility tensors further referred to
as Method 1 [1], [2] and holographic technique further referred
to as Method 2 [3], [4], [5], which allow to deflect an incoming
wave into arbitrary directions.

Method 1 describes the surface via susceptibility tensors in
the spacial domain and offers closed-form solutions. Method 2,
based on the holographic technique, is used to compute an
interference pattern, or computer-generated hologram, from a
simulated incident wave-front and a back-propagated repre-
sentation of the desired scattered wave-pattern. Both methods
were compared in [6].

This paper extends this comparison and studies these meth-
ods in terms of a practical design where the continuous phase

distributions obtained by synthesis need to be discretised.
Furthermore, it is shown that even a very coarse discretisation
can reflect the electromagnetic waves into required directions.
Two discretised metasurfaces for two different manufacturing
techniques were designed, manufactured, measured and the
results are presented further in this paper.

II. SYNTHESIS

Synthesis of a reflector was performed using both Method 1
and Method 2. Dimensions of the reflector in x and y
directions were chosen from -5 to 5λ (10λ in total). λ is
wavelength calculated for a required frequency f as f = c/λ,
where c is the speed of light (3∗108m/s). The phase variation
is considered only in x direction and the surface was designed
for the angle of incidence of 45◦ and reflectance of 60◦.

(a) Method 1: discretisation (b) Far-field comparison

(c) Method 2: discretisation (d) Far-field comparison

Fig. 2. Effect of discretisation - Angle of incident/reflected wave: 45◦/60◦.

The continuous phase variation across the surface, cal-
culated by Method 1, was further simplified into quantised
regions as presented in Fig. 2a. Fig. 2b compares the obtained
far-field patterns of the continuous (smooth) and discrete
surface. It is shown that the discretisation increased the side
lobe levels whereas the main lobe was not affected (there
is only a negligible difference). The far-field pattern of the
discrete surface contains a high side lobe (-6 dB) adjacent
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to the main lobe. The discrete levels were calculated using
an algorithm that averaged phase samples within the required
region. The same algorithm was used for Method 2. As the
phase variation is linear, the original phase curve intersected
the discrete levels in the middle of each phase region (Fig. 2c).
The far-field pattern is presented in Fig. 2d. Also in this case
the main lobe was unaffected and only the side lobes were
increased due to the discretisation.

III. DESIGN OF A REFLECTOR

A design of a suitable surface such that a comparison
between full-wave electromagnetic simulations and theoretical
prediction based on synthesis can be carried out is presented
in this section. For the electromagnetic simulations CST
Microwave Studio was utilised.

For periodic structures the first step is to design a unit
cell. Using this technique based on Floquet theorem, the
complex reflection coefficient for arbitrary incident angles
can be computed for a single cell while assuming an infinite
structure illuminated by a plane wave. The phase response
can be changed by altering the dimensions of the structure. It
implies the limitations of the practical design as the structure
and gaps cannot be too small due to manufacturing limits and
also it cannot be too large as the surface needs to maintain a
periodicity within the regions of constant phase.

A hexagonal structure presented in Introduction (Fig. 1) was
chosen. Fig. 3 shows the reflection phase of the hexagonal unit
cell providing a high impedance at 10 GHz, as denoted by the
red curve. The yellow and blue curves present the maximal
phase variations (-130◦ and 130◦) used in the design. In case
of 130◦, one edge of the hexagon is 2.66 mm long and the gap
between the hexagon patches is 0.71 mm wide. The hexagon
with reflection phase of -130◦ has its edge 4.59 mm long and
the gap 1.23 mm wide. 0.8 mm thick FR-4 material (εr = 4.3)
was considered.

Fig. 3. Phase reflection diagram.

Based on the simulation, the maximum and minimum
discrete levels were set to -130◦ and 130◦. The other two
discrete levels could then be tuned to alter the levels of the side
lobes as appropriate. The final phase distribution was chosen
as follows: -130◦, -60◦, 60◦ and 130◦ (Fig. 4a). It can be seen
in Fig. 4b that the first two side lobes were set approximately
10 dB below the main lobe.

The remaining two unit cells were designed (-60◦ and 60◦)
at frequency of 10 GHz. The complete structure is shown in
Fig. 5. Because of the practical reasons, discrete levels located
between +/- 4.7 and 5λ were not considered for the final design
and the analytic calculations were updated accordingly.

(a) Final phase distribution (b) Far-field

Fig. 4. Phase discretisation - Angle of incident/reflected wave: 45◦/60◦.

Fig. 5. Metasurface.

Fig. 6 presents the far-field comparison between the full-
wave simulation and the updated analytic prediction. The angle
of incidence is 45◦ and the main response of the surface is at
60◦ as predicted analytically.

Fig. 6. Far-field - Angle of incident wave: 45◦.
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Furthermore, the angular stability of the design is presented.
Theoretically, the scattered field would be directed at an angle
of 15◦ away from the incident angle which is simply the
difference between the designed reflected and incident angles.
Due to the discretisation and a different angle of the inci-
dence of the surface there is a deviation from this theoretical
expectation, however, the main lobe is still observed. For the
incident angle of 65◦ the surface does not perform as might
be expected by the synthesis which may expose a limit in the
method. Fig. 7 presents a comparison between the analytical
results and full-wave simulations.

(a) Angle of incidence: 0◦ (b) Angle of incidence: 15◦

(c) Angle of incidence: 25◦ (d) Angle of incidence: 35◦

(e) Angle of incidence: 55◦ (f) Angle of incidence: 65◦

Fig. 7. Far-field - Angular stability.

IV. METASURFACE MEASUREMENT

The designed metasurface was manufactured, measured and
compared with full-wave simulations. It was made as a two-
layer printed circuit board (PCB). The board was 0.8 mm thick
and made of FR-4 material with dimensions of 282.6 mm (x)
and 302.8 mm (y) (Fig. 8).

The measurement was performed in an anechoic chamber at
The University of Sheffield using two horn antennas (Fig. 9)
and a vector network analyser (HP 8720D). The distance
between the antennas and the surface was 64.5 cm.

The far-field is the region where the radiation pattern either
from an antenna or surface does not change its shape with

distance and the vectors of electric and magnetic fields are
orthogonal to each other and it can be calculated as:

Rfar =
2D2

λ
, (1)

where D is geometric dimension of an antenna and λ is
wavelength [7]. Based on the equation, far-field region of our
horn antennas is 1.3 m and far-field region of the metasurface
is 11.4 m far away. From this perspective our measurements
are presented as indicative measurements as they were per-
formed in the near-field region. From our experience this
type of measurement usually provides a good indication of
behaviour of a measured structure but it is worth noting that
this systematic error exists in our measurements and cannot
be easily removed.

Fig. 8. Manufactured metasurface.

Fig. 9. Measurement.

Fig. 10 presents a comparison between a measurement and
simulations. It can be seen that the main lobe is off by only
a few degrees while the difference between the side lobes is
greater (especially in terms of magnitude). Furthermore, the
side lobes are also affected by the permittivity change. Results
for the permittivity of 4.1 and 4.3 are presented for comparison
as FR-4 is a composite material consisting of woven fibre-class
cloth with an epoxy resin binder. Thus, the permittivity of this
dielectric varies as every manufacturer makes different resin-
to-fibreglass ratios.

As this structure is not symmetrical, the surface was also
rotated by 180◦ and measured. Again, the angle of incidence
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was 45◦. In this case, the maximum of the reflected wavefront
is at 33◦ as can be seen in the following figure (Fig. 11).

Fig. 10. Measurement versus simulation at 10 GHz.

Fig. 11. Measurement versus simulation at 10 GHz (opposite direction).

V. TEXTILE METASURFACE

As a step further to the metasurface presented above, the
same design procedure was adopted for testing of a tex-
tile metasurface manufactured by an electroplating process
(Fig. 12). The surface was designed for the angle of incidence
of 45◦ and reflectance of 60◦.

As the electroplating process requires a current flow, it
would be impossible to connect each hexagonal patch to
a power source. Therefore, the complexity and periodicity
of the surface had to be reduced. The metasurface had to
be modified in the way that the conductive patches were
electrically connected between each other. In this case, the
unit cells were designed as circular patches connected to its
neighbours with a 2 mm wide strip placed orthogonally to
the polarisation vector of the incident wave. (TM wave was
considered.) 0.5 mm thick textile material of permittivity 1.3

and 5.2 mm thick foam of permittivity 1.05 above a perfect
electric conductor (PEC) was considered in the simulation.
The dimensions of the surface were 235 x 141 mm.

Fig. 12. Manufactured textile metasurface.

Unfortunately, several parameters had to be estimated before
the final configuration was known. Therefore, when the simu-
lations were performed with the correct parameters, the phase
distribution (73◦, -76◦, -108◦ and -131◦) of the manufactured
metasurface did not follow the smooth phase distribution
prescribed by Method 1 and Method 2 (Fig. 13).

Fig. 13. Final phase distribution.

On the other hand, the results of the analytical approach
were also in this case very accurate in comparison with the
full-wave electromagnetic simulation and the main beam was
close to 60◦ (56.5◦) as can be seen in Fig. 14. This could
lead to a conclusion that from the practical point of view,
even relatively high phase distortions might not affect the main
beam significantly but will affect mainly the side lobes. This
behaviour could be advantageous in some cases where the
reflector could be slightly detuned for instance due to weather
conditions such as snow, rain, temperature changes etc.

Authorized licensed use limited to: CZECH TECHNICAL UNIVERSITY. Downloaded on January 12,2022 at 11:41:50 UTC from IEEE Xplore.  Restrictions apply. 

4 AUTHOR’S CONTRIBUTION - PUBLICATIONS

37



Fig. 14. Far-field - Angle of incident wave: 45◦.

Fig. 15 compares the measured and simulated results. For
the measurement, 5.2 mm thick foam was covered on one
side with an aluminium foil tape. The textile surface was then
placed on the top of this slab.

Fig. 15. Measurement versus simulation at 10 GHz.

It is worth noting that the main beam of a solid conductive
plate of the same dimensions is about 4 dB higher (at the angle
of 45◦) in comparison with the main beam of this metasurface.

VI. CONCLUSION

In this paper, we presented that the analytical approach can
be used for designing of the metasurfaces. It was found that
small phase adjustments do not affect the main lobe (there are
only negligible differences), on the other hand, they have a
great impact on the side lobes. It is worth noticing that neither
mutual coupling nor the scattering from edges of the surface
is considered in the analytical techniques, but they are taken
into account in the full-wave simulations.

The design procedure was adopted for testing of a textile
metasurface manufactured by an electroplating process. In
comparison with the standard printing technique, the copper

electroplating has lower accuracy, lower conductivity of the
coating conductor and requires an electrical connection of the
design at the cathode end, so the design has to be optimised for
it. On the other hand, it offers an alternative for applications
where the standard printed technique is not practical.

The designed surfaces were used for comparison of the
analytical approach with full-wave simulations and measure-
ments. No optimisation was performed, so the performance
and efficiency of the reflectors can still be improved. If
minimising the side lobes is the goal, based on the presented
results, the phase discretisation has to be as fine as possible.
The side lobes are determined by Fourier transform of the
rectangular window (given by the surface currents). Further
improvement can be done by reducing the sharp discontinuity
of surface currents at the edges of the surface by implementing
the windowing functions (Chebyshev, Hannig, etc.) known
from low side-lobe level array antennas. Unfortunately, this
will lead to rather complex structures.
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Reflective Switchable Polarisation Rotator
Based on Metasurface with PIN Diodes

Michal Cerveny, Kenneth Lee Ford, Alan Tennant

Abstract—A planar metasurface that rotates the polarisation
of reflected signals by 90o is presented in this article. The surface
also permits the relative phase of the rotated, reflected signal to be
controlled. The metasurface rotator uses a square printed patch
element mounted above a conducting ground plane. The addition
of PIN diode controlled VIAs (Vertical Interconnect Access) at
the corners of each square patch provide the ability to modify
the scattering properties of the surface. In particular, the surface
can be programmed to shift the phase of the rotated waveform
by +/-90o. The polarisation rotator was manufactured, measured
and compared against numerical simulations and the maximum
measured bandwidth was 25% (4.8-6.2 GHz) for co-polarised
attenuation of 10 dB. The proposed surface can be adopted for
practical applications such as circularly polarised antennas.

Index Terms—Polarisation rotator, Metasurface, Polarisation
conversion

I. INTRODUCTION

POLARISATION rotators have been investigated inten-
sively for decades and there are many principles and

geometries developed for polarisation conversion. One of the
most common device based on polarisation rotation and used
in daily life are liquid-crystal displays (LCD) [1], [2]. Even
though the physical principles are the same for both optical and
microwave spectrum [3]–[5], the practical challenges differ.
Polarisation rotators can be further divided into two main
categories: transmissive [6] and reflective [7]. This paper deals
with a reflective switchable polarisation rotator designed for
microwave frequencies. One of the most popular reflective
polarisation rotator is based on split rings that have several
modifications such as double split ring resonator for broad-
band characteristic [8], [9]. Moreover, triangular split ring
resonator [10], L-shaped rotator [11] or substrate integrated
waveguide cavity resonator [12] have been studied. Another
group of polarisation rotators is based on metasurfaces utilis-
ing VIAs that connect a patch with ground plane [13]–[18].
All structures have one common similarity which is the type of
symmetry. The structures are usually symmetric at the angle of
45◦, so the surface can interact with linearly polarised waves
oriented vertically or horizontally.

Also published are several active polarisation rotators based
on tunable metasurface with varactor diodes [15] or with PIN
diodes that allow switching the polarisation conversion on and
off [19], [20].

In this paper, a reflective microwave metasurface that is
capable of rotating the polarisation and also changing the

M. Cerveny, K. L. Ford and A. Tennant were with the Department of
Electronic and Electrical Engineering, The University of Sheffield, Sheffield,
UK, e-mail: m.cerveny@sheffield.ac.uk.

reflected phase between two states was designed. In particular
the phase difference between those two states of the reflected
electromagnetic wave is 180◦. Even though the proposed
polarisation rotator uses a similar geometry as the one pre-
sented in [19], the functionality is different. The mentioned
metasurface is capable of switching the polarisation rotation on
and off but it does not have any capability to control/modulate
the phase of rotated polarisation and the incident field must
be oriented at the angle of 45◦. Furthermore, the surface is
capable to change the phase of co-polar reflection (unrotated
polarisation) by 180◦ for x-polarised incident wave at a single
frequency. That feature is useful especially when each unit cell
can be addressed independently for adaptive beamstearing.

In contrast, the proposed metasurface is capable of switch-
ing the polarisation rotation on and off but at the same time the
phase of the rotated polarisation can be controlled. The 180◦

phase difference is obtained not only at a single frequency
but across the usable band. Finally, the incident field can be
both vertically and horizontally polarised. The disadvantage
of the proposed metasurface is that each unit cell cannot be
independently addressed. This issue is discussed further in the
article with possible solutions.

The functionality of a polarisation rotator in combination
with the switchable phase change of 180◦ increases the prac-
tical usage greatly. For instance, it can be used for switchable
circularly/linearly polarised antennas for satellite communi-
cation which allow the minimization of Faraday’s effect and
increase of polarisation diversity at the same time. This leads
to higher spectral efficiency and reduced signal leakage due to
polarisation mismatch and thus there is higher link reliability
[21], [22]. The promoted polarisation rotator can also be used
as a polarisation modulator [23], [24]. Also, secure wireless
communication systems [25], [26] could benefit from this
design. Another application is beamforming [27]. Overall, the
proposed metasurface offers an alternative for cases where
both polarisation rotation and a phase control are required.

The electromagnetic simulations were performed using full-
wave analysis in the frequency domain considering unit cell
boundary conditions in CST Microwave Studio. The results
were validated by manufacturing and measuring both passive
and active polarisation rotators.

The paper is structured as follows. Section II summarises
the theory and presents the used notation. Section III stud-
ies several geometries of a passive rotator and measured
results of the manufactured metasurface are compared with
the simulations. Section IV deals with our design of an
active polarisation rotator based on the principles presented in
Section III. Section V shows a possible use of the metasurface.
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II. THEORY

In general, the reflection coefficient is defined as a ratio
between the scattered field Es and incident field Ei:

r =
Es

Ei
(1)

For simplicity, the electric field is considered as a plane wave
propagating in z direction:

E = ûpolE0e
−j(kz−ωt) (2)

where ûpol is the polarisation direction, E0 is the magnitude
of electric field, k is the wave number (2π/λ) and ω is the
angular frequency (2πf ). Electric field E can be decomposed
into two orthogonal polarisations and the scattering matrix S
is defined as:

[
Es

x

Es
y

]
=

[
Sxx Sxy

Syx Syy

] [
Ei

x

Ei
y

]
(3)

In this case the electric field is oriented along the x- and y-
axes. The components Sxx and Syy are called co-polarised
reflection coefficients and similarly, Syx and Sxy are cross-
polarised reflection coefficients. The co-polarised reflection
coefficients are defined as:

rxx =
Es

x

Ei
x

ryy =
Es

y

Ei
y

(4)

and the cross-polarised reflection coefficients are defined as:

ryx =
Es

y

Ei
x

rxy =
Es

x

Ei
y

(5)

where Ei
x, Ei

y is the incident x-polarised, y-polarised electric
field, respectively, and Es

x, Es
y is the scattered x-polarised,

y-polarised electric field [28].

III. STUDY OF PASSIVE POLARISATION ROTATOR

A polarisation rotator based on VIA connecting a top
patch with a ground plane [13] was studied and modified
(Fig. 1). It was assumed that by changing the position of
the VIA from one corner of the patch to the other one,
the surface currents induced by the incoming electromagnetic
wave would be forced to change their direction and thus the
vector of the rotated electromagnetic field should have the
same magnitude but the opposite sign (direction). Thus, the
change of position of VIA should provide phase difference of
180◦ of the reflected wave.

State A and B in Fig. 1 define the position of the VIA (right
or left) and simulate an ideal switch. The physical dimensions
of the rectangular unit cell are as follows, the width w is
9.4 mm, thickness of the dielectric h (FR-4, εr = 4.3) is
6.4 mm and the length of each side of the patch l is 5.4 mm.
The diameter of VIA is 0.8 mm.

z

x y

A

B

y

x

VIA

l

h

w

Fig. 1: Unit cell design of a passive rotator, state A: VIA is
located on the right, state B: VIA is located on the left.

The diagonal symmetry allows the studied surface to be
sufficient for both vertical and horizontal polarisation. As it
is shown in Fig. 2, the passive rotator was tuned around
the center frequency of 4.5 GHz where the cross-polarised
reflection (red curve) and co-polarised reduction (blue curve)
can be observed. Furthermore, state A and B does not have
any effect on the magnitude of the reflection coefficient.
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Fig. 2: Magnitude of the reflection coefficient for x-polarised
wave at normal incidence (simulation).

A. Measurement

The measurement was performed in an anechoic chamber
equipped with an NRL (Naval Research Laboratory) Arch
which is a free-space measurement system for testing the
reflectivity of materials. As shown in Fig. 3, it is equipped
with two single polarised horn antennas oriented towards
the metasurface. Furthermore, the antennas can be rotated
by 90◦ which allows both co-polarised and cross-polarised
measurements. For normal incidence, this configuration does
not allow the pure monostatic measurement due to the width
of the antennas. Therefore, the antennas are located close
to each other to keep the bistatic angle as low as possible
[28]. The physical separation between the horn antennas was
approximately 1 cm. The antennas were connected by coaxial
cables to Hewlett Packard 8720D network analyzer placed
outside the chamber.
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Fig. 3: NRL Arch - measurement setup.

For co-polarised measurement the bottom layer (flat plate)
of the metasurface was used for calibration, so the reference
plane was established at the front face of the metasurface.
A long thin rod rotated by 45◦ in xy plane was used as a
reference for the cross-polarised measurement. In the calibra-
tion procedure the empty chamber (isolation) was also taken
into account. Furthermore, time gating was used for reduction
of antenna coupling and residual reflections in the anechoic
chamber.

Fig. 4 shows the manufactured metasurface. Dimensions of
the PCB (Printed Circuit Board) were 404 x 404 mm and it
consisted of 1849 unit cells, which were periodically placed
in 43 columns and 43 rows. Top patches were connected with
the bottom ground plane with VIAs. The diameter of VIAs
(0.8 mm) was chosen based on our PCB manufacturer and its
technical requirements.

y

x

Fig. 4: Manufactured passive polarisation rotator.

The results are shown in Fig. 5. Subscripts A and B indicate
the position of VIAs (right or left) for both measurement
and simulation. (The surface had to be physically rotated
by 90◦ to get from state A to state B.) It can be seen that
the measurements of |rxx|A and |rxx|B differ even though
the results should ideally be the same (as presented in the
simulated results). The differences between the simulations
and measurements can be caused by a few factors and most

likely by their combination such as slightly curved surface,
inhomogeneous substrate (FR-4), different permittivity of the
substrate than it was considered in the simulation, non-constant
thickness of the manufactured PCB and measurement error
caused by physical rotation of the metasurface and due to the
small bistatic angle of the horn antennas. On the other hand,
this metasurface was made to prove the concept for our new
design, so the small differences between our simulations and
measurements were not an issue.

2 3 4 5 6 7 8
Frequency (GHz)

40

35

30

25

20

15

10

5

0

M
ag

ni
tu

de
 (d

B)

|rxx|A
|rxx|B
|ryx|A
|ryx|B
Sim. |rxx|A & |rxx|B
Sim. |ryx|A & |ryx|B

Fig. 5: Measured magnitude of the reflection coefficient for
x-polarised wave at normal incidence for both state A and B.
The simulated results are presented for comparison.

Fig. 6 shows the simulated and measured relative phase
difference ∆ϕ between ryx,A and ryx,B . The phase error of
the measured surface was between 4◦ and 6◦ in the usable
band in comparison to our results from simulation. In most of
the practical applications the small phase error has a negligible
effect on the performance.
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Fig. 6: Measured and simulated phase difference of the reflec-
tion coefficient between state A (ryx,A) and B (ryx,B).

The measured results proved that the rotated electromag-
netic field is reflected in anti-phase when the state is changed
from A to B and vice versa. This principle is further used for
the design of a switchable metasurface.
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B. Geometry of the polarisation rotator

This section deals with the shape of the top patch in terms
of the overall performance of the rotator. As can be seen in
Fig. 7 four different shapes were compared.

l

w

(a) Rotator 1

t

(b) Rotator 2

R
r1

(c) Rotator 3

r1r2

(d) Rotator 4

Fig. 7: Study of four geometries of the top patches and their
effect on the performance of polarisation rotation.

The physical dimensions (unit cell) of the studied rotators
were as follows, the width (w) was 9.1 mm and thickness of the
grounded dielectric was 5.5 mm. The length (l) of each side of
the square patch (Fig. 7a) was 6.1 mm and the thickness (t)
of the square loop (Fig. 7b) was 1.3 mm. The radius (r1)
of the circular patch (Fig. 7c) was 3.5 mm and the inner
radius (r2) of the circular loop (Fig. 7d) was 2.65 mm. Position
of the connection with ground plane can be seen as the white
dots which were placed 3 mm away from the centre (R). The
diameter of VIA was the same for all four unit cells (0.8 mm).

The polarisation rotator takes advantage of multiple reso-
nances, which can be carefully tuned. Every resonance has
limited bandwidth given by the Q-factor of the structure.
Therefore, the overall usable bandwidth is determined by
the requirements on the conversion ratio. The greater the
conversion ratio is required, the narrower bandwidth can be
expected. In this case three resonances were tuned close to
each other to get one compact band with a high attenuation
of the co-polarised reflection rather than having several single
frequencies. Tuning can be performed by changing the phys-
ical dimensions of the unit cell and the position of VIA. The
results from the simulations are presented in Fig. 8.
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Fig. 8: Simulation of magnitude of the reflection coefficient at
normal incidence for all four geometries of the top patches.

It can be seen that if the patch (rectangular or circular)
is modified to a loop, the rotator with loop is slightly more
broadband but the co-polarised attenuation is decreased ap-
proximately by 5 dB.

Based on these simulations we concluded that the shape
of the top patch is not critical in terms of the response of
the rotator and that the main functionality is provided by

the position of VIA which creates an asymmetry allowing
polarisation rotation.

C. Resonant modes of passive polarisation rotator

For better understanding of the converting mechanism,
Fig. 9 shows the averaged surface currents for three resonant
frequencies of Rotator 1. The rotator worked as a resonation
circuit that was energized by y(x)-polarised incident field.
An electric field oriented in z direction was created between
the top patch and ground. Its averaged intensity correlated
with the presented time-averaged current distributions. VIA
placed in the corner of the patch created different potentials
between neighbouring patches in the x(y) direction. This
effect can be seen in Fig. 10 where the surface was illuminated
by y-polarised plane wave while the x component of the
electric field appears between the top patches. This mechanism
allowed to re-radiate the incident fields into the opposite
polarisation.

(a) 4.1 GHz (b) 4.8 GHz (c) 5.6 GHz (d) Scale

Fig. 9: Surface currents (averaged) presenting three resonant
modes at frequency (a) 4.1 GHz, (b) 4.8 GHz and (c) 5.6 GHz.
The scale is presented in (d).

(a) 4.1 GHz (b) 4.8 GHz (c) 5.6 GHz (d) Scale

Fig. 10: E-filed plot presenting three resonant modes at fre-
quency (a) 4.1 GHz, (b) 4.8 GHz and (c) 5.6 GHz. The scale
is presented in (d).

D. Angular sensitivity and parametric study

This section presents the co-polarised and cross-polarised
reflection coefficients for the angle of incidence Θ from
20◦ to 60◦ (Fig. 11) for both transverse electric (TE) and
transverse magnetic (TM) polarised plane waves. The plane of
incidence corresponds to zy plane. As the angle of incidence Θ
increases, a small shift towards the higher frequencies can be
observed as well as reduction of the conversion ratio (Fig. 12).
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Fig. 11: Illustration of the incident angle Θ, k is the prop-
agation vector and the plane of incidence corresponds to zy
plane.
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(b) TE cross-polarisation

2 3 4 5 6 7 8
Frequency (GHz)

40

30

20

10

0

M
ag

ni
tu

de
 (d

B)

20
40
60

(c) TM co-polarisation
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Fig. 12: Magnitude of reflection coefficients of Rotator 1 for
the angle of incidence Θ from 20◦ to 60◦.
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Fig. 13: Magnitude of co-polarised reflection coefficients of
Rotator 1, simulated results for different parameter values.

Furthermore, to see how the geometrical dimensions of the
structure affect the resonant frequencies, a parametric study
was performed.

Fig. 13a presents a parametric study for three distances
(R) of VIA from the centre of the patch. It can be seen that
with this parameter the overall bandwidth can be controlled.
Moreover, the effect of adjusting the height (h), width of the
unit cell (w) or length of the square patch (l) individually
is presented in Fig. 13b-13d. In this case only co-polarised
reflection coefficients are presented where the differences are
more noticeable.

IV. ACTIVE POLARISATION ROTATOR

Following the passive rotator, the analysis was extended to
the reconfigurable case, which provides a number of practical
challenges and is presented in this section.

A. Design and Simulations
Design of the active surface is based on the passive structure

presented in the previous section. The aim was to modify the
surface in such a way that the surface is capable of electrical
rotation by 90◦ around its z-axis. This leads to the phase
difference of the reflected wave of 180◦.

Fig. 14: Unit cell design of the switchable polarisation rotator.
PIN diodes were simulated as RLC lumped elements and the
black blocks (PIN diodes) were added for illustration purposes.

The metasurface was designed as a 3-layer PCB (Fig. 14)
with the overall thickness h of the PCB 4 mm. The thickness
between the bottom layer (Layer 1) and the middle one
(Layer 2) was 0.4 mm and between the middle layer (Layer 2)
and the top layer (Layer 3) was 3.6 mm. The blind VIA in the
center of the unit cell worked as a DC bias and connected the
top patch with Layer 2. Diameter of all VIAs was 0.8 mm.

Fig. 15: Dimensions of the switchable polarisation rotator (top
view).
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Dimensions of the unit cell (Fig. 15) are shown in Tab. I.
The top patch was placed to the centre of the unit cell and
FR-4 substrate was considered for our design.

TABLE I: Dimensions of the switchable polarisation rotator.

Symbol Dimension (mm) Symbol Dimension (mm)
a 14 b 8.5
c 2.75 d 1
e 1.24 f 0.9
g 0.6 h 4

Fig. 16: Illustration of the metasurface containing 16 unit cells.

As can be seen the VIAs connected with ground (Layer 1)
were moved into the corners of the unit cell. This allowed to
share one VIA between two unit cells (Fig. 16) while only one
patch was electrically connected to one VIA at a time. This
solution simplified the design rapidly as each connection to the
ground plane changed the field distribution on the metasurface.

PIN diodes were chosen for switching the structure as
they are capable to provide large impedance changes at the
frequencies of interest. Unfortunately, in comparison with an
ideal switch they contain parasitic inductances, capacitances
and resistances. This leads to finite isolation in OFF state and
insertion losses in ON state. The PIN diodes were simulated
as RLC lumped elements (Fig. 17). For ON state inductance
L 0.6 nH and resistance R 2.1 Ω was considered. For OFF
state inductance L 0.6 nH and capacitance C 0.17 pF was
considered based on datasheet for PIN diode BAR64-02V.

(a) ON state (b) OFF state

Fig. 17: RLC equivalent circuits of PIN diode used in the
simulations for ON and OFF state.

Fig. 18: Polarity of PIN diodes on the metasurface.

The electrical connection can be seen in Fig. 18. The diodes
are connected with the central patch and with the ground plane

through VIA located either on the right (state A) or on the left
(state B). This design ensures that when diodes D1 and D2 are
in ON state, diodes D3 and D4 are closed by a reverse voltage.
It helps to obtain the correct functionality of the RF (Radio
Frequency) switch as there is no floating voltage. Furthermore,
because of the limited attenuation of PIN diodes in OFF state,
two diodes were used in series, so the parasitic capacitance is
halved. Hence the impedance of diodes D3 and D4 increases
and so the isolation.

The simulated results are presented in Fig. 19a. It can be
seen that the behaviour of the structure is slightly different for
x- and y-polarised electromagnetic waves. The reason is that
this structure unlike the passive one is not equal along x- and
y-axis. It has a negligible effect on the rotated polarisation
(cross-polarisation). Furthermore, the phase change of 180◦

was obtained across the entire usable band as shown in
Fig. 19b.
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Fig. 19: Simulated results: (a) Magnitude of the reflection
coefficient at normal incidence. (b) Phase difference of the
reflection coefficient between state A and B for both x- and
y-polarised incident waves.

Fig. 20a shows the co-polarisation reflection coefficients
for three values of parasitic capacitance of PIN diode. It can
be seen that small difference of capacitance (0.2 pF) can
change the resonation frequency of the polarisation rotator
significantly. Fig. 20b presents the reflection coefficients when
only one diode instead of two was used. When a design with
only single diode was required, a single diode with a lower
parasitic capacitance would need to be used. Typically, the
smaller the parasitic capacitance of a PIN diode, the smaller
the diode package, which can be difficult to solder without
special tools.
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Fig. 20: Simulated results: (a) Reflection coefficients |ryy|
versus capacitance C used in the equivalent circuit. (b) Model
with one diode considering capacitance of 0.17 pF.
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Furthermore, a parametric study is presented in the fol-
lowing figures (Fig. 21a-21c) for |ryy|. Reflection coefficients
|rxx| work in the same way and therefore are not included.
Practically, the design was limited by the dimensions of
diodes. For example, the unit cell of width 13 mm would
be preferable in terms of performance (Fig. 21b), but this unit
cell would be too small for population of the diodes. For that
reason a compromise had to be reached.
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Fig. 21: Simulated results for different parameter values of the
switchable polarisation rotator.

B. Measurement
The proposed active polarisation rotator was manufactured

(Fig. 22). It consisted of 121 unit cells located periodically
in 11 rows and columns. The dimensions of the board were
16 x 16 cm.

Fig. 22: Manufactured active polarisation rotator using three
layer PCB and populated by PIN diodes (four PIN diodes per
one unit cell).

It was measured for both x- (Fig. 23) and y-polarised
(Fig. 24) incident fields. The magnitude of the reflection

coefficients differs when the metasurface is switched from
one state to the other. Ideally, the magnitude of the reflection
coefficients should be the same for both polarities of the DC
voltage. Practically, the difference can be observed especially
in the co-polarised reflection. This effect is probably given
by different resistance of the circuit as the current paths are
different for each state. To compensate this effect, current
levels would need to be set individually for state A and B.
The metasurface can be switched from one state to the other
with a very low current. The presented results are measured
with total board current of 50 mA. The differences between the
simulations and measurements could be introduced by man-
ufacturing tolerances, measurement error and the simulation
error caused especially by the simplified description of PIN
diodes using an RLC equivalent circuit.

4.0 4.5 5.0 5.5 6.0 6.5 7.0
Frequency (GHz)

40

35

30

25

20

15

10

5

0

M
ag

ni
tu

de
 (d

B)

Meas. |rxx|A
Meas. |rxx|B
Sim. |rxx|A & |rxx|B
Meas. |ryx|A
Meas. |ryx|B
Sim. |ryx|A & |ryx|B

Fig. 23: Measured magnitude of the reflection coefficient for
x-polarised wave at normal incidence for both state A and B.
The simulated results are presented for comparison.
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Fig. 24: Measured magnitude of the reflection coefficient for
y-polarised wave at normal incidence for both state A and B.
The simulated results are presented for comparison.

Fig. 25 shows the phase difference between state A and B
for both x and y polarisations. The maximum phase error of
the measured results was less than 5◦ for rxy and 4◦ for ryx in
the frequency range from 4.5 GHz to 6.5 GHz in comparison
to our simulation. This validated the simulated results and the
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correct functionality of the designed switchable polarisation
rotator.
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Fig. 25: Measured and simulated phase difference of the
reflection coefficient between state A and B for both x- and
y-polarised incident waves.

V. SWITCHABLE POLARISATION ROTATOR USAGE FOR
PRACTICAL APPLICATIONS

The presented metasurface can be further customised. In the
previous section all the unit cells were connected together, so
the entire metasurface could be changed from state A to state
B just by changing the DC polarity and only two wires were
needed for controlling the entire metasurface. This design can
be easily modified for adaptive beamforming, so each line or
row can be controlled independently based on the requirements
(Fig. 26).

(a) XY (b) X (c) Y

Fig. 26: Possible configurations (XY, X, Y) of DC bias at the
second layer.
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Fig. 27: Simulated magnitude (co-polarisation) of the reflec-
tion coefficient for three possible configurations (XY, X, Y)
of the DC bias.

The DC bias placed in the metasurface has a negligible
effect on the performance for both horizontally (y-axis) and
vertically (x-axis) polarised incident fields (Fig. 27). The unit
cells can further be grouped into clusters, so each cluster
(super cell containing several unit cells) can be controlled
independently.

A practical use of the proposed active metasurface can be
an active antenna or modulator that can switch between right-
hand/left-hand circular polarisation (RHCP/LHCP) as well as
linear polarisation (LP). To obtain a circular polarisation, two
components (vertical and horizontal) must exist with the phase
difference of 90◦. This can be achieved by placing a simple
dipole antenna in front of the metasurface. As the rotator
was designed for plane-wave interaction, the dipole of length
21 mm was placed 600 mm (12.2 λ at 6.1 GHz) in front of
the metasurface to be in the far-field region. The change of
RHCP/LHCP and LP radiation pattern can be done only by
applying the respective DC voltage to the metasurface.

(a) RHCP (b) LHCP

Fig. 28: State A: (a) RHCP and (b) LHCP far-field radiation
pattern at 6.1 GHz. The central top patch was connected with
the VIA on the right side. RHCP main beam was produced.

(a) RHCP (b) LHCP

Fig. 29: State B: (a) RHCP and (b) LHCP far-field radiation
pattern at 6.1 GHz. The central top patch was connected with
the VIA on the left side. LHCP main beam was produced.

Fig. 28 shows the radiation pattern for state A. It can be
seen that this state produced RHCP polarisation while LHCP
polarisation was highly attenuated. When the state is switched
from state A to state B, LHCP polarisation was radiated into
the required direction while RHCP is now attenuated (Fig. 29).

The ratio between the circular polarisations for each state is
shown in Fig. 30. It can be seen that the highest ratio occurs in
the direction of the main beam. This feature may be attractive
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for secure wireless communications where the transmitted
signal can be correctly decoded only in the direction of the
main beam.
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Fig. 30: Ratio RHCP/LHCP for state A and LHCP/RHCP for
state B.

Furthermore, when no current is applied, the metasurface
behaves as a regular reflector without any rotating function-
ality. This off state is presented in Fig. 31. As the dipole
was vertically polarised in front of the metasurface, the whole
antenna system with the metasurface produced only linear
polarisation (vertical).

(a) Vertical polarisation (b) Horizontal polarisation

Fig. 31: Metasurface in off state illuminated by vertically-
polarised wave (dipole antenna).

VI. CONCLUSION

In this article, a reflective switchable polarisation rotator
based on an artificial magnetic conductor with offset VIA was
presented. Following the study of electromagnetic properties
and the effect of different topologies of a passive polarisation
rotator, the analysis was extended to the reconfigurable case.
The final design was capable of rotating the polarisation by
90◦ and switching the relative phase of the reflected electro-
magnetic wave by 180◦. Furthermore, the surface allowed to
behave as a regular conductive reflector in off state. The main
advantage of our design is the fact that the phase of the rotated,
reflected electromagnetic wave can be controlled. The relative
phase difference of 180◦ was obtained not only at a single
frequency but across the entire usable band for both vertically
and horizontally polarised incident fields.

Based on our simulations and measurements, the surface
worked in the frequency range of 4.8 and 6.2 GHz for co-
polarised attenuation of 10 dB and the overall maximum
measured phase error of the rotator was better than 4◦ in the
usable bandwidth for both polarisations.

In combination with a simple dipole antenna, a switchable
antenna with right hand circular polarisation, left hand circular
polarisation and linear polarisation can be achieved. This can
be advantageous for polarisation diversity as well as for design
of a polarisation modulator.

The metasurface can be further customised for beamforming
capability by splitting the metasurface into several indepen-
dently controlled sections. Also, this surface could provide
polarisation scrambling useful for secure wireless communi-
cation systems. Overall, the presented metasurface offers an
alternative for cases where both polarisation rotation and a
phase control are required.
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GNSS Sector Antenna for Interference Mitigation
and Localisation using a High Impedance Reflector

Michal Cerveny, Pavel Hazdra

Abstract—There are many applications where the reception
of global navigation satellite system signals is crucial. In such
cases, the capability to reduce the interference (both uninten-
tional or hostile) is critical. The proposed sector antenna offers
a stable radiation pattern with no beam steering across the
frequency band and good impedance matching. It also benefits
from a high impedance reflector, which allows the antenna to
provide broadband operation and low-profile compact geometry.
Furthermore, seven of these sector antennas were placed in a
heptagonal shape and combined with a broadband crossed dipole.
As a result, the designed antenna system can reduce vertically-
polarised interference by approximately 45 dB in the required
directions.

Index Terms—Antenna, GNSS, Interference, Metasurface.

I. INTRODUCTION

THESE days, requirements on antenna systems are more
challenging due to many sources of interference present

in the radio spectrum. GNSS (Global Navigation Satellite
System) signals processed by receivers on Earth are very
weak while interference from terrestrial sources can be much
stronger. When this happens, the overloaded receiver is unable
to receive weak GNSS signals. In such situations, a clever
antenna system can help to keep the reception stable.

One technique used for interference mitigation is interfer-
ence nulling based on phased antenna arrays. Several antenna
systems have already been published [1]–[7] and many antenna
designs deal with interference with each having its own pros
and cons. For instance, uniform planar antenna arrays can
be comfortable from a mathematical point of view, however,
creating a null in the main lobe increases the side lobe levels
and creates unwanted nulls in the radiation pattern [8], [9].
Furthermore, mutual coupling can be another problem in such
configurations and may need to be compensated [10]. When
other parameters such as impedance matching, axial ratio,
stable radiation pattern along with dimensions of the antenna
are considered, the design of such a system can be very
complex. For important services relying on GNSS, several
antenna systems should cooperate to increase diversity and
maximum performance.

The proposed GNSS antenna system is a combination of
a circularly-polarised antenna covering the sky and seven
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vertically-polarised sector antennas that cover the low angles
above the Earth’s surface where the source of interference is
expected.

In the literature, many designs of vertically-polarised anten-
nas can be found [11]–[14]. Unfortunately, there was no design
that would fit the proposed configuration well in terms of
broadband operation, low profile, radiation pattern and mutual
coupling. Therefore, a new sector antenna, as well as the whole
system has been designed.

II. DESIGN OF THE SECTOR ANTENNA

The proposed sector antenna consists of a reflector with a
metasurface (high-impedance surface) [15], side walls, and an
antenna board as shown in Fig. 1. Due to the metasurface im-
plementation, the antenna provides both low-profile geometry
(0.15 - 0.2 λ) and broadband operation [16], [17].

Fig. 1: Sector antenna.

The design of the top antenna board consists of a feeding
network and two radiating elements and can be seen in
greater detail in Fig. 2. The feeding network contains several
impedance transformations, as well as a conversion from an
asymmetrical to symmetrical line.

The 50 Ω coaxial cable is connected to a quarter-wavelength
microstrip of impedance 70.7 Ω which transforms the 50 Ω
input to 100 Ω output [18], [19], and transforms the asymmet-
rical feeding to a symmetrical line (double-sided parallel strip)
via the tapered shape [20] of the ground. All following lines
are designed as double-sided parallel strips. The characteristic
impedance of the double-sided parallel strip on a substrate of
thickness w is twice as high in comparison with the impedance
of a mictrostrip of thickness w/2 [21].
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Fig. 2: Dimensions of the sleeve dipoles and feeding network.

Therefore, width p of the strip remains the same but the
characteristic impedance is changed from 70.7 Ω to 100 Ω. The
100 Ω line is then followed by another impedance transformer
consisting of a wider stub (25 Ω line) of width q and another
short piece of 100 Ω line approximately of the same length
(series-section transformer [22]). This part transforms the
impedance of 100 Ω to 25 Ω. At this point two 50 Ω parallel
strips of width r are connected with the feeding line (T-shaped
strip).

The symmetric parallel strip then feeds two elliptical sleeve
dipoles [23], [24] and the distance g between them is approxi-
mately λ/2 to avoid grating lobes. To keep the surface currents
on the dipole antenna in phase, the antennas are mirrored. The
top strip (orange) is connected to the elliptical radiator on the
left side, while on the right side the top strip is connected
to the sleeves. The bottom strip (black) is connected to the
sleeves on the left side and to the elliptical radiating element
on the right side. Furthermore, the elliptical radiating elements
were printed on both sides of the PCB (Printed Circuit Board)
and connected with a small VIA (Vertical Interconnect Access)
presented as the grey cylinders in the detailed images. A VIA
with a 2 mm diameter as used in the simulation was redesigned
to have a 1.5 mm (VIA hole) diameter, so the distance between
the edge of the elliptical radiator and the hole was 0.25 mm.

The following table shows all the dimensions presented in
Fig. 2. It is worth noting that k is the length from the centre
of the coaxial cable to the wide stub. Parameters p, q, r, and s
present the width of the strips. The overall dimensions of the
PCB board were 121.4 x 228 mm. FR-4 material of thickness
0.8 mm (permittivity of 4.3) was used. In the final design,
a semi-rigid coaxial cable (RG402) was soldered to both the
PCB with dipoles and the reflector so the connection was rigid.
A small hole was made into the reflector for the coaxial cable.

TABLE I: Dimensions of The Sector Antenna

Symbol Dimension (mm) Symbol Dimension (mm)
a 50 b 30
c 41.3 d 39.3
e 7.8 f 8.8
g 109 h 221
i 7 j 7.2
k 43.8 l 45.8
m 20 n 5
o 30.4 p 0.73
q 3.8 r 1.4
s 1 t 17
u 19 - -

The geometry (unit cell) of the metasurface, as shown in
Fig. 3, was designed as a two-layer PCB with overlapping
patches placed above a ground plane. The overlapping tech-
nique allows the miniaturisation of the elements as it increases
the inter-element coupling [25]. The lengths of x, y, z are
10 mm, 4.5 mm, and 9 mm respectively. The gaps between
the patches are 1 mm thick. FR-4 material of the thickness of
1.6 mm was considered. The space between the ground plane
and the periodic structure was 10 mm.

(a) Top view (b) Bottom view

Fig. 3: Metasurface - unit cell (without ground plane).

The calculation was based on Floquet’s theorem [26], [27]
and the reference plane was placed 5 mm in front of the
metasurface where the position of the radiating element was
considered.

As can be seen in Fig. 4, the phase of the reflection
coefficient is 0◦ at the resonance frequency of 1.43 GHz. The
metasurface covers all the GNSS bands within the range from
-90◦ to 90◦ where the metasurface reflects the plane waves in-
phase, rather than out-of-phase [15]. GNSS bands are marked
in the figure by the colour bars. The green is in the frequency
range from 1.164 GHz to 1.214 GHz, yellow from 1.26 GHz
to 1.3 GHz and pink is from 1.559 GHz to 1.591 GHz.

Fig. 4: Phase response of the metasurface, Galileo bands E6
(yellow) and E1 (pink) were prioritised.

In the next step the antenna board was placed above the
finite metasurface and the side walls were added. The inner
angle between the reflector and the side wall was 115.7◦.
After an optimisation, the final distance between the reflector
and metasurface was 17 mm and the space between the
metasurface and the antenna board was 3.2 mm. The overall
dimensions of the metasurface were 110 x 290 mm and those
of the reflector (ground) were 114 x 290 mm. The side walls

4 AUTHOR’S CONTRIBUTION - PUBLICATIONS

50



JOURNAL OF LATEX CLASS FILES, VOL. 14, NO. 8, AUGUST 2015 3

were made of 1 mm-thick double-sided PCB (FR-4) with
dimensions of 25 x 290 mm and solid copper layers on both
sides. The side walls were soldered to the flat reflector using
a 3D-printed form that ensured the correct alignment.

Fig. 5 shows the reflection coefficient of the antenna board,
antenna board with the metasurface and the complete sector
antenna with both the metasurface and the side walls. The final
design is also compared with the measurement.

Fig. 5: Different stages of the sector antenna development.

Fig. 6 compares the simulations and measurements of
the normalized radiation patterns. Each sector antenna was
designed as an antenna array with two radiating elements
(sleeve dipoles) causing a narrower beam in the vertical plane
(E-plane) in comparison with the horizontal plane (H-plane).
The simulated absolute gain of the sector antenna was 8.3 dBi
at 1.278 GHz and 10 dBi at 1.575 GHz with the dielectric loss
tangent of the FR-4 substrate of 0.025 and loss-free coaxial
cable being considered.

(a) 1.278 GHz (b) 1.575 GHz

Fig. 6: Simulated and measured far-field cuts of the sector
antenna.

III. ANTI-INTERFERENCE SYSTEM

The designed sector antenna was further placed into a sys-
tem allowing interference mitigation and localisation (Fig. 7).
The system consists of a top antenna which creates the main
RHCP beam for GNSS reception and seven sector antennas
placed next to each other to form a regular heptagon. The
design of the top antenna was based on a broadband crossed
dipole [28]. It was optimised for the FR-4 substrate of thick-
ness 0.8 mm and placed 62.5 mm above the heptagonal ground
plane. The dimensions of the crossed dipole are presented in
Fig. 8a. The height of the entire antenna system, including the
top antenna, was 353.3 mm and the diameter was 315 mm.

Fig. 7: The whole antenna system during measurement.

(a) (b)
(c)

Fig. 8: (a) Top: tuned RHCP antenna [28] (top layer), bottom:
feeding point, (b) Radiation pattern: single sector in black, two
in-phase sector antennas in red, (c) Sector antenna look angle.

The radiation pattern of each sector antenna in the horizontal
plane is presented by the black curve in Fig. 8b. The red curve
shows the sum of two radiation patterns of two neighbouring
antennas when they are fed in phase. Furthermore, Fig. 8c
shows that the main beam of each sector antenna covers the
angle from -25.7◦ to 25.7◦. The 3D radiation patterns of the
top and sector antennas are illustrated in Fig. 9.

(a) (b)

Fig. 9: Radiation pattern of the (a) top RHCP antenna and
(b) sector antenna at 1.278 GHz.

Fig. 10 shows the attenuation of interference when the
radiation pattern of the top antenna is combined with one
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sector antenna so that a deep null is created in the main beam.
Two azimuths are presented: 0◦ and 25.7◦. Also, it is shown
that the part of the radiation pattern pointing into the sky is
not affected by the nulling technique. To obtain the same gain
of the sector antenna and the top antenna in the considered
directions, the sector antenna was attenuated by 27.2 dB for
azimuth of 0◦ and by 19.6 dB for azimuth of 25.7◦.

Fig. 10: Computed interference attenuation, 1.278 GHz.

Furthermore, the measurement of interference mitigation
was performed using an eight-channel coherent software-
defined radio receiver. All seven sector antennas were com-
bined with the main RHCP beam and interference attenuation
of 45 dB was achieved across the GNSS band.

Moreover, due to the low coupling between the antennas,
when the sector antennas are placed next to each other in the
complete system, the radiation patterns match well with the
single antenna as presented in Fig. 11.

(a) 1.278 GHz (b) 1.575 GHz

Fig. 11: Simulated radiation patterns of a single sector antenna
on its own and one sector antenna of the complete system.

Fig. 12: Sector antenna: S11 simulation and measurement.

The simulated and measured reflection coefficients of all
seven antennas can be seen in Fig. 12. The differences are
given mainly by the manufacturing tolerances. Furthermore,
isolation between the sector antennas was measured. As shown
in Fig. 13, the worst isolation between two neighbouring sector
antennas was 28 dB in the entire band. The sector antennas
were marked clockwise meaning that antennas two and seven
were located next to antenna one. The measured isolation
between the top antenna and the sector antennas was higher
than 38 dB.

Fig. 13: Isolation between the sector antennas.

IV. CONCLUSION

A design of a sector antenna with a metasurface reflector
for GNSS applications was presented. It offers low-profile
compact geometry and good impedance matching for both
Galileo and GPS bands where it provides a stable radiation
pattern with no beam steering.

Furthermore, the sector antenna design was extended to an
antenna system with interference mitigation capability. The
system consisted of seven sector antennas and one crossed
dipole antenna. Based on simulations and measurements, it
was shown that interference was attenuated by approximately
45 dB.

As software defined radios (SDR) are becoming more
affordable, classic analogue phasing networks can be replaced
by digital processing techniques which allow the radiation
patterns of the main antenna and the sector antennas to be
combined. Therefore, there is a lot of space for further research
to achieve maximum performance from this antenna system.
Additionally, this system can be improved by adding antennas
with horizontal polarisation and by modifying the top antenna
based on the requirements such as better multipath mitigation.

The proposed antenna system could also be useful for
interference localisation. If more such antenna systems were
used, the location of the interfering transmitter could be
found via triangulation. Inside the antenna system there is
ample space for other equipment such as preamplifiers, filters,
attenuators and possibly a receiver to enable the antenna to be
manufactured as a complete receiving system.
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Compact Uplink RHCP 2.4GHz Short Backfire
Antenna for Geostationary Amateur Radio Satellite

Es’Hail-2 (QO-100)
Michal Cerveny, Pavel Hazdra

Abstract—This paper describes a compact circularly polarized
antenna designed for the 2.4GHz band with a gain of 15dBi. The
proposed antenna upgraded a standard short backfire antenna
(SBA) by utilizing two metasurfaces. The first one acted as a high-
impedance surface (HIS) allowing for a reduction of the distance
between the sub-reflector and main reflector, while the second
metasurface split the polarization and provided a phase shift of
90◦ needed for circular polarization. In this design, a linearly
polarized patch antenna was used as a feeder. The antenna
was simulated, measured, optimized and tested on the QO-100
transponder located on the Es’Hail-2 geostationary satellite. The
direction of rotation of the circular polarization (right or left)
can be easily changed by rotating the second metasurface by
90◦. This antenna can be used in situations where compactness,
portability and rigid construction are required.

Index Terms—Antenna, Satellite, Metasurface, QO-100,
Es’Hail-2, SBA.

I. INTRODUCTION

W ITH the launch of the first geostationary amateur radio
transponder Qatar Oscar-100 (QO-100) on the Es’Hail-

2 satellite on 15 November 2018, the interest in satellite
communications increased rapidly inside the amateur radio
community. Geostationary satellite allows for easier operation
without any significant Doppler shift, the need for tracking
antenna system, and provides a continuous communication
service covering a third of the globe. QO-100 operates in the
S and X bands. Downlink is present at 10.4GHz with linear
polarization and uplink at 2400.25MHz ±250kHz with right-
hand circular polarization (RHCP).

Typically, the standard antenna configuration of a ground
station is based on a parabolic antenna with a dual-band feeder
which combines an open waveguide with a dielectric lens and
a patch antenna [1], or a helical antenna with a horn antenna
[2]. The second common configuration is based on separate
uplink and downlink antennas. In addition, circularly polarized
helical antennas are used.
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Fig. 1: Proposed 2.4GHz RHCP satellite antenna.

There are many cases where the portability, compactness
and robustness of the satellite ground system is an important
factor, as well as the low profile of the antenna. Unfortunately,
the number of suitable antennas is quite limited and solutions
based on large antenna arrays made of high quality substrates
to reduce losses can be quite expensive.

An interesting solution is offered by short backfire antennas
(SBA). The underlying concept has been known about for
a long time, as shown in a paper from 1965 [3]. Since
then, various SBA modifications have been published. For
example, to achieve a higher bandwidth, the rim [4], [5] or
the exciter [6], [7] were studied and modified. Furthermore,
phase-modulated metasurface for beam deflection[8], dual-
band [9], [10], a circularly polarized SBA excited by a cross
aperture [11], [12] or a polarization reconfigurable antenna
[13] were reported. It has also been found that the shape
of the reflector can improve the antenna gain [14]. Other
modifications utilized a metasurface (high impedance walls)
for maximum aperture efficiency [15] or corrugated walls to
suppress sidelobes [16].

A typical SBA design consists of a reflector and a sub-
reflector that are spaced approximately half a wavelength
apart. A dipole antenna is then placed between the reflectors.
Such a configuration requires symmetrization. Unfortunately,
a good mechanical design can be quite complex to implement
and it is even more challenging when a circular polarization
is required.

Therefore, it was necessary to find a new solution where
no crossed dipoles or crossed slots were needed. Only basic
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shapes were considered as it simplifies the manufacturing
process and reduces costs. For that reason, no corrugated walls
or conical rims were used.

Since metasurfaces are an excellent option for polarization
manipulation, they can be implemented in antenna systems
to enhance their performance. Therefore, the advantages of
an SBA and a metasurface were combined and a circularly
polarized antenna with a patch antenna as the feeder was
designed. To keep the assembly part as simple as possible,
all components of the antenna were manufactured as printed
circuit boards (PCBs) except for the antenna rim, which was
fabricated by computer numerical control (CNC) machining.

II. DESIGN OF THE ANTENNA

The proposed antenna consisted of several parts as shown
in Fig. 2. Above the patch antenna located at the bottom of the
SBA, a high-impedance surface (Metasurface 1) was placed.
This metasurface reduced the required distance between the
reflector and sub-reflector from λ/2 to λ/2.57.

Fig. 2: Cut through the proposed short backfire antenna.

The sub-reflector was made as a second metasurface (Meta-
suface 2) and was placed λ/5 above the HIS at the distance
of 25mm (a2). The design was based on split-ring resonators
which is a well-known type of metasurface allowing polar-
ization conversion. In this design, however, the metasurface
was not designed as a standard polarization rotator [17], [18]
where the maximum polarization conversion is required but as
a spatial power divider which allowed to change the ratio of
the reflected co-polarized and cross-polarized electromagnetic
waves. Furthermore, such polarization convertor introduced
a phase shift of 90◦ which was required for generating the
circular polarization. Therefore, the feeding point could be
designed as a standard linearly polarized patch antenna.

The diameter of the sub-reflector was 112mm (a4), its
thickness was 1.6mm and the air gap was 12mm (a3). On the
manufactured antenna this gap was later increased to 13mm.
Furthermore, the height of the rim was 90mm (a5) and its
inner diameter was 266mm (a6). The thickness of the rim
was 10mm.

Fig. 3: Patch antenna.

The patch antenna is shown in Fig. 3. Initially, this antenna
was designed with FR-4 dielectric to make the antenna rela-
tively inexpensive. Unfortunately, this component was found
to significantly affect the overall gain, as the antenna with
the FR-4 substrate had a gain 1.3dB lower than with the
Rogers 4350B substrate.

In addition, it was expected that higher RF power would
be required to achieve the optimum signal strength received
by the satellite. Therefore, heating of the lossy substrate was
a second consideration. For these reasons, the final patch
antenna design was based on the Rogers 4350B substrate. The
dimension w was 50mm, p1 was 27mm, p2 was 31.25mm and
p3 was 7.17mm. The thickness of the substrate was considered
to be 1.524mm.

The high-impedance surface consisted of periodic structure
of squares printed on the FR-4 dielectric of thickness of
0.8mm. The top view of the unit cell can be found in Fig. 4a.
Dimension a was 16.85mm and b was 20mm. The top view
of the entire HIS is shown in Fig. 4b. The diameter of
the metasurface was 245.3mm and the air gap between the
substrate and the reflector (a1, Fig. 2) was 10mm.

(a)
(b)

Fig. 4: High-impedance surface: (a) unit cell, top view, (b)
entire Metasuface 1.

The second metasurface was also designed on the FR-4 sub-
strate of the considered thickness of 0.8mm. The metasurface
was designed as a double split-ring resonator (Fig. 5).

(a)

(b)

Fig. 5: (a) Metasurface 2 - unit cell, (b) entire Metasuface 2
in front of the sub-reflector.

The unit cell of the resonator was a square with dimensions
of 15x15mm (Fig. 5a). It was intentionally printed in black and
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white colors because current software tools allow such images
to be converted into printed circuit board (PCB) layouts. The
white color presents the conductive layer. For reference, the
thickness of the rings was 1mm and the gap between the
smaller ring and the larger one was 0.55mm. The satellite
icon in the center of the unit cell did not have a significant
effect in the required frequency range. The dimensions of the
entire PCB were 94x94mm (Fig. 5b).

The following figures present the phase (Fig. 6) and mag-
nitude (Fig. 7) of the co-polarized reflection coefficients (rxx)
and cross-polarized reflection coefficients (ryx). The simula-
tion was performed by using a single unit cell with periodic
boundary conditions. The different colors represent the effect
of various heights of the metasurface above a ground. It can
be seen that the resulting phase difference between the two
orthogonal polarizations stays the same across the required
frequency range. On the other hand, the ratio of the magnitudes
can be adjusted by this parameter. The frequency range of the
QO-100 narrow band transponder is represented by the vertical
green line.

Fig. 6: Simulation: phase (Metasurface 2).

Fig. 7: Simulation: magnitude (Metasurface 2).

The entire antenna was then simulated using a frequency
domain solver based on the finite element method in CST Mi-
crowave Studio and the antenna was optimized. Fig. 8 shows

the simulated 3D RHCP radiation pattern of the antenna. The
obtained gain was 15dBi. Furthermore, two cuts (Φ = 0◦

and Φ = 90◦) of the radiation pattern including the cross-
polarization (LHCP) are presented in Fig. 9.

Fig. 8: Simulation: 3D radiation pattern, RHCP, 15dBi.

Fig. 9: RHCP, LHCP radiation patterns.

The obtained axial ratio of the antenna can be seen in
Fig. 10.

Fig. 10: Axial ratio.

It should be noted that the proposed design allows an easy
change of the resulting direction of the circular polarization
(right-hand circular polarization (RHCP) and left-hand circular
polarization (LHCP)) simply by rotating the Metasurface 2 by
90◦.
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III. MEASUREMENT

The antenna was manufactured, assembled and measured.
It was found that due to a manufacturing imperfection, the
antenna was very sensitive to the placement of the patch
antenna on the reflector, which was made of 2mm thick FR-
4 substrate. Since neither the reflector nor the patch was
completely flat, there was a small gap between the patch and
the reflector which affected the resonant frequency. Therefore,
the patch antenna had to be pressed and glued to the reflector
and then soldered to an SMA connector to eliminate any air
gap.

Fig. 11: Measured and simulated |S11| parameters.

It was found that the resonant frequency was slightly above
the desired frequency. To tune the antenna to the required
frequency range, a small piece of aluminum EMI shielding
tape was used and the length of the patch antenna was
increased based on the measurement. Fig. 11 shows both the
tuned and the original measurement without the tape. For
a future design, a double-sided PCB with the bottom side
covered with a copper layer would probably be a better choice,
as the large capacitance between the bottom layer of the patch
antenna and the reflector could mitigate the high sensitivity to
small air gaps.

Fig. 12: Radiation pattern measurement.

The radiation patterns were measured with a linearly polar-
ized horn antenna in an anechoic chamber (Fig. 12). Firstly,

the radiation pattern was measured when the horn antenna
was vertically polarized (φ = 0◦). The horn antenna was then
rotated by 90◦ (φ = -90◦) around its axis and measured again.
Both components, vertical and horizontal, are shown in Fig. 13
and Fig. 14 and compared with the simulations.

Fig. 13: Far-field pattern: vertical component, Φ = 90◦.

Fig. 14: Far-field pattern: horizontal component, Φ = 90◦.

Then the polarization envelope (Fig. 15) was measured at
the center frequency by axial rotation of the horn antenna with
the step of 5◦. The obtained axial ratio was 1.34.

Fig. 15: Polarization envelope measurement.
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Unfortunately, our laboratory was not equipped with any
RHCP and LHCP antenna in the required frequency region.
Therefore, a measurement method based only on linear-
component amplitudes [19] was used. For this method a
second set of orthogonal linearly polarized radiation patterns
(magnitudes) had to be measured. Together with the previous
radiation pattern measurements, two sets of orthogonal linearly
polarized magnitudes E1, E2, E3, E4 were obtained at φ = 0◦,
-90◦, -45◦ and 45◦.

The axial ratio was calculated using the following equa-
tion (1) and the results can be seen in Fig. 16.
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Fig. 16: Axial ratio at the center frequency 2400.25MHz.

The RHCP and LHCP radiation patterns were computed
using equations (3) and (4).
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(3)
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√
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where

Γ =
AR− 1

AR+ 1
. (5)

The obtained far-field patterns were compared with simula-
tions in Fig. 17. It can be seen that the antenna had a cross-
polarization of -22dB at its peak directivity.

Fig. 17: RHCP and LHCP radiation patterns, Φ = 90◦.

It should be noted that manufacturing tolerances can be
quite high. It is known that the permittivity of an FR-4
substrate can range from approximately 3.3 to 4.8 [20]. To
work around this problem, more expensive substrates with a
better defined dielectric constant can be used. Unfortunately,
the problem is not only the dielectric constant, but also the
thickness of the PCB. For example, the declared thickness
accuracy of the Rogers 4350B 1.524 mm thick substrate is
±0.004” (±0.1mm). In addition, the boards must be cut to the
desired shape. For standard circuit boards, the accuracy of the
cut is usually not a critical parameter; however, it is important
for antenna applications. In addition, PCBs are sometimes
slightly bent. As can be seen, there are many variables that
can affect the antenna and reduce its performance. This means
that this antenna (consisting of three circuit boards) will need
to be tuned before use.

IV. PRACTICAL TESTS WITH THE QO-100 NARROW BAND
TRANSPONDER

This section presents a practical test performed with the
proposed antenna. A transceiver Yaesu FT-818 was used as an
intermediate frequency (IF) transmitter operating at 144MHz.
Furthermore, an up-convertor to the S band was used followed
by an amplifier providing a power of 42dBm (approximately
16W).

Firstly, the CW modulation was tested and compared with
the signal level of the CW beacon. It should be noted that the
uplink signal must not be stronger than this beacon, which
is an operational requirement. Compared to the CW beacon,
the tested system with the proposed antenna produced a 3.3dB
lower signal level. Fig. 18 shows the CW signal of the tested
system at 10.48950747GHz (downlink frequency) which can
be seen in the waterfall on the right-hand side. The beacon
was present on the left-hand side.

Fig. 19 shows an SSB test. The produced signal could be
clearly seen on the waterfall. Both figures (screenshots) were
taken from an online WebSDR [21], hosted at Goonhilly Earth
Station in Cornwall, UK. This WebSDR receives the downlink
frequency (X-band) of QO-100, provides real-time reception
and can be controlled remotely via a web browser.
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Fig. 18: CW modulation: on the left hand-side the CW beacon
was present, the carrier on the right-hand side was produced
by the tested system.

Fig. 19: SSB modulation: the signal on the left-hand side was
produced by the tested system.

Both CW and SSB modulations were tested and both of
them could be used for making radio contact via the satellite.

V. CONCLUSION

This work presented a short backfire antenna (SBA) using a
novel technique for generating a circular polarization. This was
achieved by using a metasurface inside the SBA’s open cavity.
The gain of the antenna was 15dBi and the overall dimensions
were 286mm x 92mm (excluding the tripod holder and the
SMA connector on the back side). Due to its compactness
and the absence of protruding parts present in the dish-type
antennas, this antenna can be easily transported and used in
situations where antenna space limitations or restrictions are
in place. The antenna was designed with ease of assembly
in mind, so no special mechanical tools should be necessary.
The antenna provided a very good impedance match (return
loss was better than 20dB) and axial ratio (1.34) at the desired
frequencies.

The antenna was tested with QO-100 narrow band transpon-
der. With an output power of 16W (ERP = 308.5W), the
system was capable of providing enough radiated power to
make contact using both CW (telegraph) and SSB modulation.
The downlink was secured by WebSDR, hosted at Goonhilly
Earth Station in Cornwall, UK providing the evidence of the
signal levels. Based on the WebSDR’s signal meter, this system
produced 3.3dB lower signal level than the CW beacon.

The RHCP and LHCP polarization can be changed by
rotating the top metasurface (Metasurface 2) by 90◦. This
makes the antenna very universal as the same design can be

used for both polarizations. Future modifications may include
the implementation of a rotating mechanism that would be able
to switch between the RHCP and LHCP polarization electro-
mechanically.
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5 CONCLUSION

5 Conclusion

This thesis addressed several problems in the field of electromagnetic simulations,
electromagnetic propagation inside buildings and antenna design all based on fre-
quency selective surfaces and metasurfaces. The following paragraphs summarise
the results achieved.

The aim of the first topic was to compare two methods (the induced EMF
method and the spectral domain method) in calculating the input impedance
and impedance quality factor of a dipole. The induced EMF method was found
to be more convenient than the spectral domain method as it was in a closed-
form solution and the required calculation time was significantly shorter. From a
practical point of view, the EMF method can be used for a quick dipole impedance
determination. When the feeding point or the surrounding environment needs to
be considered, numerical methods based on full-wave electromagnetic analysis e.g.,
the method of moments, the finite element method or the finite-difference time-
domain method will provide more accurate results. The research was supported
by the Complex Artificial Electromagnetic Structures and Nanostructures project.

The following work was part of the Wireless Friendly and Energy Efficient
Buildings (WiFEEB) project where the main focus of the author’s research was
on the control of wireless propagation within buildings. This included the study of
the effect of a conductive carpet placed on the floor of a room in a Victorian house,
the design of a transparent frequency selective surface that could be placed in the
window of secure buildings and a concept of sparse FSSs placed between two adja-
cent rooms for the modification of the electromagnetic field distribution. Based on
both simulation and measurement, it was found that by using frequency selective
surfaces the propagation of electromagnetic waves can be efficiently controlled.

To take it a step further, two techniques for metasurface synthesis were com-
pared. With these techniques the scattering waves can be reflected to prescribed
directions. This is the key functionality for reflecting surfaces where the basic idea
is to focus the electromagnetic field towards users and improve the signal-to-noise
ratio. It was found that both techniques based on a holographic technique and on
susceptibility tensors provided similar results even though the holographic method
was easier to implement and did not change the magnitude of the reflection co-
efficient which is difficult to implement in practice. On the other hand, even if
the magnitude part was ignored and only the phase response was considered, the
predicted scattering patterns were nearly identical for both methods.

Based on the synthesis techniques presented, two metasurfaces were designed,
manufactured and measured. One of them was made of a standard FR-4 substrate,
the other was made of textile and was manufactured by an electroplating process.
Both were designed for an angle of incidence of 45◦ and an angle of reflectance of
60◦. It was found that by changing the discrete phase-steps the side lobes can be
altered but the main lobe stays stable. This means that techniques which do not
allow high precision manufacturing (such as electroplating process) can be still
useful for some applications as the the main lobe is dominantly determined by the
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periodicity of the entire structure. As the electroplating process requires current
flow, the metasurface design has to be adopted for this technique which can be a
limiting factor for more complex structures.

Furthermore, a novel active metasurface capable of rotating the polarisation
by 90◦ and switching the relative phase of the reflected electromagnetic wave by
180◦ was presented. The metasurface was manufactured and the results measured
were in alignment with the numerical simulations. It provided a stable phase dif-
ference of 180◦ across the entire usable bandwidth (4.8-6.2GHz). It was presented
that in combination with a simple dipole antenna placed in front of the metasur-
face, a switchable antenna with right-hand/left-hand circular polarisation (RHCP,
LHCP) as well as linear polarisation (LP) can be made. Such a system can also
be attractive for secure wireless systems as it can provide polarisation scrambling
and polarisation diversity.

The following project dealt with a practical requirement for a GNSS anti-
interference system to make it capable of interference localisation and mitigation.
Dual-band operation was required and it was assumed that the source of interfer-
ence is located on the ground. Therefore, an antenna system that covered the low
angles above the Earth’s surface while having the main RHCP beam for GNSS
reception covering the sky had to be designed. To reduce the overall dimensions of
the antenna system, the designed sector antennas had to be low-profile. As a re-
sult, a novel GNSS sector antenna using a high impedance reflector was designed.
The system as a whole was able to attenuate the interference by 45dB.

The final project presented a short backfire antenna using a novel technique
for generating circular polarisation. The antenna leveraged a metasurface inside
the SBA’s open cavity. The metasurface was designed as a spatial power divider
which allowed the ratio of the reflected co-polarised and cross-polarised electro-
magnetic waves to be changed while providing a phase shift of 90◦ needed for
circular polarisation. Therefore, the feeding point could be designed as a standard
linearly polarised patch antenna.

It was presented that frequency selective surfaces and metasurfaces can provide
many opportunities for both research and practical applications. On the other
hand, no technology is perfect and has to be used with its limitations in mind.
For instance, a combination of high-power transmitters with antennas based on
active metasurfaces controlled by diodes might cause unwanted spectral products
as diodes are non-linear elements.

The future of this field is very likely to result in the integration of several
techniques and technologies together to reduce the size resulting in multi-band
multi-purpose antennas and scattering surfaces.

Currently, the research community is starting to take a particular interest in
large reflective intelligent surfaces (RIS) that should enhance the performance of
wireless systems. Unfortunately, there are several factors that can make imple-
mentation difficult in practice. For instance, if we consider a large RIS placed on
an exterior layer of a building, it is likely that users will be in the near-field region
where the field strength varies with distance. The unit cells of such a metasurface
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will have different effective areas and angle-dependent responses. These effects
will need to be dynamically compensated based on the location of the user. Fur-
thermore, the surrounding environment can also change dynamically for instance
due to traffic or moving users. Considering that such surfaces can be highly di-
rective and produce a large number of beams, many variables have to be taken
into account to produce the optimal setting of the reflective surface. Moreover, an
accurate description of the fields in such an environment might not be available
and due to the fact that every environment is different, in the author’s opinion,
some kind of self-learning algorithm will be needed to adapt to the area where the
RIS is placed. Such a system would require feedback which might make such a so-
lution relatively complex and it will be very interesting to see future developments
in this field.

The topic of mmWaves is starting to be very attractive as they provide high-
bandwidth capabilities, lower interference levels, and small antenna footprints.
Unfortunately, many concepts of antennas and active metasurfaces that work well
on L, S, C and X bands might be very expensive and impractical at higher fre-
quencies. Furthermore, the requirements for the active components increase the
cost of the final solutions. For that reason, new techniques for metasurface recon-
figurability should be investigated.

Last but not least, from an RF perspective, a combination of surface waves and
planar antennas based on a holographic technique is a very interesting subject.
There are already several publications on the topic but there is still room for
further research. Such a solution has the advantage of a reflectarray antenna (low
profile and easy manufacturing) in comparison to standard parabolic antennas.
What’s more, instead of a classical horn antenna used as a feeder placed in front
of the antenna, a small probe exciting surface waves across the metasurface is used
which leads to a very compact antenna system. Such an antenna, in combination
with a reconfigurable surface, could offer a very good solution for services where
a simultaneous connection between multiple satellites is required.
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6 APPENDICES

6 Appendices

6.1 A Simplification Technique For S-parameter Calcula-
tions within Partially Loaded Resonant Cavities

This section builds on the information presented in the abstract provided (page 17).
This work was presented at the Photonics and Electromagnetism Research Sym-
posium (PIERS) 2016 in Shanghai.

Fig. 1 presents the measured cavity of internal dimensions of 1m x 0.2m and
the four port antenna configuration placed inside the cavity.

(a) Measured cavity (b) Antenna ports

Figure 1: Measured cavity containing four antenna ports.

Firstly, the cavity was measured when empty, without any water. The mea-
sured results of the empty cavity were then compared with electromagnetic sim-
ulations using a frequency domain solver (finite element method) implemented in
CST Microwave Studio (Fig. 2).
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Figure 2: Simulation and measurement comparison - empty cavity.

After validating the results, the cavity was filled with 100mm and 200mm
of water. The corresponding electromagnetic model created in CST Microwave
Studio can be seen in Fig. 3.

Figure 3: A CST model showing the antennas within the cavity and the water level.

The aim was to reduce the required computing resources of this task. There-
fore, the 100 mm and 200mm thick slab of water was replaced by a 55 mm thick
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slab of water with an open boundary below the cavity, allowing us to ignore the
cavity below this point. To further extend this method, only a thin layer of water
(0.1 mm thick) representing the surface of the water above an open boundary was
considered (Fig. 4). As already mentioned in the published abstract, this method
significantly reduced the resource requirements while the effect on the obtained
results is negligible (Fig. 5, Fig. 6).

Figure 4: Cavity - method explanation.
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Figure 5: Simulation and measurement comparison - cavity filled with 100mm of water.
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Figure 6: Simulation and measurement comparison - cavity filled with 200mm of water.
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6.2 Wireless Friendly and Energy Efficient Buildings
(WiFEEB) project - WiFi propagation in a Victorian
House at 2.4GHz

The following work was presented in the WiFEEB report and was financially
supported by Marie Curie Industry-Academia Partnerships and Pathways (IAPP)
Grant Agreement 286333.

The aim of this measurement was to present the effect of a conductive carpet
placed on a floor of a Victorian house on the received signal strength indication
(RSSI) of a 2.4GHz WiFi network. Such carpets could be made with a certain
frequency response or made active for an active switching of electromagnetic prop-
agation inside buildings. When such material is used for thermal insulation, the
effect on the wireless networks inside the building might be significant.

Firstly, the Victorian house studied had to be measured and floor plans had
to be created as shown in Fig. 7.

0 1 2 3 4 5m 0 1 2 3 4 5m 0 1 2 3 4 5m

Figure 7: Floor plans - ground floor (on the left), first floor (in the middle), second floor (on the
right).

Furthermore, a Matlab code importing the floor plans, recording RSSI values
and corresponding positions was written (Fig. 8).
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(a) Locations of the measurement (b) Corresponding RSII values

Figure 8: First floor - RSSI measurement.

Then one room on the first floor was covered with a conductive insulation foil
(Fig. 9) and the measurements were performed again (Fig. 10).

Figure 9: A metallic foil covers floor of a room on the first floor.
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(a) Location of the measurement (b) Corresponding RSII values

Figure 10: First floor - RSSI measurement, one room covered with a metallic foil.

The effect of the metallic foil can be seen in the following heat-maps. The
results without the metallic foil are presented on the left hand side, with the foil
on the right hand side (Fig. 11, Fig. 12 and Fig. 13 ).

Figure 11: Ground floor.
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Figure 12: First floor.

Figure 13: Second floor.
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6.3 Wireless Friendly and Energy Efficient Buildings
(WiFEEB) project - An Inductive Frequency Selective
Surface for Use in Secure Facilities

This section builds on the published paper [140] (page 30) with practical mea-
surements. These measurements were presented at the Photonics and Electro-
magnetics Research Symposium (PIERS) 2015 in Prague and were financially
supported by Marie Curie Industry-Academia Partnerships and Pathways (IAPP)
Grant Agreement 286333.

The measurement was performed in a University of Sheffield laboratory at its
Buxton site. A vector network analyzer HP8720D, two antennas Schwarzbeck
UHALP 9108A1 and metallised room with a frame for FSS were used (Fig. 14).

(a) Calibration without any FSS
(b) VNA HP8720D was connected to two antennas
Schwarzbeck UHALP 9108A1

Figure 14: Measurement setup.

Fig. 15 and 16 show the measured FSS made of a thin metallic sheet, FSS with
thick edges (representing an FSS made of a thicker material), and FSS with thick
edges and a mesh for optical transparency.
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(a) FSS with thin edges (b) FSS with thick edges

Figure 15: Measurement - optically non-transparent FSS design.

Figure 16: Measurement - optically transparent FSS design.

It was found (Fig. 17) the even small gaps in the structure decreased the
attenuation (green trace). Therefore, a conductive tape was used for proper RF
shielding at the edges of the plates and meshes (red and blue traces). It can be
seen that the differences between the red and blue traces were negligible, so the
optically transparent design did not affect the performance of the FSS.
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Figure 17: Measured results
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6.4 GNSS Sector Antenna for Interference Mitigation and
Localization Using a High-Impedance Reflector

This section presents construction details of the designed GNSS sector antenna
(Fig. 18) based on high-impedance reflector. 3D printed components helped to
achieve the desired angle between the reflector and the side walls.

(a) (b)

(c) (d)

Figure 18: Construction details of the sector antenna.

The antenna was then tested and S11 parameters were measured (Fig. 19).

Figure 19: First measurement of S11 parameters. The final measurement was performed in the
anechoic chamber.
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As there was not enough space for the standard SMA male connector, the
connector was later replaced with a semi-rigid coaxial cable (Fig. 20).

Figure 20: Final connection of the semi-rigid coaxial cable with the sector antenna.

Fig. 21 shows the connectors on the bottom of the entire antenna system and
a tripod holder placed in the centre.

Figure 21: Bottom part of the antenna system.
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The final assembled antenna system can be found in Fig. 22

Figure 22: Anti-interference antenna system consisting of seven GNSS sector antennas based on
metasurface and a top RHCP antenna based on a crossed dipole.
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6.5 Compact Uplink RHCP 2.4GHz Short Backfire
Antenna for Geostationary Amateur Radio Satellite
Es’Hail-2 (QO-100)

This section provides details of the 2.4GHz RHCP satellite antenna.
Fig. 23 shows the main reflector. It was made of 2mm thick FR-4 material.

The patch antenna made of 1.524mm thick Rogers 4350B substrate was placed
and glued onto the reflector and then soldered to the SMA connector.

(a)

(b)

(c) (d)

Figure 23: Design of the main reflector: (a) patch antenna, (b) main reflector with the patch
antenna (top view), (c) main reflector (bottom view), (d) detail of the SMA connector.
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Furthermore, the rim was manufactured of Aluminium 6061 using a CNC ma-
chine and can be seen in Fig. 24. Fig. 25 shows the details of the tripod holder.

Figure 24: The back side of the rim.

(a) (b)

Figure 25: Details of the tripod holder.
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The assembled antenna without the rim is in Fig. 26. Nylon standoffs were
used for creating spacing between the individual PCBs.

Figure 26: Assembled antenna without the rim.

Fig. 27 shows the fully assembled antenna. The antenna in the anechoic cham-
ber prepared for the radiation pattern measurement can be seen in Fig. 28.

Figure 27: QO-100 2.4GHz RHCP satellite antenna based on metasurface.
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Figure 28: Antenna measurement in an anechoic chamber.
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