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1. Introduction

1.1. Background and motivation

The millimetre and submillimetre wavelength region is of increasing
interest for many applications, namely, secure high-capacity
communication systems, automotive and industrial radar, spectroscopy,
medical diagnostics, radio astronomy, atmospheric remote sensing, etc.
Despite a higher price of the basic components, e.g., phase shifters, in
comparison with those at microwaves, millimetre wave systems meet
expanding interests and demand of customers.

Traffic safety is one of the major concerns of the present society. The
European Commission has taken numerous actions to increase traffic
safety, such as: “European transport policy for 2010: time to decide”,
eSafety, “Intelligent Car initiative” (which includes safety issues), and has
regularly addressed this issue in research and development work
programmes. The European Commission announced its intention to
improve road safety in Europe by using new ICT systems, such as
automotive radar equipment. By the European Commission mandate [21],
the European Conf. of Postal and Telecommunications Administrations
(CEPT) identified that the 79 GHz band is the most suitable band for the
long term development and deployment of automotive short-range radar
(SRR). Consequently, EC decided in 2004 to ultimately utilise the 79 GHz
band for SRR [22], but authorised employment of SRR at 24 GHz on a
temporal basis till July 1t 2013, in order to ensure commercial cost-
effective readiness of 79 GHz technology before that time [23]. However, in
December 2010 EC issued a call to stakeholders for their views on the
proposed amendment to this Commission decision, emphasising that SRR
technology at 79 GHz is not progressing in such a way as to guarantee
availability even by July 2013 [24].

Regarding the operation frequency of the automotive radars, the
77-81 GHz frequency range (otherwise called the 79 GHz band) is now the
targeted range due to the following reasons:

- it will be dedicated to the automotive applications,

- it offers decreased size and weight compared to the 24 GHz band,

- it ensures better angular resolution with moderate antenna size,

- the necessary 4 GHz frequency bandwidth is reachable for the
needed high frequency components.

The main current challenges for developing systems for wireless
application at millimetre wave frequencies are fabrication complexity, cost,

and high level of losses of electronic components conventionally based, e.g.,
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on semiconductor or ferroelectric technologies. As a result, the European
Commission suggests an extension of the use of the 24 GHz band for SRR
applications until January 1%, 2022, which means that novel disruptive and
smart solutions are needed to develop high-performance and cost-efficient
automotive radar in the near future. This work shows possible directions of
elaborating such solutions, which can also be used for other applications,
such as indoor communication systems and Internet-of-Things.

Many car manufacturers have already introduced single beam automotive
radar into their expensive models. These radars usually include such
features as adaptive cruise control (i.e. maintaining constant speed but not
larger than the speed of a preceding vehicle), lane change assist, assisted
stop-and-go and so on. For example, TRW Automotive / Autocruise S.A.
has developed an automotive radar AC-20 at 76-77 GHz, with the range
1-200 m, field of view 11°, speed resolution 0.09 kilometre per hours, size
98 x 98 x 63 mm3 and weight 0.55 kg [25]. A traffic safety system with
adaptive cruise control and side lane change assist valued ca. 2500 € can be
purchased, e.g., as an option of Volkswagen Phaeton [26], which is an
expensive vehicle itself. Therefore, the current price of the automotive radar
prohibits penetration of this crucial active safety technology to the middle
car segment, which is indispensable for significant improvement of the
overall road safety.

From performance point of view, presently there is a lack of a 79 GHz
scanning beam radar, which should have a field of view up to +60° because
the main feature of the future automotive radar is ability to scan the
environments in order to determine possible obstacles and avoid dangerous
traffic situations, which is not possible with a single beam radar.
Consequently, a high performance beam steering antenna is needed.
Mechanical beam steering realised by, e.g., phased array antennas with
mechanical rotating phase shifters [27], or dielectric waveguide adjacent to
a constantly rotating drum with a special grating structure [28], is rather
complex and expensive, especially at millimetre wave frequencies, hence an
electronic beam steering is required. Another solution, popular for a wide
scope of applications, is beam switching utilising different types of
beamforming techniques [29] to produce tilted beams by off-focus feeds.
Several types of beamformers have been realised at millimetre wavelengths,
e.g., standard power division using Butler matrices [30], quasi-optical
beamformers based on Rotman lens [31], and substrate integrated
reflectors [32],[33]. A typical drawback of these solutions is large insertion
loss due to the complexity of the structure, low efficiency and poor radiation
performance for large beam deviations. In addition, radar with beam

switching, in contrast to beam steering, cannot provide required
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information in a sophisticated and rapidly changing traffic environment.
This can be overcome by developing a high-performance millimetre wave
phased array antenna [34] equipped with phase shifters, or by offering a
novel beam steering solution.

Existing millimetre wave phase shifters change the phase by adjusting
either the geometrical parameters of the device, e.g., changing the electrical
length of a transmission line using semiconductor switches [35], [36], or
material properties of its components, e.g., by applying magnetic or electric
field [37]. Transmission line based phase shifters are not convenient, e.g., in
phased arrays, due to the size and integration issues. Existing materials
with controllable parameters usually are very lossy at the millimetre
wavelengths. Therefore, artificial electromagnetic materials, also called
metamaterials [38]-[40], combined with MEMS (microelectromechanical
systems) fabrication technology [41], [42] can provide a prospective
solution.

Artificial electromagnetic materials are periodic or non-periodic
arrangements of structural elements, which exhibit unusual and
advantageous electromagnetic properties engineered beforehand by
utilising effective medium analytical models. The models are applicable
thanks to the size of the structural element, which is much smaller than the
wavelength of the electromagnetic field the artificial electromagnetic
material interacts with. MEMS offer many advantages in manufacturing of
artificial electromagnetic materials. MEMS are electrically controllable
structures utilizing both electrical and mechanical properties. MEMS-based
devices provide good functional parameters, such as low loss even at
millimetre wave frequencies and excellent reliability, e.g., MEMS switches
with 0.1 dB of insertion loss [43] and 1.5 trillion life cycles [44]. MEMS
provide a good opportunity at millimetre and submillimetre wavelengths,
where ferrites and ferroelectrics are not applicable due to higher insertion
loss [45]-[47]. On the other hand, MEMS-based phase shifters in microstrip
and coplanar waveguides usually suffer from high transmission line losses
[48] and are not volume-efficient; that is why novel approaches of
utilisation of MEMS are needed.

1.2. Scope and contents of the thesis

The objective of the work is to study novel MEMS tuneable HIS and to
design analogue type phase shifters based on this surface operating at a
frequency near 79 GHz, which is a standard frequency of anti-collision
automotive radars. We use MEMS tuneable capacitors incorporated into a

HIS, which can be used either for introducing a phase shift into the incident
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field in a rectangular metal waveguide, or for changing the propagation
constant of a dielectric rod waveguide. We also study the feasibility of a
smart reconfigurable HIS for a single chip electronic beam steering.

We propose [P1] to use MEMS in order to produce novel phase shifters
based on an electronically reconfigurable high-impedance surface (HIS),
which is a particular type of artificial electromagnetic materials. Typically,
the HIS is a textured metal surface with impedance varying from some
initial value to a very high value depending on the frequency of the incident
electromagnetic field [49]. The MEMS tuneable HIS consists of a periodic
two-dimensional arrangement of MEMS varactors placed on an electrically
thin dielectric substrate with a ground plane [P1]-[P5].

The phase shifters can be developed by introducing the MEMS tuneable
HIS in a rectangular metal waveguide [P6]-[P7] or dielectric rod waveguide
[P8]-[P9], which affects the phase factor of the reflection coefficient of the
incident wave, or the phase factor of the effective propagation constant of
the waveguiding medium. Since the effective surface impedance is
controlled with a bias voltage, the phase shifting effect is purely of an
analogue type.

Electronic beam steering can be also achieved by inducing a gradient of
the surface impedance throughout a larger MEMS tuneable HIS, which, in
turn, creates a gradient of the phase of the reflection coefficient [P10].
Being controlled by a bias voltage applied to the individual rows of
electrically small MEMS elements, the surface can reflect the incident beam
in a programmed direction. Since the whole structure can be fabricated as a
system-on-a-chip, implementation of this solution for automotive radar
application can lead to a dramatic cost decrease due to the reduction of the
antenna system complexity.

The design work, analytical and numerical analysis and millimetre wave
measurements were carried out at the Aalto University School of Electrical
Engineering, Department of Radio Science and Engineering (formerly,
Helsinki University of Technology, Radio Laboratory), within SMARAD
Centre of Excellence. The fabrication of the HIS prototypes described in
[P1]-[P3] was performed at the Microfabrication Centre of the Helsinki
University of Technology, and the fabrication of the prototypes described in
[P4]-[P9] was performed at the Microsystem Technology Lab, KTH — Royal
Institute of Technology (Stockholm, Sweden).

The research work described in this thesis has received funding from:

- the Academy of Finland through the TULE Research Programme
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20



- the Finnish Funding Agency for Technology and Innovation
(TEKES) and the Swedish Governmental Agency for Innovation
Systems (VINNOVA) through the NORDITE Scandinavian ICT
Programme in the frame of the SARFA I and SARFA II project (RF
MEMS Steerable Antennas for Automotive Radar and Future
Wireless Applications, 2006-2010);

- the European Community's Seventh Framework Programme
(FP7/2007-2013) under grant agreement n° 224197 in the frame
of the FP7 project TUMESA (MEMS Tuneable Metamaterials for
Smart Wireless Applications, 2008-2011);

- the Academy of Finland under the Centre of Excellence in
Research Programme.

The remaining of the thesis is organised in the following manner:

Chapter 2 is devoted to the novel MEMS tuneable HIS. The chapter
describes conventional HIS and its applications, analytical model of a
multilayer HIS and shows results of numerical simulations of both
multilayer and MEMS tuneable HIS. Design and actuation voltage of the
MEMS varactors are analysed as well. Measurement results of the
multilayer HIS are presented and show correspondence to the analytical
model.

Chapter 3 is focused on the analogue type phase shifter based on the
MEMS tuneable HIS integrated in a rectangular metal waveguide. The
chapter describes analytical and numerical analysis of the phase shifter,
fabrication of the MEMS-based HIS and presents measurements results.

Chapter 4 is focused on the analogue type phase shifter based on the
MEMS tuneable HIS adjacent to a dielectric rod waveguide. The chapter
describes analytical and numerical analysis of the phase shifter, fabrication
of the MEMS tuneable HIS and shows measurements results of the
analogue type phase shifter.

Chapter 5 is devoted to the feasibility study of the beam steering reflective
MEMS tuneable HIS and includes analytical and numerical analysis of the
large tuneable impedance surface performance for changing the direction of
the reflected wave.

Chapter 6 gives summaries of the publications, and Chapter 7 draws
conclusions and describes future work needed.

1.3. New scientific results

1. MEMS fabrication technology is proposed for developing artificial

electromagnetic materials and enabling tuneability of their unique
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engineering properties at the millimetre wave frequencies where
conventional components exhibit high losses.

2. Novel MEMS tuneable high-impedance surface is proposed for
different millimetre wave beam steering applications.

3. Analytical model of the multilayer and MEMS tuneable high-
impedance surfaces is elaborated.

4. Analytical and numerical study reveals electromagnetic properties of
the MEMS tuneable high-impedance surface and behaviour of the devices it
is contained in for such applications as analogue type phase shifters and
beam steering by the reflective tuneable impedance surface.

5. Measurements of the MEMS-based high-impedance surface as a back-
short of a metal rectangular waveguide show resonant high-impedance
behaviour of the prototypes, prove feasibility of the analogue type phase
shifter and explain loss mechanisms.

6. Measurements over 100 million actuation cycles of the fabricated
MEMS varactor designed for the tuneable HIS show no degradation of the
MEMS varactor’s membrane and high repeatability of the membrane
deflection.

7. Measurements of the MEMS tuneable high-impedance surface placed
adjacent to a dielectric rod waveguide and controlled by a bias voltage
demonstrate analogue type phase shift of up to 70°.
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2. High-impedance surfaces

2.1. Introduction: Artificial electromagnetic materials

As it was mentioned in Chapter 1, the high-impedance surface is a
particular case of an artificial electromagnetic material, or metamaterial
(metasurface) [38],[39],[40]. Artificial electromagnetic materials are
periodic or non-periodic two or three dimensional arrangements of
structural elements, which exhibits unusual and advantageous
electromagnetic properties engineered beforehand by utilising elaborated
effective medium analytical models. The models are applicable thanks to
the dimensions of the structural element of the artificial electromagnetic
material, which are taken to be much smaller than the wavelength of the
electromagnetic field the artificial electromagnetic material interacts with,
which makes the material effectively homogeneous. The advantageous
properties, the artificial electromagnetic materials can provide, are, e.g.,
negative permittivity [50], negative permeability [51] or both [52],[531,[54],
high impedance [49]. The structural elements of the artificial
electromagnetic materials can be, e.g., wires [50], metal spheres [54],
strips, patches, split-ring resonators [51], transmission lines [55],[561,[57],
and their arrangement may provide with inductive, capacitive or resonant
electromagnetic response to the interacting field. Some of those
arrangements are shown in Fig. 1 and Fig. 2. The term metamaterials came
into use in 2000 after the works of Smith et al. [58] on negative
permeability and permittivity at microwave. Nowadays, there are attempts
to develop metamaterials even at optical frequencies [59]. Despite the fact
that the metamaterial concept is quite new, the application prospects of this
new technology initiated very active research in this field.

Fig. 1 Different types of artificial electromagnetic materials: 3D wire
media (lhs), and 3D lattice of spheres (rhs).
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Fig. 2 Different types of artificial electromagnetic materials: split ring
resonators (lhs), and Jerusalem crosses (rhs).

Present research in the field of artificial electromagnetic materials has,
however, quite long background history [39],[60]. Probably the first work
related to the abovementioned concepts was published back in 1892 by
Lord Rayleigh [61], who had a goal to demonstrate relation between the
refractive index and density of a material derived, almost simultaneously,
by Lorenz and Lorentz. For that, he considered a 3-dimentional lattice of
electrically small metal spheres, see Fig. 1, as a sample of effectively
homogeneous medium modelling molecules of the material, and derived a
formula for the refractive index of the medium as a function of the
“inductive capacity (analogous of conductivity in the conduction problem)”
and a geometrical parameters related to the size and period of the spheres.
This concept was later reproduced by Kock for making a lens lighter by
replacing heavy high-permittivity refractive material with a periodic
arrangement of metal spheres [62].

First work describing negative refraction was published by Mandelshtam
in 1944 [63]. Next year Mandelshtam presented a lattice with periodically
varying effective permittivity that supports waves with negative group
velocity [64] referring to earlier speculations of Lamb back in 1904. Later
followed: works of Brillouin and Pierce on left-handed transmission lines
with series capacitance and shunt inductances [65],[66]; work of Sivukhin,
where he first mentioned a hypothetical medium with negative permittivity
and permeability simultaneously [67]; work of Malyuzhinets on a structure
similar to composite left/right-handed transmission lines [68], and others.

First thorough study of a medium with simultaneously negative
permittivity and permeability was carried out by Veselago [69], who
predicted most of fundamental properties of such media. However,
practical implementations and possible applications of this work was not
fully recognised before the end of the 20t century, when Pendry et al.
published their papers on artificial plasma [50], artificial magnetism of an
arrangement of split-ring resonators [51] and “perfect lens”, which is a slab
with simultaneously negative permittivity and permeability able to focus a
diverging light beam [70]. In 2000 Smith et al. realised experimentally first
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medium with negative permittivity and permeability constituted of thin
wire and split-ring resonators [58]. These works engendered massive

research on artificial electromagnetic materials during last decade.

2.2. Conventional high-impedance surface

Conventional high-impedance surface consists of a mesh of electrically
small metal patches placed above a metal ground plane, see Fig. 3. Each
patch may or may not be connected to the ground plane with a metal via.
The space between the patches and the ground plane may or may not be
filled with a dielectric. The term high-impedance surface (HIS) was first
introduced in the PhD thesis of Sievenpiper in 1999 as a structure which
reflects the incident plane waves in phase at the resonance frequency, and
suppresses all propagating surface waves in a stop-band [49]. The HIS was
proposed for improvement of the radiation pattern of an antenna [49], [71],
leaky wave radiation [72], electronic beam steering [73], and other
applications.

Fig. 3 Conventional high-impedance surface: a mesh of patches connected
to a ground plane with metal vias (lhs), and a mesh of patches placed on a
thin dielectric substrate with a ground plane, with or without connecting
vias (rhs).

Most analytical models of the HIS use the transmission line formalism,
where the equivalent surface impedance can be derived as a parallel
connection of the capacitive impedance of the mesh of patches and an
inductive impedance of the short grounded transmission line section
formed between the mesh and the metal ground plane, see, e.g., [38],[49],
[P3]. For developing an effective medium analytical model, Sievenpiper
used the theory of conforming mapping for finding the capacitance between
the neighbouring patches, and calculated the magnetic field through a
solenoid of the same thickness as the HIS for finding the efficient
inductance of the grounded dielectric substrate [49]. This model is
approximate and does not take into account electromagnetic interactions

between all metal patches, oblique incidence and dielectric losses.

The HIS evolved, to some extent, from a corrugated metal structure, i.e. a
metal slab with a series of vertical slots cut into it, see Fig. 4, which has
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similar response to the electromagnetic field as the vias connected to the
ground plane of the HIS, for a particular field polarisation. The corrugated
metal structure was first studied by Cutler [74] in 1944 under military
contract to build an antenna satisfying boundary conditions imposed by its
location in an airplane [75]. Although classified, this work was circulated to
laboratories and was cited later by different authors, e.g., in [76],[77] and
[78]. As a result of this work, surface waves were discovered and the
reactive corrugated electromagnetic surface able to guide the waves with
energy contained very close to a (even bended) surface was developed. The
corrugations were spaced close to each other comparing to the wavelength

and were considered as short-circuited parallel plate stubs with impedance:

Z = Zytan (ZTM), (1)

where Z, is the characteristic impedance, [ is the length of the stub, and A is
the wavelength of the field.

Fig. 4 Corrugated metal structure.

Later corrugated structures were studied, e.g., by Rotman [78] , Elliot
[79], Vainshtain [80], Lee and Jones [81] and others. Kildal studied
corrugated surfaces with transverse and longitudinal corrugations and
introduced terms soft and hard electromagnetic surfaces [82].

Another category of research that has strong influence on the current
development of the HIS theory is related to analytical modelling of periodic
grids of metal strips or patches. The earliest work on this subject was done
back in 1898 by Lamb [83], who studied a periodic grid of metal wires, and
derived that, for wires with the diameter much smaller than the wavelength
of the normally incident field, the reflection and transmission coefficient
depend on the grid periodicity. Scattering from the grid for oblique
incidence, wires with a diameter comparable to the grid period and
different material of the wires was studied by von Ignatowsky in 1914 [84].
These studies were continued by Kontorovich [85], MacFarlane [86] and
others. Later, Kontorovich et al. studied reflection properties of a wire mesh
[87], i.e. of an arrangement of two grids of thin metal wires organised
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orthogonal to each other on the same plane, with an electrical connection in
the intersections.

The HIS normally contains a mesh of metal patches with patch size close
to, and patch separation much smaller than the period of the mesh, which
means that the mesh of metal patches can be considered as a
complementary structure of the mesh of thin wires. Consequently, the
electromagnetic properties of the mesh of patches can be analysed utilising
Babinet’s principle, which claims that similar diffraction patterns are
produced by two complementary gratings. The principle was extended by
Booker to take into account polarisation of the incident field [88], which is
now known as Booker’s Extension of Babinet’s principle. However, in case
the metal mesh is placed on a dielectric substrate, the symmetry, which
Babinet’s principle relies on, is absent. An approximate formula for this
case was derived by Compton et al. [89]. Dynamic model that takes into
account dielectric substrate under the mesh of patches as well as
electromagnetic interactions of all patches was proposed by Tretyakov and
Simovski [90]. Luukkonen et al. developed an analytical model of planar
grids and meshes and grounded dielectric substrate with and without metal
vias, which is accurate even for oblique incidences, the two polarisations of
the field, and non-square mesh [91]. According to this model, the effective
surface impedance of the mesh of square metal patches for TM- and TE-
polarisation of an incident field is, respectively [91]:

™ — _jleff
Z mesh = —J 20’ (2)
TE — Neff
Z mesh = —J ko? sin20) (3)
kefs

where 0 is the angle of incidence, k, is the free space wave number, the

mesh parameter « is:

- "ef—fDln( 1) @)

s 1IN—
s 2D

where D is the period of the mesh, s is the separation of the patches, see
Fig. 5, and the effective wave impedance, effective relative permittivity and

effective wave number are:

U £.+e
Neff = —, Eoff = % kerr = ko €erf (5)

Eofeff’

where €; and ¢, are relative permittivity of the media above and below the
structure. Usually €; = 1 (for air) and &, is the permittivity of the dielectric
substrate, which the mesh is placed on, or also &, = 1, in case the patches

are hold by the vias connected to the ground.
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Fig. 5 Capacitive mesh of metal patches.

Consequently, for normal incidence, the effective surface impedance of

the mesh of square metal patches transforms to an easy formula:
1
jwCe f f’

(6)

Zmesn =

where w is the frequency of the wave and C,; is the effective capacitance of

the square mesh:

2DgyE, 1
Copy = s;):ffln(_ m). )

b
The analytical model derived in [91] considers lossless media below and
above the mesh of patches, i.e., when relative permittivities are:

&2 =¢€'12 —j€”1,2 , €'12=0. (8)
Still, if the dielectric losses are small, i.e.,
€', K€ a (9)
Equations (2)-(4) give quite an accurate result if we rewrite Equation (5) as
follows:
Neff = \/E , Eeff = 8'1:‘8’2, kepr = ko 51‘2*82 . (10)

For large dielectric losses, i.e. when ¢'; , and €1 , are of the same order, the
solution given by Equations (2)-(4) and (10) is approximate.

As it was mentioned before, the equivalent surface impedance of the HIS
can be derived as a parallel connection of the capacitive impedance of the
mesh of patches and an inductive impedance of the short grounded
transmission line section formed between the mesh and the metal ground

plane:

1 1 1
= + = (11)
Zeff Zmesh Zg

If the mesh is placed on a dielectric substrate without vias connecting the
patches to the ground plane, the input impedance of the grounded dielectric
of thickness h, for normal incidence, can be written as (see, e.g. [92]):

Zy=] /%tan(kow—ezuz). (12)
0c2

where ¢, and pu, are the relative permittivity and permeability of the

dielectric. Equation (12) takes into account dielectric losses of the substrate,
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and the Taylor series expansion can be used for analysing loss mechanism
of the HIS, which is given in Section 2.3.2 and [P3]. For the case of very
thin substrate comparing to the wavelength, Equation (12) transforms to
(pz = 1):

Zg = jwpgh, (13)
which is similar to an approximate formula for the effective inductance of
the HIS L.ss =~ poh, derived by Sievenpiper by calculating magnetic field
through an imaginary solenoid that purports to be formed by the metal
patches, pins and ground plane [49]. Accurate effective impedance model of
the grounded dielectric substrate with metal vias is derived in [91].

The HIS is a resonant structure, and at a resonance frequency
1

Wy = ———
0 V6iefrfCefs

the effective surface impedance is very high. In a lossless case the effective

(14)

impedance is purely imaginary and tends to +o at the resonance frequency,
see Fig. 6, and for a dielectric substrate with losses the impedance is
complex, see Fig. 7. The effective impedance of a structure is related to the
reflection coefficient for a normally incident field as follows [92]:

_ ZefrTM
Zegs+n’

(15)
where 7 is the free space impedance. Consequently, the phase of the
reflection coefficient changes in the vicinity of the resonance frequency
smoothly from 180° (as for a metal plane) at lower frequencies where the
effective impedance of the HIS is inductive, to 0° at the resonance, and back
to -180° at higher frequencies where the effective impedance is capacitive,
see Fig. 8. It should be noted, that the frequency dependence of the
reflection phase of the HIS is practically independent on the loss tangent of
the dielectric substrate, but the reflection amplitude has a dip at the

resonance frequency if there are substrate losses, see Fig. 9.
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Fig. 6 Effective surface impedance of the HIS: lossless case, calculated.
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Fig. 7 Effective surface impedance of the HIS: dielectric substrate loss
tangent 0.06, calculated.
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Fig. 8 Phase of the reflection coefficient of the HIS, calculated. The
bandgap frequency range is shaded.
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Fig. 9 Amplitude of the reflection coefficient of the HIS with dielectric loss
tangent 0.06, calculated.

A bandgap of the HIS can be defined as the frequency range, where the
phase of the reflection coefficient is between -90° and 90°. As it was
mentioned before, one of the applications of the HIS is improvement of an
antenna radiation pattern [71],[93],[94]. If the antenna is placed adjacent
to the HIS and the operating frequency belongs to the bandgap of the HIS,
the image currents will interfere constructively with the currents of the
antenna, and the antenna gain will be increased. When the impedance of
the HIS is equal to the free space impedance, i.e., 377 Q, the radiation
power drops down to the half of its maximum achievable when the HIS is at
the resonance frequency and the image currents are in-phase with the
antenna currents. For the lossless case, the phase of the reflection
coefficient of +90° corresponds to the surface reactive impedance equal to
+377 Q, and for the HIS with losses this corresponds to the absolute value
of the surface reactive impedance equal to 377 Q.

If the HIS contains vias connecting the metal patches to the ground, the
surface wave are suppressed within the bandgap, hence there is no sideway
radiation, and the radiation pattern becomes smoother [95].

In the case when equivalent characteristic impedance of the HIS,
VLefr/Cerr is much smaller than the free space impedance 7, the bandgap

can be calculated using the following equation [71]:

A_“) — v Leff/Ceff (16)
w n

Concequently, as it can be seen from Equations (7) and (13), the bandgap is
larger for thicker dielectric substrate, smaller period, and larger patch
separation, which can be used for designing the HIS for a particular

application.
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2.3. Multilayer high-impedance surface
2.3.1.  Effective surface impedance model

A multilayer HIS, as a first step towards the MEMS tuneable HIS, see
Section 2.4, was studied analytically, numerically and empirically in [P1]-
[P3], which present the first ever detailed treatment of a multilayer HIS.
The multilayer HIS consists of three metal layers and two dielectric layers:
grounded dielectric substrate and two capacitive meshes of metal patches
shifted relative to each other in the direction of E-field and separated by a
thin dielectric film, see Fig. 10.

TN~ : D
:_._._._._._._._._._._._._._._._._._._._: -|:| Metal e
TN o o

Fig. 10 Multilayer HIS (not to scale).

Since the size of the patches of the multilayer HIS is much smaller than
the wavelength of the incident field (typically period D is ca. A/10), we can
analyse the electromagnetic behaviour of the structure in terms of effective
surface impedance. Furthermore, we can consider the structure as a
combination of 4 layers:

- the grounded dielectric substrate of permittivity &, with input
impedance Zg,

- the capacitive mesh of lower metal patches placed on the interface
of two dielectrics of permittivity e and &, with input impedance
Zimeshi,

- the array of parallel plate capacitors between the lower and upper
metal patches filled with a dielectric film of permittivity &, with
input impedance Z,,, and

- the second capacitive mesh of patches placed on the interface of
the dielectric of permittivity &, and air with input impedance
Zimesha-

The effective circuit model of the multilayer HIS is a parallel connection
of the four abovementioned effective impedances. Consequently, the total

effective input impedance of the multilayer HIS is:

— — _ —_1\—1
Ztot = (Zd Lt Zmesn1 L+ pr Ty Zimesh2 1) s (17)
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where the expressions for Zi, Zmeshi and Zmesn» are given above, see
Equations (12) and (2)-(10).

In order to analyse the mechanism of losses of the multilayer HIS, we
need to derive an analytical model taking into account complex
permittivities of the dielectrics [P3]. Due to the relatively large separations
s; and s, between the patches (in the fabricated prototype, which will be
described in the next section: D=120 pum, s,=43 um, s,= 33 um, d=22 um),
the impedance of the meshes is much smaller than Z,,, and the influence of
the real part of Z,,.sy1, can be neglected for moderate dielectric losses.

However, both Z; and Z,,, should include complex permittivities (dielectric

loss tangent). For Z; it is useful to apply the Taylor series expansion to

Equation (12):

Zy=] ‘22’55 tan(kohy/e57) =
= 2o (koh)?® £ tan 8, + jmokoh (1+3 (koh)?e} ) + 0((koh)®)  (18)
From this, we can derive the effective inductance of the multilayer HIS
and the effective series resistance of the dielectric substrate [P3]:
Lerr = pioh (145 (koh)?e}), Rq ~3mo(koh)® estand,.  (19)
If the thickness of the substrate is much smaller than the wavelength of
the incident field, we can take only the first term of the Taylor series, and
the equivalent inductance of the grounded dielectric substrate and the
whole multilayer HIS is, as mentioned before,
Legs = toh. (20)
This leads to an important conclusion that for a relatively thin substrate
the reflection phase and the resonance frequency of the HIS do not depend
on the complex permittivity of the dielectric substrate. The approximate
Equation (20) becomes violated, however, very fast with increasing
thickness of the grounded substrate, and the deviation between the
approximate and exact value is proportional to &3, i.e., to the real part of the
relative permittivity of the dielectric substrate. The series resistance of the
dielectric substrate is proportional to permittivity and loss tangent of the
medium, and the third power of the substrate thickness. Hence, the HIS
loss increases dramatically with increased thickness.
The impedance of the parallel plate capacitor Z,, formed by overlapping
between the upper and lower patches consists of capacitance and active

resistance:

7 1

pp = E + Rpp' (21)

For capacitors with very thin gap comparing to the dimensions of the

overlapping, e.g., g < 0.01vd - w, which holds for the fabricated prototype
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with g=0.24 pm, the capacitance can be calculated with a standard parallel
plate capacitance formula, because the field is very strong between the
plates and fringing fields can be neglected. However, for a large gap of the
capacitor, e.g., g > 0.1Vd - w, the fringing fields start to play an important
role, and they should be taken into account. One of the approximate
expressions for the parallel plate capacitors, which include the fringing

fields, is Palmer’s formula [96]:

_ &oenwd[, g g, md 9, 9, w
Cpp = 2 [1+nd+ndlng][1+nw+ lng]. (22)

nw

The resistance of the parallel plate capacitor is:
Rpp = ——2—— (23)

pp wegerywd-tan §”
The equations given above allow calculating the total effective surface

impedance taking into account dielectric losses.

2.3.2. Influence of the material electromagnetic parameters
on the performance of the HIS

In the multilayer HIS, the field is concentrated in the gap between the
upper and lower array of patches. If this gap is filled with a dielectric film,
the properties of the dielectric play a crucial role in the multilayer HIS
electromagnetic response [P3]. Fig. 11 and Fig. 12 show the phase and
amplitude of the calculated reflection coefficient of the multilayer HIS for
different values of the dielectric film loss tangent for a multilayer HIS with
following parameters: D=120 um, d=22 um, w=60 um, g=0.24 um,
h=21 um, see Fig. 10. When the loss tangent of the dielectric film between
the upper and lower layer is larger than 0.057, the real part of the reflection
coefficient is always negative and the reflection phase never reaches value
of 0° varying moderately around 180°. When the loss tangent is equal to
0.057, the absolute value of the surface impedance at the resonant
frequency is equal to the free space wave impedance and the reflection
coefficient is zero. In this case, the reflection phase exhibits a 180° jump as
it can be seen in Fig. 11. The reflection coefficient curve on the Smith chart
in this case touches at the resonance frequency the centre of the chart, see
Fig. 13. For the dielectric material with lower losses, i.e., with loss tangent
less than 0.057 for the considered case, at the resonance frequency the real
part of the reflection coefficient is positive, the surface impedance is higher
than the free space wave impedance, and the reflection phase is equal to 0°.
Fig. 11 also shows that the resonance frequency does not depend on the
dielectric substrate loss tangent, because the series inductive impedance of

the substrate wL, ;s is much larger than the series resistance R, for the case

of thin substrates, as it was mentioned in the previous section.
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Fig. 11 Phase of the reflection coefficient of the multilayer HIS for different
values of the loss tangent of the dielectric between the upper and lower
patches, calculated.
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Fig. 12 Amplitude of the reflection coefficient of the multilayer HIS for
different values of the loss tangent of the dielectric between the upper and
lower patches, calculated.
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Fig. 13 Reflection coefficient of the multilayer HIS for different values of
the loss tangent of the dielectric between the upper and lower patches;
Smith chart, calculated.

2.3.3. Fabrication and measurement of the multilayer HIS

We have fabricated a multilayer HIS on an SU8 substrate where the gap
between the upper and lower patches is filled with silicon dioxide film, see
Fig. 14 [P1]. The period of the structure is 120 pum, the height of the
dielectric substrate is 20 um, and the gap between the upper and lower
patches is 0.23 um, and overlapping of the patches is 22 ym x 60 pum. The
patches’ material is aluminium.
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Fig. 14 Optical image of the fabricated multilayer HIS [P1].
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The fabricated structure was characterised by placing is as a backshort of
a rectangular metal waveguide WR-10 in order to measure S,;-parameter.
The measurement results of the reflection phase and amplitude are
presented in Fig. 15 together with the analytical and numerical results,
where the loss tangent of silicon dioxide film is 0.06. The Smith chart of the
S.;-parameter is given in Fig 16. The results show good agreement. The
resonance, which can be clearly observed at the Smith chart, occurs at
106 GHz. For the frequencies on the lower limit of the measured frequency
range, the phase of the reflection coefficient is about 180° and the
amplitude of the reflection coefficient is close to 0 dB, which means that the
impedance of the structure is very low and it performs as a metal sheet. In
the vicinity of the resonance frequency the phase starts to change by about
50° and the reflection amplitude goes down to -7 dB, which means that the
absolute value of the surface impedance increases. However, the reflection
phase does not reach 0° at the resonance, as it should be for a HIS,
indicating that the absolute value of the surface impedance does not reach
the free space wave impedance. This can be explained by large losses in the
SiO, film between the patches, as it was discussed in the previous section.
Eliminating the dielectric from the layer between the patches by replacing
film-separated patches with an arrangement of MEMS varactors allows
reducing the HIS loss and enables its reconfigurability.
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Fig. 15 Measured, calculated and simulated S:; of the multilayer HIS with
Si0: as a thin film between the upper and lower patches [P1].
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Fig. 16 Smith chart of the measured and simulated results of the Si-
parameter of the multilayer HIS [P1].

2.4. MEMS tuneable high-impedance surface
2.4.1. Introduction

We proposed to use MEMS varactors in order to enable low-loss
tuneability of the HIS at millimetre wavelength for different applications
[P1]. First implementation of tuneability of the conventional HIS was
demonstrated by Sievenpiper and was based on integration of diode
varactors between the patches of the HIS [97]. In this configuration the
structure becomes very similar to the one developed by Lam et al. back in
1988 [98], which is a grid of diode varactors placed adjacent to a metal
ground plane and proposed for phase shifting applications. Higgins et al.
demonstrated a Ka-band phase shifter based on metal waveguide with
tuneable impedance sidewalls controlled by InP triple quantum barrier
varactors [99]. In contrast with diode varactors and other conventional
reconfigurable components (e.g. based on ferroelectrics), utilisation of
MEMS varactors allows manufacturing low loss tuneable devices even at
high — millimetre and submillimetre wave — frequencies, e.g. phase shifters
[48]. Examples of demonstrated up to date MEMS tuneable artificial
electromagnetic materials include: analogue tuneable terahertz filter based
on an arrangement of split-ring resonators with MEMS comb-drive [100],
tuneable Q-band filter based on a coplanar waveguide with embedded
complementary split-ring resonators controlled by MEMS switch [101], X-
band and Ku-band switchable composite righ/left-handed transmission line
[102], [103].
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2.4.2. Design of the MEMS tuneable HIS

The proposed MEMS tuneable HIS consists of a two-dimensional
periodical arrangement of coupled MEMS capacitors, much smaller than

the wavelength of an incident field, placed on a grounded dielectric

substrate, see Fig. 17, [P4].
Cross-section

1 Upper membrane

Bl Lower patches and wiring

Ground plane

Dielectric wafer

O  Stems

E Supporting spring

Fig. 17 Design of the MEMS tuneable high-impedance surface (not to scale)
[P4].

The structure is a particular case of the multilayer HIS, discussed in
Section 2.3, if we replace the thin film between the upper and lower metal
patches with air. The structure is resonant thanks to the capacitive response
of the mesh of the MEMS varactors and inductive response of the thin
grounded dielectric substrate. At the resonance frequency, the effective
surface impedance becomes very high, and the phase of the reflection
coefficient is equal to 0° instead of 180° as for a metal surface. For
mechanical purposes, the upper membranes are now fixed on four stems
with supporting springs, which introduce parasitic inductance to the
capacitive layer of MEMS varactors. The upper membranes and lower
patches are connected in rows to the bias voltage sources through the stems
and by the bias wires, respectively. The connection is done perpendicular to
the E-field in order to avoid current flow along the bias wires and
consequent short-circuiting of the capacitive mesh.

If an actuation voltage is applied to the MEMS varactors, the resonance

frequency shifts. At the same time the phase of the reflection coefficient of
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the HIS changes, as well as the phase factor of the propagation constant of
the reflected field. This can be used in development of analogue type phase
shifters where the MEMS tuneable HIS is embedded into waveguiding
structures, see Chapters 3 and 4. Also, the proposed MEMS tuneable high-
impedance surface can be used directly as a smart reflecting beam steering
surface if each row of the MEMS capacitors is controlled independently,
and an electrically tuneable gradient of the reflection phase is induced on
the surface, see Chapters 5. Changing the gradient of the reflection phase
throughout the surface will change the direction of the field reflected from
the high-impedance surface.

Following restrictions was applied to the design of the MEMS tuneable
HIS due to the fabrication constrains:

a. The thickness of the substrate should be not less than 100 pm,
otherwise a 4-inch wafer will be very difficult to handle. However
the thickness should be less than one quarter of the guided
wavelength in order to provide the inductive response to the
incident field.

b. The feature size should be not less than 1 um, which is a limit of
manufacturing precision.

c. The gap of the MEMS varactors should be within 0.5 — 3 um
range.

Next sections of this chapter describe properties of the designed MEMS
varactors, provide an analytical model of the MEMS tuneable HIS, show
numerical results of its electromagnetic behaviour, depict fabrication
procedure and report results of the reliability study of the fabricated MEMS

varactors.

2.4.3. MEMS varactors and actuation voltage

MEMS capacitive switches and varactors are frequently and successfully
used for fabrication of low-loss distributed true-time delay phase shifters
[104], filters [105], VCO [106], impedance tuners [107], etc. Typically, a
fixed-fixed configuration of the MEMS parallel plate capacitor is used, see
Fig. 18. Electromechanical analysis of such structures allows calculating the
string constant of the membrane, dependence of the gap on the applied
voltage and the pull-down voltage of the MEMS capacitor [41]. When a
voltage is applied to the electrode, the membrane bends down, and the
capacitance between these plates increases. The spring constant of the
fixed-fixed membrane can be represented as a sum of two parts. First part
is caused by the stiffness of the upper plate, and second part is due to the
residual stress in the membrane induced during the fabrication. The value
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of the spring constant component due to the residual stress is highly
dependent on the fabrication process. In the worst cases it can be equal or
even more than the stiffness component of the spring constant resulting to
a higher value of the voltage needed for the actuation of the MEMS
capacitor. Decreasing of the residual stress of the MEMS membrane is
described in Section 2.4.6 and [P5]. The stiffness of the membrane, in turn,
can be reduced by implementing serpentine-type springs for fixing the
membrane on the stems, see Fig. 19.

Fig. 18 MEMS parallel plate capacitor: fixed-fixed beam.

Fig. 19 Serpentine-type springs for decreasing the stiffness of the
membrane of the MEMS parallel plate capacitor.

The dependence of the gap g between the membrane and the pull-down
electrode of a parallel plate MEMS capacitor on the applied voltage can be
found be equating the electrostatic force, which exists on the plates, to the
mechanical restoring force due to the stiffness of the membrane. This

results in [41]:

2k,
V = -q), (24)
\/50Ww 9°(9,—9)

where k is the spring constant, W is the width of the actuation electrode, w
is the width of the fixed-fixed membrane, g, is the initial gap between the
actuation electrode and the membrane. The dependence is shown in Fig.
20.
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Fig. 20 Dependence of the gap between the membrane and the pull-down
electrode of a parallel plate MEMS capacitor on the applied voltage

As we can see in Fig. 20, the gap between the membrane and the
actuation electrode of the parallel plate MEMS varactor can be tuned in an
analogue way only by one-third of its initial value, after which the
membrane collapses to the actuation electrode due to predominance of the
electrostatic forces over the restoring forces. This does not depend on the
dimensions of the MEMS varactor and can be derived directly from
Equation (23). Consequently, the maximum capacitance ratio between the
upper and lower state of the gradually tuned MEMS varactor cannot exceed
1.5. In practice the capacitance ratio 1.5 for the standard configuration of
the MEMS capacitor is seldom attained.

To increase the gradual tuning capacitance ratio, a special complex design
of the MEMS varactors for HIS is chosen [P9]. The idea is to segregate two
functions and have:

- lower patches of thickness t, for creating an effective capacitance
of the HIS between the membrane and lower patches for the
electromagnetic field, and

- a separate thin actuation electrode of thickness t. placed between
the lower patches for applying the bias voltage between the
membrane and the electrode, see Fig. 21, [P9].

This way, the restriction imposed by electrostatics does not influence the
RF domain, and the MEMS capacitance, which represents a major part of
the HIS effective capacitance, can be tuned by a larger factor than 1.5. This
is because the limitation of the one-third of the initial gap applies to the gap
Jo+tp-te between the membrane and the actuation electrode, see Fig. 21,
whereas the upper surface of the lower patch can be very close to the
membrane at the lowest stable down-state of the membrane. For example,

for go = 1 um, t, = 1 ym and t.= 0.2 um, the maximum theoretical
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capacitance ratio is 2.5. Referring to Fig. 20, the described design of the
MEMS varactor behaves as if we shift the axis of ordinates upwards by t,-t.,
or, e.g., by 0.8 um. Increasing of the capacitance ratio allows attaining
much larger tunability of the effective surface impedance of the MEMS-
based HIS, which is needed for optimal performance of the proposed

applications, see next sections.

— Membrane:
Up-state
L A~ Down-state
8min v80 8ot tp -t (g0+ tp - te)/3

Lower
patch
Actuation thickness t,
Elfcltrode ; Dielectric
ICKNESS Te substrate

Fig. 21 Schematic design of the MEMS varactor with extended tuning
range for MEMS tuneable HIS [P9].

The exact dimensions of the designed MEMS varactors and all other
parameters of the fabricated HIS are given in Appendix A. Using formulas
from [41], the actuation voltage of the MEMS varactor described above with
these dimensions is estimated to be 40 V.
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2.4.4. Analytical model and numerical simulations

The analytical model of the MEMS tuneable HIS follows from the effective
surface impedance model of the multilayer HIS given in Section 2.3.1 and
[P3]. The difference between the two cases is that for the MEMS tuneable
design the thin dielectric film between the upper and lower patches is
replaced with an air gap between the MEMS membrane and the lower
patches. Consequently the MEMS tuneable HIS can be considered as a
combination of 4 layers connected in parallel:

- the grounded dielectric substrate of permittivity e, with input
impedance Zg4, see Equation (12),

- the capacitive mesh of lower metal patches placed on the interface
of the dielectric substrate of permittivity &, and air (e, = 1) with
input impedance Z.sh:, see Equations (2)-(7)

- the array of parallel plate capacitors between the MEMS
membrane and lower metal patches filled with air with input
impedance Z,p, and

- the second mesh of MEMS membranes placed in air with input
impedance Zmeshe.

In contrast with the multilayer HIS, the effective impedance of the
parallel plate MEMS varactors Z,, is purely imaginary, i.e. its resistance
Ry, = 0, see Equation (21). Capacitive part of the impedance of the mesh of
the membranes Zneso, calculated with Equations (2)-(7), becomes smaller
for the MEMS tuneable HIS because the effective relative permittivity of the
media around the membranes is approximately equal to one. Hence in
many cases this effective capacitance may be neglected. However, since the
membrane is supported with meander springs, Zmesn- has inductive
component, which can be either estimated with approximate formulas
given, e.g., in [108], or found by extracting the circuit parameters from
numerical simulations.

Fig. 22 shows the phase of the reflection coefficient of the MEMS tuneable
HIS calculated according to the analytical model given above. The
frequency dependence of the reflection phase for the gap of the MEMS
varactors equal to 3.3 um is given in Fig. 22 (lhs). The dependence of the
reflection phase on the gap of the MEMS varactors for the operating
frequency 77 GHz is given in Fig. 22 (rhs). Results of numerical simulation
of the reflection coefficient phase of the MEMS tuneable HIS with the same
dimensions carried out with Ansoft HFSS are depicted in Fig. 23, and show
good agreement with the analytical results.
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Fig. 22 Calculated phase of the reflection coefficient of the MEMS tuneable
HIS: frequency dependence (lhs, the gap of the MEMS varactors 1is
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Fig. 23 Simulated phase of the reflection coefficient of the MEMS tuneable
HIS for different values of the gap of the MEMS varactors.

As it was discussed in Section 2.3.2, the electromagnetic parameters of the
dielectric substrate (permittivity and loss tangent) do not affect the
performance of the multilayer HIS (i.e. the resonance frequency and the
losses), if the substrate thickness is much smaller than the guided
wavelength. However, if the thickness becomes comparable to the
wavelength, especially high losses in the dielectric substrate can influence
the HIS loss at the resonance. The effect becomes even more pronounced if
the lower patches are placed close to each other, while the MEMS
capacitance is small either due to the small overlapping or large gap
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between the membrane and the lower patches. In this case the
electromagnetic field is concentrated not only in the air gap of the MEMS
varactors (dash field lines in Fig. 24), but also enters the dielectric substrate
(solid field lines in Fig. 24) due to the capacitive mesh formed by the lower
patches. The field strength in the dielectric, however, decreases rapidly with
increasing separation between the lower patches, i.e. with decreasing
capacitance of the mesh.

D

Fig. 24 Schematic side view of the MEMS tuneable HIS with field lines.

Mesh capacitance, fF
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Fig. 25 Calculated dependence of the effective capacitance of the mesh of
patches on the separation s between the patches, with constant period
D = 250 um; patch length L, is variable: Ly = D —s.

As we can see in Fig. 25, the effective capacitance of the mesh of patches
(see Fig. 5), calculated with Equation (7), decreases dramatically when the

patch separation changes from 2 um to 20 um. After that the slope is more
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gradual, and eventually the curve passes to the negative region at 160 um,
which means that the equivalent impedance of the mesh of patches
becomes inductive. Although Equation (7) is accurate only for separation
much smaller than the period of the mesh, which in this case is 250 um, the
results shown in Fig. 25 agree very well with the simulations of the
complete MEMS tuneable HIS with the variable separation between the
lower patches. Fig. 26 shows dependence of the resonance frequency and
the resonance loss (amplitude of the S;;-parameter) on the separation
between the lower patches of the MEMS tuneable HIS, with constant
overlapping and gap between the MEMS membrane and the lower patches,
as well as with a constant period of the HIS. For keeping the overlapping,
i.e. the MEMS capacitance, constant, the length of the MEMS membrane is
variable: it increases the same amount as the separation between the lower
patches. As we can see in Fig. 26, the resonance frequency of the HIS
increases due to decrease of the mesh capacitance of the lower patches,
which is a part of the total efficient capacitance of the MEMS tuneable HIS.
(The resonance frequency is obviously inversely proportional to the square
root of the effective capacitance and effective inductance.) The change is
dramatic for small values of the separation and more gradual for larger
values of the separations, similarly to the change of the mesh capacitance in
Fig. 25. Also we can notice a decrease of the resonance frequency for the
patches separation above 155 um, which means that the effective impedance
of the mesh of patches becomes inductive and is growing as we can see from
calculated results of Fig. 25.
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Fig. 26 Simulated dependence of the resonance frequency and the
resonance loss (amplitude of the S.;-parameter) on the separation between
the lower patches of the MEMS tuneable HIS.

The loss at the resonance frequency is decreasing always with increasing
separation between the lower patches due to the decreased field strength
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inside the dielectric substrate. The loss tangent of the dielectric substrate
for the simulation is taken to be 0.003, which is the value of the loss
tangent we measured at W-band in an open resonator characterising the
substrate used in the fabrication of the MEMS tuneable HIS. The
conclusion is that it is advantageous to use a larger value of the separation
between the lower patches while designing the MEMS tuneable HIS in
order to avoid field concentration in the dielectric and to decrease losses at
the resonance.

As it was mentioned before, the springs supporting the MEMS membrane
introduce additional inductance to the HIS. The simulation results below
show how strong the effect is for different parameters of the spring (length,
width, and spacing, see Fig. 27). Both the resonance frequency of the
MEMS tuneable HIS and its loss at the resonance is affected.

Supporting
stem

Part of the membrane Spring

I
lehgth

Fig. 27 Schematic top view of the spring supporting a membrane of the
MEMS tuneable HIS (compare also with Fig. 17).

Fig. 28 and Fig. 29 show simulated frequency dependence of the phase
and amplitude of the reflection coefficient of the MEMS tuneable HIS for
different lengths of the springs, which support the MEMS membrane.
Obviously, the additional inductance introduced by the springs to the total
effective inductance of the MEMS tuneable HIS is larger for a larger length
ls»r of the spring. This results in decreasing the resonance frequency of the
HIS with increasing length of the spring. At the same time, the resonance
becomes less sharp and the losses at the resonance decrease. Similarly, the

resonance frequency and the resonance losses decrease if the spacing s

48



between the turns of the spring increase, which increases the spring
inductance and the total effective inductance of the MEMS tuneable HIS,
see Fig. 30. On the other hand, increasing the width of the spring ws,,
results in decreasing of the spring inductance and sheet resistance, thus
increasing the resonance frequency and decreasing the resonance losses,
see Fig. 31.

The conclusion is that it is beneficial, from the point of view of losses, to
choose longer springs with larger separation between the spring’s turns.
This goes in the same direction with the requirements towards smaller

spring stiffness and consequently smaller actuation voltage.
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Fig. 28 Simulated frequency dependence of the phase of the reflection
coefficient of the MEMS tuneable HIS for different lengths L, of the spring
supporting the MEMS membrane.
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Fig. 29 Simulated frequency dependence of the reflection coefficient
amplitude of the MEMS tuneable HIS for different lengths Ly of the spring
supporting the MEMS membrane.
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Fig. 30 Simulated frequency dependence of the reflection coefficient
amplitude of the MEMS tuneable HIS for different spacing ss»» between the
turns of the spring supporting the MEMS membrane.
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Fig. 31 Simulated frequency dependence of the reflection coefficient
amplitude of the MEMS tuneable HIS for different width wy,: of the spring
supporting the MEMS membrane.

2.4.5. Fabrication

Few rounds of fabrication of the MEMS tuneable HIS prototypes of
different size and for different applications were carried out, see [P2], [P4]-
[P6], [P8]-[P9] and Fig. 32. The material of the dielectric substrate is
ORMOCER® for the prototypes described in [P2], microwave glass AF-45
in [P4]-[P5], and high-resistivity silicon for all other prototypes. The
detailed description of the fabrication process used in all but the first
fabrication round is given in [P5]. Dimensions of all elements of the
prototypes described in [P4]-[P6], [P8]-[P9] are given in Appendix A. The
key dimensions are:

- the dielectric substrate thickness 110 pum;

- the period of the HIS 250 um (for phase shifting applications) and
350 um (for direct beam steering application);

- the initial gap of the MEMS varactors 2 um;

- the overlapping between the MEMS membrane and lower patches
(MEMS capacitance area) 140 pm X 25 um.
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Fig. 32 Fabricated prototype of the MEMS tuneable HIS.

One of the most important novel MEMS design features developed for
manufacturing MEMS tuneable HIS is a triple layer membrane used to
form the MEMS varactors of the HIS. Each membrane consists of a one-
micron thick monocrystalline silicon layer covered from both top and
bottom with half-micron layers of gold. The fabrication process is designed
in such a way, that gold deposition on the monocrystalline core of the
membrane is done under the same conditions and in antipodal direction,
see Fig. 4 in [P6]. The symmetry of the fabrication process balances out the
stress induced in the membrane by the metallisation, which allows
attaining previously unmatched near-perfectly flat and high-reliability
metal-coated mono-crystalline silicon membranes. The flatness of the large
200 um x 140 pm membrane was measured to be within the range of 20-
40 nm. The interferometric measurements of the membrane deflection and
the curvature while applying the bias voltage show no plastic deformation
of the membrane and smooth change of the gap of the MEMS varactor [P6].
The life-cycle and repeatability measurement of the membrane deflection
over 100 million actuation cycles shows virtually no degradation of the
membrane actuated and unactuated position [P6]. After 100 million
actuation cycles the measurement was stopped without observing any
failure of the MEMS varactor.

Most of the MEMS membranes are fabricated with few-micron holes for
etching out the sacrificial layer under the membrane for releasing the
membrane, see Fig. 32. Consequently, the overlapping area between the

membrane and the lower patch decreases, which may result in decrease of
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the capacitance formed by the membrane and patch. However, if the
diameter of the etching holes is less than three times larger than the gap
between the membrane and patch, the fringing fields formed on the edge of
the holes compensate the decrease of the overlapping area, and the MEMS
capacitance is not changing [41]. Fig. 33 shows the simulated dependence of
the resonance frequency on the etching holes size of the MEMS tuneable
HIS, for a MEMS varactor gap equal to 2 um. As we can see, up to the hole
radius equal to 3 um (or diameter 6 um) the resonance frequency of the
MEMS tuneable HIS does not change at all. Since the resonance frequency
depends in this simulation only on the effective MEMS capacitance, this
result perfectly corresponds to the previously given reference that etching
holes with the diameter three times larger than the gap does not affect the
MEMS capacitance. For a larger hole diameter, the capacitance starts to
decrease rapidly, i.e. the resonance frequency of the MEMS tuneable HIS
increases. For visualising the above-mentioned effect of the fringing
capacitance, the calculated resonance frequency is plotted in Fig. 33 for the
case when the area of the solid metal parallel plate capacitance Asoia is
smaller than the area of the simulated MEMS varactors Amems by the total
area of all etching holes Anoles (Asolia = AmEms - Anoles). The difference between
the two curves in Fig. 33 accounts for the effect of the etching hole fringing
capacitance.
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Fig. 33 Dependence of the resonance frequency of the MEMS tuneable HIS
on the size of the etching hole in the MEMS membrane. Simulated (as
fabricated) and calculated (for a capacitor with decreased overlapping
area by the total area of the membrane etching holes).

2.5. Conclusion

In this chapter we have discussed conventional and novel MEMS tuneable

high-impedance surfaces.
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The historical background and major milestones, which led to
development of the conventional HIS as an artificial electromagnetic
material, are presented in Section 2.1.

The present state-of-the-art of the analytical model of the conventional
HIS is given in Section 2.2. The conventional HIS consists of a periodic
mesh of metal patches placed on an electrically thin dielectric substrate
with a ground plane. The electromagnetic behaviour of the HIS can be
analysed by an effective surface impedance model due the fact that the
period of the structure is much less than the wavelength of the field
interacting with the HIS. Consequently, the structure can be considered as
effectively homogeneous. Also the analytical model assumes that the HIS
can be subdivided into two layers connected electrically in parallel: the
capacitive mesh of the patches and grounded dielectric substrate (with or
without vias). Total surface impedance of the HIS can be calculated through
the effective impedances of these layers, which can be found for different
polarisations and angles of incidence. The surface impedance of the HIS
becomes very high at the resonance frequency and the phase factor of the
reflection coefficient changes from 180° to 0°.

In Section 2.3 a multilayer HIS is introduced and studied as a first step
towards a MEMS tuneable HIS. A multilayer HIS consists of two meshes of
patches separated by a thin dielectric film, shifted relatively to each other,
and placed on a grounded dielectric substrate. The effective surface
impedance analytical model is developed and used for analysis of the
influence of the material electromagnetic parameters on the performance of
the HIS. It was found that large dielectric loss of the thin film separating the
capacitive meshes of patches decreases dramatically the impedance of the
HIS at the resonance frequency. Consequently, if the surface impedance is
less than the free space wave impedance, the reflection phase of the HIS
never reaches a value of 0°, varying moderately around 180°. This was
proved experimentally by measuring S;;-parameter of the fabricated
multilayer HIS.

Section 2.4 is devoted to the novel MEMS tuneable HIS, which consists of
a periodical two-dimensional arrangement of coupled MEMS varactors
placed on a grounded dielectric substrate. Both design of the structure and
fabrication constraints are presented. MEMS varactors are studied with a
focus on decreasing of the actuation voltage and increasing of the tuning
range. A special design of the MEMS varactor with an additional actuation
electrode is elaborated for large analogue tuning of the MEMS membrane
defection. Particular distinctions of the analytical model of the MEMS
tuneable HIS comparing to the model of the multilayer HIS given in

Section 2.3 are discussed. Numerical simulations are used to study: the
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dependence of the MEMS tuneable HIS reflection coefficient on the
deflection of the MEMS membrane; the dependence of the HIS
performance on the separation between the lower patches; and the
dependence of the HIS performance on the parameters of the spring
supporting the membrane. Finally, fabrication of the prototypes is
discussed together with a reliability and repeatability study of the MEMS
varactor. The life-cycle measurement of the MEMS varactor’s membrane
deflection over 100 million actuation cycles shows virtually no degradation.
In addition, the influence of the etching holes in the membranes is
evaluated and proved to have no effect on the resonance frequency of the
MEMS tuneable HIS if the diameter of the holes is less than three times
larger than the initial gap of the MEMS varactor.

Next chapters are devoted to different applications of the described
MEMS tuneable HIS.
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3. MEMS tuneable HIS for
millimetre wave beam steering
applications

3.1. Introduction

As it was mentioned in Section 2.4.2, MEMS tuneable HIS can be used in
electronic beam steering applications either as a phase shifting element in
waveguiding structures or as a reflecting beam steering surface. First
demonstration of beam steering with a HIS was done by Sivenpiper et al. in
2001 [73]. In that work a plane wave of frequency in the range of 2.8 —
5.0 GHz was reflected by the HIS in a desired direction by changing the
gradient of the reflection phase over the surface. The gradient of the surface
impedance (and hence the gradient of the reflection phase) was controlled
by diode varactors placed between neighbouring patches of the HIS.

Another way of using HIS in beam steering applications is development of
phase array antennas based on an assembly of waveguiding structures,
where the phase is controlled by embedded tuneable HIS. A Ka-band phase
shifter based on a metal waveguide with tuneable HIS introduced in the
sidewalls of the waveguide was demonstrated by Higgins et al. in 2003
[109]. The HIS (called in the paper “electromagnetic crystal”) was
controlled by InP triple quantum barrier varactors.

In this chapter we discuss development of the analogue type phase
shifters based on the MEMS tuneable HIS embedded in waveguides and
report feasibility study of a large MEMS-based HIS as a reflective beam

steering surface.

3.2. Analogue type phase shifters based on the MEMS
tuneable HIS integrated in a rectangular metal
waveguide

3.2.1.  Analytical and numerical analysis

Section 3.2 is devoted to analogue type phase shifters based on the MEMS
tuneable HIS integrated in a rectangular metal waveguide. Three different
designs of the HIS integration are considered: side walls integration,
integration in the corner of a waveguide bend, and backshort integration,
see Sections 3.2.1.1-3.2.1.3. Two first design options form a transmission
type phase shifter, and the third one a reflection type phase shifter. The
reflection type phase shifter with a HIS is prototyped and characterised, see
Section 3.2.2.
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3.2.1.1. Side walls integration

Fig. 34 shows design of a transmission type phase shifter based on a
rectangular metal waveguide with MEMS tuneable HIS integrated in the
narrow side walls of the waveguide. The reconfigurable impedance of the
waveguide section with embedded HIS affects the propagation constant of

the wave in this section providing a phase shifting mechanism.

MEMS tuneable HIS

WR-10 waveguide

Fig. 34 Design of a transmission type phase shifter based on a rectangular
metal waveguide with MEMS tuneable HIS integrated in the narrow side
walls of the waveguide.

When the high-impedance surface is tuned from the high impedance state
(resonance) to the low impedance state (out-of-resonance), the phase
difference of the waves exiting the waveguide can be calculated as follows:

Ap=AK, -1, (25)
where [ is the length of the impedance surface and Ak, is the wave number
difference equal to the parallel to the E-field projection of the difference of

the wave vector in the HIS section Ems (which is the same as the wave

vectors in free space ko) and the wave vector in the metal waveguide Ewg

[92]:
2 2 2
—~ —~ s (7 27 27 s
s [ ko= (3] T\/(T) (5] oo

where a is the width of the waveguide cross-section (perpendicular to the E-

field), fis the frequency of the wave and c is the speed of light.
If only one impedance surface is embedded into the narrow wall of the
metal waveguide instead of two opposite HIS as in Fig. 34, the wave vectors

2
kHIS= koz_(zia) > (27)

in the HIS section is [110]:

and the resulting phase difference of the wave exiting the waveguide will be

significantly smaller.
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Depending on the realisation of the bias voltage of the MEMS varactors of
the HIS, there may be two ways of controlling the phase of the phase
shifter. First, if all MEMS varactors are connected to a common actuation
voltage source, the impedance of the surface can be changed gradually by a
gradual change of the gap of the MEMS varactors. In this case the phase
shift is purely analogue. Second, the MEMS varactors may be connected to
a different actuation voltage sources (row-by-row perpendicular to the wave
vector). In this case, the MEMS varactors may be actuated in a switch
regime, reconfiguring a part of the surface from a high impedance state to a
low impedance state. This allows changing the effective length of the high
impedance section of the waveguide, which affects the phase shift. The
phase shift will be of a quasi-analogue type, with a phase shift step
depending on the period of the HIS.

Results of numerical simulations of the phase shift, which appears when
the HIS is tuned from a low impedance state to a high impedance state, is
shown in Fig. 3 of [P6] and correspond very well to the analytical results
calculated with Equations (25)-(26). In W-band the maximum achievable
phase shift can be in the range of 150°-210° for a 6 mm long HIS. The phase
shift is larger for a smaller wavelength and has linear dependence on the
length (or effective length) of the high impedance inclusion, see Fig. 4 in
[P1], as implied by Equation (25).

3.2.1.2. Integration in the corner of a waveguide bend

Another possibility for development of an analogue type phase shifter is
introducing a MEMS tuneable HIS in the corner of a bend waveguide, see

Fig. 35.

WR-10 waveguide bend
/ g

MEMS tuneable HIS

Fig. 35 Design of a transmission type phase shifter based on a rectangular
metal waveguide bend with MEMS tuneable HIS integrated in the corner
of the bend (E-bend option).

Results of numerical simulations of the phase shift which occurs when the
MEMS tuneable HIS is tuned from the high impedance state to the low
impedance state at a particular operation frequency is shown in Fig. 36 for
both E-bend and H-bend of the rectangular metal waveguide WR-10. In
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order to reduce computational time, the high impedance state is emulated
by a perfect magnetic conductor (PMC), and the low impedance state by a

perfect electric conductor (PEC).

250
230 -
210 -
190 -
170 -

H-bend

== == E-bend
150 -

130 -

110_ —_---_-
90 T T T

75 85 95 105
Frequency, GHz

PEC/PMC phase shift, deg

Fig. 36 Phase shift, which occurs when the tuneable impedance surface
embedded in the waveguide bend is tuned from the PEC state to the PMC
state; simulated for H-bend and E-bend.

Return loss of the phase shifter is quite large when the impedance surface
is in a low impedance state, whereas there is a wide frequency band of low
return loss for a high impedance state of the surface in the corner of the
waveguide bend, see Fig. 37. In order to decrease this loss, which is due to
reflections, another configuration of the waveguide bend can be considered
and optimised by fine-tuning the dimensions of the bend, see Fig. 38
(design) and Fig. 39 (S.;-parameters).

0

-10 %

-20 -~ (

§11, dB

40 - i PEC
=== PMC

-60 . .

75 80 85 90
Frequency, GHz

Fig. 37 Simulated S.,-parameters of the phase shifter with a PEC or PMC
embedded in the waveguide bend.

59



<€<——— WR-10 waveguide
bend

D MEMS tuneable HIS

Fig. 38 Top view of the design of a transmission type phase shifter based
on a rectangular metal waveguide bend with a MEMS tuneable HIS
integrated in the corner of the bend (“cut” bend corner option).

'50 T T T

70 80 90 100 110
Frequency, GHz

Fig. 39 Simulated S.;-parameters of the phase shifter with PEC or PMC
embedded in the waveguide bend shown in Fig. 38.

3.2.1.3. Backshort integration

Integration of the MEMS tuneable HIS as a backshort of a rectangular
metal waveguide, see Fig. 40, is the most efficient configuration of the
metal waveguide phase shifter with a HIS in terms of losses. On the other
hand, in this configuration the value of the maximum phase shift cannot be
increased by choosing a larger structure as in case of the side wall
integration (see Section 3.2.1.1). Here, for particular design dimensions of
the HIS, the maximum achievable phase shift depends only on the
tuneability of the MEMS varactors, which determines the change of the
surface impedance. An example of the phase shifter tuning range is shown
in Fig. 41 as a dependence of the reflection phase on the MEMS varactor
gap for two realisation of the capacitance ratio. For the capacitance ratio
equal to 1.5 (tuning range A), the maximum analogue type phase shift is
163°, whereas for the capacitance ratio equal to 2.5 (tuning range B), the

maximum analogue type phase shift is 252°. A way to increase the tuning
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range of the MEMS varactors is discussed in Section 2.4.4. Also maximum
achievable phase shift can be increased by decreasing the bandgap of the

HIS by optimising its parameters as discussed in Section 2.2.

WR-10 waveguide

/

MEMS
& tuneable HIS

Fig. 40 Design of a reflection type phase shifter based on a rectangular
metal waveguide with MEMS tuneable HIS integrated as a backshort of
the waveguide.

180
o
g o - (.

g

©
s

e 0 B: < A:
2 252°) 163°
@
% -90 -
o

\
_180 T T T T T

o o5 1 15 2 25 3
Gap, um

Fig. 41 An example of the reflection phase shift range for the MEMS
capacitance ratio equal to 1.5 (range A4) and equal to 2.5 (range 3).

3.2.2. Measurement

As mentioned in Section 2.4.5, few rounds of fabrication of the MEMS
tuneable HIS prototypes were carried out. Characterisation of all prototypes
show distinctive behaviour of the structures as high-impedance surfaces:
the reflection phase changes from almost 180° at lower frequencies to 0° at
a resonance frequency, and back to almost -180° at higher frequencies. The
resonance and out-of-resonance loss depends on the quality of the
fabrication and integration of the prototypes and are respectively:

1) 5dBand2dB[P2]

2) 18 dB and 7dB [P4], [P5]

3) 3.5dB and 0.7 dB [P6], see Fig. 42 (prototype image), and Fig. 43
(measured reflection phase and amplitude).
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Contact pad HIS 250 um

Fig. 42 SEM image of the fabricated MEMS-based HIS for a reflection type
metal waveguide phase shifter [P6].
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Fig. 43 Measured S,-parameter of the reflection type phase shifter with a
MEMS-based HIS as a backshort of the WR-10 waveguide over W-band.
Reflection phase is 0° at the resonance frequency of 83.4 GHz. Minimum
insertion loss of the HIS outside the resonance is 0.7 dB [P6].

Loss at resonance can be decreased by improving the fabrication
procedure (choosing a better dielectric substrate, decreasing roughness of
the metal surfaces, better removing of all chemical residuals). Out-of-
resonance loss can be decreased by improving the integration of the HIS
into the waveguide as discussed in [P7].

The actuation of the MEMS varactors of the prototype was not realised
due to fabrication challenges. This — together with realisation of the better

waveguide integration — is a subject of further development.

3.3. Analogue type phase shifter based on the MEMS
tuneable HIS adjacent to a dielectric rod waveguide

3.3.1. Design and numerical analysis

Dielectric waveguides are promising transmission lines at millimetre
wavelengths. It has been previously shown that a dielectric rod waveguide
section with two transitions to a metal waveguide can have lower loss than a

standard metal waveguide section, even at millimetre wavelengths [111]-
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[113]. Being an open transmission line, dielectric waveguide can be affected
by light, magnetic field, etc., allowing to design different types of devices,
e.g., phase shifters. It is known, see, e.g., [110], that the propagation
constant of a dielectric waveguide depends on the impedance of the
adjacent ground plane.

The proposed analogue type phase shifter is based on the dielectric rod
waveguide (DRW) with adjacent MEMS tuneable HIS, which changes the
phase factor of the propagation constant inside the waveguide, see Fig. 44,
[P8], [P9]. For W-band applications, Port 1 and Port 2 of the DRW should
be matched to WR-10 rectangular metal waveguide sections. The optimal
cross-section of the DRW for such matching is 0.5 x 1.0 mm2 and tapering
length is 6 mm [110].

MEMS tunable
high-impedance surface

Port 1

d DRW-HIS

Port 2

DRW

\

taperin
WDRW—HIS p g

Fig. 44 Design of the analogue type phase shifter based on MEMS tuneable
HIS placed adjacent to a dielectric rod waveguide.

Fig. 45 gives simulated values of the maximum possible phase shift of the
phase shifter for an ideal case of tuning the impedance surface of length
worw-tis = 8 mm from PEC state to PMC state [P8]. The simulation shows
high potential performance of such a phase shifter if MEMS tuneable HIS
can be reconfigured from a very high to a very low impedance state.

The phase shift depends dramatically on the distance dprw-nis between the
DRW and HIS, see Fig. 46, due to strong concentration of the
electromagnetic field in close vicinity of the DRW [P8].
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Fig. 45 Simulated phase shift of the DRW with an adjacent PMC (high-
impedance surface at resonance) compared to an adjacent PEC (high-
impedance surface out of resonance); for different distance dprw-uis
between the DRW and HIS [P8].
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Fig. 46 Simulated dependence of the phase shift of the DRW with an
adjacent tuneable HIS on the distance between the DRW and HIS at
80 GHz.

3.3.2. Fabrication and measurements

Two samples of the MEMS tuneable HIS with 120 x 24 MEMS varactors
placed on a high resistivity silicon substrate with a period of 250 um and a
total size of 6 x 30 mmz2 were fabricated and measured [P9], see Fig. 46 and
Fig. 47. The fabrication procedure is described in [P5] and [P6] and is the
same as for the prototypes of the reflection type phase shifter, see Section
3.2. All varactors are connected by a bias voltage line to two contact pads,
see Fig. 47. The tapering part (6 mm) of the DRW with cross-section
0.5 x 1.0 mm?2 made of high resistivity silicon is fixed with a foam holder
(for Sample 1), see Fig. 48 (lhs), and Teflon film (for Sample 2), see
Fig. 48 (rhs), the WR10 waveguides for measuring S-parameters.
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Fig. 47 SEM image of the fabricated MEMS tuneable HIS for an analogue
type phase shifter based on a DRW; part of the large structure is shown

[P9].

Fig. 48 Optical image of the fabricated MEMS tuneable HIS (Sample 2) for
an analogue type phase shifter base on a DRW; two large contact pads
common for all MEMS varactors are seen on the bottom edge of the
image.

Fig. 49 Measurement setup: Sample 1 and DRW mounted with foam
holders (lhs); mounting of the DRW with Teflon film for Sample 2 (rhs).

The S-parameters of the phase shifter are measured for both samples of
the MEMS tuneable HIS, which are biased with a gradually changing
voltage from 0 V to 40 V. The analogue type phase shift shown in Fig. 50
and Fig. 51 is a difference between S.; of the voltage biased phase shifter
and S.; of the unbiased phase shifter, for Sample 1 and Sample 2,
respectively.
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Fig. 50 Measured analogue type phase shift of the DRW with an adjacent
MEMS tuneable HIS, Sample 1.
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Fig. 51 Measured analogue type phase shift of the DRW with an adjacent
MEMS tuneable HIS, Sample 2 [P9].

Fig. 52 shows dependence of the phase shift on the bias voltage for both

samples at extreme frequencies of the measured range: 76 GHz and

109 GHz, where the phase shift turned out to be maximal. First thing to

note is that the observed phase shift is purely of analogue type, which was
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one of the major objectives of the described research. Second, the fact that
the phase shift has almost linear dependence on the bias voltage may mean
that the effective impedance of the MEMS tuneable HIS changes only
moderately and full range of MEMS varactors actuation is not achieved
with the maximum bias voltage of 40 V. Larger phase shift values are
anticipated for a larger impedance change. Third, the phase shift is 0° for
intermediate frequencies of the measured frequency range, which allows
expecting the phase shift to be much larger outside W-band.
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Fig. 52 Measured dependence of the phase shift on the bias voltage;
Sample 1 (lhs) and Sample 2 (rhs) [P9].

The measured insertion loss of the phase shifter is shown in Fig. 53 for
Sample 1 (Ihs) and Sample 2 (rhs). The figure of merit of the phase shifter,
defined as a ratio of the maximum phase shift to the maximum insertion
loss, does not exceed value 5°/dB, which is small comparing to other
existing millimetre wave phase shifters, see next section. The insertion loss
of the phase shifter with Sample 2 of MEMS tuneable HIS is much smaller
than the insertion loss of the phase shifter with Sample 1 due to both better
matching of the DRW to the metal waveguide (Teflon film instead of the
foam holder) and better quality of the fabricated sample. Measured with
Teflon film, the phase shifter with Sample 1 would show figure of merit
10°/dB. The insertion loss of Sample 2 of the MEMS tuneable HIS is
between 1.7 dB and 5 dB, which can be further decreased by optimizing the
MEMS fabrication procedure. The insertion loss of the DRW matched to the
rectangular metal waveguide is between 1.5 dB and 2 dB, which can be
improved at W-band to be as low as 0.4 dB [112]. Thus, figure of merit can
be improved both by increasing the phase shift and by decreasing the
losses. As assessed in [P8], MEMS tuneable HIS can potentially achieve
figure of merit up to 100°/dB in case of better MEMS fabrication quality,
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better DRW insertion loss including transition to the metal waveguide, and

if the maximum tuneable range of the MEMS varactors is realised.
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Fig. 53 Measured insertion loss of the phase shifter; Sample 1 (lhs) and
Sample 2 (rhs) [P9].

3.3.3. State-of-the-art millimetre wave phase shifters

The next table gives an overview of existing millimetre wave phase

shifters.

68



69

Frequency, (Type Design Substrate |Loss, |Control Phase shift Figure of merit  |Year |Ref.
GHz dB voltage, V

1-40 MEMS switched line GaAs 2-4 98 discrete, 4 bits 67°/dB @40GHz (2001 |[114]
1-70 MEMS distributed transmission line |quartz 3 19 analogue 55°/dB @40GHz, |2003 |[115]

74°/dB @60GHz
26-30 PIN switched filters InGaAs |7 0.7 discrete, 5 bits 45°/dB 2011 |[116]
30-36 PIN switched filters GaAs 7 17 discrete, 3 bits 25°/dB 1994 |[117]
30-40 MEMS distributed transmission line |quartz 2 20 discrete, 2 bits 112°/dB 2003 |[118]
32-36 MEMS switched line Si 3 45 discrete, 4 bits 112°/dB 1999 |[119]
33-36 FET switched filters GaAs 16.5 |5 discrete, 4 bits 22°/dB 1998 |[120]
33-36 PIN switched line - 10 - discrete, 4 bits® 36°/dB 2004 |[121]
34-39 CMOS switched line SiGe 2-9 1.8 quasi-analogue: 4 bit + (40°/dB 2009 |[122]
analogue fifth bit
40 (0-40) paraelectric |distributed transmission line [sapphire [9-28 |40 analogue up to 600° 27°/dB 2007 |[123]
loaded with BST varactors
40 (1-40) MEMS distributed transmission line [SiO2 1.8 16 analogue up to 290° 54°/dB 2006 |[124]

@ 40 GHz




(074

Frequency, (Type Design Substrate |Loss, |Control Phase shift Figure of merit  |Year |Ref.
GHz dB voltage, V

43-45 FET switched line GaAs 7.5 2 discrete, 4 bits 48°/dB 1992 |([125]
61-64 PIN reflection GaAs 11 2 discrete, 3 bits 39°/dB 1987 |[126]
65-110 Liquid filled taper in rectangular - 7 10 300-500° @ 65-110 60-78°/dB 2006 |[127]

crystals metal waveguide GHz, only two states
67-78 CMOS switched line SiGe 19 - discrete, 4 bits 19°/dB 2009 |[128]
75-110 varactor reflection GaAs 8,7 - analogue 40°/dB 1993 |[129]
75-110 MEMS dielectric blocks over CPW  |Si 3.5 30 discrete, 15°+30°+5%x45° [70-100° /dB 2009 |[130]
75-110 MEMS distributed transmission line |glass 2.7 30 discrete, 3 bits 93-100°/dB 2004 |[131]
75-110 MEMS MEMS tuneable HIS adjacent |Si 5-7 40 analogue, up to 32° (70° |5°/dB 2011 |[P9]
to DRW with larger loss)

92-96 FET loaded line GaAs 11-15 |1.5 discrete, 4 bits 24°/dB 1999 |[132]
92-96 HEMT switched line GaAs 7 3 discrete, 4 bits 40-60°/dB 2007 |[133]




3.4. Beam steering reflective surface with MEMS tuneable
HIS

3.4.1. Introduction

Electronic beam steering based on a varactor-tuned HIS for microwave
frequencies was proposed by Sievenpiper in 2001 and improved in 2003
[73], [134]. Varactor diodes were connected between each two neighbouring
metal patches of the patch array of the surface. Applying bias voltage to the
varactors changed the effective capacitance of the surface and consequently
effective input impedance. A gradient of the reflection phase could be
created by adjusting bias voltages so that a gradient of effective surface
impedance was generated throughout the surface. As a result, the beam
incident to the tuneable impedance surface could be electrically steered by
applying different bias voltage combinations. Beam steering of +40° was
reported with 14 dB gain and total efficiency 30 % at non-steered (mirror
reflection) state. According to the authors’ conclusions, several dB loss was
due to utilisation of relatively lossy MicroMetrics silicon hyperabrupt
varactors and phase errors caused by non-optimised voltage control.

Similarly, MEMS tuneable varactors can be used for controlling the
surface impedance of the HIS in order to achieve electronic beam steering.
As the MEMS varactors of the HIS are connected in rows, as described
above, the applied bias voltage can be different for each row and we can
create a gradient of the effective surface impedance of the structure,
resulting in a gradient of the reflection phase throughout the HIS. Changing
the gradient we obtain electronic beam steering of the reflected beam, see

Fig. 54.

of di di of reflection  frequency dependence of tuned gap effective
gradient effective surface phase on the gap of reflection phase for different  of MEMS reflection
of bias voltage input impedance MEMS capacitors states of MEMS capacitors capacitors\ { phase gradient
|

frequency

l

180
90

[I incoming field
o !

270 -
.. 4
TN
-360 \\

large MEMS tuneable
high-impedance surface

|
180
v v €— operation

_ (e.g.52x200 elements,
~ 18:2x70 mm?

Reflection phase, deg.
8 o
| J
[ ]

1
®
3

field*averaging

X

©
3

b
< f \
|
1 L \
|
L \ \
9 @ I \
[ ]
L ]
f
-180 + I . -540
18 2,3 28 75 85 95 i—'-)
MEMS capacitors gap, um Incident field frequency, GHz z

distorted scale

different voltage for

different rows of MEMS

elements
i

tuned
. €—resonance
. frequency | I
steerable
I reflected beam

Reflection phase, deg.
o

(O
O
@_
-
(O
(O
(O
@®-

[
I
I
I
I
I
I
I
ol

Fig. 54 MEMS-based HIS with induced tuneable gradient of the effective
surface impedance for electric beam steering.
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Thanks to the electrically small period of the HIS (small size of MEMS
varactors) achievable by MEMS fabrication, we can implement sawtooth
grating of the reflection phase, see Fig. 55. The bias voltage is applied to the
MEMS varactors so that several sections with maximal (in an ideal case
close to 360°) phase gradient appear. Due to 360° periodicity, the phase
gradient will multiply the overall effective phase difference throughout the

surface and dramatically increase steering angle.
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Position of the MEMS capacitor on the surface related to surface width

Fig. 55 Schematic representation of the alternative ways of HIS tuning:
Traditional (dotted line) - stepless gradient of the reflection phase with
maximum phase difference on the opposite edges; Proposed (solid lines)
sawtooth gradient of the reflection phase for larger steering angle.

Implementation of MEMS fabrication technology for enabling tuneability
of a HIS as a reflective beam steering surface allows achieving the following
advances:

- Development of small beam steering reflective surface operating at
millimetre wavelengths due to miniaturising abilities of MEMS
technology;

- Reduction of system complexity due to replacement of, e.g., a
phased array antenna by a single smart surface fabricated on a
chip;

- Increased radiation efficiency due to the low loss intrinsic to
MEMS devices,

- Improved radiation pattern due to more accurate voltage control
enabled by electrically smaller period of the structure;

- Increased tuning angle of the steered beam due to electrically
small period of the structure, which allows accurate inducing of
large gradient of the reflection phase;

- Cost-effectiveness due to reduced cost of system integration (low
system complexity) and batch manufacturing with MEMS
technology.
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Since the MEMS varactors are connected to the bias voltage in rows, the
reflected beam can be steered in one dimension only. If steering in the
second dimension is required, it can be realised by a complex bias voltage
network, which allows controlling each MEMS varactor independently.
Alternatively, a folded reflectarray structure as in [135] can be used for

controlling the direction of the beam in the second dimension.

3.4.2. Numerical analysis

Derived analytical model for the MEMS tuneable HIS is given in
Section 2.4.4 and is valid also for calculating impedance and reflection
coefficient of a large beam steering HIS. On the other hand, it is important
to study the radiation pattern of the reflective MEMS tuneable HIS
especially because of inherent feature of the MEMS varactors’ limited
tuneability, see Section 2.4.3. This feature limits the available range of the
HIS reflection phase to, e.g., -102°... 120°. Consequently, if a phase
gradient, calculated for a particular angle of beam steering requires some
section of the HIS to reflect the incident wave with a phase within ranges
-180°...-102° and 120°...180°, this should be replaced by -102° or 120°,
respectively. This creates discontinuities in the programmed phase gradient
and can affect the radiation pattern of the reflected steered beam. On the
other hand, since the period of the structure is much smaller than the
wavelength, the effect of the limited tuning range may be minor thanks to
averaging of the electromagnetic field above HIS.

Numerical simulation of the exact model of the reflective MEMS tuneable
HIS radiation pattern is practically impossible since it contains hundreds of
unit cells. That is why an approximate model consisting of variable
impedance strips, see Fig. 56, is used to study the radiation pattern of a
reflective impedance surface [P10]. Impedance boundary conditions are
applied separately for each 350 um wide strip according to calculations of
the required phase distribution for particular reflective beam steering
angles. Fig. 57 shows the normalised radiation pattern of the wave reflected
from the variable impedance surface for 45° oblique incidence and
calculated steering angle of 0° (i.e. 45° degree beam steering). Numerical
simulations are given both for limited reflection phase tuning range and full
tuning range, and show no advantage of the full tuning range. On the other
hand, increasing number of the strips (and consequently the width of the
structure), expectedly narrows the beamwidth and decreases the backward
reflections, see Fig. 9 in [P10]. As we can see in Fig. 57, the steering angle of
the main beam agrees very well with the programmed value of 0°, although
the side lobes, especially in the backward and mirror reflection directions,
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still need to be optimised. Similar results are obtained for other incidence
and steering angles [P10].

Fig. 56 Simplified model of the variable impedance surface for simulation
of the radiation pattern.
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Fig. 57 Normalised radiation pattern of the surface with tuneable
impedance gradient at 80 GHz, which is programmed for reflecting a
beam incident from 45° to 0°. Mirror reflection pattern is shown for
reference [P10].

3.4.3. Prototyping

The minimum aperture of the steering device (phased array antenna,
reflective beam steering surface) can be estimated from the requirement for
the angular resolution of the long range radar to be better than 5°, which is
determined by the beamwidth of the main lobe. The minimum aperture in
the steering direction for 5° angular resolution, in case of matched

polarisations, is (for 77 GHz):

wavelength 3.9 mm

= =447 .
beamwidth  ge. 21'[/3600 mm

Aperture =

Since the MEMS tuneable HIS steer the beam in oblique directions, the
width of the HIS is chosen to be 70 mm or 200 unit cells of 350 um. The

width of the HIS in the direction perpendicular to the steering plane was
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chosen to 18.2 mm or 52 unit cells, because for the target application
(automotive radar) the beam width requirements in this plane are less
demanding.

SEM images and an optical image of a large fabricated prototype of
MEMS-based HIS with 200 x 52 MEMS capacitors is shown in Fig. 58 and
Fig. 59, respectively. Due to fabrication challenges related to the reliable
performance of such a large array of MEMS varactors, tunability of the
prototype is not yet realised. Nevertheless, the results of previously
described analytical and numerical analyses as well as measurement results
of MEMS tuneable HIS allow arriving to a conclusion about potential
usability of the MEMS tuneable HIS for direct beam steering application on

a single chip device.

EHT = 15,00 kV Signal A = SE2 Date :22 Nov 2010 o Signal A = SE2 Date 22 Nov 2010
WD= 38mm Mag= 28X Time :10:38:48 F Mag= 800X Time 11:08.06

Fig. 58 SEM images of the fabricated MEMS-based HIS prototype.

N

Fig. 59 Optical image of the fabricated MEMS-based HIS prototype.

3.5. Conclusion

In this chapter MEMS tuneable HIS is studied as a phase shifting and
beam steering device for millimetre wave applications.

Section 3.2 shows different possibilities of embedding HIS inside a
rectangular metal waveguide in order to control the phase of the wave
propagated inside the waveguide. The HIS can be introduced in the narrow
walls of a rectangular metal waveguide, in the corner of a waveguide bend

for a transmission type phase shifter, and as a backshort of a waveguide for
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a reflecting type phase shifter. Both analytical analysis and numerical
results show possibility of analogue type phase shift. Measurement results
of the MEMS-based HIS prototype proved a resonant behaviour of the
structure with very high impedance at the resonance frequency 83 GHz.
The reflection phase changes smoothly from almost 180° at lower limit of
the measured W-band to 0° at the resonance, and to -180° at the higher
limit of the W-band. Minimum insertion loss of the HIS outside of the
resonance is 0.7 dB and at the resonance it is 3.5 dB. The insertion loss
value can be further improved by optimising the fabrication procedure and
integration of the HIS inside the waveguide.

Section 3.3 describes an analogue type phase shifter based on the MEMS
tuneable HIS adjacent to a dielectric rod waveguide. Numerical simulations
show that potential analogue type phase shift can cover full 360° for
relatively small size of the HIS. The value of the phase shift depends
dramatically on the distance between the waveguide and the HIS since the
propagating field is strongly concentrated inside and in vicinity of the
waveguide. Appropriate distance for the studied case would be around
100 um. A MEMS tuneable HIS with 120 x 24 varactors with period of
250 um was fabricated on a high resistivity silicon substrate. Analogue type
phase shift of up to 70° is measured when the bias voltage of the MEMS
tuneable HIS adjacent to the dielectric rod waveguide is changed from oV
to40V.

Section 3.4 studies feasibility of the single chip beam steering device
based on inducing reconfigurable gradient of the reflection phase
throughout the MEMS tuneable HIS. Simulated radiation pattern of a
simplified model of the reconfigurable impedance surface shows a
possibility of steering the direction of the reflected beam by inducing
impedance throughout the structure with periodicity much smaller than the
wavelength. Limitations of MEMS technology on the impedance tuneability
do not affect the radiation pattern.
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4.  Summary of the publications

Paper [P1]: MEMS fabrication technology is proposed for enabling
tuneability of a high-impedance surface (HIS). The tuneable multilayer HIS
consists of electrically small MEMS varactors coupled to each other and
placed on a dielectric substrate with a ground plane. The MEMS tuneable
HIS is proposed for developing an analogue type millimetre wave low loss
phase shifter based on a rectangular metal waveguide. A prototype of a
multilayer HIS with a thin film filling the capacitors’ gap is designed,
microfabricated and measured as a back-short of a WR-10 waveguide
proving resonance behaviour of the structure. The simulation and

measurement results of S11-parameter show good agreement.

Paper [P2]: Dependence of the multilayer HIS behaviour on the
electromagnetic properties of the material, which fills the gap of the
capacitors is analysed numerically. The maximum loss tangent value of the
material, which allows reflection phase transition from 180° to 0° and -180°
is found. A multilayer MEMS-based HIS with air filling the capacitors’ gap
is designed, analysed, manufactured and measured. Analysis of the
reflection phase dependence of the MEMS varactor’s gap shows the range of
the analogue tuneability of the reflection phase. Results of the Si1-
parameter measurements prove the high-impedance behaviour of the

structure and show agreement with the simulation results.

Paper [P3]: An analytical model of the multilayer HIS is proposed.
Equivalent circuit and effective resonant circuit parameters are introduced
for simplification of the HIS design and analysis of the dependence of the
materials’ electromagnetic properties on the performance of the HIS.
Analytical and numerical analysis of the multilayer HIS performance with
different values of loss tangent of the dielectric is carried out. Analytical,

numerical and measurement results show good agreement.

Paper [P4]: An improved MEMS-based HIS design with supporting
springs and triple-layer membrane of the MEMS capacitors is introduced
for lower actuation voltage, near-ideal flatness and high mechanical
robustness. The improved MEMS-based HIS is designed, analysed
numerically, fabricated and measured. Electronic beam steering using the
MEMS tuneable HIS is proposed.
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Paper [P5]: A novel fabrication procedure for realising analogue tuneable
MEMS varactors to be used in HIS is proposed and carried out. MEMS
varactor’s membrane deflection is simulated and measured, showing good

agreement and low actuation voltage.

Paper [P6]: A MEMS-based HIS is designed for analogue type phase
shifter based on a rectangular metal waveguide. Analytical and numerical
analysis of the phase shift of the waveguide with embedded tuneable HIS in
the waveguide’s sidewalls is carried out. Good agreement between
analytical and simulation results is found. Insertion loss of the MEMS-
based HIS is dramatically decreased by improved fabrication procedure and
usage of the high resistivity silicon as a dielectric substrate of the HIS.
Reliability and repeatability study of the MEMS varactor is performed
including measurement of the membrane deflection over 100 million
actuation cycles showing virtually no degradation. Measurement of the
membrane curvature shows invariance over actuated membrane deflection.
The varactor’s gap changes in an analogue way with the applied actuation

voltage.

Paper [P7]: A novel method of integrating MEMS chips into rectangular
metal waveguides is proposed and demonstrated for decreasing the
insertion loss and integration of the bias voltage lines for controlling the
MEMS chip. Measurement results of a conventional interface with
increasing air gaps between the waveguide and a reflective metal surface
show strong insertion loss even with very small air gap. The proposed
interface performs as good as, or better than direct metal contact. Narrow
side wall openings for bias lines do not affect the performance of the

interface.

Paper [P8]: An analogue type phase shifter based on a dielectric rod
waveguide with an adjacent MEMS tuneable HIS is proposed. The phase
shifting and loss performance is assessed by numerical simulations of
magnetic and electric walls adjacent to the dielectric rod waveguide in order
to bypass computational complexity and mimic tuneability of HIS. A large
prototype of the MEMS-based HIS is fabricated and the proposed device is
characterised. Both numerical and measurement results show promising

phase shift performance once a tuneable HIS is realised.

Paper [P9]: A new prototype of the MEMS-based HIS placed adjacent to a

dielectric rod waveguide shows an analogue type phase shift with bias
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voltage applied to the MEMS varactors. A novel design of the MEMS

varactors for increased tuneability range is introduced.

Paper [P10]: Beam steering with a MEMS-based HIS is studied in W-
band. The radiation pattern of a surface with different impedance is
analysed numerically for normal and oblique incidence. The steering range

is achieved from -45° to 45° with respect to the normal direction.
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5. Conclusions and future work

This work studies novel MEMS tuneable HIS for millimetre wave phase
shifting and beam steering applications. The MEMS tuneable HIS consists
of a two-dimensional periodic arrangement of coupled MEMS varactors
placed on a grounded dielectric substrate with a period much smaller than
the wavelength of the electromagnetic field interacting with the structure.
MEMS fabrication technology is proposed for enabling tuneability of the
HIS because of its advantage over conventional components in term of
losses at millimetre wave frequency. An analytical model of the multilayer
and MEMS tuneable HIS is elaborated taking into account dielectric losses
and their effect on the performance of the HIS. Different models of
millimetre wave analogue type phase shifters with a MEMS tuneable HIS
embedded in the waveguiding structures are proposed and studied both
analytically and numerically showing a large potential phase shift.
Tuneability of the MEMS varactors and its influence to the phase shift and
beam steering are studied, and an advanced design of the MEMS varactors
for increased tuneability is proposed. Several prototypes of the MEMS
tuneable HIS are fabricated and characterised. The life-cycle measurement
of the MEMS varactor’s membrane deflection over 100 million actuation
cycles shows virtually no degradation. The membrane deflects in an
analogue wave with applied bias voltage. Measurements of the prototypes
as a backshort of the rectangular metal waveguide correspond to analytical
and numerical results and show clear resonance behaviour of the HIS with
reflection phase transition from 180° to 0° at the resonance and to -180°.
Measurements of the S.,-parameter of a silicon dielectric rod waveguide
with an adjacent MEMS tuneable HIS controlled by a bias voltage
demonstrate analogue type phase shift of up to 70°.

Further work can continue in two directions. The first direction is to
improve insertion loss of the MEMS-based HIS. This can be attained by
combining following improvement factors: choice of better fabrication
material, optimisation fabrication procedure, and development of better
integration methods of the HIS to the waveguides. The second direction is
development of the fabrication procedure for reliable actuation of the large
array of MEMS varactors, which is challenging because even small
modulation of the dimension or electromechanical properties in the
hundreds of varactors decrease or even prevent tuneability of the whole
structure. Despite of these challenges the work shows potential of
implementation of the MEMS tuneable HIS for millimetre wave phase
shifting and beam steering application especially in industrial fabrication

environment.
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Appendix A: Detailed description of
the MEMS tuneable HIS design

A.l. General considerations

The capacitive array of MEMS-based HIS is realized by two layers of
metal patches shifted relative to each other in E-field direction (see Fig. 17,
Section 2.4.2): the lower patches are placed on the dielectric substrate and
the upper membranes of a larger size are fixed with springs on four stems
above the neighbouring lower patches. The gap between the lower patches
and the upper membranes is filled with air and controlled by an applied
actuation voltage which decreases the gap and increases the MEMS
capacitance.

As far as the HIS is periodical, it is handy to consider a unit cell, see
Fig. A1, for describing the structure dimensions. The E-field direction is
oriented along the X axis. Each lower patch is divided in two equal parts by
the border of two neighbouring unit cells. Once drawn, this unit cell can be
easily multiplied periodically while preparing the masks for fabrication.

1?

H

Fig. A1 Unit cell of the HIS. (Upper membrane is semi-transparent to
show the lower patches)

All wiring is made along the Y axis. Neither patches, nor membranes are
connected in the X directions.

Every row of MEMS capacitors distributed along the axis X is terminated
at the edge by one half of the lower patches, see Fig. A2.
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i u = B

Fig. A2 Edge of the mask for lower patches.

A.2. Parameters

A.2.1 Nominal design

( < >
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v

Fig. A3 Side view of the unit cell.

The parameters of the nominal design shown in Fig. A3 are:
Dx — period of the HIS along the X axis,
Ux — width of the upper membrane along the X axis,
d — horizontal overlapping between the upper membrane and lower patch,
Lx — width of the lower patch along the X axis,
h — thickness of the dielectric substrate,
g — gap between the lower side of the upper membrane and the upper side
of the lower patch,
t1 — thickness of the lower patch.
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The upper membrane consists of a monocrystalline silicon layer covered
from all sides by metal, see Fig. A4.

metal A
< dielectric

metal B

metal posts

+— metal C

Fig. A4 Cross-section of the upper membrane of the MEMS tuneable HIS.

Corresponding parameters of the membrane are:

ta, th, te, ta — thicknesses of metal layers A, B, C and dielectric layer between

layers A and B.
¥
t e ]
My
A
Dy
w
Mx
v
s
| [ |

A
v

Dx

Fig. A5 Top view of the unit cell.
Parameters shown in Fig. A are:

Dx — period of the HIS along the X axis,
Dy — period of the HIS along the Y axis,
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w — width of the overlapping between the membrane and lower patch
(normally equal to the width of the membrane and lower patch along the Y
axis),

s — separation between the lower patches along the X axis,

Mx — margin between the membrane and unit cell border along the X axis
(2xMx is the separation between membranes along the X axis),

My — margin between the membrane and unit cell border along the Y axis
(2xMy is separation between membranes along the Y axis).

Dimensions of the springs, stems and wiring are to be chosen according to
the fabrication constraints and taking into account their influence on the
actuation voltage and HIS loss at the resonance. The parameters are the
same as in Fig. 27 of Section 2.4.4:

Ispr — length of the spring,
wspr — Width of the spring,
Sspr — Spacing between the turns of the spring.

The losses are smaller for a longer spring, e.g., 1 = 110 um. Optimal
dimension for the spring width is wg,» = 10 pm. The spacing can be found as
Sspr= (My — 2xWgpr)/3.

A.2.2 Design with additional actuation electrode

As described in Section 2.4.3, instead of actuation by applying voltage
source between the membrane and the lower patches, an additional
actuation electrode (orange in Fig. A6) can be introduced between the lower
patches. If its thickness is smaller than the thickness of the lower patches,
the tuning range of the MEMS capacitance is increased. Electrode material
might be a metal with high resistivity, e.g. 200 nm Cr.

¥
'

«—
Ex

Fig. A6 Additional actuation electrode design, 3D view and top view of the

unit cell.

Ex — width of the electrode along the X axis,
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se — separation between the actuation electrode and the lower patches.

te — thickness of the electrode.

Width Ex should be not less than 2*d in order to gain in actuation voltage
value comparing to the nominal design. Thickness t. should be much
smaller than t; in order to gain in tuning range. Separation s. should be not

smaller than 10 pm.

A.2.3 Fixed and flexible parameters

Fixed parameters:

h = 110 um (total wafer thickness). If final h will differ a lot from 110 pm,
it can be compensated by value g.

h, w, d, g — most important parameters that determine the resonance
frequency.

Flexible parameters:

Following parameters can be slightly changed in order to facilitate
fabrication and fit springs.

Dx, Dy, Ux: Dx and Dy should not be larger than 350 um. Large Ux is
good for additional electrode design (allows large Ex), but may be difficult
to fabricate and is limited by Dx.

Ex is also flexible, but is related to d, Dx and Ux:

Ex <Ux - 2xd —20 um < Dx — 2xd — 40 pm

Dx can be intentionally made larger to increase Ex.

Following parameters will be uniquely related to the previous ones:
Lx = Dx — Ux + 2*d,

Mx = 0.5(Dx — Ux),

My = 0.5(Dy — Uy),

s = Ux — 2%d,

se=0.5(Ux — Ex) —d

Suggested values for thicknesses:
ta= ty, = 0.5 um or larger
te=ta=1pm

te = 0.2 pm.
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A.2.4. Algorithm for choosing values of the flexible parameters

The flexible parameters cab be chosen according to the following

algorithm:

1.

A.3.

Determine the size occupied by a spring and a stem along the Y
axis. That will give My.

2xMy + w will give Dy.

Dx should be close to Dy (Square cell is preferable, but Dx and Dy
can differ by 10%).

Ux <Dx - 20 um to give space for wiring to lower patches (Mx >
10 um).

Lx, s, Ex, se — calculated by formulae above.

Description of structures (chips) to manufacture

There are three different experiments that will be carried out with

manufactured HIS chips:

1.

Reflection type phase shifter (RT). A HIS of 1.27 x 2.54 mm?2 will
be put as a backshort of a rectangular metal waveguide, and the S,
parameter will be measured at 70-115 GHz frequency range.
Changing the gap by applying voltage will result in a smooth
change of the resonant frequency of the HIS. All membranes are
connected to one voltage source, and all lower patches (or
additional electrodes) are connected to a common ground. At least
4 structures overall on one wafer: two of nominal design (RT) and
two of additional electrode design (RT+e).

Phase shifter based on a dielectric waveguide (DW). A HIS of
6x 30 mm?2 will be put adjacent to a dielectric waveguide, and the
S-parameters will be measured. Applying voltage will result in
changing the impedance of the HIS, which will lead to a phase
shift. All membranes are connected to one voltage source, and all
lower patches (or additional electrodes) are connected to a
common ground. Two structures overall on one wafer: one for the
nominal design (DW) and another for additional electrode design
(DW+e).

Beam steering (BS). A HIS of 70x 18.2 mm?2 will be illuminated by
a plane wave. Membranes are connected in rows along the Y axis
and every row is biased by a separate voltage source. When voltage
gradient is induced along the X axis, the reflection wave will
change its direction. All lower patches (or additional electrodes)

are connected to a common ground. Two structures overall on one
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wafer: one for the nominal design (BS) and another for additional
electrode design (BS+e).

A.4. Dimensions

For all structures h=110 um. Material of the wafer is high resistivity
silicon. All dimensions are in microns. Nx and Ny are the number of cells
along the X and Y axis correspondingly. Every HIS structure on the wafer
should be labelled by four parameters: h, w, d, g.

Wafer 1 (main option, estimated resonance frequency 84 GHz):

Struc-| g | w | d | Dx | Dy | Nx | Ny Mx|My| Ux | Lx (Lspr Wspr{Sspr| S | Ex [Se
ture

RT [1.8|130|32(250|250| 5 |10 |30|60|190|124|110| 10 | 13 |126]| - |-

RT+e |1.8(130(32|250|250| 5 |10 |10 |60|230| 84 |110| 10 | 13 [166|140](13

DW |1.8{130(32|250|250| 24 |120|30 |60 (190|124 |110| 10 | 13 [126| - |-

DW+e|1.8|130| 32 |250(250| 24 |120| 10 |60 |230| 84 [110| 10 | 13 |166 (14013

BS |1.8/130/32|350|350(200| 52 |70 [110/210|204|110| 10 | 30 [146| - |-

BS+e [1.8]130|32|350|350(200]| 52 | 50 [110({250(164 |110| 10 | 30 |186(160(13

Period of RT structure is limited by 250 um (D<250) in order to have at
least 5 elements in X direction. Period of BS structure is made larger to
have fewer elements and make more space for the contact pads.

Wafer 2 (estimated resonance frequency 89 GHz):
g=2.2um

Other dimensions as in the table above (same fabrication masks).
Wafer 3 (estimated resonance frequency 77 GHz):

g =1.4um
Other dimensions as in the table above (same fabrication masks).
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This thesis focuses on the development of
novel smart microelectromechanically
tuneable electromagnetic surfaces, namely
high-impedance surfaces, for millimetre
wave beam steering applications. One of
such applications is automotive radar at 79
GHz, where electronic steering of the beam
is needed for accurate detection of objects in
the vehicle’s surroundings. Major challenges
in development of millimetre wave beam
steering devices are high level of losses and
high cost of millimetre wave components,
e.g., phase shifters. The concept presented in
this thesis is to combine smart artificial
electromagnetic materials and
microelectromechanical systems (MEMS)
fabrication technology. The methodology
used in this study is a combination of
analytical analysis, numerical simulations
and electromagnetic measurements of
MEMS tuneable high-impedance surfaces.
Several prototypes were fabricated, and

their characterisation confirmed designed

properties of the high-impedance surfaces.
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