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We must not forget that when radium was discovered no one knew that it would prove useful

in hospitals. The work was one of pure science. And this is a proof that scientific work must

not be considered from the point of view of the direct usefulness of it. It must be done for

itself, for the beauty of science, and then there is always the chance that a scientific discovery

may become like the radium a benefit for humanity.

— Marie Curie

To the memory of Prof. Julien Perruisseau-Carrier
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Abstract
Dynamic reconfiguration of antenna devices is becoming a prime need in emerging telecom-

munication and remote sensing systems operating in the portion of the electromagnetic (EM)

spectrum spanning from millimeter-wave (MMW) to terahertz. Different techniques and

materials are currently available for the implementation of a given EM reconfiguration in

antenna systems at microwaves and MMW, such as semiconductors, RF-MEMS, Liquid Crystal,

and ferroelectrics. However, a common feature to all these technologies is the significant

increased loss and complexity with regard to the devices fixed counterpart. Both loss and com-

plexity further increase when high-performance reconfiguration capabilities are addressed

at MMW and above, constituting a major limitation to the future deployment of dynamically

controllable systems.

Advanced performance, low-complexity and low-cost are, therefore, the cornerstones in the

development of new technologies for antenna reconfiguration. In this framework, the main

objective of this thesis is to contribute to the advancement of low-cost and efficient technolo-

gies enabling antenna reconfiguration capabilities from MMW to THz frequencies. Within this

scope, it is proposed the analysis, design and implementation of mechanically reconfigurable

devices using dielectric elastomer actuators (DEAs). DEAs are an emerging technology that

possesses unique properties, and represents a potential alternative to conventional mechani-

cal reconfiguration schemes. DEAs are especially attractive for their large strain combined

with low-cost materials and fabrication, analog control and near-zero DC power consumption.

These characteristics make them particularly suited to the realization of low-cost and low-loss

reconfigurable antennas.

The high potential of DEAs for the realization of adaptive devices is experimentally validated

by the development of different prototypes operating at MMW and THz frequencies: i) a very

low-loss true-time-delay phase shifter operating at Ka-band; ii) a Ka-band reconfigurable

reflectarray with 1-D beam-scanning capability; iii) a stretchable and beam-scanning THz

reflectarray exhibiting the uncommon potential for the implementation of conformal or recon-

figurable devices based on mechanical stretching. The designs and concepts demonstrated in

this thesis pave the way for the evolution of new DEA-based reconfigurable devices resulting

in low-cost, low loss and compact structures.

Keywords: reconfigurable antenna, dielectric elastomer actuator (DEA), reflectarray antennas,

reconfigurable reflectarray, Ka-band, millimeter-wave (MMW), terahertz, beam-scanning,

phase shifter, stretchable reflectarray, Micro-Electro-Mechanical Systems (MEMS).
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Résumé
La reconfiguration dynamique d’antennes représente un besoin croissant pour les techno-

logies émergeantes en télécommunication et télédétection opérant dans la plage du spectre

électromagnétique (EM) qui s’étend des ondes millimétriques au térahertz. Différentes tech-

nologies et matériaux sont actuellement disponibles pour implémenter une reconfiguration

EM de systèmes d’antennes dans la plage des micro-ondes et des ondes millimétriques, tels

que des semi-conducteurs, des microsystèmes électromécaniques, des cristaux liquides, et

des matériaux ferroélectriques. Toutefois, un point commun à toutes ces technologies est

l’augmentation significative des pertes et de la complexité des systèmes en comparaison avec

leurs pendants non-reconfigurables. Les pertes et la complexité augmentent d’autant plus

lorsque l’on considère des systèmes avec de hautes performances de reconfiguration dans le

domaine des ondes millimétriques et plus haut. Ceci constitue un frein majeur au développe-

ment et déploiement futur de systèmes comprenant des fonctionnalités de reconfiguration

dynamique.

Performances avancées, complexité et coûts de fabrication réduits forment donc les fonde-

ments du développement d’une nouvelle technologie de reconfiguration d’antennes. Dans ce

contexte, l’objectif principal de cette thèse est de contribuer à l’avancement de technologies

efficaces et à bas-coût permettant la reconfiguration d’antennes dans la gamme des ondes

millimétriques, jusqu’au THz. Dans cette optique, l’analyse, le design et l’implémentation

de dispositifs reconfigurables mécaniquement et basés sur des actionneurs diélectriques en

elastomère (DEA, dielectric elastomer actuators) sont proposés. Les DEAs représentent une

technologie émergeante qui possède des caractéristiques uniques et qui représentent une

alternative aux méthodes conventionnelles de reconfiguration mécanique. L’attractivité des

DEAs est due principalement à leur grande déformation, leurs coûts de matériaux et de fabri-

cation réduits, leur contrôle analogique, et une dissipation de puissance quasiment nulle pour

maintenir une position statique. Ces caractéristiques les rendent donc particulièrement bien

adaptés à la réalisation d’antennes reconfigurables combinant bas coûts et pertes réduites.

Le haut potentiel des DEAs pour la réalisation de dispositifs adaptatifs est validée expérimen-

talement par le développement de différents prototypes opérants dans la gamme des ondes

millimétriques et du THz : i) un déphaseur à très faibles pertes opérant dans la bande Ka ; ii)

un réseau réflecteur reconfigurable opérant dans la bande Ka, permettant un balayage 1-D ;

iii) un réseau réflecteur THz déformable et capable de balayage, qui présente un potentiel

novateur pour l’implémentation de dispositifs conformes ou reconfigurables basé sur la défor-
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Résumé

mation mécanique. Les designs et concepts démontrés dans cette thèse ouvrent la voie à de

nouveaux dispositifs reconfigurables basés sur des actionneurs en élastomère, résultant en

une diminution du prix de fabrication et des pertes EM, ainsi qu’en une diminution de la taille

et de la complexité des systèmes.

Mots clefs : antennes reconfigurables, actionneurs diélectriques en elastomère (DEA), an-

tennes réseaux réflecteurs, bande Ka, ondes millimétriques, térahertz, balayage de faisceau,

déphaseur, réseaux réflecteur extensible, microsystèmes électromécaniques (MEMS).
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1 Introduction

1.1 Framework and objectives

The unprecedented expansion of wireless systems and terminals has led to the deployment

of a plethora of new services with the consequent increasing demand for higher speed com-

munications. According the the Cisco Visual Networking Index (VNI) Forecast [1], global

mobile data traffic grew 69 % in 2014 and will be increased nearly tenfold in 2019 with re-

spect to 2014, reaching 24.3 EB1 per month. Moreover, the average mobile data-rate will

pass from 1683 kbit/s to nearly 4 Mbit/s in 2019 owing to the increase of 4G networks that

will reach 14 Mbit/s, and will generate significantly higher traffic. This increasing request

for higher connection speeds has been so far fulfilled introducing advanced modulation

schemes (e.g., OFDM) and particular channel propagation techniques such as multiple-input

multiple-output (MIMO).

However, the inherent bandwidth limitations characterizing conventional systems operat-

ing between L-band (1–2 GHz, e.g. mobile communications and global navigation satellite

systems) and X-band (8–12 GHz, e.g. satellite communications and radars) is encouraging

service operators and providers to migrate to higher frequencies. Following this trend, the

portion of the electromagnetic (EM) spectrum ranging between millimeter-wave (MMW) and

terahertz frequencies has experienced a growing interest justified by the potential for wider

bandwidth (consequently higher capacity) and the availability of not allocated frequency slots.

This is leading to the deployment of different services at Ku-band (12–18 GHz) and Ka-band

(26.5–40 GHz), and the investigation of new applications at higher MMW (e.g., indoor wireless

communications and 5G networks at V-band) and sub-THz frequencies (e.g., next genera-

tion femto-cellular networks, terabit WLAN and WPAN, and security screening). Despite the

advantage offered in terms of channel capacity, additional technological challenges need to

be considered with respect to lower frequency systems. Path losses are in fact higher and

atmospheric effects (e.g., rain fade) can considerably affect the signal propagation degrading

system performance. Moreover, material losses are typically higher, and available technologies

11 EB (exabyte) corresponds to 1018 bytes in SI units

1



Chapter 1. Introduction

suffer from increased cost and complexity when advanced capabilities are required. Therefore,

the development of new technologies and the improvement of existing ones is becoming a

prime need to overcome these limitations and allow a faster expansion of new communication

services.

Satellite communications, among others, are in rapid evolution and are progressively migrat-

ing to higher frequencies of operation. Great interest is currently addressed to Ka-band for

the deployment of commercial telecommunication systems such as broadband satellite inter-

net and satcom on the move. At this regard, the new economics generated by high capacity

satellites recently launched by Eutelsat and ViaSat has opened new markets attracting over

600 000 new users in US and Europe in less than two years. The Ka-band system, currently

implemented in Eutelsat KaSAT and ViaSat-1 satellites, allows to provide broadband services

with quality and costs unattainable with previous satellites operating at lower frequencies. In

this field, as in the other mobile communication systems mentioned above, antenna reconfig-

uration capabilities are increasingly demanded, in order to optimize system performance and

improve the quality of the service. User terminals with fixed beam or mechanically steerable

beam pointing are already available, but the introduction of inertia-free beam steering capa-

bilities (i.e. electronically realized) would greatly improve the exploitation of the network and

its economics. Here the main challenge is the development of compact and low-cost terminals

able to realize automatic repointing to compensate for undesired misalignment, which can be

accidental (e.g., in the case of fixed terminals) or due the intrinsic movement of the holding

platform (e.g., oil platform). From the spacecraft perspective, future on-board Ka-band an-

tenna systems should allow for in-flight reconfiguration of the radiation performance, such

as beam repointing, coverage reshaping and polarization agility. These capabilities would be

highly desired to cope with potential link degradation (e.g., owing to thermoelastic distortions

and/or rain fade), and to adapt to changing requirements that might be needed during the

satellite lifetime. Also in this segment, the availability of new technologies allowing to improve

performance while keeping controlled size, cost and complexity, will have a large impact on

the system exploitation.

Different techniques and materials are currently available for the implementation of a given

EM reconfiguration in antenna devices, such as semiconductors (i.e., PIN and varactor diodes),

RF-MEMS, Liquid Crystal, and ferroelectrics [2]. All these technologies come with different

advantages and disadvantages, which also highly depend on the frequency of operation and

the addressed reconfiguration concept. However, a common feature to all these technologies

is the significant increased loss and complexity with regard to the devices fixed counterpart.

Moreover, both loss and complexity further increase when high-performance reconfiguration

capabilities are needed at millimeter-waves and above. In particular, loss and complexity can

be considered as the two main “universal” problems associated with the implementation of

reconfiguration capabilities in antenna systems, and will therefore constitute major limitation

to the future deployment of dynamically controllable systems for high-frequency applications.

In this context, the objective of this thesis is to contribute to the development of low-cost

2
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and efficient technologies enabling antenna reconfiguration capabilities from MMW to THz

frequencies. Within this scope, this thesis proposes the analysis, design and implementation

of mechanically reconfigurable devices using dielectric elastomer actuators (DEAs). This is

an emerging micro-technology allowing to achieve large displacement (up to the millimeter-

scale) with very compact actuators. DEAs operate by deforming thin elastomer membranes

under the application of an electric field via mechanically compliant electrodes, and possess

appealing properties for antenna reconfiguration, namely: low cost materials and fabrication,

analogue control, low power consumption and large strain outputs. Moreover, the microscale

mechanical reconfiguration principle associated with DEA technology is expected to provide

losses comparable with those of non-reconfigurable systems, owing to the possibility to

completely isolate the actuation part from the EM-active area. This is a crucial aspect for the

concerned applications, and represents a significant advantage over competing technologies.

This thesis has been partially carried out in the framework of two research projects aiming at

the development of antenna reconfiguration at MMW and above: i) REACT (Reconfigurable

millimeter-wave Antennas based on micro-fabricated electroactive Actuators) funded by the

European Space Agency (ESA) in the frame of a Network/Partnering Initiative (NPI); ii) AMRA

(Artificial Muscles for Reconfigurable Millimeter-wave Antennas) funded by the Swiss Space

Center. Additional support has been provided by the Swiss National Science Foundation

(SNSF) (grant n. 133583).

1.2 Dielectric elastomer actuators

Dielectric Elastomer Actuators (DEAs) are an attractive and relatively new technology which

possesses unique properties, asd represents a potential alternative to conventional mechan-

ical reconfiguration schemes. DEAs are stretchable soft transducer consisting of a passive

elastomer thin film (Young’s modulus in the order of MPa) sandwiched between two compliant

electrodes [3–5]. DEAs belong to the electroactive polymer (EAP) family, and are often referred

to as “artificial muscles” since they respond to an electrical stimulus and exhibit strain and

energy density comparable to natural muscles. Their principle of operation is based on the

electrostatic attraction between the two electrodes as symbolically represented in Fig. 1.1.

When a voltage is applied between the electrodes, the opposite charges collected on each

electrode produce an electrostatic pressure (Maxwell pressure) that squeezes the elastomer

modifying its original shape. In the simple case of free boundary conditions, the dielectric

contracts in thickness and expands in area (Fig. 1.1b). This behavior is owing to the incom-

pressibility characteristic of the elastromer, which results in the conservation of the original

volume. This last condition can be mathematically expressed by the following relation [6]:

λ1λ2λ3 = 1, (1.1)
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Compliant
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Figure 1.1 – Basic actuation principle of a DEA with free boundary conditions. (a) Inactive actu-
ator consisting of a thin elastomer membrane sandwiched between two compliant electrodes.
(b) Actuated state: when a voltage is applied to the compliant electrodes, the electrostatic
pressure squeezes the elastomer, which contracts in thickness and expands in area.

where λi = Li /li (i = 1,2,3) is the ratio between the deformed and initial size in the i direction

(Fig. 1.1). Equation (1.1) hence allows to correlate the thickness compression generated by

the electrostatic Maxwell force with the corresponding area expansion. The fundamental

relation between the dielectric compression and the applied voltage is obtained starting from

the electrostatic energy associated with the DEA capacitor, and adopting an approach similar

to that commonly used for parallel plate capacitors. This capacitive model allows to calculate

the Maxwell pressure p induced by the external voltage V in the vertical direction [3]:

p =−ε0εr E 2 =−ε0εr

(
V

d

)2

, (1.2)

where ε0 is the vacuum permittivity, εr is the dielectric constant of the elastomer, E is the elec-

tric field applied between the electrodes and d is the thickness of the membrane. Considering

the Hooke’s law and introducing the Young’s modulus Y of the dielectric, the thickness strain

(i.e., compression of the membrane) is given by:

s3 = L3

l3
−1 = p

Y
=−ε0εr V 2

Y d 2 . (1.3)

It is worth noting that the electric field in eq. (1.2) and (1.3) is dependent on the varying dielec-

tric thickness, meaning that the electrostatic force increases during the dielectric compression.

However, for small strains, d can be considered almost constant and replaced by the initial

thickness l3 (Fig. 1.1). Under this assumption and considering the elastomer incompressibility

expressed by eq. (1.1), the in-plane strain can be calculated from eq. (1.3) using the following
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expression [3]:

s1 = s2 =− s3

2
. (1.4)

Typical driving fields are in the order 100 V/µm (to avoid the dielectric breakdown), resulting

in actuation voltages in the kV range for common elastomer membranes with a thickness

ranging between 20 and 40µm. However, the current is very small, leading to very low DC

power consumption. In addition, power is only required to change the device configuration,

and not to maintain the actuator in a stable state, which results in a very low-power actuation

principle. Common DEA designs targeting stable and long-term operation, typically exhibit

strains in the range 10–30 %, although very large strains larger than 100 % (up to 1690 %) have

been demonstrated for particular actuator configurations [4, 7, 8]. These large achievable

strains, in combination with low-cost materials and low-complexity fabrication techniques,

make DEAs very attractive for their integration in a broad range of systems.

Since the first demonstration in 1998 [3], the interests in DEA technology has rapidly expanded

driving the emergence of several devices and applications in different fields, as appears

from comprehensive review papers on the subject [9–11]. The large strains and intrinsic soft

nature of these elastomeric actuators allow full flexibility for the realization of unconventional

actuator shapes and configurations at different size scales, in contrast to traditional rigid

actuators (e.g., piezoelectric, magnetic, electrostatic, pneumatic). This peculiarity has led to

the development of a huge number of devices, which include but are not limited to extenders,

bow-tie actuators, spring rolls [12], folded DEA [13], hydrostatically coupled [14], and buckling-

mode actuators [15]. Owing to their particular properties linking a change in electrical charge

to a mechanical deformation, DEAs have also been investigated for the realization of energy

harvesting from small (from human movement) [16] to large scale (from ocean waves) [17],

capacitive and resistive sensors [18] and switches [19]. Combining so many attributes, in

addition to inherent lightweight and compliance, makes them particularly suited for the

realization of intelligent deformable machines [11], such as biomimetic robots [20], very light-

weight rolling motors [21], and micro-grippers [22]. Commercial applications have also been

developed. In this area it is worth mentioning the Optotune’s laser speckle reducers and the

ViviTouchTM system from Bayer MaterialScience.

The particular relation between the actuation force and the elastomer thickness in DEAs

represents a distinctive potential for the realization of miniaturized devices such as for instance

demonstrated by the biological cell stretcher proposed in [24], where actuators as small

as 100µm were demonstrated. Dielectric elastomer actuators present a maximal energy

density of 105 J/m3, comparable to their magnetic and piezoelectric counterparts (Fig. 1.2).

With respect to these technologies DEAs exhibit less output force, but larger strain, which

can be several order of magnitude higher (especially compared to piezoelectric devices).

Although DEAs are also a class of electrostatic devices, they have a higher energy density than
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their air-gap counterpart, mainly due to the much larger dielectric strength of elastomers

compared to air, which allows driving the devices at higher electric fields. Thermal micro-

actuators have a higher energy density, but their performance are typically limited by the

maximum temperature change allowed by the specific application, in addition to higher power

consumption. Furthermore, DEAs are generally realized using low-cost technology which

is highly compatible with standard micro-fabrication techniques. DEAs therefore present

the best trade-off in terms of strain-force performance that are difficultly matched by other

micro-actuator technologies. These characteristics make them perfect candidates to cope with

the large-strain requirements of a wide range of applications, leading to compact solutions

with high potential for complexity and cost reduction.

DEAs are particularly suited to generate planar deformation that can be efficiently used to

displace objects in-plane, resulting in very thin devices [25]. This approach has been used for

instance for the realization of soft tunable gratings [26], rotary micromotors [21], or Optotune’s

laser speckle reducers. This particular DEA operation (i.e., in-plane displacement) is adopted

for the realization of the reconfigurable antenna devices developed during this research,

confirming the potential of DEAs for low-cost, low-complexity, and efficient mechanical

tuning discussed in this section.
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Figure 1.2 – Comparison between different micro-actuation technologies as a function of the
energy density, the output force and the achievable displacement. DEAs represent the best
trade-off in terms of actuation stroke and produced force. Adapted from [23].
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1.3 Thesis outline

The scientific contribution of this work is represented by the development of novel reconfig-

urable antenna devices based on the in-plane mechanical deformation offered by dielectric

elastomer micro-actuators. The devices presented throughout this manuscript have been

developed targeting millimeter-wave and THz operation, motivated by the increasing need for

advanced antenna reconfiguration required by emerging applications in this frequency range.

The research activities carried out during this PhD thesis have been summarized in four main

chapters. A brief review of the relevant state-of-the-art is proposed at the beginning of each

chapter.

Chapter 2 – Millimeter-wave characterization of DEA materials

The second chapter presents the experimental characterization of the electromagnetic proper-

ties of dielectric materials generally used for the implementation of DEAs. The samples under

test are made of polydimethylsiloxane (PDMS), that is the soft elastomer used for the realiza-

tion of the DEAs considered in this thesis. Two different types of measurements are presented:

(i) dielectric characterization (permittivity and loss tangent) of bulk PDMS at Ka-band and (ii)

electromagnetic characterization (surface impedance) of flexible and stretchable PDMS-based

conductive membranes in the same frequency range. The desired material properties are

extracted using a transmission/reflection approach based on 2-port rectangular waveguide

(RWG) measurements. In particular, a transmission line model and a corresponding extraction

algorithm is proposed for the non-contact characterization of thin stretchable conductors,

allowing to compensate for tolerances in the measurement setup. The experimental charac-

terization presented in this chapter is crucial to allow an accurate electromagnetic modeling

of DEA materials in the design presented in the following chapters.

Chapter 3 – Reconfigurable phase shifters based on DEAs

The third chapter proposes for the first time the application of DEAs to the implementation

of MMW reconfigurable phases shifters. Different phases shifter concepts based on DEA

mechanical reconfiguration are investigated and their performance evaluated using full-

wave simulations. One device is selected to be further optimized, fabricated and tested.

The considered concept consists of a conventional coplanar waveguide (CPW) loaded by a

suspended perturbing element which is supported and horizontally displaced by a set of planar

DEAs. The movement of the loading element over the CPW induces a variation in the effective

permittivity of the line, hence generating a change in the insertion phase. The actuation part

is completely isolated from the electomagnetic active area resulting in a very low-loss device.

A prototype is fabricated using standard and low-cost printed circuit board (PCB) technology,

demonstrating state-of-the-art performance in terms of the phase shift to loss figure of merit.

The achieved results confirm the attractive potential of DEA micro-actuators for the realization

of efficient reconfiguration in high-frequency antenna devices.
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Chapter 4 – A beam-scanning DEA reflectarray

The fourth chapter addresses the design and development of a novel reflectarray (RA) concept

using DEAs to implement 1-D beam-scanning capabilities. The proposed RA concept uses

in-plane DEA expansion to mechanically modify the resonant length of microstrip patches

on a grounded dielectric substrate. Although the use of resonant patches to realize RAs is

well known, the mechanical reconfiguration of the patch length is proposed for the first time.

The tuning approach is first demonstrated and validated through the realization of a periodic

reflective surface with uniform phase distribution where the reconfiguration is implemented

by a single set of DEAs. The design, fabrication and test of this reconfigurable surface are

discussed together with encountered issues and proposed solutions. The experimental char-

acterization of the fabricated prototype highlights very good performance allowing to validate

the designed concept. Based on these results, the design of a 1-D beam-scanning reflectarray

is proposed. This concept is based on the independent control of each column of cells to

implement beam-scanning functionality in the H-plane of the antenna.

Chapter 5 – Stretchable reflectarray antennas for THz applications

The fifth chapter focuses on the realization of stretchable reflectarrays operating in the THz

range, targeting the realization of conformal and beam-scanning devices. First it is proposed

an efficient approach for the fabrication of flexible and stretchable conductors with high

potential for the implementation of adaptive antenna devices. These conductors are realized

inheriting the experience gained by the EPFL-LMTS group in the development of compliant

electrodes for DEAs, which are based on low-energy gold ion implantation in PDMS thin

membranes. Fabricated test samples are characterized using THz time-domain spectroscopy

(TDS) to evaluate the change in conductivity associated with an applied stretching. This

technique is then used for the realization of the stretchable ground plane in a RA operating at

0.75 THz and using solid-metal resonant patches of different sizes (fabricated using a shadow

mask evaporation technique) to deflect the beam to an off-normal direction. Beam-scanning

is experimentally demonstrated at THz for the first time. The approach is based on mechanical

stretching, which can be implemented by integrated planar DEAs in future designs.

Chapter 6 – Conclusion and perspective

The sixth and last chapter draws the conclusions summarizing the main results achieved

during this work and presented in the previous chapters. Furthermore, it includes a discussion

about future perspectives and critical aspects that need to be addressed in future research

lines to promote a wider application of DEA reconfiguration in antenna devices.
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2 Millimeter-wave characterization of
DEA materials

This chapter presents the experimental characterization of dielectric materials generally

used for the implementation of dielectric elastomer actuators (DEAs). The samples under

test are made of polydimethylsiloxane (PDMS), a silicon-based organic polymer that finds

application in several engineering fields. In particular, two different types of measurements

are presented: (i) dielectric characterization (permittivity and loss tangent) of bulk PDMS

at Ka-band (26.5–40 GHz) and (ii) electromagnetic characterization (surface impedance) of

flexible and stretchable PDMS-based conductive membranes in the same frequency range.

A transmission/reflection approach based on 2-port rectangular waveguide (RWG) measure-

ments is used to extract in a simple and accurate way the dielectric properties of the considered

test samples. The proposed technique is presented in §2.1: the theoretical formulation is

described in §2.1.1 while an experiment based on full-wave electromagnetic simulations is

analyzed in §2.1.2. Different bulky PDMS samples have been prepared using commercial

materials and their experimental characterization is presented in §2.3.1. In turn, a non-contact

measurement technique for the surface impedance characterization of flexible metallizations

is discussed in §2.2: the theoretical approach is presented in §2.2.1 and it is validated in §2.2.2

using full-wave simulated data. The experimental characterization of different types of flexible

and stretchable conductive membranes is presented in §2.3.2. A discussion on measurements

results and open issues is reported in §2.4.

2.1 Bulk materials characterization

The objective of this section is to describe the proposed method for the dielectric charac-

terization of PDMS. This study is especially motivated by the need to accurately know the

dielectric properties of any material included in the design of the reconfigurable antenna de-

vices presented in the following chapters. PDMS has a large number of applications including

biomedical devices, microfluidics and DEAs, but has been barely used for the implementation

of MMW antenna devices. Moreover, dielectric properties are generally provided only at lower

frequency (up to 100 kHz) for commercial polymers. Therefore, a dedicated experimental
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Chapter 2. Millimeter-wave characterization of DEA materials

characterization has been necessary. The considered technique is based on 2-port scattering

parameter measurements of a RWG loaded by the unknown material. This method demon-

strated to be fast and accurate and can be generally used to measure the complex dielectric

constant of any material at microwaves and millimeter-waves.

2.1.1 Basic theory and general approach

The proposed method for the characterization of polymerized PDMS follows a transmis-

sion/reflection (T/R) approach, which is commonly used to measure the broadband complex

permittivity of dielectric materials. The discussed technique is a formulation of the Nicol-

son-Ross [1] and Weir [2] procedure. We use a different transmission line (TL) modeling to

retrieve the electromagnetic properties of the sample under test from the 2-ports measured

scattering parameters. The selected waveguide-based T/R method was mainly preferred to

other available techniques (e.g., dielectric and cavity resonators, free-space techniques) [3]

for the following reasons: i) test samples are easily prepared filling RWG sections with the

unpolymerized PDMS; ii) good accuracy in the extraction over a wide frequency range, which

is defined by the single mode operation of the holder RWG (e.g., 26.5–40 GHz for a WR28

waveguide standard); iii) easy connection of the sample under test with the measuring vector

network analyzer; iv) no need to involve transcendental equation or numerical solutions in the

extraction procedure. Overall, the proposed technique represents the best trade-off between

achievable accuracy in the extraction and low-complexity of the measurement setup.

The measurement setup is simple and test samples can be easily prepared. The unknown

material is placed within the section of a rectangular waveguide with generic transversal

dimensions a and b, as illustrated in Fig. 2.1. The corresponding equivalent transmission

line (TL) model is then considered. When the rectangular waveguide is only excited by the

fundamental mode T E10, the whole structure can be modeled as the cascade of three different

transmission line sections as represented in Fig. 2.2a. Each section, corresponding to a portion

of the loaded RWG, is characterized by its length Li , characteristic impedance Zi (complex

for lossy materials) and complex propagation constant γi = αi + jβi , and can be fully de-

scribed through an ABCD transmission model [4]. Considering the previous assumptions (i.e.,

T E10 excitation and TL modeling), the i − th section is exactly represented by the respective

transmission or ABCD matrix Ti , given by [4]:

Ti =
[

Ai Bi

Ci Di

]
=

 cosh
(
γi Li

)
Zi sinh

(
γi Li

)
1

Zi
sinh

(
γi Li

)
cosh

(
γi Li

)
 . (2.1)

In the specific case depicted in Fig. 2.1, the electromagnetic propagation in the rectangular

waveguide loaded by the unknown dielectric, is fully described by the concatenation of three

transmission matrices: 1) air-filled RWG, 2) dielectric-filled RWG and 3) air-filled RWG. Thus,
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2.1. Bulk materials characterization

Figure 2.1 – Longitudinal section drawing of a rectangular waveguide loaded by the unknown
dielectric material. The dielectric completely fills the central part of the waveguide with
generic cross section a ×b.

(a)

(b)

Figure 2.2 – Transmission line model of the RWG filled with the dielectric under test. (a) Each
TL section is described by its propagation constant γi , characteristic impedence Zi and length
Li . (b) The dielectric-filled TL section is completely described by its equivalent ABCD TL
model after deembed of the air-filled RWG sections.
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Chapter 2. Millimeter-wave characterization of DEA materials

considering the general TL theory, the total transmission or ABCD matrix is calculated using a

matrix multiplication:

Ttot =
[

Atot Btot

Ctot D tot

]
= Tai r Tdi el Tai r . (2.2)

Ttot is obtained from the measured S-parameters using the following relations:

Atot = (1+S11) (1−S22)+S12S21

2S21
, (2.3a)

Btot =
Zr e f (1+S11) (1+S22)−S12S21

2S21
, (2.3b)

Ctot = 1

Zr e f

(1−S11) (1−S22)−S12S21

2S21
, (2.3c)

D tot = (1−S11) (1+S22)+S12S21

2S21
, (2.3d)

where Zr e f is the reference characteristic impedance of the considered S-parameters. At this

point, the ABCD matrix of the dielectric-filled section is given by

Tdi el =
[

Adi el Bdi el

Cdi el Ddi el

]
= T −1

ai r Ttot T −1
ai r . (2.4)

In practical applications it is usually possible to deembed the measured scattering parameters

(e.g., using TRL calibration, as discussed in §2.3), in order to place the reference planes of

the performed measurement exactly at the faces of the unknown dielectric. The equivalent

transmission line model is illustrated in Fig. 2.2b. In this particular case, the parameters

Adi el , Bdi el , Cdi el and Ddi el can be directly calculated using eq. (2.3), where Zr e f corresponds

to the characteristic impedence of the air-filled RWG section. Then, eq. (2.1) can be easily

inverted to obtain the complex propagation constant and the characteristic impedance of the

dielectric-filled RWG section:

γdi el =
1

Ldi el
acosh

(
Adi el +Ddi el

2

)
, (2.5)

Zdi el =
√

Bdi el

Cdi el
. (2.6)
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2.1. Bulk materials characterization

The unknown complex dielectric constant can be directly retrieved from the propagation

constant γdi el . For the fundamental T E10 mode, the complex propagation constant and the

characteristic impedance are respectively given by:

γ=α+ jβ=
√(π

a

)2
−ω2µ0ε, (2.7)

Z0 = jωµ

γ
, (2.8)

and the complex dielectric constant can be generally written as

ε= ε′− jε′′ = ε0εr
(
1− j tanδ

)
, (2.9)

where εr is the relative dielectric constant and tanδ = ε′′/ε′ is the dielectric loss tangent. In

this formulation, the conductivity of the dielectric material is assumed to be zero and only

dielectric losses are considered (i.e.,α=αd ); under this assumption, the loss tangent is directly

related to the imaginary part of the propagation constant. Thus, by squaring second and third

terms of eq. (2.7) and comparing the respective real and imaginary parts, we obtain the desired

dielectric properties

εr =

(π
a

)2
+β2 −α2

ω2µ0ε0
, (2.10)

tanδ= 2αβ

ω2µ0ε0εr
. (2.11)

Equations (2.10) and (2.11) allow to calculate the desired dielectric properties of the unknown

elastomer (or generic dielectric material) from the measured 2-port S-parameters. Neverthe-

less, it is well known from literature that T/R techniques are numerically unstable for low-loss

materials when thickness resonances arise, that is when the dielectric thickness correspond

to an integer multiple of half guided wavelength [5, 6]. At these frequencies, in fact, the mag-

nitude of S11 is very small (thickness resonance peak) and the uncertainty on the phase of

S11 becomes unacceptable. Different methods have been proposed to overcome this issue

(e.g., [5–7]) and could be investigated. However, these techniques would generally increase

algorithm and computation complexity, without bringing a significant advantage. For our goal,

a simpler solution lied in the preparation of various samples with different thickness, in order

to avoid pathological resonance effects in the bandwidth of interest. In the next section the

proposed technique is validated using full-wave simulation data. More details about sample
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Chapter 2. Millimeter-wave characterization of DEA materials

preparation and characterization are given in §2.3.1.

2.1.2 Dielectric properties extraction from simulated data

In order to validate the extraction technique discussed in the previous section, an experiment

based on full-wave simulations is reported. A rectangular waveguide loaded by a PDMS sample

(Fig. 2.1) was simulated in the range 25–40 GHz using the commercial software Ansys HFSS.

Dimensions and frequency range of the RWG section were selected in agreement with the

commercial standard WR28 (a = 7.112mm and b = 3.556mm). The dielectric properties of

the PDMS were chosen according to the results reported in [8] for the commercial Sylgard 184.

Therefore, a dielectric permittivity εr = 2.77 and a loss tangent tanδ= 0.04 were assigned in

the simulator. Different thicknesses for the dielectric inside the RWG were considered (1, 2, 3

and 5 mm), in order to test the sensitivity of the extraction technique to realistic tolerances of

the test fixture. Simulated results are also compared with synthetic data calculated using the

TL theory discussed in the previous section.

Figure 2.3 shows a comparison between simulated (from HFSS without deembed) and theoret-

ical scattering parameters. Both sets of data corresponds to the geometry depicted in Fig. 2.1

and the related TL model of Fig. 2.2a. Theoretical scattering parameters were calculated

using the transmission matrix approach described in the previous section. That is, eq. (2.1)

was used to calculate the ABCD parameters for each TL section (air, pdms, air) and the total

ABCD matrix was obtained by eq. (2.2). Then, scattering parameters were calculated using the

following relations [4]:

S11 =
Atot + Btot

Zr e f
−Ctot Zr e f −D tot

Atot + Btot

Zr e f
+Ctot Zr e f +D tot

, (2.12a)

S12 = 2(Atot D tot −BtotCtot )

Atot + Btot

Zr e f
+Ctot Zr e f +D tot

, (2.12b)

S21 = 2

Atot + Btot

Zr e f
+Ctot Zr e f +D tot

, (2.12c)

S22 =
−Atot + Btot

Zr e f
−Ctot Zr e f +D tot

Atot + Btot

Zr e f
+Ctot Zr e f +D tot

, (2.12d)

where Zr e f is the reference characteristic impedance of the air-filled waveguide, obtained

from eq. (2.8). As expected, an excellent agreement is obtained for both magnitude and phase
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2.1. Bulk materials characterization
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Figure 2.3 – Simulated and theoretical scattering parameters for different thicknesses of the
PDMS dielectric inside the hosting RWG: (a) LPDMS = 1mm, (b) LPDMS = 2mm, (c) LPDMS =
3mm, (d) LPDMS = 5mm. Simulated data are obtained using HFSS full-wave simulations,
whereas theoretical S-parameters are calculated using eq. (2.1), (2.2) and (2.12).
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Chapter 2. Millimeter-wave characterization of DEA materials

Figure 2.4 – Simulated geometry (HFSS) after deembed of the reference planes, equivalent to
the TL model of Fig. 2.2b. The RWG walls are implemented using PEC boundary conditions
and two waveports (Port 1 and Port 2) are used to excite the T E10 mode.

between calculated and simulated scattering parameters for the PDMS-filled RWG, since an

exact analytical model has been adopted.

The simulated scattering parameters of Fig. 2.3 were then deembedded as illustrated in Fig. 2.4

to remove the effect of the air-filled waveguide sections. The rectangular waveguide was

implemented using perfect electric conductor (PEC) boundary conditions in HFSS, and two

waveports were used to excite the T E10 mode. The deembed procedure allowed to move

the reference planes of the simulated S-parameters to the faces of the dielectric material,

corresponding to a realistic 2-ports measurement setup based on TRL calibration (more details

in §2.3). The equivalent model of Fig. 2.2b was then considered and equations (2.3)–(2.11)

were used to extract the desired dielectric properties. This procedure exactly corresponds to

a real experimental characterization, if simulated scattering parameters are replaced with

measured ones.

The results of the extraction are shown in Fig. 2.5, where retrieved εr and tanδ are plotted

in comparison with the respective nominal values assigned in the simulator. Retrievals and

simulations exhibit an excellent agreement, validating the accuracy and efficiency of the

proposed technique. This is also confirmed by the error analysis presented in Fig. 2.6: the

relative error is always smaller than 0.15% for the permittivity and 0.012% for the loss tangent.

Such an error is only due to the numerical precision of the electromagnetic solver and of the

extraction software. Moreover, the procedure is not affected by the PDMS thickness since

similar results were obtained for all the considered examples. It is worth noting that the

extraction experiment presented so far is based on the ideal case where all the parameters and

sample properties are well known. However, in a real measurement setup, this assumption is

no longer valid since all these properties are known with a finite precision, and a number of

tolerances need be considered.

Tolerances in the dielectric thickness, for instance, will certainly affect the measurement

accuracy. An error in the knowledge of LPDMS can generate inaccuracy in the extraction of the

propagation constant from eq. (2.5) and, thus, incorrect values of the calculated εr and tanδ.

In order to assess the effect of this error, a sensitivity analysis has been performed introducing

a perturbation δL in the extraction procedure. The error was calculated with respect to the
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2.1. Bulk materials characterization
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Figure 2.5 – Propagation constant and dielectric properties (permittivity and loss tangent)
extracted from full-wave simulations for different thickness of the PDMS material loading the
RWG. The extraction technique described in §2.1.1 is applied.
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Figure 2.6 – Relative error for the retrievals of Fig. 2.5 with respect to the nominal values
assigned in HFSS. Negligible values are found, which are mainly due to the numerical precision
of the EM solver and of the extraction software.
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Figure 2.7 – Relative error in the extraction of εr and tanδ due to inaccuracy in the knowledge
of the PDMS thickness. A perturbation δL was introduced in the extraction procedure to
emulate an incorrect sample thickness. Different dielectric thicknesses are considered: (a)
LPDMS = 1mm, (b) LPDMS = 2mm, (c) LPDMS = 3mm, (d) LPDMS = 5mm.
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2.2. Characterization of stretchable conductive membranes

nominal extraction when the dielectric thickness is known with infinite precision (i.e., δL = 0):

∆x

x
= x |δL 6=0 −x |δL=0

x |δL=0
. (2.13)

Figure 2.7 shows the relative error for four different thicknesses of the PDMS sample (1, 2, 3 and

5 mm) and for different perturbations δL. As expected, the smaller is the nominal thickness of

the sample, the bigger is the error for the same value δL. The maximum calculated error on

the retrieved permittivity is smaller than 6 % when LPDMS = 1mm, while it decreases to 2 %

when LPDMS = 5mm. These values were completely acceptable in our setup, considering that

in practical applications we were able to know the sample thickness with a 50µm precision.

It is also worth noting that a peak in the error of the extracted loss tangent appears in corre-

spondence of the thickness resonance for the 3 mm and 5 mm samples (cf. Fig. 2.3). From

this analysis we can conclude that thicker samples are less sensitive to any small error in the

knowledge of their thickness, but present the well-known resonance effect. For this reason,

we have considered samples with various thicknesses in our experimental characterization,

thereby reducing the uncertainty linked to the extracted values in the whole frequency range.

2.2 Characterization of stretchable conductive membranes

Manufacturing and characterization of flexible and stretchable conductors has recently gained

sustained interest [9], due to their wide range of applications in wireless communications and

biomedical industry, including the realization of wearable antennas [10] and reconfigurable

radiofrequency (RF) devices [11]. Design and development of all these components require an

accurate knowledge of the electric properties of considered metallizations. Different measure-

ment techniques, based on cavity and planar resonators (e.g., [12]), have been developed in

the past to characterize the RF surface impedance of thin metal films. However, these meth-

ods require the design and manufacturing of particular resonators based on the unknown

conductor and their connection to the measurement system. This increases the complexity of

the measurement setup and can be particularly inconvenient for the high frequency charac-

terization of flexible and stretchable membranes based on soft materials (i.e., the contact can

be problematic).

The aim of this section is to present the basics of a non-contact characterization technique

based on a 2-port transmission/reflection (T/R) approach, allowing to measure the surface

impedance of thin flexible and stretchable conductors. In particular, we are especially in-

terested in the characterization of flexible metallization or conductive membranes, in order

to understand whether they can be suitable for the design and implementation of reconfig-

urable MMW devices (mainly tunable phase shifters and antennas). Although the proposed

technique is generally applicable to the characterization of any thin-film conductor, here we

consider flexible and stretchable metallizations on thin PDMS membranes.
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Chapter 2. Millimeter-wave characterization of DEA materials

2.2.1 Basic theory and general approach

The general transmission line theory behind the proposed non-contact measurement tech-

nique is presented in this section. The basic approach was adapted from the work described

in [13], that allows a non-contact characterization of conductive sheets. The method is based

on the same transmission line modeling discussed in §2.1.1 for the dielectric characteriza-

tion of bulk dielectrics, but a particular electrical model for the conductive layer has been

considered.

As the considered membranes are very thin, it is necessary to bond them on a rigid and

low-loss substrate in order to allow their placement inside the hosting RWG. Therefore, a

realistic setup is assumed in this section to present the proposed measurement technique.

In particular, for the experimental characterization discussed in §2.3.2, conductive PDMS

membranes are transferred to fused silica substrates, previously cut in order to fit the holding

RWG section (WR28 standard is considered for Ka-band measurements). Fused silica chips,

obtained from a commercial wafer, have thickness Lg l ass = 525±50µm, permittivity εg l ass =
3.80±0.15 and loss tangent tanδg l ass = 0.0004 at the frequencies of interest. Then, each chip

(conductive membrane on glass) is pasted on a foam substrate of same cross-section, of

thickness L f oam = 1000±50µm and permittivity ε f oam = 1.05±0.05. This foam substrate is

used as a physical support to simplify the placement and alignment within the RWG holder

employed for measurements. The foam-glass-membrane sample is then placed within a

RWG section, as depicted in Fig. 2.8. The corresponding circuit model, assuming a T E10

mode excitation, is illustrated in Fig. 2.9a, where the conductive layer is represented by a

lumped impedance ZS , and each uniform dielectric-loaded RWG section by a transmission

line of finite length Li , characteristic impedance Zi and complex propagation constant γi

(i = ai r ; pdms; g l ass; f oam). This model is a rigorous representation of the considered

system under the fundamental T E10 mode propagation. Moreover, since the thickness of the

conducting layer is electrically very small in our samples (<100 nm, [14, 15]), a shunt lumped

impedance ZS exactly models the conductive layer [16].

The sheet impedance ZS is then represented by an ABCD matrix and the corresponding

T-model is considered (Fig. 2.9b). According to the previous assumptions (i.e., the conductive

layer is electrically small), Z1 and Z2 shall be exactly zero [16] and the conductive layer is

correctly represented by the shunt impedance ZS alone. Thus, from measured scattering

parameters we can calculate the total network transmission matrix Ttot using eq. (2.2) and

eq. (2.3). The transmission matrix TS for the impedance layer is then obtained by matrix

inversion and multiplication:

TS =
[

AS BS

CS DS

]
= T −1

ai r Ttot T −1
f oamT −1

g l assT −1
pdms , (2.14)
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2.2. Characterization of stretchable conductive membranes

Figure 2.8 – Schematic representation of a RWG loaded by the foam-glass-membrane chip
under test. The considered conductive membranes are extremely thin and, therefore, it is
necessary to bond them on a rigid and low-loss substrate.

(a)

(b)

Figure 2.9 – Equivalent representation of the RWG configuration depicted in Fig. 2.8. (a) Com-
plete transmission line model, where each TL section is described by its propagation constant
γi , characteristic impedence Zi and length Li , and the conductive layer by a shunt impedance
ZS . (b) Equivalent circuit of the conductive layer under measurements; the equivalent ABCD
model is considered and a T-model circuit is extracted.
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where Tai r , Tpdms , Tg l ass , and T f oam are the transmission matrices of the respective TL

sections depicted in Fig. 2.9a. The elements of the equivalent T-model, in turn, are calculated

using the following relations [4]:

Z1 = AS −1

C
, (2.15a)

Z2 = DS −1

C
, (2.15b)

ZS = 1

CS
. (2.15c)

The series impedances from eq. (2.15a) and eq. (2.15b) must be exactly zero [16] and the flexi-

ble membrane is fully described by the shunt impedance ZS . However, in practical application,

non-zero series elements Z1 and Z2 are generally retrieved from real measurements, due to

the effect of tolerances in the thickness and dielectric properties of the involved substrates

(i.e., substrates properties are known with finite accuracy). Based on these observations, the

routine used for the extraction of ZS varies the different substrate parameters (thickness and

permittivity) within the manufacturer tolerances so as to minimize the series components.

More specifically, Z1 and Z2 are used to estimate the error, which is minimized at each itera-

tion. This allows for a more accurate computation of ZS , reducing the effect of the different

tolerances in considered samples.

2.2.2 Surface impedance extraction from simulated data

The extraction technique discussed in the previous section was validated through a full-wave

simulation approach, where a realistic measurement setup was considered (Fig. 2.10). An

air-filled RWG section was left between the conductive layer and Re f1 to emulate the real

case when the chip under test does not fill completely the waveguide holder. In agreement

with §2.1.2, simulations were performed in the range 25–40 GHz using Ansys HFSS. The rectan-

Figure 2.10 – Simulated measurements setup for surface impedance characterization. The
rectangular waveguide is implemented using PEC boundary conditions, and two waveports
are used to excite the T E10 mode. The conductive layer on the PDMS membrane is modeled
through an impedance boundary condition.
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2.2. Characterization of stretchable conductive membranes

gular waveguide was implemented using PEC boundary conditions in the simulator, and two

waveports were used to excite the T E10 mode. The conductive layer on the PDMS membrane

was considered infinitely thin and modeled through a surface impedance boundary condition.

Different values of thickness and surface impedance for the PDMS membrane were simulated

and the respective extraction procedure was carried out. In all the analyzed cases, we were

able to extract the desired values with negligible errors when all the dimensions and dielectric

parameters were assumed to be known. Nevertheless, for the sake of brevity, only one case

is presented in this section. This simulated experiment was based on the following realistic

parameters for the involved materials: Lpdms = 60µm, Lg l ass = 525µm, L f oam = 1000µm and

surface impedance ZS = 50Ω/�.

The results of the extraction are shown in Fig. 2.11. It is worth observing that the proposed

technique is very accurate in the processing of simulated data where all the parameters are

precisely known. In fact, as discussed in §2.2.1, Z1 and Z2 should be zero and their extracted

values can be used to evaluate the committed error (Fig. 2.11), which results to be very small

here (<0.8Ω) and most probably due to the numerical precision of the utilized software.

Nevertheless, in real measurements all the parameters (e.g., thicknesses of the glass and foam,

and respective dielectric properties) are known with finite precision, thereby introducing

errors in the extraction. In order to improve the extraction accuracy, the retrieved values of

Z1 and Z2 can be used to optimize the procedure. That is, the substrate uncertainties can be

varied in the extraction procedure within the manufacturer tolerances in order to minimize Z1

and Z2, since as mentioned above these have to be zero.

A sensitivity analysis has been performed to evaluate the influence of the PDMS thickness

accuracy. Since the PDMS thickness is very small compared to the fused silica and foam

substrates, an error in its knowledge will marginally affect the extraction. To confirm this

assumption, a perturbation δL was introduced in the extraction procedure, as it had been

previously done for the bulk PDMS. The extracted values of ZS , Z1 and Z2 are shown in Fig. 2.12

for different realistic values of δL: the extraction of the surface impedance is barely affected

by an error in the knowledge of the PDMS thickness. The only visible effect is an increase of

the magnitude of Z2 (increasing error), but its values are still below an acceptable threshold.

Moreover, as explained above, this error can be favorably used to improve the extraction

accuracy. Different tests related to substrate tolerances were performed and the extraction

procedure always managed to correct for any inaccuracy in the knowledge of the permittivity

and thickness of involved materials.

A critical aspect to investigate is represented by the effect of the conductive layer size. In

fact, when the conductive membrane does not exactly fill the waveguide section, capacitive

effects between the conductor edge and the waveguide walls can arise. Two situations can be

considered, and are symbolically illustrated in Fig. 2.13: i) a gap δx between the conductive

sheet and the vertical metallic walls of the waveguide, and ii) a gap δy between the sheet and

the horizontal metallic walls. The former generates negligible effects because the electric field
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Figure 2.11 – Extracted impedance ZS (left panel) and committed error (right panel) for
the presented simulated experiment. The conductive membrane is bonded to a stack of
fused silica and foam and placed inside a RWG. The considered materials have the following
characteristics: Lpdms = 60µm, Lg l ass = 525µm, L f oam = 1000µm and ZS = 50Ω/�.
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2.2. Characterization of stretchable conductive membranes

Figure 2.13 – Schematic representation of a gap between the conductive membrane and the
RWG walls. A gap δx between the membrane and the vertical metallic wall of the waveguide
and a gap δy between the membrane and the horizontal metallic wall of the waveguide are
considered. Red arrows depict the electric field distribution of the fundamental T E10 mode.
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Figure 2.14 – Effect of a gap δy between the conductive membrane and the horizontal wall
of the RWG (cf. Fig. 2.13) in the extraction procedure. Left panel shows the extracted surface
resistance RS (solid lines) and reactance XS (dashed lines). Right panel shows the extracted
series capacitive component that accurately models the imaginary part XS .
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of the dominant T E10 mode vanishes in correspondence of x = 0 and x = a, while the latter

has to be investigated. Figure 2.13 also shows the electric field distribution (red arrows) of

the dominant T E10 mode inside the RWG. This simplified illustration clearly highlights the

non-negligible coupling between the horizontal edge of the conductive layer and the RWG

when a gap δy is present.

A parametric analysis was performed varying δy in the simulator geometry, and the resulting

scattering parameters were fed to the extraction procedure. The extracted sheet impedance

ZS = RS+ j XS for different gaps is reported in the left panel of Fig. 2.14 (RS in solid lines and XS

in dashed lines): the real part of the extracted impedance increases with δy , and an imaginary

part different from zero appears (note that a real impedance was previously assigned in the

simulator). It is easy to demonstrate that the extracted impedance can be modeled by a series

R-L-C circuit, where the inductive component is almost negligible. The right panel of Fig. 2.14

shows the extracted series capacitance CS as a function of the vertical gap δy .

This effect has to be carefully studied in real measurements. However, the magnitude of this

gap is not easy to quantify, due to the very small sizes of the involved materials, but simulations

can be used in post-processing for a better estimate of the desired surface impedance. A

post-processing procedure (based on full-wave simulations and least-squared approach)

allowing to remove the gap error and to estimate the δy value, will be proposed and discussed

in §2.3.2.

2.3 Experimental results

2.3.1 Dielectric properties of bulk PDMS

In this section the experimental dielectric characterization of a commercial PDMS material at

Ka-band is presented. The extraction technique described in §2.1.1 was used to retrieve the

relative permittivity and loss tangent of the unknown dielectric.

The PDMS under investigation is the commercial Dow Corning Sylgard 186 [17]. This elastomer

will be mentioned several time throughout this manuscript, since it is the basic material of

all the dielectric elastomer actuators implementing the reconfigurable devices presented

in the following chapters. Thus, a dielectric characterization was necessary to extract the

material properties needed in the design of any later MMW device. To our best knowledge,

no information regarding the Ka-band behavior of this specific material were available in

literature, and the manufacturer only provides information up to 100 kHz.

Different brass RWG sections with thickness of 2, 3 and 5 mm were manufactured and com-

pletely filled with the unpolymerized PDMS. Therefore, the thickness of each PDMS sample

exactly corresponded to the thickness of the hosting RWG section. The PDMS polymer was

prepared using a standard procedure: the Sylgard 186 monomer was first mixed together

with the curing agent in a 10:1 mass ratio (as suggested by the manufacturer) and then rect-
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Figure 2.15 – Rectangular waveguide section filled with the PDMS under study. The commercial
Dow Corning Sylgard 186 is prepared using a standard procedure and poured inside the RWG
holder. The polymerization of the PDMS is then accelerated by two baking phases.

angular waveguide sections were manually filled. Two microscope glass slides were placed

and pressed on the two faces of the RWG, in order to assure a flat surface once the PDMS

was cured. The polymerization of PDMS was accelerated by two baking phases: the first at

50 ◦C for 30 minutes to reduce the formation of air bubbles and the second at 105 ◦C for 60

minutes. The preparation of the PDMS test samples was carried out at the Microsystems for

Space Technologies Laboratory (LMTS), EPFL. An example of test sample is shown in Fig. 2.15.

The results corresponding to five different samples are considered in this measurements

analysis: two samples with a thickness of 2 mm (sample1 and sample2 in the following), two

samples with a thickness of 3 mm (sample3 and sample4) and one sample with a thickness of

5 mm (sample5).

A full two-port measurement procedure was adopted to characterize the considered sam-

ples. To this regard, each RWG section was connected to an Agilent E8361 PNA using two

coax-to-waveguide adapters. A Thru-Reflect-Line (TRL) calibration was used for removing

the effect of the transitions between the coaxial-based network analyzer and the RWG. TRL

calibration allows to locate the reference planes of the measurements exactly at the faces of

the waveguide section and to refer the measured S-parameters to the modal impedance of the

air-filled waveguide (as described in §2.1.2 for simulations). The measured scattering parame-

ters (magnitude and phase) for the five samples are shown in Fig. 2.16. An excellent agreement

is found for S21 between samples with equal thickness and a very good agreement for S11.

Moreover, for the 3 mm and 5 mm thick samples is also visible the S11 thickness resonance

effect discussed in §2.1.1; this means that extracted values will diverge at those frequency

and cannot be trusted. However, the use of different thicknesses allows to have always a wide

frequency range exempt from degrading effects.

Measured scattering parameters (Fig. 2.16) were then processed to obtain the complex prop-

agation constant and the desired dielectric properties using eq. (2.10) and eq. (2.11). The

extracted propagation constant γ=α+ jβ is shown in Fig. 2.17. A good agreement is achieved

between the propagation constant of different samples, while α diverges at frequencies where

the resonance thickness appears for sample3 and sample4. This is a well known phenomenon
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Figure 2.18 – Permittivity εr (left) and loss tangent tanδ (right) retrieved from the measured
scattering parameters of Fig. 2.16. Gray dashed parts are a priori discarded because correspond
to a thickness resonance (cf. §2.1.1).

(e.g., [5, 6]) and has already been discussed in §2.1.1. The measurement procedure is numeri-

cally unstable when the magnitude of S11 is too small and the extracted values are discarded

(dashed gray lines). More interesting for our scopes are the retrieved dielectric properties

shown in Fig. 2.18. All measured samples exhibit a permittivity in the range 2.78–2.82 with a

mean value of 2.79. A slightly higher variability is visible for the retrieved loss tangent with

extracted values between 0.033 and 0.045 and a mean value of 0.038. Moreover, the values

corresponding to the resonance are discarded, because not accurate for the reasons explained

above.

2.3.2 Conductivity of stretchable metalized membranes

The measurement technique presented in §2.2 has been applied to characterize two differ-

ent types of flexible conductive membranes: i) PDMS membranes (both prestretched and

non-prestretched) implanted with gold ions using low-energy filtered cathodic vacuum arc

(FCVA) [14, 18], and ii) commercial PDMS corrugated films with a thin silver layer deposition

provided by Danfoss PolyPower A/S [15, 19].

The selected conductive membranes have been developed addressing the realization of com-

pliant electrodes in dielectric elastomer actuators, where high flexibility and strain capabilities

are required. Moreover, these electrodes must remain conductive and sustain high actuation

strains without being damaged [9]. These properties result to be very convenient for the

realization of flexible and stretchable conductive paths in mechanically reconfigurable MMW

devices, where deformations up to the millimeter-range are desired (note that the free-space

wavelength is 10 mm at 30 GHz).

The implanted PDMS membranes were prepared at LMTS using a low-energy (2–10 keV) FCVA

equipment based on a RHK Technology ARC 20 pulsed arc source [14, 18]. The implantation

procedure, described in [14], allows to create a layer of gold nano-clusters embedded into the

top 50 nm of the PDMS membrane as shown in Fig. 2.19a. These gold particles are in physical

31



Chapter 2. Millimeter-wave characterization of DEA materials

(a) (b)

Figure 2.19 – Flexible and stretchable conductive membranes under test. (a) TEM cross-section
of a PDMS membrane implanted with gold nano-particles using filtered cathodic vacuum arc;
the implantation direction is from right to left. Reproduced from [18]. (b) Illustration of the
PolyPower corrugated membrane with thin-film silver evaporated on the corrugated surface.
The lamination of two membranes is necessary to obtain the commercial DEA. Adapted
from [9].

contact, thereby providing an extremely thin conductive layer. Owing to the absence of me-

chanical bonds, gold particles move relative to each other (maintaining the conductive path)

when the elastomer is stretched. The experimental results presented in [14] demonstrated

strains of up to 170 % before the electrodes lost their conductivity. Moreover, they sustained

up to 100 000 cycles at 30 % strain keeping good DC conductivity.

The PolyPower films, on the other hand, are commercial electrodes based on corrugated PDMS

membranes. These are produced using large-scale manufacturing techniques [15, 19]. The

corrugated membrane is first obtained using a molding technique. Then, after curing of the

elastomer material, a vacuum sputtering process is used to deposit a silver thin-film (thickness

around 110 nm) on the corrugated surface. Both the corrugation depth and period are in the

range of 7µm. With this geometry, these membranes can sustain up to 80 % strain without

inducing significant damages into the metal layer. These metallized films were developed

aiming the implementation of DEAs, where a capacitor configuration is needed. The elastomer

capacitor is obtained by laminating two films with their flat sides in contact (Fig. 2.19b).

Therefore, for our scope, we needed to de-laminate the PolyPower film, in order to obtain a

single PDMS membrane with the conductive layer extending only on one side.

The results corresponding to five different samples are presented in this document: two

prestretched implanted membranes with equi-biaxial prestretch(sample1 and sample2), two

non-prestretched implanted membranes (samples3 and sample4) and a Danfoss PolyPower

corrugated membrane (sample5). The main characteristics of the considered samples are

summarized in Tab. 2.1.

All available membranes were transferred to fused silica chips of dimensions 7.112×3.556 mm2

32



2.3. Experimental results

Table 2.1 – Main characteristics of the conductive membranes under test.

Sample Thickness, µm Prestretch

Implanted PDMS membrane 42.0 equi-biaxial, λ= 1.19
Implanted PDMS membrane 43.5 equi-biaxial, λ= 1.26
Implanted PDMS membrane 61.0 NA
Implanted PDMS membrane 69.5 NA
Danfoss PolyPower membrane 40.0 NA
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Figure 2.20 – Measured scattering parameters from the considered samples listed in Tab. 2.1.
Sample1, sample2, sample3 and sample4 are realized using gold ion implantation in thin
PDMS membranes. Sample5 is a commercial Danfoss PolyPower corrugated membrane with
thin-film metallization on the corrugated surface.
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Figure 2.21 – Measured surface impedance before correction of the gap error: (a) directly
extracted from the measured scattering parameters of Fig. 2.20; (b) equivalent series circuit
model extraction.
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(to completely fill a WR28 waveguide section), thickness Lg l ass = 525±50µm and permittiv-

ity εg l ass = 3.8±0.15. Then, each chip was pasted on a foam substrate of same transverse

dimensions, of thickness L f oam = 1000±50µm and permittivity ε f oam = 1.05± 0.05. The

measurements setup was completed by placing the foam-glass-membrane sample within a

3 mm RWG section. Then, the RWG holder was connected to an Agilent E8361A PNA and a TRL

calibration was performed. The TRL calibration allowed to place the measurement reference

planes at the edges of the 3 mm RWG holder, as depicted in Fig. 2.10. Therefore, the general

model of Fig. 2.9 was used for the extraction of the shunt impedance from measured scattering

parameters. The approach discussed in §2.2.1 was applied and the surface impedance of the

conductive membrane under test given by eq. (2.15c).

Measured scattering parameters for the considered samples of Tab. 2.1 are shown in Fig. 2.20.

It is worth observing that a strong reflection (S11) is available for all samples, mainly due to

the conductive layer. Moreover, measured S-parameters exhibit the same trend. Thereby,

as expected, neither the thickness nor the pre-stretching of the PDMS membrane affect the

electromagnetic response of the test fixture. In turn, this can be also confirmed by looking at

the extracted impedance for each sample.

The measured surface impedance ZS = RS + j XS , given by eq. (2.15c), is shown in Fig. 2.21a.

RS is almost constant in the considered frequency range, whereas XS is in the range (−100,

−50)Ω/�. The imaginary part of the extracted impedance is accurately modeled by an equiva-

lent series LS −CS circuit, where the inductive component LS is almost negligible (cf. §2.2.1).

This series capacitance corresponds to the air gap δy between the conductive sheet and the

horizontal metallic wall of the holder RWG (Fig. 2.13). This effect was studied with HFSS

full-wave simulations. More specifically, a realistic measurement setup with different pure

resistive layers was simulated and a parametric analysis was performed varying δy in the

simulator geometry. Simulated results showed that increasing δy , the extracted equivalent

RS increases, whereas XS decreases (negative values). Extraction examples for four assigned

values of RS are shown in Fig. 2.22. The surface impedance initially assigned in the simulator

was purely real (ZS = RS), but an imaginary part different from zero was extracted for δy 6= 0.

XS is exactly fitted by a series CS circuit, which reduced with increasing δy (CS →∞ if δy = 0).

The extracted imaginary parts from available measurements exhibit the same capacitive

behavior as retrieved from simulated data, when δy is in the range 80–160µm (Fig. 2.22).

These values of gap are realistic for the presented measurements. In fact, a minimum gap of

100µm was present in our setup, since fused silica chips were cut 100µm smaller than actual

waveguide dimensions to take into account any size tolerance in the RWG holder. Moreover,

an additional gap can be due to an imperfect manual cut of membranes after the bonding on

the respective silica substrates (previously cut). Extracted equivalent impedances (R −C series

circuit model) Z ′
S = R ′

S + j X ′
S for the measurements of Fig. 2.20 are shown in Fig. 2.21b.

Therefore we can safely assume that the unknown impedance is purely resistive, while the

extracted reactance is due to the gap δy , and thus a predictable effect that can be corrected.
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Figure 2.22 – Surface impedance ZS extracted from simulated S-parameters when a gap
between the conductive membrane and the horizontal RWG wall is introduced in the simulator.
The effect of a gap δy is shown for different resistive sheets. RS and XS are illustrated in solid
and dashed lines, respectively.
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minimization is adopted to estimate δy and correct for the related error.
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For this purpose, a post-processing procedure, based on full-wave simulations and least

squares minimization has been implemented and applied to the extracted curves of Fig. 2.21b.

A parametric simulation, function of δy (0 ≤ d y ≤ 180µm) and RS (1 ≤ RS ≤ 100Ω), was

performed with HFSS and all values of RS , CS and LS (series circuit model), extracted from

simulated S-parameters, were saved in a proper lookup table (LUT). Then, the actual values

of RS were obtained minimizing in a least squares approach the error between circuital

parameters extracted from measurements and the ones previously saved in the LUT. In this

way, we were able to eliminate the gap-dependence of the extracted values of Fig. 2.21b, by

reducing to zero the imaginary part X ′
S and correcting the real part R ′

S . Fig. 2.23 shows the

actual membranes surface resistance R ′′
S after correction of the gap error. The final results for

the analyzed samples are summarized in Tab. 2.2.

Table 2.2 – Surface resistance R ′′
S and estimated gap δy after the correction of the gap error.

Sample R ′′
S ,Ω/� δy , µm

Sample1 32 140
Sample2 28 160
Sample3 26 140
Sample4 30 125
Sample5 31 120

2.4 Conclusions

The measurement analysis of the dielectric properties (permittivity and loss tangent) of a com-

mercial polymer (Dow Corning Sylgard 186), often used for the implementation of dielectric

elastomer actuators, has been presented. Moreover, the surface impedance of flexible and

stretchable conductive membranes has been characterized.

The characterization of the microwave/millimeter-wave behavior of bulk PDMS and PDMS-

based conductive membranes was necessary for our scopes. In fact, the design and develop-

ment of any antenna device (e.g., phase shifters and antennas) require an accurate knowledge

of the dielectric (i.e., permittivity and loss tangent) and electromagnetic (i.e., surface con-

ductivity) properties of the considered materials. We needed to assess the goodness of these

materials for their integration in the design and fabrication of reconfigurable millimeter-wave

phase shifters and antennas based on PDMS micro-fabricated actuators.

A measurement technique based on a transmission/reflection approach has been proposed

for the dielectric characterization of bulk PDMS, which allows the extraction of its permittivity

and loss tangent. It is worth noting that this technique can be generally applied to any

dielectric materials that can be inserted into the section of a RWG holder. All measured PDMS

samples exhibit a dielectric constant (nearly constant in the frequency range of interest)

in the range (2.78, 2.82) with a mean value of 2.79. A slightly bigger variability is visible

for the retrieved loss tangent with extracted values between 0.033 and 0.045 and a mean
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value of 0.038. The extracted values of permittivity and loss tangent are in agreement with

the results presented in [8] for the Dow Corning Sylgard 184, which slightly differs from

the Sylgard 186 for its mechanical properties. These results demonstrate that bulk PDMS

substrates exhibit high losses at Ka-band and above, if compared to conventional substrates

used for millimeter-wave antenna applications, such as commercial Rogers substrates (tanδ∼
10−3) or fused silica (tanδ∼ 10−4). Thus, we can conclude that thick PDMS substrates should

be avoided in the design of millimeter-wave devices, and volume micromachining techniques

or membrane-based concepts should be investigated to reduce losses (e.g., [20]). However,

PDMS micro-actuators are of great interest for our scopes, since they can allow to completely

or partially decouple the DEA actuation from the electromagnetic (EM) active area, that is,

where the EM field is stronger. This means that PDMS micro-actuators are to be isolated from

the EM-active area, to reduce the interaction between the material and the electric field.

The surface impedance of flexible and stretchable PDMS-based conductive membrane (i.e.,

PDMS membranes implanted with gold ions and commercial PDMS corrugated films with

thin silver layer deposition) has been also characterized using a non-contact measurement

technique based on 2-port RWG measurements. The tested samples exhibit comparable val-

ues of surface resistance, highlighting similar performance in terms of loss and RF behaviour

for the two different considered metallizations. Moreover, the prestretching of the PDMS

membrane does not affect the surface impedance of the implanted layer. All analyzed sam-

ples show a considerable surface resistance (around ∼30Ω/�) if compared to conventional

conductors, which are commonly used for the fabrication of MMW devices. Full-wave simula-

tions demonstrated that a 50Ωmicrostrip realized with such a conductor, would present a

loss factor of 2.4 dB/mm, while a simple printed dipole antenna on a PDMS substrate would

show a radiation efficiency of only 2.3 %. These values are not acceptable in most practical

applications, but the stretchable metallizations might still be used for the fabrication of small

parts (e.g., flexible joints) or when antenna efficiency is not a critical parameter (for instance

in interference-limited reception).
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3 Reconfigurable phase shifters based
on DEAs

This chapter presents the analysis, design, and implementation of mechanically reconfigurable

millimeter-waves (MMW) phase shifters using dielectric elastomer actuators (DEAs). As we

have discussed in the introduction, DEAs are promising candidates for the realization of

mechanically tunable phase shifters and antenna devices at microwaves and millimeter-waves

due to their appealing properties, and are expected to provide good results in terms of cost,

insertion losses, power handling and linearity. The main properties, relevant for our scopes,

can be summarized as follows [1–8]:

• Cost reduction: DEAs and devices can be fabricated in a simple and inexpensive process,

without any need for advanced cleanroom activities (e.g., in contrast to RF MEMS).

• High power-to-volume ratios: smaller size actuators for most reconfigurable antenna

applications compared to other mechanical reconfigurable approaches.

• Large and analogue mechanical displacement: availability of a significant continuous

tuning range and low control complexity without the need for quantization.

• Very good linearity: the tunability is related to mechanical systems with a very low

resonance frequency, and performance similar to MEMS devices are expected (e.g., [9]).

• Extremely low power consumption: driving currents are very low (in the order of µA)

and the device is electrostatic in nature. Note that no power is consumed to maintain

the elastomer in a stable state.

The major drawback of this technology is represented by the high voltage (in the order of

kV) required for the actuation, which can be however safely obtained using driving circuit

fitting in less than 1 cm3, as demonstrated by available commercial devices (Optotune and

ViviTouchTM). Discharge is prevented by embedding the electrodes inside the polymer itself.

This high actuation voltage is considered an acceptable drawback, given the above advantages

in terms of functionality, as well as the expected reliability of the devices and their very low

DC power consumption.
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(a) (b)

Figure 3.1 – Basic actuation principles of DEAs. (a) Generic illustration of in-plane actuation.
When a voltage is applied to the compliant electrodes, the electrostatic pressure squeezes the
elastomer, which contracts in thickness and expands in area. (b) Example of out-of-plane
actuation implemented by a buckling-mode DEA. The membrane is initially flat, and it buckles
when an external voltage is applied due the particular geometry. The membrane is in fact
clamped at its borders, preventing the in-plane area expansion. Reproduced from [5].

Dielectric elastomer actuators have been widely investigated in the last decades and many

research activities are currently focused on the technological development of robust and

high-performance DEAs. Different practical applications have been identified, including artifi-

cial muscles, optics and energy harvesting (cf. §1.2). However their use in the development of

RF devices has not been widely investigated so far. Only basic antenna concepts, based on DEA

reconfiguration, have been proved at L-band (1–2 GHz) [10, 11], but with poor performance for

high complexity when compared with existing solutions. Moreover, elastomeric membranes

have been used as a soft substrate for RF devices at millimeter-waves without any type of

electroactive actuation [12–15].

The main objective here is the design of a reconfigurable true-time delay (TTD) phase shifter

that can be mechanically tuned using DEA micro-actuators. TTD phase shifters are basic

building block in many array antenna systems and are specifically required in wideband beam-

squint-free scanning arrays, since they are able to provide phase shift linearly proportional to

the operating frequency. The basic idea to implement the desired reconfiguration is to affect

the propagation constant of a transmission line (TL) section, thereby providing true-time

delay. Using micro-actuators, this can be done by changing the geometry of the device, in

order to modify the effective permittivity of the equivalent TL.

Different phase shifter concepts have been under study and their preliminary performance

have been assessed. Both in-plane [1, 16–18] and out-of-plane [7, 16, 19] dielectric elastomer

actuators (Fig. 3.1) have been considered to implement the reconfigurable parts of the en-

visaged concepts. It is worth noting that the design of only one concept has been further
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optimized, fabricated and tested. The selected candidate exhibits the best trade-off in terms of

performance and low-cost/low-complexity fabrication process, and can be easily prototyped

(to speed up the testing phase) using standard manufacturing techniques and in-house avail-

able technology. The development and manufacturing of the dielectric elastomer actuators

used for the implementation of the proposed device was carried out at the Microsystems for

Space Technologies Laboratory (LMTS) at EPFL.

In order to understand the framework and to better compare the proposed reconfiguration

concept with available technologies, a brief review of the state-of-the-art of MMW recon-

figurable phase shifters is proposed in §3.1. All the phase shifter concepts analyzed during

this study are then summarized in §3.2. This section includes a preliminary performance

evaluation, a discussion about their potentials and some considerations about possible issues

in their practical implementation. In §3.3 it is reported the design, manufacturing and experi-

mental characterization of the first reconfigurable phase shifter prototype driven by dielectric

elastomer actuators. A summary of the chapter, with a general comparison of the achieved

phase shift perfomance with relevant devices from the literature is addressed in §3.4.

3.1 Existing technologies for phase shifter reconfiguration

The aim of this section is to review the main available technologies for the realization of

reconfigurable millimeter-wave phase shifters, which find increasing request for instance in

space-related applications. Particular attention is addressed to Ka-band (26.5–40 GHz), where

great efforts are made by the European Space Agency and the industrial community for the

development of new technologies for telecommunication and Earth Observation purposes.

More specifically, monolithic microwave integrated circuit (MMIC), ferrite and RF-MEMS

phase shifters are discussed and some available devices are presented. Moreover, a qualitative

comparison between available technologies and the expected performance of DEA-based

phased shifters is proposed.

3.1.1 MMIC

Phase shifters based on Monolithic Microwave Integrated Circuit (MMIC) are widely used

in space application for their small size and low power consumption compared to ferrite

devices. Moreover, they offer high integration with the surrounding electronics simplifying

the fabrication and packaging process. They are mainly realized in GaAs FET technology

(e.g., [20–23]), but devices based on SiGe (e.g., [24–26]) and InP (e.g., [27–29]) technologies

have achieved good progress during the past two decades. Three types of tunable phase

shifters based on MMIC can be considered:

Switched line phase shifters: use switches to direct electrical signals through transmission

lines with different path length. Therefore, the achievable phase shift between different

states of reconfiguration only depends on the difference between the length of the
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switched lines. When the signal is switched between two lines of length L1 and L2, the

differential phase shift is expressed by the following relation:

∆ϕ=β (L2 −L1) , (3.1)

where β is the propagation constant of the transmission line (assuming both TLs have

the same propagating properties). Phase shifters based on this principle provide a

true-time-delay, meaning that the phase response is proportional to the operating fre-

quency (the time delay is constant). FET switches or PIN diodes are generally used to

toggle between different transmission lines.

One of the first switched line phase shifters developed for spaceborne phased array

antennas (project supported by NASA Lewis Research Center) was proposed by Bauhahn

et al. [30] in 1985. The 4/5-bit GaAs monolithic phase shifter presented in [30] was based

on FET switches. The three main phase shifter bits (i.e., 45°, 90° and 180°) were imple-

mented using switched microstrip lines, whereas a loaded transmission line approach

was adopted for the remaining bits 11° and 22.5°. Experimental results demonstrated a

total insertion loss lower than 10 dB over a 10 % bandwidth around the design frequency

of 30 GHz. The chip size was approximately 5.5×2.5×0.15 mm3.

More recently Maruhashi et al. [31] proposed a Ka-band monolithic phase shifter based

on non-resonant FET switches, which allowed to reduce the effect of parasitic reso-

nant elements on the phase shift performance. This phase shifter consisted of four

bits (22.5°, 180°, 90° and 45°) connected in series and resulting in a chip size of around

2.5×2.2×0.04 mm3. Phase shift performance highlighted an insertion loss lower than

14 dB in the range 32.5–35.5 GHz.

Loaded line phase shifters: generally used for achieving a phase shift lower than 90° (typi-

cally 22.5° or 45° shift bits) [32]. Conventional loaded line phase shifters consist of a

transmission line section loaded by two two-states shunt admittance that can be con-

nected or disconnected from the TL using solid states switches (generally PIN diodes).

These devices generally come with low insertion losses (can be minimized with a proper

design and selection of the loads) and can be actuated using only one control signal,

since the loads can be biased simultaneously. For purely reactive loading elements

(i.e., zero-loss), a capacitive load increases the effective length of the transmission

line (the phase velocity decreases), whereas an inductive load reduces the TL length

(higher phase velocity). Thus, switching from an inductive to a capacitive load, the

electrical length of the device increases with a corresponding increase of the phase shift.

The choice of the transmission line length is not arbitrary, but strictly depends on the

adopted switching and loading elements. In the general case where loading losses are

considered, a quarter-wavelength separation between the loads allows to minimize and

equalize the amplitude perturbation (insertion loss minimization) in both states [32].

In contrast to switched line phase shifters, loaded line devices provide narrow-band
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operation with a constant phase over the frequency range.

High-pass/Low-pass phase shifters: switch the electrical signal between two circuits that

have opposite phase characteristics [33]. Typically the two circuits are high-pass and

low-pass filters: a low-pass filter realized by series inductors and shunt capacitors

provides phase delay, while high-pass filter composed of series capacitors and shunt

inductors provides phase advance. By properly arranging switch elements (PIN diodes

or FET switches) to permit switching between low-pass and high-pass sections, it is

possible to realize a compact phase shifter with wide-band performance. A commercial

example of high-pass low-pass phase shifter at Ka-band is the TriQuint TGP2104 [34].

Series FET switches are used to toggle between the low-pass network and the high-pass

network, which are both implemented by T-networks. This design utilizes a compact

topology that results in 0.69 mm die area and high performance. The TGP2104 provides

a 180° digital phase shift function with a nominal 3.5 dB insertion loss and maximum

15° phase shift error over a 10 GHz bandwidth centered on 30 GHz.

Another example of high-pass low-pass phase shifter can be found in the work presented

by Yang and Yang [23], who proposed a 5-bit phase shifter operating at Ka-band between

26 GHz and 30 GHz. The phase shifter presented in [23] consists of five phase bits

(180°, 11.25°, 22.5°, 45° and 90°) which are cascaded in series to simplify the impedance

matching. The 180° phase bit was implemented by a π-type high-pass low-pass network,

whereas the 22.5°, 45° and 90° was based on a T-type circuit. The switching operation

was guaranteed by InGaAs PIN diodes. With the proposed design, insertion losses lower

than 7.8 dB and return losses higher than 9 dB were achieved.

High-pass low-pass phase shifters are widely used whenever a constant phase shift is

desired over a wide frequency range. Moreover, they offer a very compact layout because

lumped elements are typically preferred to delay lines (generally bulky, especially at

lower frequencies).

MMIC phase shifters are widely used in phased array antennas, due to their very small sizes

(<2 mm at Ka-band) and their very good performance in terms of reliability and switching

speed (in the order of nanosecond). Nevertheless, their performance in terms of radiation

tolerance can be unacceptable because of the presence of solid state junctions. Moreover,

their power handling capabilities are limited (in the order of tens of watt) for high power

applications (e.g., SAR phased array antenna) and can exhibit high insertion loss (sometimes

more than 2 dB/bit).

3.1.2 Ferrite

Ferrite phase shifters are widely used in military phased array antennas, due to their high

power handling capabilities (peak power in the order of kW). They can be generally imple-

mented in both closed (e.g., waveguides) or open (e.g., planar transmission lines) structures.

Their operating principle is based on the property of non-linear dependence between the
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magnetization B and the magnetic field H in ferromagnetic materials. When the ferrite is

magnetized, an external magnetic field interacts with the spinning electrons in the ferrite

affecting the material permeability. Therefore, when the magnitude or direction of the applied

magnetic field is varied, the permeability of the ferrite changes resulting in a modified propa-

gation constant of the specific transmission line. Thus, a variable phase shift is achieved by

electronically controlling the applied magnetic field. The ferrite permeability can be tuned by

changing the magnetic moment M , which increases with the magnetic bias field; the upper

limit, denoted by Ms , is called the saturation magnetization and is an intrinsic property of

the material. In particular, the choice of the specific ferrite and of the device geometry has

to be properly selected in order to reduce losses and to guarantee correct operation in the

frequency range of interest. Conductive and dielectric losses of the device, in fact, are directly

proportional to its length or inversely proportional to Ms , while the magnetic loss is with good

approximation directly proportional to the saturation magnetization. The full contribution of

these losses (dielectric and magnetic) can be minimized selecting the material that satisfy the

following relation [35]:

0.2 < fm

f
< 0.6, (3.2)

where fm = γ4πMs and γ is the gyromagnetic ratio. Thereby, the choice of ferrite for a partic-

ular application is determined by selecting the operating frequency sufficiently higher than

fm .

Ferrite phase shifters can be classified in reciprocal or non-reciprocal devices. As the name

suggests, the former generate a phase shift independent from the direction of propagation

(as typically happens for MMIC and MEMS devices), whereas the latter differently affect

opposite traveling waves. A further classification considers latching and non-latching devices,

depending on the type of the applied magnetic biasing field. Three main techniques to

implement ferrite phase shifters can be considered [35]:

• twin toroid devices are latching and non-reciprocal;

• dual-mode devices are latching and reciprocal;

• rotary-field devices are non-latching and reciprocal.

Theoretical models for the non-reciprocal twin toroid phase shifters were discussed by Schlo-

mann [36] and Ince and Stern [37], while many other works can be found in literature. An

experimental example of twin toroid phase shifter was presented by Abuelma’atti et al. [38].

The proposed phase shifter consisted of a rectangular waveguide loaded by a double toroid

separated by a high permittivity dielectric. The dielectric spacer is used for matching purposes

and to concentrate the RF energy in the center of the waveguide, while the walls of the toroids
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(those contacting the dielectric spacer) are located in the regions where the waveguide sup-

ports a circularly polarized magnetic field. Typically a current of a few ampere in a single turn

coil winding can drive the ferrite into saturation. If β+ is the propagation constant correspond-

ing to a positive saturation and β− is the same for negative one, the maximum achievable

phase shifting is proportional to
(
β+−β−

)
. Intermediate phase shifts are obtained reducing

the bias field level. The device was optimized to operate around 10 GHz where demonstrated

very low insertion loss (<1 dB) and very good return loss (>20 dB). Twin toroid phase shifters

generally allow to achieve low-loss performance over a wide frequency range (up to an octave)

if a given design is properly optimized. A commercial toroidal ferrite phase shifter is supplied

by Com Dev Europe Ltd [39] and exhibits high power handling capability (peak power >1.5 kW)

and low insertion loss (<1 dB) at Ka-band. The basic phase shifter consists of a 2-port rectan-

gular waveguide, with a toroidal ferrite resonator located inside. The driving circuit is based

on a single or multi coil wire wrapped around the ferrite, which induces a magnetic flux inside

it when a current pulse is applied. Thus, the variable interaction between the MMW signal and

the ferrite toroid generate the desired phase shift. Phase shift values in the range −180–180°

can be achieved by varying the current pulse value. The magnitude and timing of the current

is carefully controlled by sophisticated drive electronics in order to keep constant operating

conditions over a wide temperature range.

Dual-mode and rotary-field phase shifters are typically used when both the transmitting

and receiving chain require the same phase shift. An example of dual-mode device was

presented by Boyd [40]. This phase shifter consisted of a metallized ferrite rod implementing

a ferrite-filled waveguide. The principle of operation was based on the variable interaction

between the partially magnetized ferrite rod and the RF field, that is a circular polarized wave

with a rotating transverse magnetic field. The tunable phase shift was obtained by varying

the controllable axial biasing field. Note that the phase shifter was fed by a linearly polarized

field, but two non-reciprocal, quadrupole-field ferrite polarizers were placed at the input and

output port to generate the conversion between the feeding input/output linear field and

the circularly polarized field circulating inside the active area (i.e. where the phase shift is

generated) of the device. Reciprocity was guaranteed by the two polarizers, which transform

linearly polarized waves traveling in opposite directions to circularly polarized waves with

opposite sense of rotation. Thus, the interaction between the RF field and the ferrite-filled

section is the same for both received and transmitted wave.

Rotary-field phase shifters employ Faraday rotation to produce time delay in microwave

signals. The first rotary-field device proposed by Reggia and Spencer [41] was made of a

ferrite toroid placed in the longitudinal section of a rectangular waveguide. The magnetic

biasing field was produced by an external magnetization circuit. The working principle of

this device was based on the particular property of ferromagnetic rods to rotate the plane of

polarization of a linearly polarized wave propagating in them. Therefore, if the rod is placed

inside a rectangular waveguide with one of its dimension at cutoff, then the rotational effect is

suppressed. This type of operation also allows to achieve the same phase shift independently

from the direction of propagation (i.e., reciprocal device). Rotary-field phase shifters are
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mainly used up to 20 GHz. Their realization at higher frequencies is far from being trivial,

since they require a large transverse quadrupole field across the ferrite rod whose diameter

decreases proportionally to the operating frequency. On the other side latching phase shifters

(twin-toroid and dual-mode) have been realized for millimeter-wave applications (up to

W-band), but insertion losses can become unacceptable above 60 GHz.

Ferrite phase shifters have low insertion loss and can handle significantly higher power. Nev-

ertheless, their cost and complexity represent still a problem for many applications, and DC

power consumption is higher than MMIC and MEMS devices. Semiconductor phase shifters

using PIN diodes and FETs are less expensive and smaller than ferrites but their application

is limited because of the high insertion loss at high frequencies and limited power handling

capability.

3.1.3 MEMS

RF-MEMS phase shifters are based on standard designs (i.e., switched line, loaded line,

high-pass/low-pass and reflect-line) where the PIN or FET switches are replaced by MEMS de-

vices. This approach allows to reduce insertion losses with respect to their MMIC counterparts

(up to 4 dB improvement at Ka-band) [42]. MEMS-based phase shifter are often preferred to

other technologies for their light-weight, small sizes, low insertion loss, high linearity and low

power consumption [43].

RF MEMS phase shifters were developed during the nineties thanks to the pioneering work of a

few academic research groups (e.g. University of Michigan, Ann Arbor, MI with the outstanding

work of Prof. Rebeiz and colleagues) and companies (e.g. Raytheon Systems Company, Dallas,

TX and Rockwell Science, Thousand Oaks, CA). The first rotating type RF-MEMS switch and

metal contact cantilever beam switch for microwave applications were presented for the first

time by Larson et al. [44, 45]. The first MEMS-based phase shifter then arrived in 1999 [46]. This

4-bit reflection phase shifter was developed at Raytheon Systems Company and demonstrated

good phases shift performance with an average insertion loss of 1.4 dB at 8 GHz.

Since then, RF-MEMS switches, switched capacitors and varactors could be used to re-

place PIN diodes and FETs in the design of loaded-line, reflect-line, high-pass/low-pass and

switched-line phase shifters. Typical MEMS switches use mechanical movement to achieve a

short circuit or an open circuit in the RF transmission line. They are usually realized by a metal

bridge or cantilever suspended several microns above a microwave transmission line, which

is actuated using an electrostatic bias. Two types of MEMS switches can be considered [47]:

capacitive and contact switches. The former are generally used in a shunt configuration and

employ a thin dielectric insulator (e.g., Si3N4) on the lower contact to avoid DC contact and

stiction between the bridge and the bottom transmission line. When the metal bridge is in the

up state, a very small capacitance affects the signal propagation, whereas, the actuation of the

bridge generate a very large capacitance (an effective short circuit at high frequencies), which

reflects the electrical signal. Thus, capacitive MEMS switches are more efficient at higher
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frequency. Metal-to-metal contact switches, in turn, are often fabricated as series devices

that generate an open circuit in the transmission line when the switch is up, while a metal

contact closes the circuit when the switch is actuated. Nevertheless, they are not effective

at millimeter-wave frequency, because of the high insertion losses caused by resistive metal

contacts. A considerable advantage of RF MEMS switches is that their switching performance

do not depend on the characteristics of the substrate. Thereby, they can be fabricated on any

material that is compatible with standard IC processing, and can be directly integrated with

the transmission line bringing potential cost reduction in the fabrication of complex phased

array antenna systems.

Distributed MEMS transmission lines (DMTL) offer an alternative approach to the standard

reflect-line or switched-line designs. They have been widely investigated by Barker [48] and

Barker and Rebeiz [49, 50] for the realization of millimeter-wave devices. The basic working

principle of DMTL is to periodically load a transmission line with shunt MEMS capacitors;

with this approach, the distributed capacitance of the line (and thus the propagation constant)

can be varied. DMTL can be based either on analogical or digital designs. In the first case all

MEMS capacitance are actuated by a single bias voltage and they operate similarly to analog

varactors. However, the capacitance variation of electrostatic parallel-plate actuators is only

1.5 (theoretical) and 1.3 (practical), thereby resulting in relatively long phase shifters [42]. In

general, digital DMTL are preferred, since discrete RF-MEMS switches are employed to load

the TL, thereby allowing much larger loading capacitance.

Several MEMS-based switches and phase shifters have been developed for Ka-band appli-

cations over the past decades, and a few relevant examples are reported in this section. A

Ka-band 4-bit switched line MEMS phase shifter was developed by Raytheon Systems [51]

using MEMS capacitively coupled shunt switches fabricated on a 150µm high-resistivity sil-

icon substrate. A variable insertion phase between 0° and 337.5° (22.5° step) was achieved

with an average insertion loss of 2.25 dB and a return loss better than 15 dB for all the states at

34 GHz. Rockwell Scientific proposed a Ka-band 3-bit true-time-delay (TTD) switched-line

network using metal-to-metal contact MEMS switches [52]. The 3-bit phase shifter (around

3.5 mm×2.6 mm in size) was fabricated on a 75µm GaAs substrate and consisted of a network

of microstrip transmission lines connected by six SPDT tee junctions, each implemented

by two MEMS switches. Therefore, for each reconfiguration state, the RF signal propagates

through six switches, which contribute to impedance matching and insertion loss. Experimen-

tal results demonstrated an average insertion loss of 2.2 dB and a return loss higher than 15 dB

at the design frequency of 35 GHz.

More recently also other MEMS switched-line phase shifters have been proposed (e.g., [53, 54]),

showing performance comparable to the devices mentioned above. Moreover, also different

DMTL-based phase shifter can be found in literature. An interesting example is for instance

discussed in [55]. Authors presented a 2-bit Ka-band distributed phase shifter fabricated

on a quartz substrate using coplanar waveguide (CPW) lines and RF MEMS metal-air-metal

capacitive switches. The phase shifter consists of two sections (90° and 180° bits) with inde-
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pendent biasing network and a total of 21 capacitive MEMS. In particular, the first 7 switches

constitute the 90° while the 180° phase bit (double length) is composed of the remaining 14

switching elements. The measured average insertion loss was 1.5 dB and the return loss better

than 11 dB (each section was designed fr a maximum return loss of 15 dB) at 37.7 GHz for the

maximum differential phase shift of 270°. Furthermore, low insertion loss was demonstrated

in [56], where a 1-bit and a 4-bit DMTL phase shifters fabricated on a 500µm quartz wafer

were presented. The multi-bit device (45°, 90°, 180° and 225°) included a total of 10 cascaded

unit cells arranged in 5 unit cell pairs. The 4-bit phase shifter exhibited an insertion loss better

than 1.4 dB and a return loss higher than 21 dB.

MEMS phase shifter have achieved a significant improvement with desirable performance for

the realization of phased array antennas at millimeter-waves. The very low-loss operation of

MEMS switches represent an important advantage compared to their solid-state counterparts.

Moreover, they are based on electrostatic actuation bringing to a low DC power consumption,

and offer a very good linearity resulting in very low intermodulation products. MEMS switches

are also compatible with standard integrated circuit fabrication process, which allows high

integration and compactness of the final antenna system with potential cost reduction. Never-

theless, it is still worth mentioning a few drawbacks characterizing this technology. MEMS

switches are in fact typically slower (actuation speed in the order of 10–40µs) than MMIC,

since they are based on the movement of mechanical structures. However, this actuation

speed is not particularly critical for many applications if we are not considering very high

data rate communication systems. A more critical aspect is related to the high packaging

costs, considering that MEMS switches typically need hermetic or near-hermetic seals to

keep a controlled atmosphere. Therefore, although MEMS switches offer the potential for

low-cost fabrication and monolithic integration, the need for a proper packaging techniques

consistently affect the overall manufacturing costs. Furthermore, reliability often represents a

concern, especially for very critical applications including spaceborne systems.

3.1.4 Technology comparison

The objective of this section is to draw a final comparison between the main technologies

conventionally used for phase shifter reconfiguration and with respect to the expected per-

formance achievable using DEA-based mechanical reconfiguration. Monolithic microwave

integrated circuit (MMIC), ferrite and MEMS phase shifters have been discussed and some

available devices presented. MMIC perform well with very good performance in terms of

reliability and switching speed; moreover, they exhibit low DC power consumption, and power

handling in the Watt range. The main drawback of this technology is related to the high

insertion losses of the PIN or FET switches (up to 2 dB/bit). Ferrite phase shifters are the

most suitable for high power applications (peak power in the order of kilowatt). Moreover,

high performance in terms of reliability and radiation tolerance are achievable, while some

limitations have to be considered due to their high cost and high DC power consumption. It

is also worth noting that only few devices operating at Ka-band can be found in literature.
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MEMS-based phase shifters are often preferred to other technologies for their light-weight,

small sizes, low insertion loss, high linearity and low power consumption. Nevertheless, their

use for critical applications (e.g., spaceborne antenna systems) is precluded by reliability

issues.

A summary of the technologies discussed in previous sections is presented in Tab. 3.1, in com-

parison with expected performance of DEA-based devices (note that TRL stands for technology

readiness level in the last raw). In this framework, dielectric elastomer actuators could be

good candidates for the realization of mechanically tunable phase shifters at millimeter-waves,

considering the expected good results in terms of cost, losses, power handling and linearity.

Table 3.1 – Summary of available technologies for phase shifter reconfiguration and expected
performance of DEA-based devices.

Technology

MMIC Ferrite MEMS DEA

Cost − −− + ++
Size ++ − ++ +
Power handling + (∼ W) ++ (∼ kW) − −
DC Power cons. + (< 10mW) −− (∼ W)

++ (current
negligible)

++ (current
negligible)

RF loss − + ++ ++
Switching speed ++ (∼ ns)

+ (10–100µs,
inductance)

+ (1–50µs,
mechanical)

− (∼ ms,
mechanical)

Actuation voltage ++ + + −
Reliability ++ ++ − +
Linearity + + ++ ++
Radiation tolerance − ++ ++ TBD
Space compliance ++ ++ + TBD
Fabrication precision ++ ++ ++ TBD
TRL ++ ++ + −

3.2 Preliminary design of DEA-based phase shifters

Four different devices, based on rectangular waveguide (RWG), coplanar waveguide (CPW)

and microstrip transmission lines, have been proposed and studied. These concepts have

been designed and their preliminary performance evaluated through HFSS full-wave sim-

ulations. Nevertheless, the design of only one concept has been further optimized to be

manufactured and tested and will be discussed in §3.3. All the conceived devices consist of a

fixed transmission line (i.e., CPW, RWG, microstrip) loaded by a movable element (dielectric

or metallic), which perturbs the capacitance and inductance per unit length of the equivalent

TL, thus varying the related propagation constant (and so the signal phase).
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When TEM or quasi-TEM transmission lines (e.g., microstrip, CPW, parallel plates) are con-

sidered, the phase constant can be written as β=ωpµ0ε0
p
εr,e f f . Therefore, a given phase

reconfiguration can be achieved modifying the effective relative permittivity εr,e f f of the equiv-

alent TL. In a TEM TL, εr,e f f can be defined as a weighted average of the different materials’

permittivity in the TL cross section, and depends on the distribution of the electric field in the

involved materials. More specifically, the regions were the electric field is stronger contribute

more (“heavier” weight) to the effective permittivity. The above proportional relation between

β and the square root of εr,e f f suggests that it is not sufficient to change the device geometry to

generate a phase shift if this does not affect the effective permittivity itself (if the permeability

µ is assumed constant). Therefore, considering a generic reconfiguration approach able to

modify εr,e f f , the differential phase shift between two different states of reconfiguration A

and B is expressed by:

∆φAB = (
βB −βA

)
LPS =ωpµε0

(√
εB

r,e f f −
√
εA

r,e f f

)
LPS , (3.3)

where LPS is the active length of the device, that is the section directly affected by reconfigura-

tion. However, the dynamic control of β (i.e. of the phase) via the mechanical reconfiguration

of the TL geometry necessarily comes with a simultaneous variation of the TL characteristic

impedance, which will affect the matching of the phase shifter. Therefore, a “minimum mis-

match” design approach was applied to the presented concepts. The dimensions of the fixed

TL and of the loading parts in the active area were optimized to maximize the phase shift to

loss figure while simultaneously minimizing the mismatch. In particular, the optimization

process was based on the maximization of the two figures of merit (FoMs) defined as follows:

1. Maximum differential phase shift per unit length:

FoM1 = ∆φmax

LPS
= φB −φA

LPS
. (3.4)

2. Maximum differential phase shift per unit length per maximum mismatch:

FoM2 = ∆φmax

LPS |Γmax |
. (3.5)

Note that Γmax in eq. (3.5) is the maximum reflection coefficient between the reconfigurable

and fixed sections, which is the same for the extreme states of reconfiguration, according to

the minimum mismatch approach mentioned above (cf. § 3.3.1). Both FoM s are normalized

by the length of the active section LPS , which allows to compare performance of different

devices independently from their length (“per unit length”). The length of the reconfigurable

section can be subsequently selected according to the phase shift requirement for a given

application, since these two quantities are directly proportional (the phase shift is of TTD
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(a) (b)

(c)

Figure 3.2 – Simplified drawing of the proposed phase shifter concepts. (a) Reconfigurable
phase shifter based on a microstrip TL: the central section is displaced in-plane modify-
ing the effective relative permittivity, due to the particular geometry of the dielectric sub-
strate. (b) Rectangular waveguide loaded by a metallic rod that can be displaced in the
vertical direction affecting the mode distribution and capacitance per unit length of the equiv-
alent TL. (c) Reconfigurable concept based on a conventional CPW loaded by a movable
high-permittivity dielectric, which is vertically displaced by out-of-plane actuators.

nature in the designs presented here). Moreover, all simulated results presented below in

terms of propagation constant and differential phase shift were obtained normalizing the

simulated scattering parameters to the “optimal” reference impedance Zopt that satisfies

the mismatch minimization. Therefore, the choice of FoM2 is necessary to compare the

performance of different devices independently from the variable mismatch between their

fixed and reconfigurable sections (more details in §3.3.1).

The reconfigurable phase shifter concept of Fig. 3.2a is based on a microstrip TL (quasi-TEM)

and in-plane dielectric elastomer actuation. The horizontal displacement of the central strip

induces a change in εr,e f f due to the particular shape of the bottom dielectric. When the strip

is moved in the −∆x direction, the portion of dielectric below the metal strip increases (εr,e f f

increases), while it reduces with a displacement in the +∆x direction (the air portion below the

strip increases, decreasing εr,e f f ). This effect is magnified increasing the substrate permittivity,
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Figure 3.3 – Simulated scattering parameters for different states of reconfiguration of the
concept depicted in Fig. 3.2a: LPS = 10mm, Ltr = 200µm, dielectric substrate with εr = 9.8
and tanδ= 0.002 (e.g. Rogers TMM10i). Compliant connections are modeled as a resistive
sheet with RS = 30Ω/� [57].

since a stronger variation in εr,e f f can be achieved for the same relative displacement. In this

proposed design a relative permittivity εr = 9.8 was selected, which can be easily obtained

with commercial microwave laminates (e.g., Rogers TMM10). At the same time, though, also

the characteristic impedance of the central section is modified: it decreases at decreasing ∆x,

thus increasing the mismatch with the fixed parts. It is worth noting that all the presented

device exhibit a clear trade-off between maximum achievable phase shift and maximum

acceptable mismatch. Further solutions (e.g., matching networks) could be introduced to

improve the matching between the fixed and reconfigurable section. However, these should

be reconfigurable at the same time, which is very difficult to obtain with low losses and

low complexity at millimeter-waves. Therefore, for our scope, we preferred to control the

mismatch (trying to minimize it) rather than increase losses and complexity. The “trapezoidal”

cut of the bottom dielectric (Fig. 3.2a) was introduced to improve the matching (impedance

tapering) between the the feeding (fixed) microstrip and the movable section. In a practical

implementation using standard PCB fabrication, the same effect could be achieved realizing

an array of holes in the dielectric to reduce its permittivity. Preliminary performance reported

in Tab. 3.2 are based on a total horizontal displacement of 400µm (∆x = ±200µm), which

corresponds to only 0.04λ0 at the design central frequency f0 = 30GHz. This phase shifter was

designed to work at the central frequency f0 = 30GHz with a 10 GHz bandwidth. The following

characteristics have been chosen: dielectric permittivity εr = 9.8 (e.g., Rogers TMM10i), hs =
500µm, Ltr = 200µm and LPS = 10mm. Moreover, the compliant connections were modeled

as a resistive sheet with RS = 30Ω/� [57], and a conductivity σ= 2.9×107 S/m was assigned

to all the metallic parts.

Simulated scattering parameters for the device of Fig. 3.2a are shown in Fig. 3.3. Insertion

loss is always lower than 1.8 dB and return loss better than 10 dB over the full 10 GHz band-

width, with a phase shift/loss ratio of around 350 °/dB at 35 GHz. It is worth recalling that the

scattering parameters of Fig. 3.3 are normalized to the optimal impedance Zopt (50Ω for this
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Figure 3.4 – Simulated scattering parameters for different states of reconfiguration of the
concept depicted in Fig. 3.2b: LPS = 20mm, Lt p = 5µm. A conductivity σ = 2.9×107 S/m is
considered for all metallic parts (i.e., loading element and RWG), and actuators are completely
shielded from the EM active area.

design) that satisfies the minimum mismatch approach. As a consequence, the mismatch

generated in the two extreme states of reconfiguration (i.e., ∆x =−200µm and ∆x = 200µm)

is the same, as it is visible from the S11 curves. All the remaining states are equally or better

matched. The simulated performance are very good, but there remains one critical issue

related to its feasibility. The main problem is represented by the need for flexible/compliant

connections (Fig. 3.2a) between the fixed and the movable strip. Flexible metallizations could

be used to realize these connections, but as it was showed in the previous chapter, these

could dramatically increase losses degrading the nominal performance. In fact, we reported

a surface resistance in the order of 30Ω/�, which can mean a loss factor of 2.4 dB/mm for

a 50Ω microstrip realized with such a conductor [57]. Therefore, only a short connection

(Ltr = 200µm selected here) was introduced in this design in order to limit the associated

insertion loss. Flexible connections could be also avoided using a capacitive coupling between

the two strips, but it would increase insertion losses and further degrade the mismatch. More-

over, the friction between the movable strip and the bottom dielectric should be properly

accounted (or better avoided) to assure correct operation of the DEA-based actuator.

The basic idea characterizing the phase shifter concept depicted in Fig. 3.2b is the variable

loading of a RWG. The size of the waveguide aperture are selected to excite the propagation

of the fundamental mode T E10 in nominal conditions. A movable metallic bar is “pushed”

inside the active area (i.e., RWG section) using one or more out-of-plane micro-actuators. This

movement modifies the modal field distribution inside the RWG, thus shifting its propagation

constant. The resulting propagating mode is a slightly perturbed T E10, which keeps the main

field configuration. The propagation constant increases if the metallic load is “pushed” inside

the RWG (∆h increases), and this effect can be also modeled as an increase in the capaci-

tance per unit length of the equivalent transmission line. At the same time the characteristic

impedance of the line decreases. The loading part can be properly shaped to improve the

matching between the fixed and reconfigurable sections. This device has the advantage to be

a “closed” structure, which is very appealing for high power applications, and could be easily
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Figure 3.5 – Expected phase shift performance for the concept of Fig. 3.2c, calculated using
the analytical model proposed in [58, chap. 4]. ∆h is varied between 10µm and 110µm (25µm
step), corresponding to εr,e f f = 12.22,9.52,8.77,8.24,7.83, respectively.

manufactured using standard micromachining techniques. Moreover, it does not comprise

any dielectric in the EM active area (no dielectric losses), and does not require any connection

between the fixed and the reconfigurable section (i.e., no need for flexible/compliant con-

nections). Nevertheless, performance are poor compared to the other presented devices (cf.

Tab. 3.2). Simulated performance of Tab. 3.2 refer to a total vertical differential displacement

of 1 mm, starting from the initial state corresponding to ∆h = 0.25mm. Simulated scattering

parameters are reported in Fig. 3.4. These results were obtained for a WR28 waveguide with

a loading element of dimensions Lt p = 5mm and LPS = 20mm (note that the achievable

phase shift is proportional to LPS due to the TTD principle). Metallic parts were assigned a

conductivity σ= 2.9×107 S/m, and actuators are completely shielded from the EM active area.

Simulated data predict an insertion loss lower than 0.6 dB and a return loss better than 15 dB.

The mean phase shift/loss ratio is around 180 °/dB at 35 GHz, which is improved (considering

the poor differential phase shift) by the very low-loss behavior.

The concept of Fig. 3.2c is based on a conventional CPW whose propagation constant is

perturbed by a variable dielectric load. A high permittivity dielectric is vertically displaced

by out-of-plane actuators over a fixed CPW. When ∆h decreases (the dielectric load is closer

to the CPW) the effective permittivity increases, because the electric field starts to be more

confined into the dielectric load than into the CPW substrate. As in the first concept, his

effect is maximized when εr,l oad À εr,C PW . The phase shift performance of this concept were

first evaluated using the anlytical model proposed by Simons [58, chap. 4] for a CPW with

a multi-layer dielectric structure. For a quasi-TEM transmission line the phase constant is

directly proportional to the square root of the effective permittivity (β = ω
p
µ0ε0

p
εr,e f f ).

Therefore, the calculation of εr,e f f for the different reconfiguration states is necessary for a

preliminary analysis of the desired phase shift capabilities. The analytical model presented in

[58] is based on a quasi-static TEM conformal mapping technique and allows to accurately

calculate the effective permittivity and the characteristic impedance of CPW sandwiched

between a multi-layer dielectric substrate (both on top and bottom of the metallic lines).
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Figure 3.6 – Simulated scattering parameters for different states of reconfiguration of the
concept depicted in Fig. 3.2c: LPS = 5mm, dielectric substrate with εr = 9.8 and tanδ= 0.002
(e.g. Rogers TMM10i), dielectric load with εr = 50 and tanδ= 0.006.

Assuming the propagation of a quasi-static TEM mode, the effective dielectric constant can be

obtained using the following expression:

εr,e f f =
C

C0
, (3.6)

where C is the capacitance per unit length of the line, and C0 is the capacitance per unit

length of the line in the absence of dielectric substrates. C and C0 are strictly dependent

on the dielectric properties (dielectric constant and thickness) of the different layers and

can be calculated using the formulation described in [58]. A preliminary optimization was

performed using this model and the following characteristics were selected for the fixed

CPW: W = 500µm, S = 180µm, hS = 500µm and εr = 9.8. In turn, the loading block was

assigned a height hl = 500µm and a permittivity εr,load = 50, which can be obtained using

for instance ceramic dielectrics. Figure 3.5 shows the calculated phase constant β and phase

shift φ = −βLPS , where LPS = 5mm. In the presented results, ∆h has a variation of 100µm

between 10µm and 110µm with a 25µm step. The phase curves shown in Fig. 3.5 are based

on the calculated effective permittivity εr,e f f = 12.22,9.52,8.77,8.24,7.83, respectively.

The predicted performance of Fig. 3.5 were then validated using HFSS full-wave simulations, in

order to also evaluate the insertion loss. The values tanδ= 0.006 and tanδ= 0.002 were chosen

for the loss tangent of the dielectric load and the CPW substrate, respectively. Simulated phase

shifting performance corresponding to a length LPS = 5mm of the loading dielectric are shown

in Fig. 3.6. A very good agreement is found for the calculated phase curves of Fig. 3.5 (right

panel) and the simulations of Fig. 3.6 (right panel) with a maximum differential phase shift

of around 147° at 35 GHz. Insertion losses are always lower than 0.7 dB and mismatch losses

better than 14 dB. Insertion losses are highly dependent on dielectric losses in this concept.

The last proposed concept has been selected to be optimized, manufactured and tested.
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It is based on a conventional CPW loaded by two suspended metallic strips (Fig. 3.7), and

is discussed in the dedicated §3.3. However, a preliminary performance evaluation of this

device is reported in Tab. 3.2 for a comparison with the other concepts described above. It is

worth noting that the figure of merits reported in Tab. 3.2 allow a performance comparison

between different devices independently from the length of their reconfigurable section and

from the generated mismatch (cf. definition of FoM1 and FoM2 ad the beginning of the

section). This specific design has been selected among the others presented in §3.2 because

it represents the best trade-off between phase shift performance (i.e., achievable phase shift

and insertion losses) and low-complexity. In fact, it does not include any connection between

the fixed and movable parts (i.e., differently from the concept of Fig. 3.2a), its performance

can be easily characterized using conventional measurement techniques (e.g., using on-wafer

measurements) and all its parts can be manufactured using standard PCB processes available

at EPFL. It is worth noting that those concepts based on vertical actuation (i.e., Fig. 3.2b and

Fig. 3.2c) were a priori discarded, since out-of-plane DEA actuators were not fully developed at

the Microsystems for Space Technologies Laboratory (LMTS) and was unlikely to achieve good

reliability and actuation performance in the time frame of this thesis. Moreover, although the

concepts illustrated in Fig. 3.2a exhibited better performance (cf. Tab. 3.2), it presented critical

technological challenges (mainly dictated by the need for a compliant connection between

the fixed feed and the reconfigurable section) that would have not allowed a rapid prototyping

and test of the device. Therefor, the concept illustrated in Fig. 3.7 and discussed in the next

section, was preferred over the others presented above to be further optimized and fabricated.

Although DEAs are considered in this thesis, the presented concepts are independent from

the type of actuation, and can be potentially implemented using different technologies for

mechanical reconfiguration. For instance electrostatic (e.g., [59, 60]), magnetic (e.g., [15, 61])

and piezoelectric (e.g., [62, 63]) actuators could be integrated to realize the final device.

Table 3.2 – Performance comparison for the proposed phase shifter concepts at 35 GHz.

Concept Actuation
∆βmax

(rad/m)
FoM1

eq. (3.4)
FoM2

*

eq. (3.5)

Fig. 3.2a In-plane 539 30.9 563.5
Fig. 3.2b Out-of-plane 61.9 3.5 34.3
Fig. 3.2c Out-of-plane 513 29.4 526
Fig. 3.7 In-plane 308.5 21.5 140.6

*Note that presented performance do not include possible transitions between the
fixed and reconfigurable section, differently from the full-wave simulations shown
above.

3.3 The first reconfigurable TTD phase shifter using DEAs

The selected concept is depicted in Fig. 3.7. It consists of a conventional 50Ω coplanar

waveguide loaded by two suspended metallic strips (their spacing is constant), which are
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(a) (b)

Figure 3.7 – Schematic drawing of the selected DEA-based phase shifter. (a) Cross-section
view showing the device assembly and the materials used for the fabrication of the prototype.
The air gap between the CPW and the loading strips is obtained using a steel spacer (same
thickness as the needed air gap). (b) Simplified 3D view of the CPW and suspended loading
part. The maximum differential phase shift is directly proportional to the length of the loading
metal strips (here 10 mm for ∼180° phase shift) due to the TTD principle.

supported and horizontally displaced in the ±∆x direction by DEA actuators integrated in the

polydimethylsiloxane (PDMS) membrane. The actuation part also guarantees that the vertical

spacing between the CPW and the loading strips keeps constant [64].

The movement in both the positive and negative ∆x direction is obtained by means of two

planar DEAs. Compliant electrodes are patterned on both sides of the pre-stretched PDMS

membrane (excluding the EM-active area) forming two agonist planar DEAs linked by a central

passive (i.e., no electrodes) PDMS segment (Fig. 3.7a). The compliant electrodes are composed

of carbon black particles in a PDMS matrix and are applied using a stamping method (more

details in §3.3.2). The activation of one of the electrodes increases the in-plane stretch in the

activated segment and also relaxes the in-plane prestretch everywhere else in the membrane.

In particular, a voltage V1 induces a movement −∆x proportional to the applied voltage itself,

while a voltage V2 generates a movement +∆x in the opposite direction. Note that only one

actuator at time is active (or both inactive, i.e. V1 =V2 = 0V).

The presented concept implements a quasi-transverse electromagnetic transmission line

whose propagation constant β is modified by changing its effective dielectric constant εr,e f f .

In the proposed concept the horizontal displacement of the suspended lines over the fixed

CPW modifies the EM field distribution inside the dielectric substrate and the air gap between

the CPW and the loading lines, as qualitatively illustrated in Fig. 3.8. This variation induces a

change in the effective permittivity of the equivalent TL, which results in a proportional change

in the insertion phase. In State A (Fig. 3.8a), the loading metallic strips do not affect the nominal

propagation of the fundamental CPW mode and the electric field is more concentrated in

the dielectric substrate (thicker red arrows), resulting in the highest value of the effective
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(a)

(b) (c)

Figure 3.8 – Simplified drawing of the phase shifter reconfiguration principle. (a) Three possi-
ble states of reconfiguration with a symbolic illustration of the electric field distribution (red
arrows): thicker arrows means stronger field. States A and B correspond to the minimum and
maximum phase shift, respectively. State ; (V1 =V2 = 0V) is the central state between A and B
and corresponds to the initial assembly position. (b) Qualitative phase curves corresponding
to the states shown in (a). The effective permittivity decreases moving from A to B, increas-
ing the signal phase according to eq. (3.3). (c) Qualitative illustration of the characteristic
impedance change as a function of the displacement ∆x.

dielectric constant. In State B, on the contrary, the electric field is more concentrated in the

air gap than in the substrate, owing to the perturbation of the loading element and resulting

in the lowest value of εr,e f f . Thus, moving from State A to State B, εr,e f f reduces generating

a differential phase shift given by eq. (3.3) and symbolically illustrated in Fig. 3.8b. Also in

this case, the effect is magnified increasing the dielectric permittivity of the bottom substrate,

since this results in higher variation of εr,e f f passing from State A to State B. For the presented

design, a permittivity close to 10 was obtained using the commercial laminate Rogers TMM10i

(Fig. 3.7a). The maximum differential phase shift is thereby obtained moving from A to B,

generating phase curves similar to those qualitatively illustrated in Fig. 3.8b.

The design approach, the manufacturing process and the experimental characterization of

this particular device are discussed in the next sections.

3.3.1 Design approach

The aim of this design was to optimize the dimensions of the CPW transmission line and

of the reconfigurable loading part in order to maximize the phase shift performance. As
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explained above, the horizontal movement of the loading lines over the fixed CPW induces

a change in the effective permittivity εr,e f f and consequently in the phase constant β of the

equivalent transmission line. However, the dynamic control of the phase via the change of the

effective permittivity of the quasi-TEM mode necessarily comes with a simultaneous variation

of the TL characteristic impedance [65], which affects the matching of the phase shifter. Here

the characteristic impedance ZPS(∆x) of the active section increases moving from state A to

state B as qualitatively illustrated in Fig. 3.8c, due to the reduction of the effective dielectric

constant. This effect results in increased mismatch in at least some of the phase shifter states,

since the impedance ZC PW of the feeding CPW is fixed (here to 50Ω). The use of matching

networks between the feeding CPW and the reconfigurable section could be envisioned, but

would not be advantageous in this specific concept. In fact, the matching circuit should be

reconfigurable and would come with additional space, loss, and device complexity. Therefore,

it is preferable to optimize the design in order to minimize the mismatch. This effect was

considered in the design phase and a “minimum mismatch” approach was applied. Namely,

dimensions and materials of the CPW and of the loading parts in the reconfigurable section

were optimized to have the same mismatch in the extreme states of the phase shifter (A and

B in Fig. 3.8a). The tuning mechanism then ensures that all intermediate states are better

matched, since the impedance changes monotonically with the movement of the loading part,

as symbolically depicted in Fig. 3.8c.

The transmission line model of the presented phase shifter is proposed in Fig. 3.9. The feeding

CPW is represented as a TL section with constant impedance ZC PW (here fixed to 50Ω) and

fixed propagation constant βC PW . The reconfigurable section is described by a generic TL

with variable characteristic impedance ZPS(∆x) and phase constant βPS(∆x), functions of

the horizontal displacement ∆x. The optimal solution of the minimum mismatch design

is achieved when the reflection coefficient in state A and B, respectively ΓPS(A) and ΓPS(B),

Figure 3.9 – Equivalent transmission line model of the selected phase shifter concept. The
feeding CPW is represented as a TL section with constant impedance ZC PW and constant
propagation constantβC PW . The reconfigurable section has variable characteristic impedance
ZPS(∆x) and propagation constant βPS (∆x), which are function of the variable displacement
∆x.
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Figure 3.10 – Symbolic representation of the “minimum mismatch” principle.The maximum
reflection is achieved in the extreme states A and B, and all intermediate states are better
matched due to the monotonic change of ZPS form A to B.

equal in magnitude. This relation is mathematically expressed by the following equation:

∣∣∣∣ ZPS (A)−Zopt

ZPS (A)+Zopt

∣∣∣∣= ∣∣∣∣ ZPS (B)−Zopt

ZPS (B)+Zopt

∣∣∣∣ , (3.7)

where Zopt is the reference impedance that satisfies the mismatch minimization. After simple

calculations it is possible to demonstrate that the optimal solution in terms of characteristic

impedance is given by

Zopt =
√

ZPS (A) ZPS (B) = ZC PW (3.8)

It is clear from eq. (3.7) and (3.8) that the maximum reflection is achieved in the extreme states

A and B, while all the intermediate states present a better matching (the minimum is reached

for ZPS(∆x) = Zopt ). A symbolical representation of this principle is illustrated in Fig. 3.10.

The design and optimization were carried out using a full-wave simulation approach. The main

objective was to optimize the dimensions of the CPW TL and of the reconfigurable loading

part in order to maximize the phase shift to loss figure, while simultaneously minimizing the

mismatch. The characteristics of the reconfigurable section were selected in order to have

ZPS(A) and ZPS(B) satisfying eq. (3.8), where Zopt = 50Ωwas selected. At the same time, also

the maximization of the differential phase shift between the two extreme states A and B was

introduced in the optimization process. In particular, the two figures of merit FoM1 and FoM2

defined respectively by eq. (3.4) and (3.5) were considered.

The final dimensions of the reconfigurable phase shifter were selected to maximize both

eq. (3.4) and (3.5) with the constraints given by eq. (3.8). The different geometric variables

taking part into the optimization process are defined in Tab. (3.3) and the main steps of the

design are summarized as follow:
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1. ZC PW was set to 50Ω and the dimensions of the feeding section were chosen accord-

ingly [58]. The dielectric substrate is the commercial Rogers TMM10i with a permittivity

of 9.8 and a thickness of 635µm. Different commercial materials with dielectric con-

stant close to 10 (good trade-off between achievable change in εr,e f f and associated

mismatch) were considered at this stage, but the TMM10i was chosen for its very good

dielectric and mechanical stability.

2. WPS and ∆hPS were then fixed according to preliminary simulations and some consid-

erations concerning the manufacturing technique, the final device dimensions and the

DEA limitations (e.g., fabrication precision, maximum DEA strain, total dimensions).

3. The HFSS port solver was used to evaluate the characteristic impedance ZPS and the

propagation constant βPS for both states A and B of a realistic device. More specifically,

a parametric simulation was performed as a function of SPS and Wl oad with a 10µm

step for both variables. Such a step corresponds to the maximum resolution achievable

with the etching fabrication process available at EPFL. The optimal impedance Zopt was

then calculated for each couple (ZPS(A) , ZPS(B)) using eq. (3.8).
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Figure 3.11 – Performance map for the design optimization of the proposed phase shifter.
The optimization parameters are SPS and Wload . Blue pixels are discarded because they
correspond to unacceptable mismatch (optimal impedance different from 50.0±0.5Ω).

4. FoM1 and FoM2 were calculated for each couple
(
SPS, Wl oad

)
with an associated Zopt =

50.0±0.5Ω. This was necessary to match the fixed impedance ZC PW = 50Ω of the feed-

ing CPW. Performance maps of FoM1 and FoM2 were generated as shown in Fig. 3.11.

Blue pixels therein represent those couples
(
SPS, Wl oad

)
with an associated optimal

impedance different from Zopt = 50.0±0.5Ω (i.e., higher mismatch) and thereby were

discarded in the optimization process. It is worth observing the clear trade-off between

FoM1 and FoM2 showed in Fig. 3.11: higher phase shift per unit length generally corre-

sponds to higher mismatch (lower FoM2) and vice versa. This relation is pretty obvious
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considering that higher phase shift is achieved by means of a larger reconfiguration of

the effective permittivity, which necessarily brings to a wider change in the characteristic

impedance of the active section.

5. The final values of SPS and Wl oad were selected by maximizing FoM1 and FoM2. In

particular, a minimum threshold for FoM2 was selected and SPS and Wload were cho-

sen to maximize FoM1. Nevertheless, the available chemical etching process could

introduce a ±10µm error in the realization of the metallic lines and had to be consid-

ered in the selection of the final dimensions. This means that the selected optimal

pixel in Fig. 3.11 needed to be surrounded by at least eight valid pixels (different from

blue) with analogous figures of merit (a 5 % performance reduction was accepted).

From previous considerations, we can conclude that the final choice represented a

“sub-optimal” solution resulting from a trade-off between phase shift maximization,

mismatch minimization and manufacturing constraints.

The final dimensions of the presented phase shifter, together with the definition of the vari-

ables mentioned in this section, are summarized in Tab. 3.3. Figure 3.12 shows a top-view

drawing of the basic CPW with the main variables defined in Tab. 3.3. It is worth observ-

ing from Fig. 3.12 that the CPW is properly shaped to have Zopt = ZC PW = 50Ω. Moreover,

a further transition (see the zoomed section) is added to comply with the measurements

setup. As explained in §3.3.3, the characterization of the presented device was carried out by

contacting RF ground-signal-ground (GSG) probes (Cascade Microtech |Z| Probe) to the CPW

input/output sections, using a TRL calibration. The probes employed for measurements had a

150µm pitch, thereby the dimensions of the input section were chosen accordingly (Fig. 3.12

and Tab. 3.3).

Figure 3.12 – Top-view drawing of the basic CPW transmission line constituting the fixed part
of the designed phase shifter. The main dimensions reported in Tab. 3.3 are highlighted. The
input and output transitions needed for the connection of the testing GSG probes are also
included.
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Table 3.3 – Main variable definitions and final dimensions of the fabricated phase shifter.

Variable
name

Variable definition
Final value

(µm)

WPS
Width of the signal line in the reconfigurable

CPW section
600

SPS
Gap between signal and ground line in the

reconfigurable CPW section
460

LPS
Length of the loading lines. It sets the

maximum phase shift
10000

WC PW
Width of the signal line in the feeding CPW

section
600

SC PW
Gap between signal and ground line in the

feeding CPW section
250

WI N
Width of the signal line in the CPW section

accessible to RF probes
110

S I N
Gap between signal and ground line in the

CPW section accessible to RF probes
50

Wl oad Width of each loading line 620
Sload Gap between the two loading lines 440
hdi el Thickness of the CPW dielectric 635

∆hPS
Air gap between the CPW and the loading

lines
50

3.3.2 Manufacturing and assembly

The design process was carried out considering all the constraints imposed by the DEA tech-

nology in terms of possible implementation and maximum achievable strain (with respect to

an assigned size of the actuator). The concept was optimized to comply with the manufac-

turing processes available at EPFL. In particular, all the fabrication steps relied on standard

printed circuit board (PCB) manufacturing techniques (no cleanroom activity was needed)

to reduce fabrication cost and complexity. The actuator part was developed at the LMTS

laboratory, EPFL.

The different parts of the design were fabricated independently using commercial materials

(Fig. 3.7a) and standard PCB manufacturing techniques. The fabricated pieces were then

assembled manually, resulting in a very low-cost phase shifter. Moreover, the prototype was

designed to be modular, allowing the use of the same fixed PCB (CPW transmission line) with

different reconfigurable parts (for testing purposes) and to replace single pieces in case of

local failure. A render of the assembled prototype is shown in Fig. 3.13a and its exploded view

is represented in Fig. 3.13b, giving a clear idea of the modularity mentioned above. It is worth

noting that the active part (i.e. the area directly affected by reconfiguration and generating a

variable phase shift) is very small compared to the total dimensions of the device (∼5×5 cm2)

as represented in Fig. 3.13a. In fact, our main concern was the implementation of a first
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(a) (b)

Figure 3.13 – Render of the manufactured device: (a) final assembly and (b) exploded view.
The different parts constituting the modular device are labeled. The active area is highlighted
with a red dashed-line rectangle, and has a dimension of (12×3 mm2).

prototype that could be easily and safely tested for a first demonstration of the DEA-based

reconfiguration, while we were not particularly focusing on size minimization. Furthermore,

it is important to highlight that this phase shifter was completely realized with very low cost

technology.

The main manufacturing steps, together with a description of the different parts visible in

Fig. 3.13, can be summarized as follow:

1. Fabrication of the CPW: the basic CPW transmission line was manufactured from a

Rogers TMM10i laminate using a standard chemical etching technique. The choice of

the TMM10i material is due to the need for a high permittivity, low losses and reliable

mechanical and electrical stability.

2. Fabrication of the loading part: the loading strips were etched from a Rogers Duroid

4003C laminate, which presents low permittivity, low losses and good mechanical stabil-

ity. In this case, though, the choice of such a material was not relevant to the phase shift

performance, since the electric field in it is almost negligible. Indeed a substrate was

not really needed, but it was introduced to allow an accurate, simple and inexpensive

manufacturing of the loading lines. Several lines were realized on a wafer-sized (10 cm

diameter) substrate, as needed by the next fabrication step. Moreover, alignment holes

were drilled into the Duroid material next to the metallic lines. These holes were used to

improve the horizontal alignment between the fixed CPW and the reconfigurable part,

as explained later.

3. Assembly of the loading PCB: the substrate etched at the previous step was adhered to
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(a) (b)

(c) (d)

Figure 3.14 – Different steps of the electrodes printing on the PDMS membrane. (a) A laser
cut PET mask with the desired electrode geometry is placed on the membrane surface. (b)
A rubber pad deposit the conductive ink on the PSMS membrane through the PET mask. (c)
Final result after the stamping process, and (d) after removing of the PET mask.

a fused silica wafer (thickness 525µm, permittivity εr = 3.8, loss tangent tanδ= 0.0004).

This silica substrate was added to improve stiffness and flatness of the loading chip,

and to simplify its bonding to the elastomer membrane using O2 plasma activation.

A plasma bonding technique allows for an irreversible bond between the fused silica

surface and the PDMS membrane. The 10 cm wafer (stack of fused silica and etched

Duroid PCB) was then diced to realize the needed loading chips (around 12 mm×2 mm

when LPS = 10mm).

4. Realization of the DEA actuators: the dielectric elastomer membrane was fabricated at

LMTS [66] using a commercial two-component PDMS silicone elastomer (Dow Corning

Sylgard 186) whose dielectric properties had been previously characterized (cf. §2.3).

The two PDMS components were mixed at a 10:1 ratio, with the addition of a silicone

solvent (Dow corning OS-20 in a 4:1 PMDS to solvent ratio) to reduce the viscosity of

the mixture, using a planetary mixer (Thinky ARE-310). The mixing procedure also

allowed to degas the PDMS-solvent solution in order to avoid the formation of air

inclusions. The PDMS mixture was blade cast onto a PET substrate to a thickness of

67



Chapter 3. Reconfigurable phase shifters based on DEAs

approximately 60µm using a Zehntner automatic film applicator coater, and was then

allowed to cure in the oven for at least one hour at approximately 80 ◦C. The cured

elastomer membrane was then cut into 40 mm×40 mm sections and pre-stretched

equibiaxially of a 1.4 factor. The use of pre-stretch allows to increase the mechanical

energy in the elastomer, and to improve its breakdown strength. However, this also

makes the membrane stiffer requiring a slightly larger electric field to reach a given

strain. The pre-stretched PDMS membrane (thickness around 30µm) was then fixed to

a plastic frame in order to maintain its pre-stretch.

Compliant electrodes were fabricated via a stamping method using a pad-printing

machine (Teca Print TPM101, Fig. 3.14). The machine operates by doctor blading small

amounts of conductive electrode ink (composed of carbon black particles in a PDMS

matrix) onto a shallow reservoir etched into a metal plate called a cliché, which is

subsequently picked up by a rubber pad (Fig. 3.14). The ink was deposited through

a laser cut PET mask placed on the membrane surface (Fig. 3.14c), thereby achieving

the desired electrode geometry (Fig. 3.14d). This method, in general, facilitates fast

prototyping and evaluation of designs. The shape of the perimeter of the mask was cut

to match the internal shape of the rigid plastic frame used to retain the membranes

pre-stretch. This pad-printing methodology ensured an electrode with high resolution

(feature sizes down to 50µm were attainable), and allowed to avoid that the electrode

material spilled over into the central passive zone of the membrane.

After the electrodes printing, the PDMS membrane was transferred to a plastic PCB

that allowed also the electric connection between the electrodes and the electric wires

necessary to apply the actuation voltage.

5. Assembly of the reconfigurable part: the loading PCB realized at point 3 had to be

placed in the center of the active membrane, between the two agonist actuators to

complete the reconfigurable part of the proposed phase shifter. Oxygen plasma was

used to allow a permanent bonding of the loading chip (through the fused silica) to the

center of the PDMS membrane. To complete this step, both the actuator and the loading

elements were placed into a plasma chamber (Zepto, Diener electronic) and exposed to

oxygen plasma for approximately 20 seconds at 100 % power (Fig. 3.15c). Radicals in the

plasma first clean and then bind with the two surfaces making them highly reactive. The

two activated surfaces were then removed from the chamber, placed in a custom-made

jig to ensure alignment and pressed in contact with each other. The full actuator, after

the bonding process, is shown in Fig. 3.15d.

6. Assembly of the device: the final assembly and alignment between the basic CPW and

reconfigurable part was realized using a plastic support and vertical screws as illustrated

in Fig. 3.13. The holes were placed to have the initial position (no applied voltage)

corresponding to the ‘State ;’ of Fig. 3.8a. This choice allowed to completely exploit

the two-direction (±∆x) displacement range offered by the two agonist actuators and

to correct possible assembly tolerances. The needed air gap ∆hPS = 50µm between the

CPW and the loading lines was guaranteed by the introduction of proper spacers: they
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(a) (b)

(c) (d)

Figure 3.15 – Bonding procedure of the loading PCB to the actuator membrane by oxygen
plasma activation. (a) Picture of loading elements and alignment jig with shallow recess for
placing loading element. (b) Loading element placed in the alignment jig. (c) Actuator and
loading element activated in the O2 plasma chamber. (e) Bonded device.

were manufactured with the same materials used for the loading PCB, in addition to a

50µm steel shim (Fig. 3.7a and Fig. 3.13).

A digital holographic microscope (DHM) was subsequently used to measure and validate

the vertical spacing between the two parts. DHMs are typically used for 3D real-time

topography imaging at nanometric resolution. For our purposes, the DHM was used

to focus on the CPW surface and then on the top surface of the glass substrate of the

loading element using the available working distance tool. This tool allowed us to obtain

the vertical position at which the coherence was maximized for the two planes using

a 3-axes micrometer precision stage. The difference between the vertical positions of

the two surfaces subtracted by the thickness of the loading element (including the glass

substrate and Kapton tape) determined the spacing ∆hPS .

It is worth observing that a 10 mm thick Rohacell foam was placed below the CPW

substrate (Fig. 3.13) in sight of the foreseen measurements setup. The Rohacell HF foam,

in fact, exhibits dielectric properties similar to air (εr ∼ 1 and low losses), which was very

convenient to separate (without affecting the device performance) the CPW and the

metallic support of the employed probe station avoiding any electromagnetic coupling
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between them.

7. Horizontal alignment: in the case of the manual assembly procedure used here, fur-

ther actions were needed to improve the horizontal alignment between the loading

element and the bottom CPW. The horizontal alignment was validated using an opti-

cal microscope with the aid of dedicated aligning holes in the loading PCB (drilled at

step 2). Moreover, four horizontal screws were added to the plastic support (Fig. 3.13).

These screws were tuned to obtain a finer adjustment of the horizontal alignment while

looking at the microscope through the alignment holes. An example of microscope

view is shown in Fig. 3.17. According to our setup, an aligning precision of ±20µm was

estimated.

The manufacturing procedure described above required different optimizations and reit-

erations, especially to achieve a good vertical and horizontal alignment between the fixed

transmission line and the movable loading part. The final manufactured phase shifter pro-

totype is shown in Fig. 3.18, where the small EM-active area (12×3 mm2) is highlighted. The

independent electrical connections (for the actuation voltage) of each DEA actuator are also

visible: red wires (positive voltage) are connected to the top electrodes, and black wires

(ground) are connected to the bottom electrodes. The next section reports the experimental

characterization of this specific prototype.

(a) (b)

Figure 3.16 – Validation of∆hPS spacing using a digital holographic microscope (DHM) (Lyncée
tec). Intensity images of the surfaces as seen through the DHM: (a) fused silica plane and
(b) CPW plane (green and red shading added to indicate the ground plane and signal line
respectively). The machine’s working distance tool obtains vertical position at which the
coherence is best for the two planes using a micrometer precision stage. The difference in the
vertical position is used to determine the ∆hPS spacing by subtracting the thickness of all the
involved substrates.
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Figure 3.17 – Procedure for the horizontal alignment between the fixed CPW and the loading
part. An optical microscope is used to verify the horizontal alignment through dedicated holes
in the loading PCB.

Figure 3.18 – Picture of the fabricated DEA-based phase shifter. The EM-active area is high-
lighted with a red dashed-line rectangle, the dimensions are 12×3 mm2. Two DEA segments
straddle the EM-active area providing the in-plane actuation. The DEA segments have sepa-
rate electrical input allowing for independent actuation. The four screws on the perimeter of
the device help maintain horizontal alignment.

3.3.3 Experimental characterization

The fabricated prototype of Fig. 3.18 was characterized through conventional on-wafer mea-

surements of the 2-port scattering parameters. The measurement setup included an Agilent

E8361A network analyzer, and a Cascade Microtech CM2 manual probe station to correctly

position ground-signal-ground (GSG) probes on the CPW. Cascade Microtech |Z| probes with

150µm pitch were used to access the input and output sections of the device under test. A

commercial high voltage supply was used to provide the needed control voltage to the DEA

actuators. A picture of the complete measurements setup is visible in Fig. 3.19a, and a detail

of the device under test with connected GSG probes is proposed in Fig. 3.19b.

A TRL calibration was adopted to remove the effect of the transitions between the coaxi-

al-based network analyzer and the CPW-based device, and to place the S-parameters reference
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(a) (b)

(c)

Figure 3.19 – Measurements setup used for the prototype characterization. (a) Complete
setup including the Agilent PNA for 2-port S-parameters measurements, the Cascade manual
probe station and the high voltage supply. (b) Detail of the phase shifter under test with
connected GSG probes, conventionally used for on-wafer measurements. (c) Position of the
measurement reference planes using TRL calibration.

planes at the edges of the reconfigurable section (Fig. 3.19c). It is worth noting that actuator

parts extend beyond the selected reference planes over the feeding and fixed CPW. However,

the effect of these parts on the propagation properties of the basic transmission line was

assessed to be negligible. In fact, an air gap higher than 1 mm exists between the CPW plane

and the actuator frame. Therefore, a negligible electromagnetic interaction appears in these

regions (feeding CPW) between the CPW field and the actuator parts (i.e., this sections do not

contribute to the signal phase shift). The particular measurement setup implemented for the

MMW characterization of this first prototype did not allow for simultaneous measurement of

both the horizontal displacement of the loading part and the associated scattering parameters.

Therefore, the actuator displacement (∆x values, cf. Fig. 3.7) as a function of the applied

voltage was determined prior to the MMW characterization using a digital camera mounted

on an optical microscope. More specifically, pictures were taken at each actuation state (i.e.,

applied voltage) and a tracking element present in all available pictures was chosen. Then, its

displacement was extracted using a pixel-based processing technique. The measured displace-
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Figure 3.20 – Displacement (∆x) characterization as a function of the applied voltage per-
formed prior to the S-parameter measurements. Note V1 voltages are shown as negative
and V2 voltages shown as positive. A portion of V2 curve is missing due to anomalous data
extracted during the procedure.

ment for the presented phase shifter is reported in Fig. 3.20. Note that V1 input voltages (right

actuator, cf. Fig. 3.7) are shown as negative values (i.e., V1 =−V ) and V2 as positive (V2 =V ).

Figure 3.20 shows that the actuator was able to achieve the required total displacement of

530µm well within the safe operating range defined by a maximum applicable electric field of

100 V/µm (a maximum field of around 60 V/µm was applied here). A small portion is missing

in the ‘V2’ curve, since anomalous data were obtained from the characterization and, thus,

their values were discarded.

Phase shift performance at different actuation states were then characterized: no applied volt-

age (V1 = V2 = 0V), V1 = (1.1,1.2,1.3,1.4,1.5)kV and V2 = (1.1,1.2,1.3,1.4,1.5)kV. It is worth

observing that the initial position (V1 = V2 = 0V) corresponds to the ‘State ;’ of Fig. 3.8a,

namely, the central position (∆x = 0µm) between the minimum (state A) and maximum (state

B) phase shift. However, due to the manual assembly, some initial displacement can be present

in the manufactured prototype, and can be characterized comparing measured and simulated

curves.

The measured scattering parameters in the range 25–35 GHz are shown in Fig. 3.21 (note V1

voltages are shown as negative and V2 voltages shown as positive). The top panels of Fig. 3.21

show the magnitude of S21 (left panel) and S11 (right panel), highlighting the very low loss and

the good matching for all the reconfiguration states, respectively. The bottom panel reports

the transmission phase exhibiting the typical TTD behavior. Measured curves highlight very

good performance in terms of insertion loss (I L), return loss (RL), and maximum differential

phase shift (∆φmax ). The I L is always lower than 1.6 dB with an average value of 0.83 dB over

the total frequency range. The RL is always better than 11 dB, which means good matching for

all the phase shifting states in the whole 10 GHz bandwidth. A maximum differential phase

shift ∆φmax ≈ 180° is achieved at 30 GHz, which can be increased at will by proportionally

increasing the length of the active region (Fig. 3.7 and 3.18) due to the TTD working principle.
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Figure 3.21 – Measured scattering parameters for different actuation states: V1 = V2 = 0V,
V1 = (1.1,1.3,1.5)kV and V2 = (1.1,1.3,1.5)kV. The top panels show the magnitude of S21 (left)
and S11 (right) in dB. The bottom panel reports the transmission phase exhibiting the typical
TTD behavior. Note V1 input voltages shown as negative values and V2 as positive in the
legend.

These results demonstrate state-of-the-art performance in terms of the most important figure

of merit for true-time delay phase shifters, namely, the phase-shift/loss ratio. Indeed, a

mean value of ∼235 °/dB was achieved at 35 GHz, considerably outperforming MMIC phase

shifters at similar frequencies (e.g., ∼57 °/dB at 28 GHz for a 5-bit MMIC phase shifter using

InGaAs PIN diodes [23]). Moreover, similar performance as lower-loss state-of-the-art MEMS

reconfigurable phase shifters were obtained. Hacker et al. [52] for instance demonstrated

an average FoM of ∼140 °/dB at 35 GHz for a 3-bit TTD RF-MEMS network, while the 2-bit

MEMS phase shifter presented by Hayden and Rebeiz [67] exhibited an average phase shift to

loss of ∼180 °/dB at 37.7 GHz.

Measured scattering parameters are now compared with full-wave simulations from the com-

mercial software Ansys HFSS. Figure 3.22 shows the simulated results (solid and dotted blue

line) as a function of the horizontal displacement ∆x, and the measured phase as a function

of the input voltage (red circles and triangles) at two different frequencies, namely 25 GHz and

30 GHz. The ∆x values corresponding to the measured phase data were determined prior to

the device assembly and MMW characterization (Fig. 3.20), as the particular measurement

setup did not allow for measurement of both quantities simultaneously (see discussion above).

A good agreement can be seen between the measured and simulated results for negative
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Figure 3.22 – Comparison between measurements and simulations for two different frequen-
cies (25 GHz and 30 GHz) for actuation states V1 =V2 = (1.1,1.2,1.3,1.4)kV (V1 input voltages
shown as negative values). Full-wave simulations are performed using the commercial soft-
ware Ansys HFSS. The ∆x displacement values for the experiment data were measured prior
to the MMW measurement.

displacements ∆x (i.e., actuation of the ‘V1’ DEA from Fig. 3.7), whilst a discrepancy exists

for the positive displacements (i.e., actuation of the ‘V2’ DEA from Fig. 3.7). This suggests

that the V2 DEA displacement during the RF measurement was different to its prior measured

value, most likely due to disturbance caused during transport and test preparation. More-

over, as it has been discussed above, the ‘V2’ actuator had an anomalous behavior during

the displacement characterization (Fig. 3.20), which could be a contributing cause to this

error. This type of uncertainty on the actuator displacement could be eliminated in future

designs by implementing self-sensing [68] or closed-loop control capabilities [69]. Rosset et al.

[69], for instance, proposed a closed-loop operation of the DEA actuator based on capacitive

self-sensing. In the proposed configuration, the DEA device acts as actuator and integrated

sensor simultaneously, without any need for external sensors. When a voltage is applied to a

DEA segment, in fact, the compliant electrodes expand in area and the elastomer membrane

is compressed in thickness, meaning that the associated capacitance increases. Thus, this

capacitance is proportional to the actuation and can be used as self-sensing parameter. Rosset

et al. [69] implemented this concept using a self-sensing control unit able to drive the actuator

and to measure the associated capacitance at the same time. A similar approach would be

definitely necessary for real applications where a precise and stable actuation displacement
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is needed. Such an improvement would although necessarily come at the expense of device

complexity and cost.

Figure 3.23 reports the comparison between measured and simulated scattering parameters

over the full frequency range (25–35 GHz) for two of the measured phase shifter states (i.e.,

V1 = −1.4kV and V1 = V2 = 0V) shown in Fig. 3.22. The two states shown here correspond

to voltages where a very good agreement was achieved in Fig. 3.22. Nevertheless, in the

regions where a discrepancy exists (Fig. 3.22), the position of the movable loading part in the

simulation must be logically fitted in order to compare simulations and measurements in a

proper way.
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Figure 3.23 – Comparison between measurements and simulations over the complete fre-
quency range (25–35 GHz) for two different actuation states (V1 =−1.4kV and V1 =V2 = 0V).
The simulated curves are identified by their displacement ∆x in the legend.

3.4 Conclusions

This chapter reported all the activities leading to the development of Ka-band reconfigurable

phase shifters based on dielectric elastomer actuators (DEAs). Four different concepts have

been proposed and their preliminary performance have been evaluated using full-wave sim-

ulations and analytical models where possible. All the proposed phase shifters consist of a

fixed transmission line (i.e., CPW, RWG, microstrip) loaded by a movable element (dielectric

or metallic), which perturbs the effective dielectric constant of the equivalent transmission

line, thus varying the related propagation constant (and so the signal phase).
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One device has been selected among the others on the basis of a trade-off between achievable

performance and manufacturing complexity. The selected candidate consists of a conven-

tional coplanar waveguide loaded by two suspended metallic strips, which are supported and

horizontally displaced by a set of two agonist DEAs. The variable interaction between the fixed

CPW and the movable loading strips generates a change in the effective permittivity of the line,

thus modifying its propagation constant. The selected phase shifter has been optimized taking

into account all the technological constraints and its final design has been manufactured

using conventional PCB fabrication techniques available at EPFL and low-cost technologies.

The resulting prototype has been characterized and tested in the frequency range 25–35 GHz,

highlighting state-of-the-art performance in terms of phase-shift/loss figure of merit. Indeed,

a mean value of ∼235 °/dB was achieved at 35 GHz, considerably outperforming MMIC phase

shifters operating at similar frequencies and favorably comparing to lower-loss state-of-the-art

MEMS reconfigurable phase shifters. The presented device represents the first proof of concept

of tunable phase shifter based on DEA technology.

A comparison between the performance of the manufactured phase shifter with analogous

reconfigurable devices based on conventional technologies (i.e., MEMS, MMIC, Ferrite) is re-

ported in Tab. 3.4. These results demonstrate the potentials of DEAs for very low-loss analogue

tuning of electromagnetic devices at millimeter-waves and, possibly, at higher frequencies,

where available technologies (e.g., MMIC, MEMS, ferrites, liquid crystals) can come with

unacceptable losses and cost. The presented DEA-based mechanical reconfiguration proved

to be very efficient for the implementation of in-plane mechanical reconfiguration and could

also be applied to the realization of other tunable devices in the microwave to terahertz band.

Table 3.4 – Performance comparison with tunable phase shifters available in literature and
commercial devices operating in the same frequency range (i.e., Ka-band).

Device Technology Type
BW

(GHz)
IL

(dB)
RL

(dB)
∆φmax

(deg)
Size

(mm2)

[23] MMIC 5-bit 25 –35 <7.8 >9 360 2.17×1.08
[70] MMIC 5-bit 34–39 <16.5 >10 360 1.70×0.75
[71] MMIC 4-bit 28–32 <9 >12 360 2.17×1.08
[34] MMIC 1-bit 30–40 <4 >10 180 0.93×0.74
[39] Ferrite analog 22–26 <1 >23 360 –
[52] MEMS 3-bit 25–35 <1.6 >15 315 3.50×2.60
[67] MEMS 2-bit 32–36 <2.5 >11 270 –
This
work

DEA analog 25–35 <1.6 >10 180* 50×50**

*It is proportional to the length of the device due to the TTD operation (see eq. (3.3)).
**Size of the final prototype considering the manual assembly. Size minimization was not
a priority for this first prototype, but dimensions could be further reduced in next design
iterations.
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4 A beam-scanning DEA reflectarray

This chapter presents the design and development of a reconfigurable reflectarray (RA) an-

tenna based on dielectric elastomer actuators (DEAs) to implement 1-D beam-scanning

capabilities. The proposed reconfiguration concept uses planar DEAs to achieve the mechani-

cal tuning of the resonant length in rectangular microstrip patches on a grounded dielectric

substrate. The proposed approach allows to decouple the actuation part from the electromag-

netic (EM) active area, without contributing with additional losses with respect to the device

fixed counterpart. The DEA-based reconfiguration principle is validated by developing an

intermediate device consisting of a uniform array of tunable cells controlled by a single set

of agoinist DEAs, thereby generating a uniform reflection phase distribution. The final RA

system is then obtained by implementing the independent control of each column of cells to

realize 1-D beam-scanning in the H-plane of the antenna.

A general introduction to the reflectarray antenna system comprising a brief review of the

technologies commonly used for the implementation of reconfigurable devices is presented in

§4.1. The proposed reconfiguration principle based on the mechanical tuning of RA resonant

elements is discussed in §4.2, and a reconfigurable reflective surface implementing and

validating this approach is presented in §4.3. §4.4 reports the design of the first prototype of

1-D scanning RA using dielectric elastomer actuation. A summary of the chapter is found in

§4.5.

4.1 Introduction

High-gain antennas are required in many remote sensing and communication systems, and

are particularly needed for satellite applications where long distances have to be covered.

Conventional high-gain antennas are typically implemented using two main configurations,

namely phased arrays and reflectors [1].

Phased array antennas are generally planar structure integrating a large number of radiat-

ing elements connected to a complex beam forming network (BFN). A typical BFN includes
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amplifiers and phase shifters, which allow to select the proper magnitude and phase of the

electromagnetic field radiated by each element, in order to have the maximum of radiation in

the desired direction. When the phase shifting properties of the BFN can be tuned (different

phase profiles are realizable), beam-scanning capabilities are achieved. Moreover, magnitude

control can be also introduced to obtain a particular shape of the radiated beam implementing

beam-shaping functionalities. A symbolic representation of the basic phased array working

principle is shown in Fig 4.1a, where a simplified 1-D linear array is depicted, although the

same principle can be easily extended to a 2-D geometry. In this particular case a differen-

tial phase shift ϕ between adjacent radiating elements is necessary to obtain constructive

interference of the field radiated by each element in the same selected direction. Phased array

antennas generally offer high flexibility for antenna reconfiguration (especially beam-forming)

and potentially all the possible beam directions and shapes are achievable. Nevertheless,

current phased array technologies present some drawbacks related to the high-loss and com-

plex BFN necessary to implement a given beam reconfiguration. Moreover, array antenna

can become very expensive for MMW applications due to the high-cost amplifiers and phase

shifter modules integrated in the BFN. Therefore, conventional phased array antennas can

result in complex, heavy, and expensive structures with high power consumption, limiting

their use in many practical applications.

Reflector antennas are widely used when high-gain communication links are needed. They

consist of a focusing reflector illuminated by an external feed (e.g., a horn antenna). The

spherical EM wave radiated by the feeding antenna impinges on the reflector and a planar

wave is re-irradiated in the desired direction (the basic principle is illustrated in Fig. 4.1b).

Thus, the reflected phase front is controlled by creating a difference in the path length of the

field locally impinging on the reflector. Beam shaping is also possible by locally deforming the

reflector surface. The position of the feed with respect to the reflector is typically fixed and

beam scanning is possible through the mechanical movement of the antenna, meaning that

an external motor is needed. Therefore, conventional parabolic reflectors are generally very

bulky and can be inconvenient to implement advanced beam scanning functionalities, since

these should be obtained through a mechanical movement of the feed and/or the reflector

itself (typically small angles are achievable). Moreover, the manufacturing of this type of

antennas can be complex and expensive, due to the particular needed shapes and materials of

the reflecting surface.

A very interesting alternative to phased array and reflector antennas to implement a reconfig-

urable beam is the reflectarray (RA) antenna. RAs combine the advantages offered by both

phased array (e.g., flat surface, electronic beam-forming) and reflector antennas (e.g., lack of

BFN and high gain). A general description of the fixed-beam RA principle is reported in §4.1.1,

and possible implementations of reconfigurable RAs are discussed in §4.1.2.
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(a) (b)

(c)

Figure 4.1 – Basic principle of conventional high-gain antenna configurations. (a) Phased
array antennas use the electronic control of the different radiating elements (magnitude and
phase) to point the beam in the desired direction. (b) Reflector antennas exploit the particular
shape of the reflector to focus the radiation coming from the feed in a given direction. (c) RA
antennas comprise a feed and a reflective surface consisting of an array of reflective cells. The
reflection phase of each cell is selected to allow constructive interference of the radiated field
in the pointing direction.
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4.1.1 The reflectarray antenna

The principle of the reflectarray is well known and has been widely covered in literature

(e.g., [2]). In brief, it consists of a reflector antenna where the usual reflector is replaced by

a planar or conformal surface implemented by an array of unit cells, which allow for a local

control of the reflection properties of the surface. Thus, this basic principle is very similar

to the operation of conventional reflector antennas that utilize their particular curvature to

compensate for the difference in the path length, in order to control the radiated beam. The

desired radiation pattern is therefore obtained by properly designing the reflecting elements

to generate a specific phase distribution on the reflector, which allows to coherently reflect the

electromagnetic field radiated by the feeding antenna (usually a directional antenna such as a

horn). The basic operating principle is schematically illustrated in Fig. 4.1c, where a 1-D array

of generic unit cells is shown. Each reflecting cell is characterized by a reflection coefficient ρi

properly selected to redirect the incident wave in the pointing direction. The reflectarray is

clearly suitable to realize pencil-beam high-gain antennas; in this case, the reflector is tailored

to form in the far field a planar phase front perpendicular to the desired given direction(
θr ,ϕr

)
. However, RAs are also a valid instrument to achieve particular contoured beams

or multi-beam antennas, as needed in many satellite communications systems to realize a

customized earth coverage.

The reflectarray concept was first demonstrated in the early sixties by Berry et al. [3] who

proposed a reflected surface composed of a 2-D array of rectangular waveguides with the

aperture directed towards the feeding antenna. The electromagnetic field radiated from the

feed was coupling with the waveguide apertures and propagating inside them. The needed

reflection phase distribution was achieved using short-circuited waveguides with different

lengths, properly selected to compensate for the different path lengths of the feeding wave.

Although the reflectarray principle was very promising, the first prototype was bulky and

heavy and not particularly suitable for practical applications. Thus, advancements in this field

only began a few decades later due to the development and improvement of printed circuit

and planar antenna technology [4, 5]. Since then, microstrip technology has been widely

utilized for the implementation of fixed-beam reflectarrays, since it allows to achieve very

good antenna performance with low-profile, light-weight and low-cost structures.

Reflectarray antennas implemented with this approach consist of a planar array of printed

reflecting cells, where the desired reflection phase profile is realized by varying a specific

geometrical parameter in each element. In particular, three main techniques to control the

reflection phase of printed unit cells can be considered. A common approach consists in using

variable-size resonant elements such as rectangular patches [6], crossed dipoles [7], rings [8]

and slots in a metal plane [9]. The change in the resonant length of each element allows to

apply a different phase shift to the reflected wave. A further implementation is based on the

use of variable-length microstrip stubs attached to the resonant patch, which act as a delay

line for the impinging field that is radiated back by the reflective element [4, 10, 11]. Thus, the

reflection phase is proportional to the length of the stub; however, the use of stubs generally
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increases dissipative losses (due to the additional transmission line) and produce spurious

radiation (since they are typically bent) that degrade the cross-polarization performance.

When circular polarization is concerned, the use of identical elements with different rotation

angle has been demonstrated [12]. With this approach, a given relative rotation α between

different radiators allows to achieve a differential reflection phase equal to 2α for an incident

circularly polarized wave.

Resonant patches of different shapes are very convenient, since they allow to obtain flat and

low-profile reflectors using very low cost standard printed circuit board (PCB) techniques.

Here we specifically focus on this method because it is the basic approach towards the re-

configurable reflectarray based on dielectric elastomer actuators described in §4.2 and §4.4.

In particular, one possible implementation is represented by the use of resonant patches of

different length: an array of rectangular metallic patches is printed on a grounded dielectric

substrate, as illustrated in Fig. 4.2a, where a uniform array of square patches is shown. In

this particular case, the operating principle of the RA is based on the well-known resonant

behavior of the single cell shown in Fig. 4.2b. Note that square cells are illustrated in Fig. 4.2,

but the same general principle applies to an array of rectangular patches. More specifically,

the reflection phase can be locally controlled by changing the resonant length Lpacth of each

cell if the incident field is linearly polarized as illustrated in Fig. 4.2a. Each cell is represented

by the resonant circuit reported in Fig. 4.2c, where the metallic patch is modeled by a shunt

impedance (R−C −L resonant circuit), the dielectric substrate by a transmission line of length

Hdi el and the ground plane by a short circuit. The values of Rp , Cp and Lp are varied de-

pending on the size (Lpatch for linear polarization) of the metallic patch, hence allowing to

modify the resonance properties. Using rectangular or square patches, a total phase range

approaching 360° can be obtained. Nevertheless, the total phase range achievable varying the

length of the resonating patch strictly depends on the characteristics of the dielectric substrate

(i.e., permittivity and thickness) at the design frequency. In particular, a total range of 330° can

be obtained for thin substrates (less than a tenth of wavelength), but it reduces when thicker

dielectrics are used.

Reflectarray surfaces based on resonant patches generally exhibit better performance in terms

of losses and cross-polarization if compared to stub-based reflectarrays. However, the maxi-

mum achievable phase range is limited (in the order of 330°) and the phase dependence on the

resonant length is strongly nonlinear. Moreover, this resonant behavior is quite narrow-band

(relative bandwidth in the order of 3–5 %), hence limiting the bandwidth of full reflectarray.

Fig. 4.3 shows a typical example of reflection phase (left panel) and magnitude (right panel)

curves from an infinite array of metallic rectangular patches printed on a grounded sub-

strate. The cells are organized in a 2-D uniform lattice with period 0.5λ0 (λ0 is the free space

wavelength at the design frequency) in both directions. These results have been computed

using HFSS full-wave simulations based on Floquet boundary conditions, which also allow

to account for the mutual interaction between adjacent cells. The frequency of operation

is f0 = 30GHz and the dielectric substrate (εr = 3.2, tanδ = 0.0018; e.g., Rogers RO4232) is

electrically thin (Hdi el = 500µm, λ0 = 10mm). The patch width Wpatch (Fig. 4.2b) is fixed to
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(a) (b)

(c)

Figure 4.2 – Possible implementation of a reflectarray surface using resonant patches of differ-
ent size. (a) Array of equally-spaced patches printed on a grounded dielectric substrate. Note
that patches are square in the drawing, but the same principle applies to generic rectangular
elements. (b) Reflectarray unit cell consisting of a square patch on grounded dielectric. The
reflection phase of the cell is controlled by varying Lpatch if a linear polarization is considered.
(c) Equivalent transmission line model of the resonant patch cell. The metal patch is repre-
sented by the shunt impedance Zp , the dielectric substrate by a TL of length Hdi el and the
ground plane by a short circuit.
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Figure 4.3 – Typical reflection phase (left) and magnitude (right) curves for an infinite array
of rectangular patches under normal incidence. The curves are function of the patch length
Lpatch and Wpatch is fixed to 2 mm. The design frequency is f0 = 30GHz, and the substrate is
500µm thick with a permittivity of 3.2.
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2 mm and the patch length Lpatch is varied between 1 mm and 4 mm to have a phase profile

centered at Lpatch = 2.5mm. As mentioned above, the phase variation as a function of Lpatch

is nonlinear (typical “S shape”), since the patch on a grounded substrate exhibits a high-Q

resonant behavior. Therefore, the phase variation is steep around the resonance (φ = 0°)

and smoother at the extremes of the length variation, making the device also sensitive to

fabrication tolerances in the range where the slope is maximum. For the same principle a

bigger variation of the phase response as a function of the operating frequency is generated

in that region (i.e., the bandwidth is limited). A smoother slope can be obtained increasing

the thickness of the dielectric substrate (the Q factor of the resonance is decreased) at the

expenses of the maximum achievable phase range (a similar effect can be obtained reducing

the substrate permittivitty). A possible solution to realize a smoother phase response was

proposed in [13, 14], and consists in implementing a stack of two or three layers of patch arrays.

This technique allows to generate multiple resonances, which increase the total phase range

(up to twice 360° was demonstrated in [13, 14]) without the need to use very thin substrates.

In this way a smoother curve is obtained allowing also to improve the element bandwidth (up

to 10 %).

The advantages and limitations of fixed-beam reflectarrays based on printed technology

with respect to conventional reflectors and fixed-beam phased arrays have been extensively

discussed in literature (e.g., [2]) and can be also extracted from the previous discussion. For

the sake of clarity, a small summary is added here. Compared to conventional fixed-beam

phased arrays, reflectarrays typically exhibit a lower complexity due to the lack of a BFN.

This aspect obviously results also in reduced losses and cost, which are especially critical

for high-gain and high-frequency applications. As far as standard reflectors are concerned,

the reflectarray system is advantageous in terms of planarity of the reflector, weight and

cost, since it is much easier to manufacture than a parabolic reflector. However, the main

drawback of reflectarray antennas lies in the limited bandwidth achievable with conventional

designs. Although reflectarrays generally outperform their planar phased array counterpart,

they offer poor performance (in terms of bandwidth) compared to parabolic reflectors (which

ideally provide infinite bandwidth, owing to their true-time-delay nature). In contrast, the

cross-polarization is generally low for dual-polarized reflectarrays, which can be designed to

have each polarization operating at a different frequency. In conclusion, when fixed-beam

arrays are concerned, the main advantages of the reflectarray rely on size, weight and cost

reduction, rather than on electrical performance. Therefore, the targeted application rules

the choice of a given antenna system according to a clear trade-off between desired antenna

performance (i.e., bandwidth, efficiency, cross-polarization), mechanical characteristics and

cost. Different considerations can be made when reconfigurable devices are concerned

(cf. §4.1.3).
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4.1.2 Reconfigurable reflectarray antennas

Reflectarray antennas are particularly suitable for the implementation of reconfigurable con-

cepts. Reconfiguration capabilities can be implemented through the adaptive control of the

reflection phase in each unit cell. This way any phase distribution (i.e., any radiated beam) can

be implemented real time allowing for flexible beam scanning and beam shaping functional-

ities. Great interest is currently addressed to RAs for the implementation of reconfigurable

antenna systems, in particular for beam-steering applications. The main advantages discussed

above for the fixed-beam reflectarray in terms of complexity, weight and cost (compared to

conventional phased arrays and reflectors) still remain when a given reconfiguration is added.

In this context, target applications for the reconfigurable RA concern space systems, where a

reconfigurable radiation needs to be achieved with reliable performance while keeping very

low volume and mass budget. Potential applications lie in earth observation (e.g. Synthetic

Aperture Radar), atmospheric remote sensing (e.g. weather radars, radiometers) and high

data-rate communications (e.g. satcom on the move, VSAT). Concerning the space segment,

reconfigurable RAs could be advantageously mounted on both low earth orbit (LEO) and

geosynchronous orbit (GEO) spacecrafts due to their low-weight and low-size structure, while

keeping electrical performance comparable to conventional phased array and reflector an-

tennas. Moreover, their flat structure could be more easily and safely deployed when stowed

antennas are needed to arrange the whole satellite inside the launch vehicle. Regarding the

Earth segment, tunable reflectarrays would be very advantageous for emerging commercial

telecommunication missions at Ku and Ka-band where low-cost mobile user terminals, with

possibly low profile, are needed for moving vehicles. Further applications can be identified

and include automotive radar, medical imaging, airborne synthetic aperture radar and ground

radar.

Different techniques and materials are currently available for the implementation of a given

electromagnetic reconfiguration in the RA concept, such as semiconductors (i.e., PIN and var-

actor diodes), RF-MEMS, Liquid Crystal, and ferroelectrics [15]. As we have already discussed

in §3.1, all these technologies come with different advantages and disadvantages, which also

highly depend on the addressed frequency and reconfiguration concept. However, a common

feature to all these technologies is the significant increased loss and complexity with regard

to the devices fixed counterpart. Moreover, both loss and complexity further increase when

high-performance reconfiguration capabilities are needed at millimeter-waves and above.

The main technologies used thus far for the implementation of reconfigurable RA elements

are summarized here. Moreover, relevant examples from the literature are discussed.

Semiconductor technologies, namely varactor and PIN diodes, have been extensively used for

the variable loading of planar reflectarray cells and a few demonstrations can be found in [16–

22]. Their wide use in the reconfiguration of reflectarrays is mainly due to their technology

maturity, which allows for efficient designs based on simple and inexpensive manufacturing

processes. Varactors provide a continuous (i.e., analog) capacitive load, whereas PIN diodes

only implement a two-states (ON and OFF) reconfiguration resulting in digitally controlled
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devices. A beam-scanning reflectarray based on varactor loading and operating at 5.8 GHz was

for instance demonstrated by Hum et al. [18]. The proposed unit cell consisted of a microstrip

patch divided in two segments connected in series by two varactor diodes that allowed to

tune the resonance properties of the patch generating a reflection phase range of around 325°.

A prototype consisting of an array of 10×7 tunable elements was manufactured and tested

demonstrating very good beam-scanning capabilities. An example of X-band switched-beam

reflectarray using the digital control offered by PIN diodes was presented by Carrasco et al.

[20]. The reflector was divided in subarrays composed of two patches aperture-coupled to

microstrip lines. The two elements were gathered in each subarray and therefore coupled to

the same delay line, which was divided in two segments connected by a surface-mounted

PIN diode. The proposed reflectarray used a simple control (i.e., forward biasing of half of the

diodes at a time) to switch the beam between three fixed directions, namely −5°, 0° and 5° on a

tilted plane with respect to the normal. An interesting example of fully functional reflectarray

system can be found in [22], where a dual-reflectarray with beam-scanning functionality is

presented. The prototype was developed in the frame of the ESA project RESKUE targeting a

transportable ground terminal for Ku-band commercial telecommunications. The reflectarray

comprises a rectangular subreflector consisting of a multilayer patch-based reflectarray and a

pentagonal main tunable reflector, which is composed of an array of multiresonator cells, each

one integrating two PIN diodes. The deployable reflectarray system exhibited a wide range of

beam-scanning based on a 1-bit phase quantization. However, due to the high complexity of

the system and large number of embedded PIN diodes, limited efficiency was achieved. The

main limitation concerning semiconductor-based reflectarrays is represented by the high loss

that can drastically degrade antenna efficiency especially at MMW frequency and above.

RF-MEMS offer the possibility of monolithic integration with improved performance in terms

of losses (upto W-band) with respect to varactor and PIN diodes [23–28]. Moreover, they

provide very good linearity and very small DC power consumption. Nevertheless, they can

present reliability issues and rely on advanced cleanroom fabrication processes (complex

and expensive). In addition, they do not allow for analog tuning (MEMS varactors typically

suffer from reliability issue and have been barely used) which can be a limitation in specific

applications. Different MEMS-based reconfigurable cells have been proposed, but only a

limited number of full reflectarray systems can be found in literature, although RF-MEMS

technology has improved in maturity in the last years. One of the first example of reflectarray

cell controlled by MEMS switches was proposed in [23] to operate at Ka-band in circular

polarization. The classical “rotation technique” (e.g., [12]) was there dynamically implemented

using MEMS switches to connect dipole elements radially placed around a round patch in

the middle of the cell. However, the full reflectarray was subsequently built only using static

MEMS (i.e. without actuation) to prove the concept. Analog MEMS varactor were used

in [24] to implement a capacitive load in resonant patch cells. The elementary cell and

the reconfiguration approach was the same as previously implemented by the same author

using varactor diodes [18]. The use of MEMS loading element allowed to improve loss and

intermodulation performance with respect to the diode counterpart, but the measured phase
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range was limited by the maximum capacitance achievable without damaging the MEMS

device. Very good performance were demonstrated by Perruisseau-Carrier and Skrivervik

[25] for a reconfigurable monolithic unit cell based on digital MEMS capacitor at X-band.

Five pairs of MEMS switches were acting as series capacitors in a segmented ring geometry

implementing 32 reconfiguration states. The experimental characterization was performed

for the two extreme states (with “frozen” MEMS) demonstrating a full 360° phase distribution

with very low losses in a 10 % bandwidth.

The reconfiguration techniques discussed above (i.e., semiconductor diodes and RF-MEMS)

are practically based on the integration of tunable lumped elements in basic reflectarray

elements. A different approach relies on the embedding of thin-film materials with particular

properties that can be controlled using an external bias. In this category we can include ferro-

electric thin-films [29], which allow for monolithic integration and demonstrated analog phase

control with a potential for very low power consumption. Their losses though are generally

higher than RF-MEMS devices. Liquid crystal have also also found application as tunable

substrates in relfectarray elements from microwave to sub-MMW [30–33]. Liquid crystals offer

interesting tuning properties based on the variation of their effective dielectric constant when

an external biasing field is applied. However, their main drawback is represented by the high

losses (up to 15 dB) and complex control circuitry.

4.1.3 Basics of the reflectarray antenna

A thorough theoretical discussion on reflectarray analysis and design is clearly beyond the

scope of this manuscript. However, some basic principles and performance figure of merit are

summarized in the following, since are essential to evaluate the potential implementation of

the reflectarray concept using DEA such as provided in the next sections.

As already mentioned above, the radiation pattern of reflectarray antennas is designed by

properly choosing the reflection phase of each radiating element (once the radiation properties

and the position of the feed are defined). When a pencil beam is desired in a given direction,

the reflection phase of each element needs to be selected according to two principles: i)

compensation of the different phase delay of the incident wave coming from the feed, and ii)

radiation of a planar phase front orthogonal to the selected direction. For a generic reflectarray

consisting of an array of unit cells illuminated by an offset feed, the reference system of Fig. 4.4

can be considered. When a pencil beam in the direction
(
θr ,ϕr

)
is desired, it is possible to

demonstrate that the two conditions mentioned above translate in the following reflection

phase needed at the mn element (m = 1, . . . , M ;n = 1, . . . , N ):

φmn = k0
∣∣rmn − r f

∣∣︸ ︷︷ ︸
φmn,1

−k0
(
xmn cosϕr + ymn sinϕr

)
sinθr︸ ︷︷ ︸

φmn,2

, (4.1)
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Figure 4.4 – Reference system for a generic reflectarray analysis and phase distribution calcu-
lation. The reflective surface consists of an array of M ×N cell illuminated by a feed placed in
r f =

[
x f , y f , z f

]
. The radiated beam points towards the direction

(
θr ,ϕr

)
.

where k0 is the free space propagation constant, rmn = [
xmn , ymn ,0

]
is the position vector of

the mn cell, r f =
[
x f , y f , z f

]
is the position vector of the feed and

(
θr ,ϕr

)
is the pointing direc-

tion in spherical coordinates (Fig. 4.4). The first term φmn,1 of eq. (4.1) allows to compensate

for the different phase delays associated to the path lengths from the feed to the different

array elements. φmn,2 on the other hand, is calculated according to the standard phased array

antenna theory and represents the phase distribution needed to realize planar phase fronts

orthogonal to the direction
(
θr ,ϕr

)
in the far field [1]. A total phase range of 360° would be

ideally necessary to design a given beam. However, in practical applications, lower values

(example around 300°) are totally acceptable resulting only in a very small degradation of

the antenna gain (around 0.2 dB) and slightly higher side lobe levels. In fact, the total phase

range is typically digitally quantized using a limited number of bits. As an example, the work

presented by Rodrigo et al. [21] demonstrated a reflectarray cell providing a full phase range

of 270° leading to a rms phase error of only 6.5°. The loss in directivity was evaluated to only

0.1 dB using standard array antenna theory.

It is clear from eq. (4.1) and previous discussion that an accurate characterization of the

selected unit cell (i.e., reflection magnitude and phase) as a function of the control parameter

(Lpatch in the presented example) is necessary to carry out any reflectarray design. Different

methods for the analysis and design of reflectarray antennas have been proposed and are

extensively discussed in literature (e.g., [2]). Full-wave techniques, including Method of

Moments, Finite Difference Time Domain and Finite Element Method, are by far the most

used since they represent a valid approach to accurately and efficiently predict the unit cell

performance. A very common full-wave technique is based on the use of an infinite array

approximation with the application of the Floquet’s theorem. This approach is very efficient

in the case of planar arrays with a large number of elements when other methods might be

computationally expensive. The analysis is in fact reduced to the single unit cell in a Floquet

periodic environment, allowing to also account for the mutual coupling between adjacent cells.

It is worth noting that all the designs presented in this chapter were obtained implementing
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Figure 4.5 – Radiation pattern example for a planar array of 30× 30 elements. (a) Phase
distribution needed to generate a pencil beam in the direction (20°,0°) at 30 GHz. The feeding
antenna is placed in the center of the array at a distance of 112.5 mm ( f /D = 0.75). (b)
Normalized radiation pattern in the principle plane xz corresponding to the reflection phase
distribution illustrated in (a).

the Floquet periodicity in the commercial full-wave solver HFSS.

Once the reflection phase and losses of the unit cell have been accurately predicted (i.e.,

curves similar to Fig. 4.3 have been obtained), it is particularly important to evaluate the

radiation pattern of the full reflectarray. This process obviously require that the position

(with respect to the reflector) and radiated propertied of the feed have been defined. A good

approximation for the feed radiation pattern is represented by a cosq (θ) model, but more

accurate calculations can be performed to improve accuracy. In addition, the shape and

size of the reflector need to be fixed. Circular apertures are generally preferred to reduce

spillover losses and consequently improve aperture efficiency, whereas the size of the reflector

is selected according to the desired gain and the target application. Two main approaches

can be used for the calculation of the reflectarray radiation properties [34]. The first method

is based on conventional phased array antenna theory for a two-dimensional planar array

consisting of M ×N cells. The excitation of each element is properly calculated considering

the incident field from the feed and the needed reflection phase calculated using eq. (4.1).

This approach is generally accurate and allows fast computation also for large arrays. In

contrast, it does not allow to calculate the cross-polar radiation. The second method is more

complex and allows to calculate both the co- and cross-polar components of the radiated

field. The first step consists in calculating the tangential field on the aperture, which is then

integrated to obtain the far field radiated field. This last step involve a double integral which

correspond to a two-dimensional Fourier transform of the tangential excitation and therefore,

can be evaluated using a Fast Fourier Transform algorithm to optimize the computation. The

two approaches mentioned above exhibit similar accuracy in the calculation of the co-polar

radiation pattern [34]. However, when the knowledge of the cross-polarization performance
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is needed, the method based on the integration of the aperture field has to be used at the

expense of computation complexity and time.

Here we present an example of radiation pattern calculation for a planar array of 30× 30

equally-spaced cells (e.g., rectangular patches) designed to radiate a pencil beam in the

direction (20°,0°) at the operating frequency f0 = 30GHz. For the scope of this example, we

were not interested in the cross-polarization performance, and the calculation was performed

using the array antenna theory. Considering the reference system illustrated in Fig. 4.4, the

far field radiation can be calculated using the following expression, where both the radiation

properties of the feed and of each reflecting element are considered [12]:

E
(
θ,ϕ

)= M∑
m=1

N∑
n=1

cosqe θcosqe θe
cosq f θ f∣∣rmn − r f

∣∣
e− j k0(|rmn−r f |−xmn sinθcosϕ−ymn sinθ sinϕ)e jφmn , (4.2)

where θ f and θe are the spherical angles (function of m and n) in the feed and array element

coordinate system, respectively. Moreover, the feed radiation pattern is modeled by a cosq f θ

function, and the element radiation pattern is accounted using a cosqe θ. The reflection phase

φmn is obtained using eq. (4.1). The phase distribution of Fig. 4.5a was calculated using

eq. (4.1) for a square array of 30×30 cells spaced of λ0/2 = 5mm in both directions. The feed is

placed in the center of the array at a distance of 112.5 mm ( f /D = 0.75) from the reflector. The

corresponding radiation pattern for the phase distribution of Fig. 4.5a is reported in Fig. 4.5b,

showing the expected pencil beam at 20° in the xz plane (cf. 4.4).

An important aspect to consider in the design of reflectarray antennas lies in the choice of the

proper spacing between adjacent cells to avoid the generation of grating lobes. A design rule

can be easily derived from the array antenna theory and is expressed by the following relation:

p

λ0
≤ 1

1+|sinθr,i |
, (4.3)

where p is the array period (typically equal in both x and y direction) and θr,i is the beam

pointing angle or the incidence angle of the feeding radiation, with the maximum angle ruling

the relation above. It is clear from eq. (4.3) that in the case of center-fed systems, the element

spacing should be selected according to the limitation imposed by the cells towards the edges

of the array, where the incident angle is bigger. This condition is even more stringent for offset

feeding if we consider the elements further with respect to the feed position. Therefore, the

ideal choice would consist in selecting a non-uniform spacing of the elements according to

their position on the array, allowing more flexibility in the design of the unit cells. However,

for practical reasons a uniform lattice period is preferred in most designs. An element spacing

smaller than 0.5λ0 typically represents a good design choice allowing to have a radiation free
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of grating lobes for a wide range of incident/radiated angles.

4.2 Variable-size resonators RA using DEA

4.2.1 Motivation

Tunable reflectarrays are typically realized by implementing a reconfiguration mechanism

within the unit cell to enable dynamic control of the reflection phase. This is for instance

possible using controllable lumped loading element (e.g., semiconductor diodes) or tunable

materials (e.g., ferroelectrics and liquid crystals). The main technologies currently used for

the implementation of reconfigurable reflectarrays have been discussed and summarized in

§4.1.2.

Here we propose a reconfigurable reflectarray based on DEAs. This device will mechanically

reconfigure RA elements using a tuning approach (i.e., in-plane actuation) similar to the one

successfully applied to the phase shifter discussed in the previous chapter. This choice is

motivated by the appealing properties of DEAs for mechanical reconfiguration in RA systems,

including inexpensive materials and fabrication, relatively large and analog displacement

(due to the voltage-dependent strain output), and very low DC power consumption. Moreover,

the microscale mechanical reconfiguration principle associated with DEA technology results

in MMW losses comparable to those of non-reconfigurable systems. This is crucial for the con-

cerned applications, and can represent a significant advantage over competing technologies

as confirmed by the use of DEAs for the reconfiguration of MMW phase shifters [35]. Therefore

the combination of the reflectarray concept and DEA actuation have the potential to address

some of the most acute needs in beam scanning for millimeter-wave applications, namely:

• analog control of reconfiguration,

• relatively simple and inexpensive technology,

• potential scalability to higher frequencies (>100 GHz),

• low average electromagnetic loss,

• very low power consumption.

Within the scope of beam-scanning reflectarrays, we want to develop a first proof of concept of

DEA-based reconfigurable RA implementing scanning capabilities in one plane. The conceived

device should be easily manufacturable and suitable for manual assembly, in order to come

up with a very low cost antenna that can be easily prototyped and tested (similarly to the

approach adopted for the phase shifter of chap. 3).
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4.2.2 Proposed reconfiguration concept

Considering the above constraints in terms of low-complexity and low-cost structures, we

propose the implementation of a reconfigurable RA based on a planar array of tunable printed

patches on a grounded dielectric substrate. In §4.1.1 we have previously shown that RA

elements implemented by rectangular microstrip patches allows to achieve a phase range

approaching 360°, which is a function of the patch length Lpatch (Fig. 4.3). We have also seen

in §4.1.2 that rectangular patches have been used for the implementation of electronically

tunable RA cells where the resonance properties were varied using for instance varactor

diodes [18] or MEMS capacitors [24].

Here we propose a mechanically reconfigurable RA patch element where the size of the patch

can be dynamically changed. The envisioned reconfiguration mechanism consists in the use

of in-plane DEA expansion to horizontally displace a movable patch over a fixed one. The basic

operation principle is shown in Fig. 4.6a for the single cell: if the movable and fixed patches

are in ohmic contact and metal thickness is small, a displacement ∆L of the moving plate with

respect to the fixed one exactly corresponds to an increment∆L of the equivalent patch length.

In particular, if the two patches have the same size, the equivalent patch length is almost

doubled (a given overlap has to be assured) at the maximum possible displacement. Therefore,

a reflection response similar to the curves of Fig. 4.3 is achievable. The reflectarray surface

is then obtained realizing an array of equally spaced reconfigurable cells as symbolically

depicted in Fig. 4.6b. A 1-D scanning reflectarray can be implemented if we assume that the

cells in each column are controlled by the same actuation voltage (i.e., same displacement),

hence exhibiting the same reflection phase. Therefore, if the independent control of each

column of cells is implemented, the radiated beam can be scanned in the principle plane xz

for the linear polarization (E field) shown in Fig. 4.6b. Note that Fig. 4.6 is only intended to

explain the operating principle of reconfiguration, without including the actuation part.

In order to validate the envisioned beam-scanning principle based on the independent control

of each column of cells (Fig. 4.6b), a simulated example is presented. Let us consider a

uniform array of 30×30 cells operating at 30 GHz. The spacing between cells is fixed to λ0/2

(λ0 = 10mm) and all the elements in each column operate in the same reconfiguration state

(i.e. same reflection phase). The feed (e.g., a standard horn) is placed in the center of the array

at a distance of 112.5 mm ( f /D = 0.75) from the reflective surface, and its radiation pattern is

modeled by a cosq f θ function (q f = 6 here). Under this assumption, two examples of realistic

phase distribution are calculated using eq. (4.1) to point the radiated beam towards (10°,0°)

(Fig. 4.7a) and (30°,0°) (Fig. 4.7b), respectively. With the conceived center-fed configuration the

phase distribution on the full array has been selected according to the profile calculated for the

central n row. The corresponding radiation pattern for the two reconfiguration states is shown

in Fig. 4.7c. These results were obtained using the array theory calculation described in §4.1.3.

It is worth noting that this reconfiguration approach (and related phase distribution) allows

to produce a fan-beam with a narrow beamwidth in the H-plane (Fig. 4.7c) and wider beam

in the E-plane. This radiation configuration depends on the particular phase distribution
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Chapter 4. A beam-scanning DEA reflectarray

(a) (b)

Figure 4.6 – Symbolic illustrations of a reconfigurable RA surface based on mechanically
tunable resonating patches. (a) Single cell made up of a fixed metal patch on a grounded
substrate and movable metal patch displaced using DEAs (not included in this simplified
drawing). (b) Array of equally spaced reconfigurable cells affecting the reflection of an EM
field polarized as indicated by the red arrow (E field). The number and dimensions of the cells
are chosen only for illustration purposes.

(constant for each column) that does not allow to compensate for the different path length

from the feed to the cells towards the edges (in the y direction) of the array. The effect of

this error in the differential phase delay compensation is more evident when large arrays are

considered or when a small f /D ratios are used (i.e., the path length are very similar when

f /D →∞). Cross-polarization performance were not evaluated in this example, since results

comparable to standard reflectarrays based on resonant rectangular patches are expected.

These simulated results demonstrate the promising opportunities for beam scanning offered

by the proposed approach. The individual control of each column of unit cells allows to

obtain any desired phase distribution in one given direction, offering the opportunity for

1-D beam scanning. Moreover, this would come with good expected performance and losses

comparable to the analogous fixed-beam reflectarray if the simulated results were duplicated

in the fabricated device. In fact, although the effect of actuators has not been considered in

this example, we are targeting a DEA reconfiguration approach similar to the one described in

chap. 3, and therefore allowing to completely decouple the actuation part from the EM-active

area. More details about the optimization and the practical implementation of this reconfig-

urable reflective surface are given in the next sections. However, here a further detail of the

proposed tuning approach needs to be addressed.

The reconfiguration approach symbolically illustrated in Fig. 4.6 requires good physical contact

between the movable and fixed patches to achieve variation of the patch length within minimal

losses. Therefore, in the static configuration (i.e., no ongoing reconfiguration) the bottom
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Figure 4.7 – Simulated example of a 1-D scanning reflectarray. Phase distribution needed on
the reconfigurable RA of Fig. 4.6b to have the beam pointing to (10°,0°) (a) and (30°,0°) (b). The
RA is composed of 30×30 (30 controlled columns) cells of the same size with aλ0/2 spacing. (c)
Calculated radiation pattern in the principle plane xz for the two phase distributions shown
in (a) and (b).

surface of the movable microstrip patches and the top surface of the fix patches remain in

flush contact with each other. Then, the tuning of the patch length is obtained by means of

a relative horizontal displacement between the movable and fixed patches. If the patches

were in constant contact with each other, this movement would generate friction and stiction

effects that would negatively impact on actuation performance. To overcome this issue, a

“three-step” reconfiguration procedure has been conceived. This approach is based on the

integration of linear (vertical) actuators between the fixed microstrip patch array dielectric

and the frame holding the movable array. These vertical actuators raise and lower the movable

patches when needed, bringing them in and out of contact with the fixed ones.

To better explain the three-step reconfiguration concept, we consider an updated version of

the simplified reconfigurable surface of Fig. 4.6b, where we assume that all the fixed patches

have same size and are realized on the same grounded substrate (i.e., standard array of
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Chapter 4. A beam-scanning DEA reflectarray

patches), and each column of movable patches is realized on a single dielectric strip (i.e., five

column PCBs). Then, we assume that the method for achieving the horizontal displacement

(in the y direction) of each column is very similar to that used in the DEA-based MMW phase

shifter discussed in the previous chapter. That is, each column PCB is bonded to a PDMS

membrane which is pre-stretched and adhered to a rigid frame to maintain prestress. Two

agonist DEA segments are implemented at the two extremities of the PDMS strip allowing

in-plane displacement of the column PCB in the ±y direction. A simplified version of this

reconfigurable concept is shown in Fig. 4.8 and the corresponding reconfiguration procedure

is depicted in Fig. 4.9. Note that a cross section in the plane y z is represented. The top

drawing (step (0)) of Fig. 4.9 illustrates the device static position, where the vertical actuators

are conceived to assure a slight out-of-plane deflection of the PDMS membrane in order

to press the movable patches towards the bottom ones (to improve contact). Hence, the

beam-scanning reconfiguration is achieved in three stages:

1. activation of the vertical actuators (applying a low control voltage Vup ) to raise the

movable patches out of contact with the fixed ones;

2. application of an input voltage to the DEAs at the extremities of the PDMS strips resulting

in horizontal displacement of the movable patches;

3. deactivation of the vertical actuators to bring the movable microstrip patches back into

contact with the fixed ones.

It is worth noting that the control voltages of the DEAs need to be active also in a static position

to keep the horizontal displacement corresponding to the desired reflection phase. However,

these voltages ideally result in zero DC power consumption, due to the electrostatic nature of

the DEA actuation principle (except for some leakage current). This three-step reconfiguration

method may limit the scanning speed achievable with the proposed device, due to the “up”

and “down” motion necessary to pass from a reconfiguration state to another. However, given

the fast response time of DEAs (as low as several milliseconds), the speed performance should

still be adequate for many beam scanning applications.

The size limitations for the vertical actuators are much less than those for the horizontal

displacement as there is no need to place several devices very close to each other. Hence, this

allowed us to explore technologies other than DEA for this purpose. Potential methods for

achieving this vertical actuation may include the use of out-of-plane DEAs or commercially

available multilayer piezoelectric actuators. The latter method is appealing due to the low

input voltage needed for the actuation, but would require more accurate positioning and

alignment of the device due to the low actuation displacements. Nevertheless, in our designs

we have investigated two solutions, namely solenoid actuators and distributed pneumatic

actuation as we will show in §4.3.2 and §4.3.3, respectively.
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4.2. Variable-size resonators RA using DEA

Figure 4.8 – Schematic of the DEA-driven reconfigurable reflective surface design. Movable
microstrip patches (shown in red) are displaced in the y direction by the independently
actuated planar DEAs at the extremities of each column.

Figure 4.9 – Reconfiguration procedure for the proposed DEA-based reflectarray (cross section
view. Step (0): device static and aligned such that there is a slight out of plane deflection
on the PDMS membrane. Step (1): actuation of the vertical actuators to raise the movable
microstrip patches out of contact with the fixed patches. Step (2): actuation of the planar DEAs
to displace the movable microstrips horizontally. Step (3): deactivation of vertical actuators to
bring the fixed and movable patches back into contact with each other.
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4.3 A reconfigurable reflecting surface using DEA

The first step towards the development of a scanning RA has been identified in the design,

fabrication and characterization of a reflective surface (array of reconfigurable patch cells)

with uniform reflection phase distribution. This means that all patches have the same size and

the reconfiguration is uniformly obtained using a single horizontal displacement, which is the

same for all the unit cells (i.e., all the moving plates are controlled by the same actuator). This

very first device does not provide any beam scanning capabilities since it does not allow to

implement any phase profile, but only specular reflection can be obtained for the impinging

wave. Nevertheless, this was conceived to proof the feasibility of the proposed reconfiguration

approach and to validate the design. Moreover, this preliminary device helped us to evaluate

the different issues and tolerances in the manufacturing process. The method for achieving

horizontal displacement is very similar to that applied to the reconfigurable phase shifter of

chap. 3, and therefore we leveraged our experience in the development and fabrication of the

phase shifter for the new reconfigurable reflector. However, several technological challenges

still needed to be addressed to optimize the new device design. An important aspect is related

to the integration of a mechanically stable vertical actuation methodology that ensure uniform

contact between movable and fixed patches and that the vertical motion does not affect the

horizontal displacement. For instance, it is fundamental that when movable patches are raised

and then lowered with the DEA voltage kept constant, they returns to the same horizontal

position as before relative to the fixed microstrip patches.

This device has been first developed targeting Ka-band (26.5–40 GHz) considering the in-

creasing interest of the international community for telecommunication and remote sensing

systems operating in this frequency range. This choice was also particularly motivated by the

performance issues concerning reconfigurable reflectarrays based on conventional technolo-

gies (e.g. semiconductors) that already exhibit significant limitations at these frequencies due

to increased losses and complexity (cf. 4.1.2). The same design and reconfiguration approach

can be also scaled to address higher frequencies (V-band, W-band, and low-THz range), with

the maximum frequency limited by the achievable fabrication and control accuracy.

It is worth noting that the proposed reflective surface can also be seen as a functional device

in the sense of a reflection phase modulator for free-space beams. An interesting development

concerns the implementation of MMW tunable high impedance surfaces, which find many

applications such as for instance their integration in beam-scanning and low profile leaky

wave antennas [36, 37].

The practical implementation of the presented concept is discussed in the following, together

with the results of the free space MMW characterization. Then, further steps to implement the

scanning RA using the reconfiguration approach described above consist in the implemen-

tation of the independent control of each column of cells (Fig. 4.8), and will be discussed in

§4.4.
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4.3.1 Unit cell design and numerical results

We have discussed in §4.1.3 that a very common technique for the analysis and design of RA

elements is based on the use of an infinite array approximation with the application of the

Floquet’s theorem, which allows to accurately characterize the reflection properties of the

selected element taking into account also the mutual coupling between adjacent cells. With

this approach, most of the efforts in the design of a RA surface lie in the optimization of the

single unit cell. This method was adopted in the design of the reconfigurable reflective surface,

and implemented in the commercial electromagnetic solver HFSS.

The same actuation approach developed for the phase shifter, and based on the use of two

agonist planar actuators on the same PDMS membrane, was selected here to implement

the horizontal displacement of the top patches. Therefore, in the following we assume that

the array of movable patches is realized on the same dielectric, which is then bonded to the

(a)

(b) (c)

Figure 4.10 – Simplified drawing of the proposed implementation of the DEA-driven recon-
figurable cell based on a tunable resonating patch. (a) Isometric view showing the different
materials composing the stack. (b) Cross-section in the xz plane showing a complete over-
lapping between the movable and fixed patch. (c) Cross-section in the xz plane showing a
movement ∆L of the movable patch with respect to the fixed one. The PDMS shown here
represents only a portion of the full membrane comprising the actuator part.
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PDMS membrane using an intermediate glass substrate. The proposed realization of this

concept from a single cell perspective is shown in Fig. 4.10. The fixed metal patch is etched on

a grounded substrate (dielectric 1) using standard PCB techniques and commercial materials

(e.g., Rogers laminates). The movable part is a stack of different materials selected to simplify

the manufacturing and assembly procedure: a dielectric substrate (dielectric 2) with etched

movable patch bonded on a low loss glass (e.g., fused silica) substrate. The PDMS membrane is

part of the DEA, which is not shown here, but will be included in the full device comprising an

array of identical unit cells. The glass substrate is added to allow the plasma bonding between

the PDMS membrane (i.e. actuator part) and the part to be displaced (cf. §3.3.2). Note that a

bonding layer has to be considered between the glass and the dielectric 2.

The operating central frequency was fixed to 30 GHz and the design process was carried out

to maximize the achievable phase range. The device geometry was defined (Fig. 4.10) and

therefore the optimization procedure relied on the selection of the proper dielectric thickness

and permittivity. The width and the initial length of the patch (Lpatch) were also included in

the optimization process to ensure that the total phase range at 30 GHz was centered with

respect to the displacement range. That is, the maximum slope of the phase curve corresponds

to the middle of the reconfiguration range. Considering the foreseen fabrication process (i.e.,

standard PCB technique), the range of dielectric substrates was limited to those commercially

available, hence limiting the choice of their thickness and permittivity. As we have discussed

in §4.1, the choice of the dielectric permittivity and thickness is fundamental since they

control the properties of the resonance, and therefore the corresponding range and slope of

the reflection phase when the patch length is modified. In the proposed design, this choice

was made targeting a minimum phase range of 270° between the minimum and maximum

displacement of the movable patch (i.e., minimum and maximum achievable patch length).

This phase range (far from 360°) was selected to guarantee a smoother slope of the reflection

phase curve with the main goal to mitigate fabrication and actuation tolerances, which are

particularly critical in the steepest region of the curve. This design choice also allows to operate

in the most efficient way the two agonist actuators, as it will be better discussed in the next

section. Moreover, although the maximum differential phase is far from the ideally needed

360°, the examples reported in §4.1.3 demonstrated that such a range would allow to generate

reflectarray performance with limited losses in directivity (as low as 0.2 dB with respect to a

complete phase range of 360°).

To further reduce the degrees of freedom in the choice of a given dielectric, the optimization

was carried out assuming that the two dielectric layer were the same (i.e., same thickness

and permittivity), which mathematically translates in Hdi el 1 = Hdi el 2 and εr 1 = εr 2. This

constraints also allowed to simplify the fabrication (reducing costs), since both the bottom

and top array of patches could be realized in batch on the same laminate. The selected

low-loss glass substrate was the same commercial fused silica utilized for the phase shifter,

having a thickness of 525µm and a permittivity of 3.8. The dimensions of the unit cell need

to be smaller than 0.7λ0 to limit the presence of grating lobes [2]. In this specific case, a

square cell with side equal to λ0/2 = 5mm was chosen, allowing to keep low grating lobe
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Figure 4.11 – Reflection phase (left) and magnitude (right) of the designed unit cell of Fig. 4.10.
The calculation was performed using full-wave simulations in a Floquet’s periodic environ-
ment at the design frequency f0 = 30GHz.

Table 4.1 – Optimized dimensions and material properties of the reconfigurable cell shown in
Fig. 4.10.

Cell Lcel l =Wcel l = 5mm

Patches
Wpatch = 2mm
Lpatch = 1.55mm
∆Lmax = 1.2mm

Dielectric 1 and 2
Hdi el 1,2 = 305µm
εr 1,2 = 3.55
tanδ1,2 = 0.0027

Fused silica
Hg l ass = 525µm
εg l ass = 3.8
tanδg l ass = 0.0004

PDMS
Hpdms = 30µm
εpdms = 2.8
tanδpdms = 0.04

level for a wide range of incident angles and, at the same time, to ensure enough spacing

between adjacent cells in the case of the conceived independent column reconfiguration. The

optimization of the single cell was carried out using a full-wave approach based on Floquet

periodicity. The optimized dimensions and dielectric properties of the reconfigurable cell

shown in Fig. 4.10 are summarized in Tab. 4.1. The definition of the different geometric

variables can be found in Fig. 4.6 and Fig. 4.10. The selected dielectric is the commercial

laminate Rogers RO4003C (εr = 3.55 and tanδ= 0.0027) with a dielectric thickness of 305µm

and a 17µm copper cladding.

Fig. 4.11 reports the simulated reflection magnitude and phase under normal incidence and

assuming the infinite array environment for the optimized cell of Fig. 4.10. The length of

both the movable and fixed patch is 1.55 mm and an overlap of 0.35 mm is considered at the
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maximum displacement ∆Lmax = 1.2mm. The maximum achievable displacement of 1.2 mm

was selected after preliminary tests on the actuator performance, which took into account

different constraints including the maximum size that could be realized with the considered

manufacturing technique and equipment. The proposed geometry allows a reconfiguration

of the patch length in the continuous range 1.55–2.75 mm. The maximum achievable phase

range for this particular cell is around 280° at the design frequency f0 = 30GHz. The selected

dielectric substrate allows to achieve a phase curve with a limited slope, obviously at the

expense of the maximum phase range. A maximum slope of 519 °/mm is obtained close to

the resonance, which happens around ∆L = 0.62mm at the design frequency. The simulated

results presented here demonstrate very good performance for the implementation of a

reconfigurable beam-scanning RA. In particular, an analog tuning range of around 280° is

obtained with very low losses, considering the addressed reconfiguration capabilities and in

comparison to available technologies. The reflection loss in fact is always lower than 0.5 dB

at 30 GHz. It is worth noting that the predicted losses can be considered optimistic since

the loss tangent used for the dielectric layers corresponds to the data provided at 10 GHz

by the supplier, and a conductivity of 5.8×107 S/m (nominal value for copper) was used for

patches and ground plane. Therefore, slightly higher losses can be expected in the fabricated

device, and a better prediction could be obtained after the dielectric characterization of the

involved materials. Nevertheless, these additional information were not considered of critical

importance for this first prototype that was conceived to experimentally proof the proposed

concept of reflection phase reconfiguration.

4.3.2 The first prototype: fabrication and test

This section presents the fabrication and the experimental characterization of the first proto-

type implementing the proposed method for the mechanical reconfiguration of microstrip

patch elements. The design of the unit cell presented above was adopted to realize a uniform

reflective surface where the reconfiguration of the phase was obtained using a single control

based on two DEA segments allowing horizontal movement in the y direction. The imple-

mented device consists of an array of identical fixed patches realized on a grounded dielectric,

and an analogous array of patches realized on the same dielectric material. The latter array is

bonded to a fused silica substrate to allow permanent adhesion to the PDMS-based actuation

device. A critical aspect related to the practical implementation of the device concerned the

selection of the linear vertical actuators needed to implement the three-step reconfiguration

procedure shown in Fig. 4.9. According to the above discussion, these actuators have to pro-

vide up and down motion to raise and lower the movable patches when needed (step 1 and

3 of Fig. 4.9, respectively) applying a force in both directions. In the “down” position in fact

a small force is needed to push the top movable patches against the fixed ones improving

the physical contact between them. Commercial and off-the-shelf actuators were preferred

to allow fast prototyping and validation of the concept. After a preliminary analysis of the

achievable performance, push-pull solenoid actuators were selected. The chosen devices were

controlled by a ±6 V DC voltage generating a maximum stroke of 6 mm, which allowed a wide
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(a) (b)

Figure 4.12 – First prototype of reconfigurable reflective surface based on dielectric elastomer
actuation. (a) Render of the final design including all the parts necessary to implement the
actuation procedure of Fig. 4.9. (b) Picture of the device assembly including the connections
needed for the control of the DEAs and the solenoid actuators. Note the PDMS membrane is
completely transparent in the picture.

and safe margin with respect to the needed vertical movement.

The design of the actuators, the manufacturing of the different parts and the assembly of the

full device were carried out following the same approach used for the phase shifter. Actuators

were designed and fabricated at the Microsystems for Space Technologies Laboratory (LMTS)

considering the main requirement related to the needed stroke of 1.2 mm (plus an operating

margin of 200µm). According to the actuation principle described in chap. 3, the total desired

stroke was obtained through the combination of a 0.6 mm displacement in the +y direction

and a 0.6 mm displacement in the opposite direction −y .

The manufactured prototype is shown in Fig. 4.12. The exploded view of Fig. 4.12a illustrates all

the parts constituting the final device, which were assembled together using a custom-made

plastic support. These parts include also the four solenoid actuators needed to implement

the push-pull movement required by the actuation method (Fig. 4.9). DEAs (i.e., PDMS

membrane and electrodes) were realized according to the technique described in §3.3.2,

introducing only a slight difference in the pad printing of the DEA electrodes. In particular, for

the device of Fig. 4.12, a standard pad printing method was used [38]. That is, the shape of the

electrodes was obtained using a metal cliché (acting as a reservoir of conductive ink) directly

etched with the desired electrode pattern, whereas an intermediate PET mask placed on the

membrane surface was used for the phase shifter. This approach allowed to eliminate a few

steps (i.e., mask fabrication, mask alignment and release) in the fabrication of the actuators,

without reducing the electrode accuracy. The pre-stretched PDMS membrane with embedded

electrodes was then adhered to a rigid PCB allowing the connection to the wires needed for

the voltage control. The same membrane PCB was also screwed to the four solenoids (fixed to
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(a)

(b)

Figure 4.13 – Symbolic illustration of three main states of reconfiguration. The assembly
position corresponds to the central state (V1 =V2 = 0V). (a) Nominal operation of the device,
i.e. good contact between movable and fixed patches. (b) Presence of air gap between movable
and fixed patches.

the plastic support) to allow the vertical movement of the top array with respect to the bottom

one (glued on the plastic support).

The maximum size of the actuator part was limited by the pad-printing machine available at

LMTS, which allows the realization of designs fitting at the most in a circle of 80 mm diameter.

This constraint explains the circular shape of the actuator part, which was selected to maximize

the size of the device and DEA performance. This particular geometry and the minimum

required horizontal displacement (i.e., 1.2 mm) limited the reflector to a square of 35×35 mm2,

which was able to fit an array of 7×7 cells (3.5λ0 ×3.5λ0) having the size reported in Tab. 4.1.

The bottom (fixed) and top (movable) arrays were fabricated using standard PCB techniques

on a Roger RO4003C laminate. The bottom PCB was subsequently glued to the plastic support

taking care of the alignment (see alignment holes in Fig. 4.12), and the top PCB was bonded

to a fused silica substrate previously cut (35×35 mm2). Then the relative alignment between

the actuator part, the top array and the bottom array was achieved using a custom-made

alignment jig. Oxygen plasma activation of the PDMS membrane and the fused silica surface

allowed permanent bonding (cf. §3.3.2) of the actuator PCB and the movable array. It is worth

noting that the assembly position (i.e., V1 =V2 = 0V) corresponds to the position ∆L = 0.6mm

of Fig. 4.13a. Starting from this inactive state, the minimum patch length (∆L = 0mm) is

reached for the maximum V1 voltage, whereas ∆L = 1.2mm is achieved controlling V2 to the

maximum displacement (V1 and V2 defined in Fig. 4.12a).

A monostatic measurement setup was selected for the experimental characterization of the

reconfigurable reflection properties of the fabricated device under normal incidence. A

monostatic setup is typically made up of a transmitting/receiving antenna pointing toward the

device under test and connected to one port of a vector analyzer set up for S11 measurements.

The reflection magnitude and phase of the device under test are then obtained by means of
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relative measurements with respect to a reference metallic plate whose reflection properties

are well known (i.e., ideally unitary magnitude and π phase). This setup was preferred to

the commonly used rectangular waveguide simulator [39], since the particular mechanical

actuation principle did not allow to place a limited number of cells inside a waveguide. The

small size of the fabricated array (3.5λ0 ×3.5λ0), however, represented a limitation for the

considered measurements setup. A standard Ka-band horn antenna was in fact not suitable

in this specific case due to the generally wide half power beamwidth, in the order of 25°–30°

at 30 GHz. Considering that a far field operation was needed, such a wide beam allowed to

couple only a small fraction of the radiated power with the device, reducing the signal-to-noise

ratio of the system. More importantly, this would have generated high diffraction effects

at the edges of the device, with considerable degradation of the measurement accuracy. A

better option was represented by a spot-focusing lens antenna allowing the radiation of a

Gaussian beam focused at a finite distance from the lens. Gaussian lens antennas allow to

concentrate the radiated energy around the axis of propagation and to consider with very good

approximation a plane wave propagation at the focal plane (i.e., plane including the beam

waist) [40]. In particular, both the field distribution and the power density of the fundamental

Gaussian beam mode are maximized at the beam waist, where about 87 % of the total power

in the fundamental mode is concentrated [41].

The reflection phase characterization of the prototype shown in Fig. 4.12b was performed

using the free-space quasi-optical test facility available in the Compact Antenna Test Range

(CATR) at ESA ESTEC (European Space Research and Technology Centre), and shown in

Fig. 4.14. A Gaussian beam radiation is there generated using an offset reflector illuminated

by a circular corrugated horn. A wire-grid polarizer is introduced in front of the reflector to

select a single linear polarization, ensuring a cross-polarization level 50 dB lower than the

co-polarized component. The relative position between the antenna and the sample holder

is completely adjustable (including rotation) using the integrated positioning system, which

is particularly convenient for the correct alignment of the setup (Fig. 4.14). The adopted

quasi-optical system, however, generates a beam waist diameter in the order of 5λ0 (i.e.,

50 mm at 30 GHz) at the focal distance of 1 m, which is bigger than the active surface of the

device under test (3.5λ0 × 3.5λ0). Therefore, diffraction effects at the edge of the sample

were unavoidable, although better performance than those achievable with a standard horn

antenna were expected. Flat absorbers (ECCOSORB AN72) were placed around the sample to

reduce these edge diffraction and to shadow all the supports and the actuation part needed

to implement the reconfiguration. The selected absorbers ensured a reflectivity lower than

−20 dB, but needed a metal baking for proper operation. Therefore, an aluminium sample

holder with a flat front surface was designed and manufactured to allow the alignment of

the device in the center of the antenna beam and the correct installation of the absorbers

(Fig. 4.14). A square window with size of 35×35 mm2 was left in the aluminium plate to allow

the illumination of the device. The thickness of the aluminium plate in correspondence of

the window was 1 mm. An important aspect in the preparation of the measurement setup

consisted in the development of a LabVIEW software able to remotely control and synchronize
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Chapter 4. A beam-scanning DEA reflectarray

Figure 4.14 – Free-space quasi-optical test facility available at ESA ESTEC. The picture in-
cludes the transmitting/receiving antenna (comprising the circular horn, the reflector and the
polarizing grid), the sample holder and the device control unit.

the full system comprising the network analyzer, the high voltage controller for the DEAs and

the low voltage control for the vertical solenoid actuators. This software allowed to completely

automatize the MMW measurements requiring operator inputs only at the beginning of the

procedure. The high voltage controller for the planar DEAs was also specifically developed

(designed and fabricated) for the particular application considering the need for a simple

and efficient remote operation. Its main core was a commercial DC-DC voltage converter

(American High Voltage SC-50) generating a high voltage (up to 5 kV) directly proportional

to the input voltage in the range 0–12 V. The input voltage was generated and regulated by a

custom-made adjustable low voltage supply based on a microcontroller unit which allowed

the serial communication with the controlling computer.

The considered setup did not allow the simultaneous characterization of the horizontal dis-

placement generated by DEAs and the corresponding reflection properties of the device.

Therefore, like in the case of the phase shifter (cf. §3.3.3), the actuator displacement as a

function of the applied voltage was determined prior to the MMW measurements. For this

mechanical characterization we used a digital microscope (Dino-Lite AM4113TL) placed

on a dedicated holder (fixed to the aluminium sample holder) to point normally at the de-

vice surface, and controlled by the same LabVIEW software mentioned above. The software

was programmed to operate the device following the reconfiguration approach illustrated

in Fig. 4.9 and, at the same time, to measure the horizontal displacement of the movable

top array for each applied voltage by tracking a reference feature on the array surface. This

procedure was repeated three consecutive times (i.e., without moving or touching the sample)

to assess the repeatability of the reconfiguration approach. The results of the displacement

characterization (3 consecutive runs) for the considered prototype are reported in Fig. 4.15,
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4.3. A reconfigurable reflecting surface using DEA

where V1 input voltages (right actuator, Fig. 4.12a) are shown as negative values (i.e., V1 =−V )

and V2 as positive (V2 = V ). The values ∆y are referred to the assembly position where no

voltage is applied (V1 =V2 = 0V), meaning that the positions ∆y = 0mm, ∆y =−0.6mm and

∆y = 0.6mm correspond to the states ∆L = 0.6mm, ∆L = 0mm and ∆L = 1.2mm of Fig. 4.13a,

respectively. The measured values of Fig. 4.15 demonstrate a good repeatability for the pro-

posed actuation method showing a slightly higher variability at low voltages, but with errors

that are always smaller than 20µm. Once the displacement characterization is completed, the

microscope and its holder are removed without moving the device that remains fixed in the

sample holder. Then, the MMW reflection characterization can be started programming the

LabVIEW software to implement the same procedure (i.e., applied voltage and reconfigura-

tion speed) previously used for the displacement measurements. Under these assumptions

and considering the good repeatability of Fig. 4.15, we can safely assume that the horizontal

displacement of the movable array obtained during the MMW characterization corresponds

to the one previously measured for the same applied voltage.

The desired reflection properties (magnitude and phase) are therefore obtained after different

consecutive steps that are summarized in the following, assuming that the full device is fixed

to the sample holder and all the electrical and computer cables are connected:

1. The digital microscope is placed and fixed normal to the aluminium sample holder, and

the automatic displacement characterization is performed (3 consecutive runs) for a

given set of actuation voltages V1 and V2.

2. The microscope and its holder are removed and automatic S11 measurements are carried

out for the same set of voltages chosen for the displacement characterization.

3. The reconfigurable reflector is removed and a metallic plate of same size is placed at the

same distance to obtain the reference reflection measurement.

4. Measurements are processed normalizing the reflection from the reflectarray device

with respect to the reference metal plate that acts as a short standard.

Figure 4.16a shows the measured reflection magnitude (top) and phase (bottom) as a func-

tion of the frequency and the applied voltages V1 and V2 for the device of Fig. 4.12, after

normalization to the reference plate. A time-gating procedure was applied to remove the effect

of unwanted reflections due for instance to the cables and the feeding horn antenna. The

frequency range (28–38 GHz) shown in Fig. 4.16a is limited by the single mode operation of the

feeding antenna (26–40 GHz) and by the applied time gating that generates artifacts in the first

and last ∼2 GHz of the frequancy range, which therefore need to be discarded. Measurements

can be compared with simulations (function of the frequency and ∆L) of Fig.4.16b which

were obtained in HFSS for a single cell under normal incidence and in a periodic boundary

condition. Curves with same color in Fig. 4.16a and Fig. 4.16b correspond to the same re-

configuration state since the values of ∆L employed in simulations were retrieved from the
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Figure 4.15 – Displacement ∆y characterization as a function of the applied voltage for the
prototype of Fig. 4.12b performed prior to the MMW reflection measurements. Note V1

voltages are shown as negative and V2 voltages shown as positive.
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Figure 4.16 – Comparison between measurements and simulations of the reflection magnitude
(top) and phase (bottom) for the prototype of Fig. 4.12. (a) Measurements as a function of the
actuation voltage and (b) full-wave simulations as a function of the displacement ∆L. Note V1

voltages are shown as negative and V2 voltages shown as positive. ∆L values in (b) correspond
to the applied voltages in (a) according to the experimental curve of Fig. 4.15.
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experimental curve of Fig. 4.15 for each voltage applied during measurements. Note that the

the displacements of Fig. 4.15 are expressed as∆y values that can be converted to∆L by simply

adding 0.6 mm. A first look at the results of Fig. 4.16 suggests that the fabricated prototype

does not provide the expected performance as it is clearly visible comparing simulations and

measurements. The main effects are a shift of the resonance towards higher frequencies and a

consequent “shrink” of the phase curves, which therefore do not allow the designed 280° of

differential phase at 30 GHz. A more careful analysis of these results allows to observe that

the visible degrading effect is more emphasized at lower frequencies and for higher values

of ∆L (i.e., smaller overlap between movable and fixed patches), suggesting a frequency and

geometry-dependant issue.

After different studies and evaluation of the results, we concluded that this performance

degradation was generated by an irregular contact between the movable and fixed patches,

hence preventing the ohmic contact between them. Two main reasons for this irregular contact

were identified in the fabricated prototype: i) oxidation of the copper patches considering that

several weeks passed from the array manufacturing and the MMW characterization (moreover

their storage and handling was not particularly careful); ii) non-uniform contact of all the

cells, meaning that an air gap was present for a number of them between the top and bottom

patch (i.e., no physical contact). This latter issue was difficult to control and to correct for

the considered prototype since it was not possible to assure precise uniform thickness of the

copper and perfect flatness of all the involved surfaces (i.e., top and bottom arrays, plastic

support and fused silica substrate). Moreover, the force applied by the out-of-plane deflection

of the PDMS membrane (see Fig. 4.9) was not sufficient to guarantee uniform pressure over the

whole array. These hypothesis were verified through full-wave simulations which allowed to

observe a behavior similar to that shown in Fig. 4.16, namely a shift of the resonance frequency

and a compression of the phase distribution when an air gap is introduced. Moreover, we

observed also in simulations the same dependence on frequency and displacement. This

phenomenon can be qualitatively explained through the symbolic drawings of Fig. 4.13b: if an

air gap is present, there remains still a capacitive coupling (red arrows) between the movable

and fixed patch, which increases for higher frequencies and/or for larger overlaps between

the two patches (i.e., small ∆L). This qualitative analysis, also verified by simulations, justifies

the fact that a quite good agreement is found in Fig. 4.16 at high frequencies and for large

overlaps, whereas performance degrades moving towards the lower part of the bandwidth and

for bigger displacements.

For a final validation of this assumption, we now compare the measured reflection phase

with a simulated reflection phase of a cell where an air gap is present. Figure 4.17 shows

a comparison between the measured reflection phase of Fig. 4.16a and the corresponding

simulations where an air gap of 20µm has been added in the simulated geometry between the

fixed and the movable patch. Simulations exhibit the same compression of the phase response

at lower frequencies and are in quite good agreement with measured curves. It is worth noting

that this is not a very rigorous comparison, since the simulation geometry corresponds to an

infinite array of identical cells (all with the same gap), whereas different contact irregularities
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Figure 4.17 – Comparison between measured reflection phase of Fig. 4.16a (solid lines) and
simulations when an air gap of 20µm is added between the fixed and movable patch (dashed
lines). The agreement between measurements and simulations validate the hypothesis of
irregular contact between movable and fixed patches.

can be present in the fabricated prototype. However, these simulated results can be considered

a good approximation of an average effect in the whole real array, and therefore a validation of

the encountered phenomenon. An improved version of the proposed prototype is presented

in §4.3.3 where two simultaneous solutions have been adopted to avoid the above “contact

issue”.

4.3.3 Prototype optimization: fabrication and test

The prototype discussed above exhibited degraded performance with respect to the results

predicted with full-wave simulations, and the reason for that has been identified in an irregular

contact between movable and fixed patches. Here we present the design, manufacturing and

characterization of an improved prototype targeting the solution of the two main phenomena

affecting the performance of the previous device, namely copper oxidation and non-uniform

contact of the top and bottom arrays.

The solution of the former issue was easy to implement applying a gold plating to the copper

elements. This step was added to the standard PCB fabrication process and allowed to avoid

the oxidation of the metal parts, hence keeping a low contact resistance between the touching

patches. In practice, this coating was obtained by covering the copper cladding with a layer

of nickel (∼5µm) and a subsequent top gold metalization (∼200 nm). The solution of the

latter problem (i.e., non-uniform contact), on the other hand, was address by investigating

different approaches to implement the vertical actuation. In particular, the ideal actuation

method had to allow a push-pull mechanism generating a small uniform force during the

“push” movement and a uniform pressure of the top array over the bottom one during the

“pull” movement, allowing to overcome the effects related to the imperfect flatness of the
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4.3. A reconfigurable reflecting surface using DEA

(a) (b)

Figure 4.18 – Optimized prototype of reconfigurable reflective surface based on dielectric elas-
tomer actuation. (a) Render of the final device showing the air chamber needed to implement
the vertical pneumatic actuation. (b) Picture of the device assembly including the connections
needed for the control of the DEAs. Note the PDMS membrane is completely transparent in
the picture.

involved substrates. These characteristics were identified in a technique based on the use of

distributed pneumatic actuation. More specifically, this approach envisages the integration of

a mechanism in the bottom part of the device, which allows to invert an air flow switching from

a pumping state (“push” movement) to a suction state (“pull” movement). Obviously such a

mechanism needs to be properly shielded to avoid any interaction with the electromagnetic

signal. This approach was implemented in the new device by drilling a uniform array of

small holes (500µm diameter) in the bottom PCB, coupled to an air chamber in the plastic

support. This chamber was then connected to the pneumatic control systems through a

standard tube. A render of the new version of the reconfigurable reflective surface is shown in

Fig. 4.18a. The design and fabrication process of the actuator part, including DEAs, membrane

PCB and movable array, was completely inherited form the previous prototype (cf. Fig. 4.12),

whereas a significant modification had to be introduced to implement the proposed pneumatic

actuation. The main plastic support of the device was manufactured in two pieces for an easy

realization of the needed air chamber (43×36×2 mm3) that was integrated in the bottom

part of the plastic support (Fig. 4.18a)). In turn, a uniform array of holes (aligned with the

corresponding holes in the bottom patch array) was drilled in the top part of the support to let

the air flowing from the air chamber to the interface between the fixed and movable arrays.

The two pieces were then sealed together to make the chamber airtight.

In order to allow a compact and efficient demonstration of the concept, the pneumatic

control system was implemented using a miniaturized 3-way valve whose output was directly

connected to the device, and the two inputs were connected respectively to a low-pressure

compressed air source and to a miniaturized Venturi vacuum pump. The valve was remotely
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actuated by a modified version of the LabVIEW software and the control unit mentioned

above, allowing to switch from a positive air flow (i.e., from the air supply to the device) to

a negative one (i.e., air suction from the vacuum pump). The former condition generates a

uniform pressure (slightly higher than the atmospheric one) between the two arrays which

gently pushes the top one releasing the contact between the patches. The top plate therefore

remains in a steady vertical position due to the equilibrium between the force applied by the

airflow and the opposite force generated by the PDMS membrane. When the pneumatic valve

is actuated, the air flow is inverted and a quasi-vacuum condition is induced between the

movable and fixed array of patches.

The design of the unit cell was also slightly modified to account for the new geometry including

the holes in the bottom PCB, which were placed between adjacent cells aligned in the y direc-

tion (i.e., 2 half holes for each cell). Moreover, the new design was also carried out targeting a

wider phase range (>300°) at the expense of a steeper slope. However, this aspect was not par-

ticularly critical considering that the previous prototype highlighted good fabrication accuracy

and reliable DEA actuation. The increased differential phase between the two extreme states

of reconfiguration was achieved reducing the thickness of the dielectric layers to 203µm (i.e.,

commercial standard for Rogers RO4003C), and consequently the initial patch length Lpatch

was properly adjusted to center the 30 GHz resonance to ∆L = 0.6mm. As the actuator part

remained unchanged with respect to the previous device, the design optimization was carried

out considering a maximum achievable displacement of 1.2 mm. To have a better estimation

of the losses we also considered a more realistic geometry in the simulator, where the metallic

ground plane and patches were modeled as 3-dimensional elements realized by a stack of

copper, nickel and gold as in the real fabricated device. Furthermore, the dielectric properties

of the array substrate (Rogers RO4003C, 203µm thick) were measured using a commercial

setup based on an open resonator technique. Measurement results demonstrated an average

loss tangent of 0.0051, higher than the 0.0027 value provided by the manufacturer for 10 GHz

operation. The updated geometrical and dielectric properties of the unit cells are reported

in Tab. 4.2 considering the geometry illustrated in Fig. 4.10. The corresponding reflection

phase and magnitude as a function of the displacement ∆L at 30 GHz are shown in Fig. 4.19,

which highlight a phase range of 310° for an increase of 1.2 mm in the patch length (i.e., from

1.8 mm to 3 mm). Reflection losses are higher with respect to the cell designed for the previous

prototype (cf. Fig. 4.11) due to two main reasons, namely the introduction of higher dielectric

and metal losses in the full-wave calculation and the use of a thinner substrate generating

a stronger resonance peak (i.e., higher Q factor). However, the real gain loss in reflectarray

antennas due to the reflection losses of the single unit cell does not correspond to the peak

loss, but rather to a weighted average of the reflection losses corresponding to the different

available reflection phases, considering that in real reflectarrays unit cells will operate in

different reflection states (i.e., magnitude and phase). Moreover it is important to point out

that the losses exhibited by the designed cell are only due to the involved materials, whereas

the actuation mechanism is completely isolated from the EM active area and thereby does not

contribute to the loss budget.
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Figure 4.19 – Reflection phase (left) and magnitude (right) of the designed unit cell of Fig. 4.10
for the optimized prototype. The calculation was performed using full-wave simulations in a
Floquet’s periodic environment at the design frequency f0 = 30GHz.

Table 4.2 – Optimized dimensions and material properties of the reconfigurable unit cell
constituting the new prototype of Fig. 4.18.

Cell Lcel l =Wcel l = 5mm

Patches
Wpatch = 2mm
Lpatch = 1.8mm
∆Lmax = 1.2mm

Dielectric 1 and 2
Hdi el 1,2 = 203µm
εr 1,2 = 3.55
tanδ1,2 = 0.0051

Fused silica
Hg l ass = 203µm
εg l ass = 3.8
tanδg l ass = 0.0004

PDMS
Hpdms = 30µm
εpdms = 2.8
tanδpdms = 0.04

The experimental characterization of the new prototype was performed adopting the same

monostatic measurement technique discussed in the previous section. Nevertheless, we used

a newly-developed setup which was built in our laboratory (Laboratory of Electromagnetics

and Antennas) at EPFL. The new setup was based on a commercial customized Gaussian optics

lens antenna from the American company Millitech, which generated a linearly polarized

Gaussian beam with a 4λ0 beamwaist diameter on the focus plane located 35 cm from the lens.

The antenna and the new sample holder were placed on a steel optical rail, and their alignment

was performed by means of a custom-made system comprising a laser and a set of mirrors.

Differently from the characterization of the previous prototype, we used a plastic sample

holder that was again covered with flat absorbers baked by a thin (∼100µm) aluminium foil

to comply with the guidelines of the supplier. The full control and synchronization of the

measurement system (i.e., network analyzer, DEA and vertical actuation) was achieved using
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Figure 4.20 – Displacement ∆y characterization as a function of the applied voltage for the
prototype of Fig. 4.18b performed prior to the MMW reflection measurements. Note V1

voltages are shown as negative and V2 voltages shown as positive.
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Figure 4.21 – Comparison between measurements and simulations of the reflection magnitude
(top) and phase (bottom) for the prototype of Fig. 4.18. (a) Measurements as a function of the
actuation voltage and (b) full-wave simulations as a function of the displacement ∆L. Note V1

voltages are shown as negative and V2 voltages shown as positive. ∆L values in (b) correspond
to the applied voltages in (a) according to the experimental curve of Fig. 4.20.
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the LabVIEW software mentioned above and properly modified to account for the new vertical

pneumatic actuation.

The measurement procedure followed the same approach previously adopted for the first pro-

totype and described in the previous section, and therefore will not be repeated here. The first

step consisted in measuring the displacement∆y as a function of the applied voltage using the

digital microscope and the real time LabVIEW processing. The results of this characterization

for the prototype of Fig. 4.18b are shown in Fig. 4.20. We can observe very good repeatability

of the displacement for the same applied voltage, demonstrating enhanced actuation per-

formance compared to the solenoid-based version of the previous device (cf. Fig. 4.15). This

improvement is due to the adopted approach implementing a distributed pneumatic actua-

tion, which allows to generate a uniform force (in both up and down directions) over the whole

surface of the array. The MMW measurement results, after normalization to the reference

plate, are reported in Fig. 4.21a, which can be compared with the corresponding simulated

data of Fig. 4.21b. This time, a very good agreement is found between measurements and

simulations, completely validating the proposed reconfiguration approach. Moreover, these

results further confirm the assumption of irregular contact adopted to justify the results from

the previous device. The main difference between measurements and simulations relates

to the reflection magnitude since higher losses are extracted from measurements, with a

difference that increases as the frequency decreases. The main reason for these extra losses

has been identified in the contribution of different factors related to the measurements system.

A few test measurements of a simple mono-layer array of patches (very simple device), in fact,

demonstrated the same increase in the peak loss. Moreover, we found that the application of

different time gating windows can affect quite considerably the measured magnitude, but only

marginally affects the phase of the measured signal. Another aspect to consider is the angular

orientation of the device and the reference plate with respect to the measuring antenna. In

particular, if a small misalignment exists, the array and the reference reflect the impinging

radiation in a slightly different direction with a loss in the measured magnitude. The same

loss is observed if the patches are not perfectly aligned with the linear polarization of the

impinging field.

Nevertheless, the observed loss issue is not particularly critical, especially considering the

MMW reconfiguration potential offered by the proposed concept. These results demonstrate

better performance than conventional technologies, such as semiconductors (varactor and

PIN diodes) and liquid crystals in the same frequency range. This last statement is justified

by the poor loss performance exhibited by reconfigurable RA antennas integrating PIN and

varactor diodes. Reflection losses are typically higher than 5 dB for devices operating at C-band

(4–8 GHz) [18] and X-band (8–12 GHz) [19], whereas worse performance are achieved at higher

frequencies due to the higher losses and parasitic effects introduced by semiconductor diodes.

Reflectarrays based on tunable liquid crystals exhibit similar performance with losses higher

than 10 dB at Ka-band and above [33, 42].

The proposed reconfigurable design can be also scaled to operate at higher frequencies, such
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as V-band (40–75 GHz) and W-band (75–110 GHz), which are of particular interest for high

data-rate communications, automotive radar, security screening, and remote sensing. This

frequency upgrade would be achieved without degrading the loss performance, since the

actuation part does not directly interact with the electromagnetic signal, and only conventional

dielectric materials are present in the active area (except for the PDMS that is however very

thin).

4.4 DEA-based 1-D scanning RA

The results presented in the previous section allowed to validate the concept for the implemen-

tation of a reflectarray device based on rectangular resonant patches where the patch length is

mechanically tuned using planar DEAs. The device presented above only allows the recon-

figuration of uniform reflection phase of the surface, without providing any beam-scanning

capabilities. The evolution of this uniform reflector is represented by the simplified concept of

Fig. 4.8, where we envisage the use of agonist DEAs to implement the independent control of

each column. This type of control allows to tailor a phase distribution on the reflector surface

similar to that shown in the examples of Fig. 4.7, hence implementing beam-scanning in the

H-plane of the reflectarray.

This section reports the activities carried out towards the first demonstrator of 1-D beam-

scanning reflectarray. The transition between the uniform reconfigurable device of Fig. 4.18

to the column-based reconfiguration of Fig. 4.8 would ideally consist in cutting the top PCB

into columns so that they can move independently with respect to each other. Each column

would then need to be equipped with its own set of planar actuators to implement the desired

bidirectional displacement in the y direction. The schematic concept of Fig. 4.8 would however

limit the size of the actuators (maximum width of 5 mm) making impossible to achieve the

needed 1.2 mm of bidirectional displacement demonstrated in the previous device, where

the size of each actuator was in the order of 40 mm×20 mm. This restriction is due to the

particular properties of the DEA technology where the achievable strain is clearly strongly

dependent on the size of the actuators, in addition to other boundary conditions [43]. The

strip actuators depicted in Fig. 4.8 have two free edges, being less effective than other DEA

configurations. A DEA with two free edges is unconstrained and does not allow a uniform

prestretch of the PDMS membrane. This lack of prestretch (demonstrated by the necking

of the actuators), results in a loss of displacement and reduced DEA performance. Another

challenge related to the configuration of Fig. 4.8 is represented by the high-voltage operation

of DEAs. Owing to the high voltage, adjacent electrodes would need to be properly spaced

to prevent the breakdown of air (3 kV/mm). In practical design a safe limit of 1 kV/mm is

adopted to ensure that breakdown does not occur because of conductive residues between

the electrodes.

In order to overcome the limitations discussed above and to allow more flexibility in the

design of the DEAs, we investigated a new concept, slightly different from the one shown in
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4.4. DEA-based 1-D scanning RA

(a)

(b) (c)

Figure 4.22 – Simplified drawing of the final concept for independent column reconfiguration.
(a) y z longitudinal section showing the DEA reconfiguration approach for one column of
the reflectarray surface. (b) Isometric view and (c) y z longitudinal section of the unit cell
constituting the final reflectarray device. The holes in the bottom array are used to implement
the discussed pneumatic vertical actuation.
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Figure 4.23 – Reflection phase (left) and magnitude (right) of unit cell of Fig. 4.22b designed
for the realization of the beam-scanning RA. The calculation was performed using full-wave
simulations in a Floquet’s periodic environment at the design frequency f0 = 30GHz.
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Chapter 4. A beam-scanning DEA reflectarray

Table 4.3 – Optimized dimensions and material properties of the reconfigurable unit cell
constituting the beam-scanning concept of Fig. 4.22.

Cell
Lcel l =Wcel l = 5mm
Wtop = 4mm

Patches
Wpatch = 2mm
Lpatch = 1.78mm
∆Lmax = 1.2mm

Dielectric 1 and 2
Hdi el 1,2 = 305µm
εr 1,2 = 3.55
tanδ1,2 = 0.0051

Fig. 4.8. The new approach is based on the use of rigid-frame actuators, where the whole

PDMS membrane is bound to a rigid frame, and all the edges are supported maintaining a

uniform prestretch. The actuator parts are therefore confined at the edges of the array, and

the movable strips are anchored to them at their extremities. This means that no PDMS, and

consequently no fused silica, are needed in the EM active area to allow the bonding between

the movable part and the corresponding DEAs. A schematic illustration of this concept is

depicted in Fig. 4.22a, showing the longitudinal cut of one reconfigurable column. In this new

configuration, each extremity of the movable strip is fixed to a set of two agonist DEA segments

by means of a rigid anchoring element. Homologous actuators (i.e., Vm,1 and Vm,2 in Fig. 4.22a)

on the two sides of the m-th column are connected and actuated in parallel to optimize the

actuation output. This geometry in fact avoids that a passive region on the opposite side

could reduce the achievable strain. An actuation voltage Vm,1 generates a displacement −∆x

reducing the patch length, whereas a voltage Vm,2 produces a movement +∆x in the opposite

direction which increases ∆L. The vertical movement to implement the three-step actuation

procedure of Fig. 4.9 is still obtained using the pneumatic actuation described in §4.3.3, for

which an array of holes is considered in the bottom array (Fig. 4.22).

A new design of the unit cell was necessary to account for the modifications applied to

the reconfigurable concept discussed above. The new RA element is shown in Fig. 4.22b

(isometric view) and Fig. 4.22c (y z cut). The first difference with respect to the cell of Fig. 4.10

consists in the absence of the PDMS membrane and the related fused silica bonding layer.

Moreover, the width Wtop of the column PCB is smaller than the actual width Wcel l of the

unit cell to avoid any contact (and consequent friction) between adjacent movable strips.

Therefore, the reflection properties are modified with respect to the previous design. The

selected dielectric and geometric parameters of the cell shown in Fig. 4.22b are summarized

in Tab. 4.3. In this case both the top and bottom arrays are realized using a 305µm thick

Rogers RO4003C laminate. The corresponding full-wave simulations (reflection phase and

magnitude) are reported in Fig. 4.23. Note that two curves are shown in each panel: 1) dashed

lines correspond to a simulation where metallic parts are characterized by a nominal copper

conductivity (σcu = 5.8×107 S/m) and dielectric losses are modeled by a loss tangent of 0.0027
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4.4. DEA-based 1-D scanning RA

(a) (b)

Figure 4.24 – Final geometry of the DEA actuators integrated in the beam-scanning reflectarray.
(a) Single actuator comprising 2 agonist DEA segment to optimize the achievable displace-
ment. (b) Example of 8 actuators staggered on two rows, implementing the independent
displacement of just as many columns (in shaded green).

(provided by the supplier for 10 GHz operation); solid lines correspond to a more realistic

situation where a metal stack of copper, nickel and gold implements the metallic parts and

the datasheet loss tangent is replaced by the measured one (0.0051). A difference of around

1.3 dB is found in the resonance peak which is due to the increased dielectric and conductor

losses. The reflection phase remains unchanged and allows a reconfigurable range of around

315° centered at ∆L = 0.6mm.

Figure 4.22 shows that the single column PCB and the associated DEAs are not bound to

the same PDMS membrane, hence offering more degrees of freedom to design the actuators

and allowing to optimize their size and their position with respect to the moving arrays. As

we have mentioned above, a 5 mm wide actuator (comprising 2 agonist DEAs) would not

be able to comply with the requirement of 1.2 mm displacement. However, it is clear that it

is impossible to increase the size of the actuators if these remain aligned one next to each

other. This issue was overcome by considering a staggered configuration of the actuators,

which are placed and aligned on different rows. It is clear that this disposition still needs to

ensure the independent movement of adjacent column arrays that are spaced 5 mm apart.

Therefore, considering the actuator geometry of Fig. 4.24a, the maximum width of the actuator

(W1 in Fig. 4.24a) strictly depends on the maximum number of rows that are acceptable in

the final device. An implementation example is shown in Fig. 4.24b where 8 actuators are

divided in 2 rows. In this particular case the maximum W1 allowing enough spacing to move

the independent columns (Wtop = 4mm) is 10 mm. Preliminary actuator designs and tests

carried out at LMTS demonstrated that a minimum value W1 = 20mm was necessary to obtain

the required displacement of 1.2 mm. The remaining dimensions of the actuator depicted

in Fig. 4.24a were selected as follows: L1 = 34mm (total length of the actuator), W2 = 17mm

(width of each electrode), L2 = 13.5mm (length of each electrode) and L3 = 4mm (size of the

rigid anchoring element placed in the center of the actuator). A staggered configuration based
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Chapter 4. A beam-scanning DEA reflectarray

(a)

(b)

Figure 4.25 – Render of the 1-D beam-scanning RA consisting of an array of 8×8 cells. (a) Top
view of the bottom part integrating the array of fixed patches and a full set of 4 DEAs allowing
the independent control of just as many RA columns. (b) Bottom view of the top part including
the remaining set of 4 actuators with corresponding moving arrays.
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4.4. DEA-based 1-D scanning RA

on the selected size would produce a set of DEAs divided in four rows and, therefore, a total

length of 136 mm. The same set of actuator would then need to be duplicated on the opposite

side of the movable columns (cf. Fig. 4.22a) resulting in a long device, not really practical for

our scopes.

To reduce the size of the full reflectarray device we investigated alternative approaches per-

mitting to increase the size of the single actuator without affecting the total size and the

manufacturing complexity of the final prototype. The identified solution relies on the im-

plementation of a three-dimensional staggered configuration where the single actuators are

laid out in different rows and multiple layers. For an assigned size of the single actuator, it

is for instance possible to halve the number of needed rows by placing the same number of

actuators on two stacked layers. We selected this approach for our first prototype to implement

independent column reconfiguration of an array of 8×8 cells. To this purpose we divided the

8 actuators in 2 layers, each one comprising 2 rows of 2 actuators (size 20 mm×34 mm). The

maximum size of the array was again limited by the pad-printing machine currently used for

the realization of the electrodes, assuming that the 4 actuators in each layer are printed at

the same time on a single PDMS membrane. This choice allowed to reduce the number of

fabrication steps and to avoid any issue in the alignment of the actuators in the same layer. The

independent control of each actuator was then obtained by adhering the printed membrane

to a rigid frame including apertures corresponding to the position of the different actuators.

A render of the designed 1-D scanning reflectarray is shown in Fig. 4.25. The device is realized

in two parts, each one integrating 4 full sets of actuators (i.e., a single layer). The two parts

are then assembled together to implement the final device consisting of an array of 8× 8

cells where each column is independently controlled. The bottom part (Fig. 4.25a) integrates

the fixed array of patches an the air chamber required to implement to pneumatic vertical

actuation validated with the uniform reconfigurable reflector of §4.3.3. Also here the same

pneumatic approach is realized drilling an array of small holes in the bottom PCB to convey

the bidirectional flow controlled by the external pneumatic valve. Obviously all the strips are

moved together in the vertical direction, whereas an independent horizontal displacement can

be obtained for each of them by actuating the corresponding DEAs. The alignment between

the different parts is a critical aspect in the assembly of the device, since it is important to

ensure a precise overlap between each movable strip and the corresponding bottom line of

cells. Moreover, the assembly position needs to coincide to the state∆L = 0.6mm for all the RA

columns. However, the use of precise micro-fabrication techniques and of properly designed

alignment jigs permit to obtain good accuracy in the final assembly, and consequently perfor-

mance are expected in good agreement with the prediction. The final prototype is currently

under development, but preliminary mechanical experiments performed on an intermediate

device demonstrated correct operation of the actuation principle, able to produce the total

displacement of 1.2 mm for a single column.

The final reflectarray will operate in single linear polarization with the electric field aligned in

the y direction of Fig. 4.22 and will be controlled to achieve beam-scanning in the H-plane
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Figure 4.26 – Simulated beam-scanning example for the final RA prototype consisting of an
array of 8×8 cells grouped in 8 reconfigurable columns. Top panels of (a) and (b): calculated
phase profile (solid lines) and related phase quantization (markers) to point the beam at
θ = 25° and θ = 35°, respectively. Bottom panels of (a) and (b): corresponding displacement
∆L to realize the needed phase profile. (c) Computed co- (solid lines) and cross-polar (dashed
lines) radiation pattern.
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(xz plane). To obtain a fully operative antenna, the prototype of Fig. 4.25 will be illuminated

by a linearly polarized feed that shall be placed in the H-plane of the array to minimize the

cross-polarization and the dependence of the reflection phase on the relative position of the

element in the array. This geometry translates in a TE-polarized incident field and a wave

vector in the H-plane of the array element. Here we present a simplified example based on

full-wave simulations able to predict the beam-scanning performance of the final reflectarray

prototype. Simulated data were generated considering an array of 8×8 cells of the type shown

in Fig. 4.22 and with the properties selected for the final design (cf. Tab. 4.3). The device model

implemented in the simulator did not include the actuator parts, which will be screened in

the final device to avoid any coupling with the feeding wave (this is necessary considering

the small size of the array). Moreover, the array was illuminated by a normally impinging

plane wave. The reflection phase profile needed in the x direction to point the beam at θ = 25°

and θ = 35° was calculated and is reported in the top panels of Fig. 4.26a and Fig. 4.26b,

respectively. Solid lines represent the calculated phase, and markers are the values generated

by a 3-bit phase quantization, which produces a maximum quantization error of 21.5°. It is

worth noting that an arbitrary phase bias can be added to the calculated profile. In particular,

this principle was here used to minimize the phase quantization error. These phase values

were then converted in displacement ∆L (bottom panels of Fig. 4.26a and Fig. 4.26b) using

the phase curve of Fig. 4.23. The corresponding radiation patterns are shown in Fig. 4.26c

including both the co- (solid lines) and cross-polarization (dashed lines) components. The

cross-polarization level is always lower than 35 dB with respect to the radiation maximum.

However, sidelobes are only 10 dB below the maximum, which is mainly due to the small

electrical size of the considered aperture (only 4λ0 ×4λ0). Sidelobe performance are in fact

typically degraded at decreasing the reflector size, due to the increased amounts of edge

diffraction and specular reflection [2].

4.5 Conclusions

This chapter discussed the design, manufacturing and characterization of reconfigurable

reflectarray devices operating at Ka-band and integrating a mechanical tuning mechanism

based on planar dielectric elastomer actuators (DEAs). The proposed reconfiguration ap-

proach relies on a DEA-based actuation principle similar to that successfully applied to the

tunable phase shifter presented in the previous chapter. The reconfigurable unit cell discussed

here consists of a fixed rectangular patch on a grounded dielectric substrate and a movable

patch realized on a second dielectric layer, which is horizontally displaced by the in-plane DEA

expansion. When the movable and fixed patch are in ohmic contact, a given displacement of

the moving plate with respect to the fixed one exactly corresponds to an equal increment of the

equivalent patch length. With this approach the actuation part is confined at the extremities

of the array and therefore does not interfere with the EM propagation, resulting in losses

comparable to the device fixed counterpart.

The proposed reconfiguration concept has been validated by designing and fabricating a
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Chapter 4. A beam-scanning DEA reflectarray

reflective surface with uniform phase distribution where the reconfiguration of all the cells

was realized using a single horizontal displacement. A prototype was manufactured using

commercial materials and standard PCB fabrication techniques available at EPFL. The exper-

imental characterization demonstrated very good agreement with simulations, confirming

the predicted performance in terms of losses and phase reconfiguration capabilities. Based

on these promising results, the design of a 1-D beam-scanning reflectarray has been pro-

posed. This concept is based on the independent control of each column of cells to implement

beam-scanning functionality in the H-plane of the antenna. The radiating performance of

this device have been evaluated using full-wave simulations, and further activities will be

carried out to manufacture a fully functional prototype that can be tested using conventional

radiation pattern measurements.
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5 Stretchable reflectarray antennas for
THz applications

The results presented in the previous chapters have demonstrated the potential of dielectric

elastomer actuators to implement low-loss reconfiguration of antenna devices at millimeter-

waves. In particular, previous activities have focused on Ka-band, owing to the increasing

evolution of emerging telecommunication systems operating in this frequency range. In

parallel, recent years have also seen a growing interest for terahertz applications where the

technological development is of paramount importance.

Within this context, the objective of this chapter is to present the activities carried out for

the development of THz antenna devices with reconfiguration capabilities. After a brief

introduction to THz systems and applications (§5.1), an efficient approach for the fabrication

of flexible and stretchable conductors based on gold ion implantation is presented in §5.2.

The design, fabrication and test of a fixed-beam reflectarray operating at 1 THz and integrating

an implanted ground plane are discussed in §5.3. Based on previous results, §5.4 proposes the

first experimental demonstration of THz beam-scanning reflectarray based on mechanical

stretching that can be realized using DEAs. A summary of the chapter is found in §5.5.

5.1 Introduction

Terahertz radiation is typically located in the frequency range 0.3–10 THz, falling between the

microwave and infrared electromagnetic spectrum (Fig. 5.1). This frequency band has also

been defined as the “terahertz gap” due to the poor availability of efficient technology (partic-

ularly sources and detectors) that has influenced for more than two decades the development

of practical applications, with respect to the well-established microwave and optical regions.

The “gap”, clearly highlighted in Fig. 5.1, is progressively reducing due to the technological de-

velopment initially ignited by emerging applications in the space field. With the improvement

achieved by the semiconductor industry, the development of new materials and the increasing

advancement of micro and nano-fabrication techniques, several terrestrial applications have

been also identified and are currently addressed by the international scientific community.

Terahertz science is currently undergoing a rapid advancement especially driven by the avail-
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ability of emitters and detectors (e.g., femtosecond lasers and photoconductive antennas)

and the development of commercially available spectroscopy and imaging systems. Several

applications in the THz region are under investigation and can be summarized as follow:

• Space observations: this macro-area comprises several targets, including atmospheric

remote sensing, astronomy, planetary and cometary science. These applications are

motivated by the particular properties of the THz radiation allowing to detect variations

in the thermal, rotational or vibrational state of the interacting media [1–3].

• Security screening: based on the ability to penetrate several non-conductive materials

such as polymers, paper, clothing, ceramics, chemical powders that can be opaque

in the visible range. These properties are therefore particularly appealing for the non-

invasive identification of hidden objects (e.g., concealed weapons) [4]. Moreover, THz

spectroscopy can be successfully used for the identification of specific explosives or

drugs, which present particular spectral lines when illuminated by THz radiation [5].

• Non-invasive medical imaging: THz radiation is partcularly suitable to medical applica-

tion since it exhibits a low photon energy that allows safe and high resolution imaging

without ionization of biological tissues (in contrast to X-rays for instance) [6, 7].

• Communication systems: potential for high data rate (up to Tbit/s) links operating

in the lower THz band (between 300 GHz and 1 THz), where an atmospheric window

exists. Possible applications include indoor femto-cellular networks, wireless local area

networks (WLAN) and wireless personal area network (WPAN), high-speed connection

of computer devices, kiosk download, and satellite-to-satellite links [8–10].

The activities presented in this chapter have been carried out targeting a contribution to

the development of THz antenna technology. The use of high-gain antennas, together with

high-power sources and efficient detectors, plays a critical role in all the applications men-

tioned above, with a special focus on communication systems, where high performance are

needed to cope with the high free-space attenuation that heavily affect the link budget. More-

over, advanced capabilities, such as beam-scanning could be very advantageous in particular

applications where a real time optimization of the communication link is needed (e.g., indoor

femto-cellular networks, kiosk download, satellite-to-satellite communications). Related to

the antenna development, it is worth to consider the evolution of metamaterials that are

experiencing a growing interest due to the need to compensate for the poor performance

of conventional materials that instead are typically used at lower frequencies (microwave to

millimeter-wave) or in the optical region [11–13]. In this framework we integrate our activi-

ties targeting the development of conformal and reconfigurable antenna devices based on

stretchable conductors and that can potentially benefit from the use of dielectric elastomer

actuators.
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5.2. Stretchable conductors based on gold ion implantation

Figure 5.1 – Electromagnetic spectrum spanning from microwave to optical frequencies and
highlighting the lack of established applications within the “THz gap”. Courtesy of Teraphysics
Corporation.

5.2 Stretchable conductors based on gold ion implantation

This section presents a practical and efficient approach for the implementation of flexible

and stretchable conductors targeting terahertz applications. The proposed technique is based

on low-energy gold ion implantation in thin PDMS membranes. The same method has been

already discussed in chap. 2, where we investigated its possible utilization at millimeter-waves.

We have experimentally demonstrated a surface conductivity of around 30Ω/� at Ka-band

resulting in high ohmic losses and limiting the practical application of implanted PDMS mem-

branes to the realization of small compliant connections. Nevertheless, better performance

are expected at THz frequencies due to the smaller wavelength of the considered radiation

(more than 30 times smaller with respect to 30 GHz) associated with the particular structure of

the conceived metallization. It is worth recalling that this technique was initially developed for

the realization of compliant electrodes in dielectric elastomer actuators [14–16], where reliable

electrical conduction needs to be maintained at high strains (up to 100 %). Thin stretchable

conductive layers are obtained using a low-energy filtered cathodic vacuum arc (FCVA) that

allows to confine the implanted gold ions within the top 50 nm from the PDMS surface. This

type of implantation does not generate a continuous rigid film, but leads to the formation of

gold nano-clusters into the polymer matrix which are in physical contact, thereby generating

a conductive path. When the polymer is stretched, these particles move with respect to each

other keeping electrical conductivity providing that a continuous path or capacitive coupling

exists. Therefore, qualitative considerations suggest that better conductivity is achievable at

THz with respect to Ka-band as the higher frequency allows a stronger coupling.
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This technology allows a rapid and efficient manufacturing, which is highly compatible with

standard micro-fabrication techniques and allows the realization of precise patterns up to

the micrometer scale using micro-fabricated shadow masks. The shadow-mask patterning

method can be a limiting factor for the realization of micrometer elements, since the aspect

ratio of the mask can affect the concentration of gold ions into the elastomer [16]. However, if

very small patterns need to be realized, nano-stencil lithography techniques represent a very

effective solution allowing the precise patterning of sub-micrometer features (e.g., [17, 18]).

This fabrication technique would find wide application at THz frequencies, including the

realization of flexible and conformal devices, or tunable metamaterials in general, based on

the mechanical deformation of the substrate or the composing unit elements [13, 17, 19–23].

The applicability of gold ion implantation for the realization of THz stretchable devices has

been assessed characterizing the surface conductivity of several samples realized with different

concentration of the gold ions. Measurements were performed for different stretching ratio

of the implanted zone in order to evaluate the corresponding change in conductivity. The

analyzed samples were prepared at the Microsystems for Space Technologies Laboratory (LMTS)

using pulsed-mode FCVA to realize low-energy implantation allowing uniform concentration

of gold nano-particles within the first 50 nm of the PDMS layer. A detailed description of the

equipment and the implantation procedure can be found in [15]. Considering the utilized

FCVA equipment, the implantation dose (in ions/cm2) is directly proportional to the number

of arc pulses used during the implantation. The relation between dose level and number of

pulses can be typically obtained using a Rutherford backscattering spectroscopy calibration.

Nevertheless, the size of the samples considered here required the use of a motorized scanning

stage to realize the implantation of the full area, making this type of calibration not valid [14].

The ion concentration is therefore expressed in terms of arc pules per unit area (pulses/cm2).

Each sample consists of a thin PDMS membrane (Sylgard 186) with size of 50 mm×30 mm and

thickness ranging between 40 and 50µm (uniform for each sample). The PDMS membrane

is adhered to a laser-cut frame and gold ion implantation is performed on one side of the

membrane covering a square area of 20×20 mm2. Half of the membrane is left free from any

implantation to allow a reference measurement of the PDMS material on the same membrane

as needed by the extraction technique described in the following. A render of the test sample

is shown in Fig. 5.2. It is worth noting that the rigid elements needed for the connection to the

mechanical stretcher are placed exactly at the top and bottom edges of the implanted square.

This precaution is necessary to ensure that a given stress applied to the membrane in the y

direction corresponds to an effect of the same amount in the implanted area.

Measurements were carried out using a time domain spectroscopy (TDS) technique, which

is widely used for material characterization at THz frequencies [24, 25]. More specifically,

a commercial fiber-coupled TDS setup (TERA K15 from Menlo Systems) was adopted to

perform transmission measurements through the sample under test. This setup employs

a femtosecond laser operating at 1560 nm and coupled to two photoconductive antennas

based on InGaAs/InAlAs technology that implement the emission and detection of the THz

signal. The generated beam is focused by a set of polymer lenses placed in the THz path. The
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5.2. Stretchable conductors based on gold ion implantation

Figure 5.2 – Illustration of the test sample composed of a PDMS membrane partially implanted
with gold ions. The membrane is adhered to rigid supports to allow the mounting on the
measurement setup.

Figure 5.3 – Picture of the THz TDS measurement setup used for the conductivity characteri-
zation of gold ion implantation in a PDMS membrane for different stretching conditions.

Figure 5.4 – Equivalent transmission line model representing the implanted PDMS membrane
under normal plane wave illumination. The PDMS membrane is described by a transmission
line section of length td , propagation constant γd and characteristic impedance Zd . The
implanted layer is modeled by the shunt impedance ZS .
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Chapter 5. Stretchable reflectarray antennas for THz applications

measurements presented here have been collected in focused mode that allows a beamwaist

diameter of less than 1 mm at the sample position. In this configuration, four lenses were

used, namely two for the emitter and one for the detector units. The desired stretching of the

PDMS membrane in the y direction was obtained using the motorized linear stage (generally

used for imaging applications) available in our TDS setup. The bottom frame of the sample

was bound to a fixed anchoring point and the top frame to the moving plate of the motorized

stage. A detail of the measurement setup including the sample under test is shown in Fig. 5.3.

The employed setup configuration involves the propagation of a Gaussian beam focused at

the sample position (i.e., beam waist location), where the propagating phase front can be

considered planar. Thus, a plane wave illumination is assumed and the propagation through

the sample under test is described by the transmission line model shown in Fig. 5.4. The

PDMS membrane is represented by a transmission line section characterized by a complex

propagation constant γd , a characteristic impedance Zd and a length td corresponding to the

PDMS thickness. In turn, the gold implantation is represented by the shunt impedance ZS .

The transmission line model of Fig. 5.4 allows to exactly describe the THz wave propagation

through the sample under test, considering that the conductive layer is electrically very thin

(i.e., t/λ< 10−4). In frequency domain the transmission line model of Fig. 5.4 can be described

using a transmission matrix approach [26] allowing to mathematically express the plane wave

transmission through the sample as the concatenation of two matrices:

ABC D tot =
 1 0

1

ZS
1

 cosh
(
γd td

)
Zd sinh

(
γd td

)
1

Zd
sinh

(
γd td

)
cosh

(
γd td

)
 . (5.1)

The transmission coefficient Ttot is then calculated using the ABC D parameters of eq. (5.1)

by the following equation:

Ttot = 2(
2+ Z0

ZS

)
cosh

(
γd td

)+(
Zd

Z0
+ Z0

Zd
+ Zd

ZS

)
sinh

(
γd td

) , (5.2)

where Z0 is the vacuum characteristic impedance. Equation (5.2) allows to relate the measured

transmission signal with the dielectric properties of the PDMS material and the conductivity

characteristics of the implanted layer. The signal directly measured from the TDS setup,

however, is a time-domain pulse that is attenuated and delayed with respect to the free-space

transmission according to the properties of the measured material. The measured time pulse

is then converted to frequency domain applying a Fourier transformation in order to apply the

transmission line model discussed above. Equation (5.2) expresses the measured transmission

coefficient as a transcendental function of the PDMS dielectric properties and the desired
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5.2. Stretchable conductors based on gold ion implantation

Table 5.1 – Measurement procedure needed to extract the surface resistance of the implanted
layer.

Step Measurement Measured quantity Output

1 Free-space transmission T f s system calibration

2 PDMS only Tpdms εr,d

3 Implantation Ttot ZS

surface impedance, and need to be solved using regression techniques. The PDMS complex

permittivity εr,d = ε′r,d − jε′′r,d is typically unknown and is retrieved by means of a separate

transmission measurement through the non-implanted region of the membrane under test

(cf. Fig. 5.2) solving the following equation:

Tpdms =
2

2+cosh
(
γd td

)+(
Zd

Z0
+ Z0

Zd

)
sinh

(
γd td

) . (5.3)

The PDMS thickness is a known parameter since it is previously measured using a visible

spectrometer that allows an accurate thickness characterization of free-standing PDMS mem-

branes. A measurement of the free-space transmission coefficient T f s is also needed to

calibrate the setup removing the typical frequency-dependent response of TDS systems and

the effects of the THz propagation in air. The conductivity characterization of a single sample

consists of different steps that are summarized in Tab. 5.1, including the corresponding output

parameter. Step 3 of Tab. 5.1 is repeated for different points over the implanted area to evaluate

the uniformity of the conductive layer.

The results from three samples with different implantation doses are presented here. Two

consecutive stretching cycles were performed for each sample. More specifically, the strain

applied to the tested membrane was increased from 0 to 10 % with 0.5 % increment and then

reduced to 0 again with 0.5 % decrement. The same cycle was repeated right after to have a

basic information on the repeatability of the measurement. However, Rosset et al. [14] already

demonstrated a good stability of the DC resistance after more than 105 cycles at a maximum

strain of 10 %. The extracted values of surface resistance reported in Fig. 5.5a–5.5c correspond

to an implantation rate of 80, 100 and 110 pulses/cm2, respectively. The presented results

confirm that higher implantation doses generate better conductivity (lower resistance), which

reduces while the membrane is stretched. A good overlap is found between values extracted

from different cycles, and a similar increment of the resistance with the applied strain can be

observed for the different samples, independently from their ion concentration. Moreover all

the analyzed samples exhibit an abrupt variation of the extracted resistance at the beginning

of the strain range, which can be explained by the fact that the membrane was not perfectly
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Figure 5.5 – Surface resistance extracted from TDS measurements of 3 samples implanted with
different gold ion concentrations: (a) 80 pulses/cm2, (b) 100 pulses/cm2, (c) 110 pulses/cm2.
Two strain cycles (from 0 to 10 %) and back to 0 are performed for each samples.
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strained when the samples were mounted on the stretcher. The extracted values allow to

target the realization of stretchable conductors for THz applications using the proposed gold

ion implantation technique, although higher losses should be expected with respect to solid

metals (e.g., gold) commonly used for the micro-fabrication of THz devices. Nevertheless,

this approach offers the unique potential for the implementation of flexible and stretchable

patterns that would find wide application in emerging THz systems as it has been previously

discussed. Higher conductivity can be obtained increasing the implantation dose as it was

demonstrated in [14] where concentration of up to 800 pulses/cm2 were investigated. This

improvement in conductivity would obviously come at the expense of a higher stiffening

of the implanted membrane and bigger variation of the resistance with the strain [14]. A

practical application of the considered gold ion implantation is proposed in §5.3 and §5.4 for

the implementation of a stretchable reflectarray with beam-scanning capabilities.

5.3 A fixed-beam stretchable reflectarray

The objective of this section is to present the results achieved in the design and implementation

of a stretchable reflectarray at terahertz frequencies based on PDMS and gold ion implantation.

The proposed device demonstrates the practical integration of the results discussed in the

previous section validating the potential of gold ion implantation to implement stretchable

conductors for THz applications.

These activities were motivated by the important role played by antenna components in

THz systems and the consequent growing interest in the improvement and development of

antenna technology, which is particularly driven by the need to overcome the high path loss

characterizing THz communication and sensing systems [27]. The free-space loss at 1 THz

is for instance 60 dB higher with respect to the same system at 1 GHz. Therefore the use of

high-efficiency and high-gain antennas becomes an important means to partially compensate

for these losses or to mitigate the requirements of the other components constituting the

transmitting/receiving chain. In this framework reflectarray antennas represent good candi-

dates for the generation of high-gain and narrow-beam radiation, which is typically required

in most of the high resolution imaging systems and communication applications. The main

advantages of reflectarrays over conventional phased arrays and reflector antennas discussed

in the previous chapter still remain and can be even more evident in the THz frequency band.

The realization of focusing reflectors becomes very critical and expensive at THz due to the

precision needed to account for the very small wavelength (300µm at 1 THz). Moreover, the

power loss generated by the beam forming network in phased array antennas is even more

critical together with the technology limitations currently characterizing THz systems.

Although the reflectarray concept has been widely developed at microwaves and millime-

ter-waves, with the experimental demonstration of several prototypes (cf. §4.1), only a few

devices have been proposed at THz frequencies. The first contribution related to reflectarrays

at THz can be found in the work of Ginn et al. [28] who experimentally investigated the use of
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square resonant patches at infrared frequencies (28.3 THz more specifically). Several uniform

arrays with different patch size were fabricated using electron beam lithography on a zirco-

nium dioxide substrate, and were then characterized using an infrared interferometer, proving

the feasibility of the concept. The same authors then proposed a 1-bit reflectarray using the

same principle [29]. A relevant example of reflectarray operating around 1 THz is represented

by the device realized by Niu et al. [30] who proposed the experimental demonstration of a RA

based on resonant square patches on a PDMS grounded substrate. The same research group

also proposed a RA beam splitter with polarization-dependent characteristics [31] based on

the same technology and fabrication process demonstrated in [30], and further validating

the potential of reflectarrays for efficient radiation at THz frequencies. Other examples of RA

devices can be found at higher THz frequencies (i.e., visible), such as the concept based on

spherical plasmonic particles with a dielectric core [32], the design using a perforated silver

plate [33], and the manufactured device based on dielectric resonator elements [34].

Considering this increasing interest in the reflectarray concept for terahertz applications

and in sight of potential reconfiguration capabilities, we propose a novel approach for the

implementation of THz reflectarray based on square resonant patches on a PDMS substrate

backed by a stretchable ground plane realized by gold ion implantation (cf. §5.2). The

selected unit cell and the operating principle of the proposed reflectarray are very similar

to the device presented in [30], but a significant difference exists, namely the high potential

for the implementation of reconfiguration capabilities offered by the stretchable structure

implementing the concept described here. Moreover, a different fabrication approach is

proposed for the realization of the reflectarray and is detailed in §5.3.1. In [30] the PDMS

polymer was spin coated on a metalized wafer and then metallic patterns were defined with

standard optical lithography. Here instead we spin coat the PDMS on a water-soluble polymer

which allows the subsequent release of the PDMS membrane (having thickness in the order of

25µm) after the fabrication of the metal pattern. The ground plane is then implemented using

gold ion implantation on the opposite side of the membrane. In addition, we also propose an

alternative method to implement the metal patches, namely electron-beam metal evaporation

through a shadow mask. The implementation of beam-scanning capabilities based on the

mechanical stretching of the whole reflectarray is then discussed in §5.4.

5.3.1 Reflectarray design and fabrication

The reflectarray design discussed here was developed using the well-known approach based

on resonant square patches of variable size over a grounded dielectric substrate [35]. PDMS

was selected to implement the dielectric layer for three main reasons: i) possibility to realize

stretchable devices in combination with the gold ion implantation discussed in §5.2, targeting

the integration of dielectric elastomer actuators to implement reconfiguration functionalities;

ii) PDMS is a low-cost material implying simple and inexpensive fabrication processes; iii)

PDMS exhibits relatively low losses (tanδ∼ 0.04) at THz frequencies [36] and is therefore a

suitable material for the fabrication of efficient antenna devices. The unit cell selected for

144
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Figure 5.6 – Drawing of the unit cell composing the THz stretchable reflectarray. The square
resonant patch is made up of solid metal and the stretchable ground plane realized using gold
ion implantation.

the conceived reflectarray is illustrated in Fig. 5.6. The reflection phase distribution over the

array is tailored by varying the size of the square patches, which need to be realized using solid

metal to avoid that their size varies when the array (i.e., the PDMS) is stretched. Here a gold

layer of 300 nm thickness is considered in the design phase.

The design and optimization of the relectarray was carried out following the same full-wave

simulation approach discussed in the previous chapter for the MMW device. The reflection

properties of the unit cell of Fig. 5.6 were computed as a function of the patch size Lpatch im-

plementing a Floquet’s periodic environment in Ansys HFSS. At the design frequency of 1 THz

a square cell of 140µm side (< 0.5λ0), and a thickness of 20µm for the PDMS layer were se-

lected for this first prototype. The PDMS material chosen for this application is the Sylgard 184,

which is the commercial standard available at the EPFL Center of Micronanotechnology (CMi),

where the full fabrication process was developed. The dielectric properties of this particular

elastomer were characterized using the TDS setup discussed in §5.2, although different studies

on the same material were available in literature [22, 36, 37]. Average values of 2.37 and 0.035

were respectively extracted for the dielectric constant and the loss tangent. These results are in

agreement with the values found in literature and also very similar to the dielectric properties

of the Sylgard 186 discussed in chap. 2. Regarding the conductivity of the gold patches, the

Drude model adopted in [30] was considered and a surface impedance of 0.287+ j 0.335Ω/�
was assigned in the electromagnetic solver. The geometric characteristics of the designed

cell and the electromagnetic properties of the involved materials are summarized in Tab. 5.2.

The corresponding reflection phase and magnitude are shown in Fig. 5.7, assuming linear

polarization with the electric field directed along y . A phase range of around 300° is achieved

with losses lower than 2 dB, which are mainly due to the PDMS substrate (tanδ= 0.035).

The results shown in Fig. 5.7 for the designed unit cell have been used to implement a full

reflectarray allowing to deflect the incident wave towards an off-normal direction in the

H-plane (xz plane). In order to simplify the fabrication process discussed below, the number

of phase states was reduced to three for this first prototype. In particular, a differential phase

of −120° was chosen between the three states, corresponding to a patch length of 62, 83 and

102µm, as highlighted in Fig. 5.7 (red markers). To obtain a deflection of the beam in the
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Table 5.2 – Geometric and electromagnetic properties of unit cell of Fig. 5.6 for the fixed-beam
RA prototype.

Cell Lcel l = 140µm

Patches Lpatch = 30−130µm

PDMS
Hdi el = 20µm
εr = 2.37
tanδ= 0.035
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Figure 5.7 – Reflection phase (left) and magnitude (right) of the resonant unit cell designed
for the fixed-beam RA prototype. The calculation was performed using full-wave simulations
in a Floquet periodic environment at the design frequency f0 = 1THz and considering the
properties of Tab. 5.2.

xz plane, these 3 cells were periodically arranged along the x direction, whereas a uniform

repetition of the same elements was considered in the y direction. The proposed arrangement

is symbolically illustrated in Fig. 5.8 for a sample array of 24×24 cells. Assuming a center-fed RA

with normal plane wave excitation (i.e., realistic case in a THz TDS setup) with TE polarization,

the assigned phase shift of −120° between adjacent cells results in a beam pointing angle

θr = 45.6° at 1 THz. The radiation pattern of the proposed design was evaluated using HFSS

full-wave simulations. In order to reduce the simulation complexity only a limited number of

cells was modeled in the simulator. More specifically a 1-D array consisting of 33 cells (i.e.,

11 repetitions of the 3 cells shown in the inset of Fig. 5.8) in x direction was considered. On

the other hand periodic boundary conditions were used on the two sides of the cells in the y

direction to emulate the array behavior. The illumination of the array was implemented using

a normally incident plane wave. The normalized far-field radiation pattern obtained from

HFSS is reported in Fig. 5.9 (blue solid line).

The simulated structure clearly radiate a pencil beam with the maximum at θr = 45.6°, as

expected from the assigned phase profile. Nevertheless, two undesired lobes with a relative

level of −17 dB and −12 dB with respect to the maximum appear respectively at 0° (specular

direction) and −45.6° (θ =−θr ). This phenomenon was evaluated and modeled in [38] for a

similar geometry. These parasitic lobes are generated by a periodic error in the assigned phase

profile with respect to the ideal one. This phase distortion is typical of reflectarrays based
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5.3. A fixed-beam stretchable reflectarray

Figure 5.8 – Symbolic illustration of the designed fixed-beam RA. A beam radiated at θr = 45.6°
in the xz plane is obtained via the periodic repetition of 3 cells (62, 83 and 102µm) generating
a −120° phase slope in the x direction. All the rows in y direction are identical. The array is
illuminated by a normal plane wave polarized along y (i.e TE wave excitation).
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Figure 5.9 – Simulated radiation pattern in the H-plane for the designed fixed-beam RA. Blue
solid curve is the far-field pattern obtained from HFSS. Red dashed curve is calculated from
the near-field reflection phase profile extracted from HFSS. Green dotted curve is the ideal
pattern expected from the assigned phase profile.
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Figure 5.10 – Reflection phase profile selected for the fixed-beam RA. Blue solid curve repre-
sents the ideal phase profile needed to realize a pencil beam pointing at 45.6°. Dashed red line
is the phase of the reflected near field extracted from HFSS.

on variable size resonators where a linear phase profile is assigned, resulting in a progressive

change of the elements size and the related presence of abrupt variations due to the 2π phase

wrapping. A phase error arises because the reflection properties of the unit cell are computed

using a Floquet periodic environment, which considers an infinite array of identical elements

with consequent identical mutual coupling between adjacent cells. This condition, however,

is not exactly verified when the reflectarray is considered since a different coupling exists

between the cells, which will behave differently with respect to the Floquet calculation. The

produced phase error is obviously periodic due to the 2π periodicity of the desired phase

profile and the corresponding repetition of the elements, hence contributing to the radiation

towards undesired directions. To validate this assumption for the specific design presented

here, we used an approach similar to the analysis proposed in [38]. The reflection phase of the

scattered near-field was extracted from HFSS and compared with the desired phase profile

having a slope of −120° between adjacent cells. The results of Fig. 5.10 clearly show that a

periodic perturbation of the phase is generated in HFSS by the cell repetition illustrated in

Fig. 5.8. To further confirm this effect, we also computed the far-field radiation pattern from

the phase of the scattered near-field shown in Fig. 5.10 (red dashed line in Fig. 5.9). A very

good agreement is observed with the radiation pattern directly calculated in HFSS (blue solid

line), confirming that the undesired lobes are generated by the perturbed phase profile. For

the sake of completeness the ideal radiation pattern is also included in Fig. 5.9 (green dotted

line), confirming that a periodic perturbation of the phase generates a negligible effect on

the main lobe. The presence of these parasitic lobes was not considered a critical aspects for

the demonstration of the stretchable RA as they are far from the main beam and their level is

comparable to sidelobes.

The reflectarray design presented above has been fabricated to test the use of gold ion implan-

tation for the realization of the stretchable ground plane. The small features constituting the

device required the use of precise micro-fabrication techniques in a clean room environment.
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In particular, the facilities available at the EPFL Center of Micronanotechnology were used to

develop a fabrication process based on electron-beam metal evaporation through a silicon

(Si) shadow mask. This approach was preferred to other techniques based for instance on

standard lithography (e.g., [30]) to avoid that the PDMS came into contact with solvents. The

particular PDMS polymeric structure, in fact, allows the absorption of many chemicals that

are commonly used during lithographic processes and can generate significant swelling of the

material (e.g., [39]). In addition, the permanent inclusion of chemicals into the PDMS matrix

would also alter its dielectric properties. These aspects are particularly important in light of

the potential device reconfiguration involving the integration of dielectric elastomer actuators

(cf. §5.4). In this specific case a degradation of the PDMS dielectric constant would affect

the designed antenna performance, whereas a variation of the mechanical properties would

drastically degrade DEA performance. The proposed method exhibits also the advantage

that a photolithographic process is only needed for the realization of the mask, which can be

ideally reused for an unlimited number of times. A new process is only needed if a different

pattern is desired.

The developed fabrication process is organized in three main steps that are detailed in the

following:

1. realization of the Si shadow mask using optical lithography and dry etching techniques;

2. evaporation of the metal patches on the PDMS surface and release of the membrane

from the sacrificial wafer;

3. implantation of the ground plane on the opposite side of the PDMS membrane as

described in §5.2.

The procedure adopted for the fabrication of the Si shadow mask is based on standard pho-

tolithography and dry etching techniques, and is illustrated in Fig. 5.11a. The process starts

with a 4-inches Si test wafer which is first treated with hexamethyldisilazane (HMDS) to pro-

mote the adhesion of the resist and then coated with the positive resist AZ9200 (step a.1).

A thickness of 4µm is obtained using a standard recipe. The cured photoresist is exposed

and developed to obtain the desired aperture pattern (step a.2). The apertures in the shadow

mask are then realized using a Bosch process able to produce a 240µm etching of the Si with

sharp vertical edges (step 1.3). This dry etching also removes almost the totality of the resist

and therefore allows to avoid an additional removing step. The shadow mask with a final

thickness of 150µm is subsequently obtained using a grinding process that allows to remove

the remaining silicon on the bottom part of the wafer (step a.4).

The shadow mask fabricated using the technique discussed above is then used to realize the

metallic pattern on the PDMS surface, following the process depicted in Fig. 5.11b. The first

action consists in the spin coating and curing of a thin layer (<1µm) of Poly(acrylic acid) (PAA)

on a Si test wafer (step b.1). PAA is spin-coated at a speed of 2500 rpm and baked at 90 ◦C
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(a)

(b)

Figure 5.11 – Fabrication process developed for the realization of the stretchable RA. (a)
Realization of the shadow mask from a Si test wafer using standard lithography and dry
etching techniques. (b) Main steps to obtain a standalone stretchable reflectarray based on
e-beam evaporation of the patches and implantation of the ground plane using gold ions.
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5.3. A fixed-beam stretchable reflectarray

Figure 5.12 – Detail of fabricated fixed-beam reflectarray operating at 1 THz. A beam deflected
towards 45.6° in the H-plane is obtained via the periodic repetition of 3 cells, as represented in
Fig. 5.8.

for 5 min to achieve a thickness of around 0.8µm. PAA is used as a water-soluble sacrificial

layer allowing the final release of the PDMS membrane before the implantation of the ground

plane. The PDMS substrate (Sylgard 184) is realized by spin coating of the unpolymerized

mixture (step b.2) prepared using the standard procedure suggested by the supplier (i.e., PDMS

monomer with the curing agent in a 10:1 mass ratio). A spin-coating speed of 4000 rpm is used

to realize a thickness of around 20µm, and the curing of the PDMS is accelerated by a baking

phase at 80 ◦C for 120 minutes. The shadow mask is then placed in contact with the PDMS

layer and electron beam evaporation is performed to realize the metallic patches (step b.3). A

chromium adhesion layer is first evaporated on the PDMS, followed by a 300 nm layer of gold.

After the evaporation, the mask is removed and a plastic frame is adhered to the PDMS to

allow the release of the PDMS membrane (keeping the array geometry) by dissolving the PAA

sacrificial layer in water (step b.4). The final step of the proposed fabrication process relies on

the realization of the stretchable ground plane on the opposite side of the PDMS membrane

using the gold ion implantation discussed in §5.2 (step b.5).

The process discussed above and illustrated in Fig. 5.11 was validated with the manufacturing

of the reflectarray design shown in Fig. 5.8. A prototype comprising 71×71 cells was realized,

fitting in an active area of around 10×10 mm2. Metal patches of this first prototype were

realized by evaporating on the PDMS surface a 10 nm thick adhesion layer of chromium,

followed by 200 nm of silver and a 40 nm protective layer of gold. This metal stack was selected

to reduce fabrication costs allowing to validate the concept at the same time. The ground

plane was realized at LMTS using an implantation rate of 100 pulses/cm2 obtaining a surface

resistance of around 4Ω/� according to the experimental results presented in §5.2. A detail

of the fabricated device is shown in the optical microscope picture reported in Fig. 5.12. The

experimental characterization of this first prototype is discussed in the next section.
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5.3.2 Experimental characterization

The fabricated reflectarray prototype shown in Fig. 5.12 has been measured using the same

time-domain spectroscopy setup adopted for the characterization of the ion implantation,

with the addition of a motorized rotation stage to implement pattern measurements. A

schematic of the measurement setup is depicted in Fig. 5.13. The system was utilized in

collimated mode to allow the illumination of the full array. The THz source antenna and the

respective collimating lens were placed on a fixed support pointing at the device under normal

incidence, that is θ = 0° in the RA reference system. The THz detector and the associated

lens were mounted on a different rail fixed on the rotary stage and allowing a wide range of

angular movement for radiation pattern measurement. The measurements presented here

were obtained scanning the detector from 25° to 90°, with the minimum angle selected to

ensure a safe distance between the transmitting and receiving lenses. Moreover, an angle

resolution of 0.25° was considered.

The presented measurement results were obtained normalizing the reflection spectrum mea-

sured at each scanning angle by the spectrum of the free-space reference thru (i.e., transmis-

sion measurement). This operation allows to eliminate the frequency-dependent response

of the TDS setup. Experimental data are reported in Fig. 5.14. Figure 5.14a shows the nor-

malized amplitude of the deflected wave as a function of the frequency and the scanning

angle θ (cf. Fig. 5.13). Presented values are expressed in logarithmic scale referred to the

free-space transmission measurement. These results clearly show the deflection capabilities

of the proposed device with the maximum of radiation that moves towards higher angles

when the frequency decreases. Obviously the radiated beam becomes wider and weaker (i.e.,

lower antenna efficiency) moving away from the design point. The reflection magnitude at the

design frequency of 1 THz as a function of the angle is shown in Fig. 5.14b. The maximum of

deflection is reached at 47°, very close to the 45.6° expected from the design. This difference

is certainly due to fabrication and operation tolerances in the tested prototype. Three main

aspects need to be considered: i) tolerances in the patch size, ii) variation in the PDMS thick-

ness, and iii) planarity of the PDMS membrane. In particular, we evaluated that a maximum

error of around 1.5µm was obtained for the fabricated patches, confirming the effectiveness

of the proposed fabrication technique. On the other side, the fabricated PDMS substrate had a

thickness of around 24µm (measured using a visible spectrometer), despite the targeted 20µm.

This difference was generated by an inaccurate optimization of the spin-coating procedure for

this first prototype. However, a very good uniformity of the thickness was observed over the

full membrane. The third aspect relates to the planarity of the array originated by a possible

relaxation of the standalone PDMS membrane after release from the sacrificial wafer and

implantation of the ground plane. Moreover, it was difficult to ensure perfect alignment of the

the normal to the reflectarray surface with the pointing direction form the THz source.

The experimental results presented above validate the deflection capabilities of the proposed

reflectarray device embedding a flexible and stretchable ground plane based on gold ion

implantation. Full-wave simulations demonstrated that the same device with a solid gold
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5.3. A fixed-beam stretchable reflectarray

Figure 5.13 – Schematic illustration of the THz TDS setup used for the characterization of the
fixed-beam RA of Fig. 5.12. The RA is fed by the source antenna along the normal direction
and the detector is moved by a motorized rotary stage.
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Figure 5.14 – Experimental characterization of the fabricated THz RA. (a) Normalized radiation
pattern as a function of the frequency and the scanning angle. (b) Normalized radiation at the
design frequency of 1 THz.
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ground plane replacing the ion implantation, would only produce a 0.4 dB improvement in

the peak directivity. The particular mechanical properties offered by the integration of gold

ion implantation, combined with the related electromagnetic response, pave the way for the

implementation of adaptive functionalities based on stretching or the easier realization of

conformal devices. A beam-scanning concept based on the stretchability of the device is

experimentally demonstrated in the next section.

5.4 A beam-scanning stretchable reflectarray

This section presents the experimental demonstration of a 1-D beam-scanning reflectarray

operating at THz frequencies. The proposed reconfiguration concept is based on the mechan-

ical stretching of the reflecterray device, which is made possible by the integration of a ground

plane realized by gold ion implantation.

As we have discussed above, the development of reconfiguration capabilities in antenna sys-

tems is considered of strategic importance to comply with the performance requirements

of emerging terahertz applications, such as communication systems. Indoor femto-cellular

communication systems and WLAN/WPAN networks, for instance, would strongly need auto-

matic beam-scanning terminals able to adapt to propagation conditions that are dynamically

changing due to the indoor nomadic users or multiple reflections between transmitter and

receiver [8]. Therefore, the implementation of beam-scanning concepts would represent an

important milestone for the development of THz applications, and reflectarrays are again ap-

pealing candidates for this scope. To our best knowledge, no beam-scanning reflectarrays have

been experimentally proved at THz so far, although different technologies for reconfiguration

have been demonstrated for the realization of tunable metamaterials (or periodic surfaces,

more generally), as it is discussed in several review papers [11–13]. During the last few years

graphene has been proposed as a tuning material for the realization of reconfigurable antenna

devices. A design of a fixed-beam reflectarray operating at 1.3 THz and based on graphene res-

onant patches over a grounded dielectric has been proposed in [40] and the implementation

of a graphene-based reconfigurable cell for beam-scanning applications has been investigated

by the same authors in [41]. Moreover, a beam-scanning leaky-wave antenna concept has

been proposed in [42], were graphene was used to realize an adaptive sinusoidally modulated

reactance surface able to affect the leaky mode propagation and the corresponding beam

pointing. Reconfiguration capabilities are realized in [40] and [41] exploiting the particular

2-D graphene structure that allows to tune its surface conductivity when a DC bias voltage

is applied. Nevertheless, the proposed graphene-based reconfigurable antenna devices are

still far from a practical implementation and consequent experimental demonstration, mainly

due to technology and fabrication limitations.

Here we propose a THz reconfigurable reflectarray concept based on resonant patches on

grounded dielectric and implementing beam-scanning capabilities in one plane via the me-

chanical stretching of the array realized on PDMS and backed by an implanted ground plane.
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5.4. A beam-scanning stretchable reflectarray

Figure 5.15 – Schematic illustration of the operation principle of a 1-D RA. The reflector surface
is illuminated by a plane wave with incident angle θi and TE polarization. The phase profile in
the x direction is selected to deflected the beam towards the direction θr .

In order to easily explain the proposed reconfiguration approach, let us consider the schematic

illustration of Fig. 5.15, showing the operating principle of a 1-D reflectarray (i.e., allowing

the deflection of the beam on the plane xz) under plane wave illumination. We assume that

the reflectarray is fed by a plane wave incident with an angle θi with respect to the normal

z, and the reflection phase profile is tailored to deflect the beam in the θr direction. θi and

θr are signed angles and are considered negative and positive, respectively. According to this

scenario, the differential reflection phase between adjacent array elements needed to deflect

the beam towards θr can be easily calculated and is expressed by the following relation:

∆φr =−k0d (sinθi + sinθr ) , (5.4)

where k0 is the free-space wave number and d is the array period (i.e., distance between

adjacent cells). Inverting eq. (5.4) and expressing the reflection angle as a function of the other

design parameters θi , d and ∆φr , we can write

θr =−arcsin

(
∆φr

k0d
+ sinθi

)
. (5.5)

In typical reconfigurable reflectarray designs (such as the MMW device discussed in chap. 4),

beam-scanning is realized by tuning ∆φr to achieve a variation of θr as clearly visible from

eq. (5.5). In this chapter we propose an alternative approach relying on the variation of the

array period d , assuming that all the other design parameters (i.e., operation frequency, ∆φr

and θi ) are kept constant. It is worth noting that the reflection properties of the RA unit cell are

dependent on the cell size (i.e., d) and the corresponding mutual coupling between adjacent
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Figure 5.16 – Deflection angle θr as a function of the differential reflection phase ∆φr and the
cell stretching ratio δ for a 1-D RA. The illumination of the array is realized by a plane wave
normally impinging on the surface (θi = 0°), the operation frequency is 1 THz and the initial
period d = 140µm.

elements. However, we want to keep constant the reflection phase when d is modified, in

order to maximize the proposed reconfiguration. Therefore, the previous assumption is valid

for small variations of d (e.g., ≤10 %), hence allowing for maximum scanning angles in the

order of 10°. However, this is an efficient technique to realize beam-scanning, since this can

be obtained with a single control (i.e., uni-axial stretching) that does not interact with the

electromagnetic active area nor introduce additional losses. These features are particularly

important at terahertz frequencies and are difficult to realize for currently available tech-

nologies based for instance on tunable materials, such as liquid crystals [43], photo-excited

semiconductors [44], vanadium dioxide [45] and graphene [41].

Figure 5.16 is a graphical representation of eq. (5.5) for a RA operating at 1 THz and an array

period d = 140µm. This example shows the variation of the deflection angle θr as a function

of the differential phase between adjacent cells and the stretch ratio δ. Note that δ is defined

as the ratio between the stretched and the initial cell size (i.e., δ > 1 when the device is

stretched). According to the proposed reconfiguration approach, the reflectarray presented

in the previous section (∆φr =−120°) allows a 5° deflection of the beam with respect to the

initial pointing angle (45.6°) for a 10 % stretching (and corresponding increase in the array

period) along the x direction (cf. Fig. 5.8). The scanning angle achievable with this approach

is limited to a maximum of around 10° if the feed angle θi and the phase distribution are

properly selected. However, this scanning capabilities are still attractive for particular line-

of-sight communication systems requiring beam-scanning to electronically correct small

perturbations in the alignment of the transmitting and receiving units [10]. Moreover, this

scanning functionality would come without significant degradation of the antenna radiation

properties.

The conceived method for the implementation of 1-D beam-scanning at THz frequencies

has been first validated using full-wave simulations. The reflectarray design discussed in
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Figure 5.17 – Reflection phase (left) and magnitude (right) of the resonant unit cell designed for
the stretchable beam-scanning RA. The calculation was performed using full-wave simulations
in a Floquet’s periodic environment at the design frequency f0 = 0.75THz as a function of the
patch size and the stratch ratio.

the previous section was properly optimized to operate at 0.75 THz. To accomplish this goal,

a PDMS thickness of 25µm and an array period of 190µm in both x and y directions were

selected for the unit cell of Fig. 5.6. With this geometry, a phase range of around 300° was

achieved varying the patch size between 40 and 180µm.

The performance of the new design were then evaluated when a uni-axial stretching is applied

along the x direction, with the main goal to modify only the array period without affecting

the reflection phase (i.e., the patch size remains unchanged). In particular, this approach is

based on the assumption that the size of the metallic patch is not affected by the stretching,

which is a good approximation of the real case if the evaporated metal is “thick enough”

(i.e., >200 nm) [23]. The solid metal patches, in fact, behave as rigid islands on the soft

elastomer and the uni-axial stress only acts on the unpatterned PDMS membrane, owing to

the considerable difference in the Young’s modulus between the two regions (i.e., patterned

and unpatterned PDMS).

The stretching of the PDMS membrane obviously generates also a variation in its thickness

and a contraction of the cell in the direction orthogonal to the applied stretching (i.e., y).

These additional variations were taken into account through an ideal model for dielectric

elastomers [46]. In the case of the considered uni-axial stretching, a stretch ratio δ along the

x direction generates a variation of 1/
p
δ in y direction and in thickness (i.e., the polymer is

incompressible and the volume is conserved). The stretching of the reflectarray also produces

a variation of the ground plane conductivity, which is modeled in the electromagnetic solver

according to the experimental results presented in §5.2.

The reflection properties of the designed unit cell consisting of a resonant patch on a stretch-

able PDMS substrate are shown in Fig. 5.17. The cell has initial size of 190×190µm, and a

thickness of 25µm is chosen for the PDMS substrate. The reflection curves corresponding to

two different uni-axial stretch ratio (i.e., 1.05 and 1.1) are shown in Fig. 5.17, in addition to the

nominal condition (i.e., no stretching). As expected, the reflection phase is marginally affected
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Figure 5.18 – Calculated radiation pattern in the H-plane for the designed stretchable RA for
different stretch ratio δ. A beam deflection of around 5° with respect to the nominal design is
achieved increasing the array period of 10 %.

by a stretching of the array in the x direction. A maximum phase error of 19.5° is observed

between the two extreme curves (δ= 1 and δ= 1.1) in correspondence of the resonance, but

it rapidly decreases to values lower than 4° at the extremes of the Lpatch range. The average

phase error is 5.3°, which is not considered a critical value for the addressed reconfiguration,

especially considering the conceived phase quantization (i.e., only 3 states). A larger variation

of the reflection magnitude arises and it is particularly evident around the resonance peak.

These increased losses are only due to the reduced conductivity of the ground plane, but

are not expected to significantly affect the radiation performance, since the losses of the full

reflectarray are evaluated considering a weighted average of the unit element losses at different

states. A limited variation of the reflection magnitude (around 0.2 dB) is in fact observable

towards the extremes of the Lpatch range.

The unit cell design and the corresponding calculated results of Fig. 5.17 have been used

to design a full reflectarray following the same approach discussed in the previous section.

Also in this case the deflection of the beam towards an off-normal direction in the H-plane

is obtained by periodically repeating a group of three cells in the x direction. The size of the

three patches was selected to implement a differential phase of −120° between consecutive

cells (θr = 44.5° for normal plane wave excitation at 0.75 THz). These condition resulted in the

following patch lengths for the nominal array condition (δ= 1): 86, 108 and 128µm. To assess

the effect of the array stretching, the radiation pattern of the full reflectarray was computed

using HFSS full-wave simulations. In analogy with the results presented in §5.3, a 1-D array

composed of 33 cells in the x direction was considered, and periodic boundary conditions

were applied on the two faces orthogonal to the y direction. Simulated radiation patterns

for three values of δ, namely 1, 1.05 and 1.1, are shown in Fig. 5.18. The presented results

are normalized with respect to the maximum of the beam calculated for δ = 1. A relative

beam deflection of around 5° with respect to the nominal design is obtained when a 10 %

stretching is applied to the array along the x direction, as predicted by eq. (5.5). Moreover,

this beam-scanning is realized without any influence on the radiation performance of the
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main beam, while it generates an increase in the specular reflection at θr = 0° passing from

−13 dB to −8 dB. This effect have been discussed in the previous section and is generated by

the difference between the real phase profile and the assigned ideal phase calculated using

Floquet’s periodicity. In this particular case this error increases when the array stretching is

applied, since the cell size and the mutual coupling between consecutive cells is modified.

The reconfiguration approach discussed above was demonstrated through the experimental

characterization of a fabricated prototype operating at 0.75 THz. An array of 78× 78 cells

(around 15×15 mm2) was manufactured using the fabrication process described in §5.3.1 and

illustrated in Fig. 5.11. Gold patches were realized using shadow-mask evaporation and the

ground plane was implanted after releasing the PDMS membrane from the sacrificial wafer.

The mechanical stretching of the fabricated prototype was implemented by a custom-made

stretcher based on a linear micrometer stage (Fig. 5.19a), which allowed precise reconfigu-

ration of the array period. The radiation pattern of the fabricated prototype (fixed on the

manual stretcher) was measured using the TDS setup discussed in §5.3.2, where the source

antenna illuminated the RA under normal incidence, and the detector antenna was placed

on a motorized rotary stage (Fig. 5.19b). The radiation pattern was measured in collimated

mode between 25° and 70° with an angle resolution of 0.25°. In analogy with the experimental

results presented in §5.3.2 for the fixed-beam reflectarray, the radiation pattern was obtained

normalizing the reflection spectrum measured at each scanning angle by the free-space trans-

mission measurement (i.e., reference thru). The same pattern measurement was repeated for

different stretching conditions of the array. Figure 5.20 shows the measured radiation pattern

(normalized by the reference measurement) corresponding to three reconfiguration states,

namely δ = 1, δ = 1.05 and δ = 1.1. Measurement results are in very good agreement with

simulations of Fig. 5.18 (note that a different scale is used for θ). As predicted from eq. (5.5)

and from full-wave simulations, a 5° scanning of the main beam (i.e. from 44.5° to 39.5°) is

achieved for a 10 % stretching of the array in the x direction. These results completely validate

the addressed reconfiguration concept, representing the first experimental demonstration of

beam-scanning functionality at THz frequencies.

The proposed reconfiguration approach is independent from the technique used for the

mechanical stretching of the PDMS membrane. A possible implementation for automatic

stretching is represented by the use of dielectric elastomer actuators, which would allow high

integration of the actuation part within the reflectarray resulting in a very compact device. We

have discussed throughout this manuscript the many advantages offered by DEA technology

to generate in-plane displacement. In this particular case, the in-plane expansion offered

by DEAs could be used to reduced the strain of a pre-tensioned PDMS membrane. With

such an approach, the assembly configuration (i.e., no applied voltage) corresponds to a

stretched states (i.e., δ> 1), whereas the nominal condition δ= 1 is reached for an actuation

voltage different from zero. The integration of DEAs into the device discussed above would

obviously require additional steps in the fabrication process described in §5.3.1 and illustrated

in Fig. 5.11b. Starting from the release of the PDMS membrane from the sacrificial wafer (step

b.4 of Fig. 5.11b), the actuator part can be added adopting the following procedure:
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(a)

(b)

Figure 5.19 – Measurement setup of the THz beam-scanning RA. (a) Fabricated prototype fixed
to the custom-made stretcher. The mechanical stretching in the x direction is implemented
by the micrometer linear stage. (b) TDS setup used for radiation pattern measurements of the
fabricated prototype.
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Figure 5.20 – Experimental characterization of the fabricated beam-scanning RA operating at
0.75 THz. Normalized radiation patterns corresponding to different stretch ratios are shown.
The main beam is deflected towards lower angles when δ increases.
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1. The PDMS membrane is adhered to a temporary rigid frame before the release from the

sacrificial wafer to keep the original fabricated geometry.

2. The released PDMS membrane is placed on a uni-axial stretcher to apply the initial

pre-stress that increases the separation between the cells (i.e., δ> 1).

3. A new rigid frame is adhered to the membrane to keep the applied pre-stretch.

4. The ground plane is realized through ion implantation on the PDMS face opposite to

the array of gold patches.

5. Compliant electrodes are realized on one side of the device close to the array and along

the x direction using gold ion implantation [15, 16]. A portion of the ground plane can

be used as a bottom electrode.

The practical realization of a fully-functioning device would require the optimization of the

additional fabrication steps synthesized above and of the calibration of the actuation proce-

dure (i.e., relation between applied voltage and the achieved stretching state). Nevertheless, a

successful demonstration of this reconfiguration principle would surely represent an attractive

means to implement reconfiguration capabilities in antenna devices. The same approach

could be also applied to the implementation of tunable periodic surfaces, such as metamate-

rials, frequency selective surfaces, polarizers or spatial beam modulators in general, where

the performance reconfiguration is obtained through the variation of the array lattice or the

mutual coupling between element parts (e.g., [23, 47–50]).

5.5 Conclusions

In this chapter we have proposed an efficient approach for the practical implementation of

flexible and stretchable conductors with high potential for the realization of adaptive antenna

devices operating at terahertz frequencies. The technique discussed in the previous sections

is based on the implantation of gold ions into a PDMS substrate. This technique was originally

developed by LMTS for the realization of compliant electrodes needed in dielectric elastomer

actuators. It is based on the use of low-energy and high-flux filtered cathodic vacuum arc

allowing the implantation of a quasi-continuous layer of gold nano-clusters confined in the

top 50 nm from the PDMS surface. These clusters are not bound, but free to move relatively

to each other, making this layer capable to sustain high strain while keeping good electrical

conductivity. We have first fabricated several test samples with different ion concentration

and assessed the conductivity variation as a function of the applied strain. All the presented

samples exhibited a surface resistance in the range 3–8Ω/� and a relative variation of around

1.8 for a maximum applied strain of 10 % with respect to the initial value (i.e., no applied

strain). The extracted values clearly imply higher ohmic losses with respect to solid metals in

the same frequency range, but offering several advantages related to the stretchable nature of

the conductor. The applicability of this technique was experimentally validated by the design,
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fabrication and test of a fixed-beam reflectarray based on resonant patches (solid metal) over

a PDMS substrate with the ground plane realized using gold ion implantation. A prototype

operating at 1 THz was designed and fabricated using a shadow mask evaporation technique

to realize the solid patches. The radiation pattern of the manufactured device was measured

using a THz TDS setup, validating the results obtained in simulation. Based on these promising

results, we have then proposed and experimentally demonstrated a reflectarray concept able

to realize beam-scanning in one plane, based on the mechanical stretching of the array. This

capability was made possible by the presence of a stretchable ground plane that allows to

modify the array period without affecting the size of the solid resonant patches. Experimental

results were in very good agreement with simulations and allowed to demonstrate for the first

time beam-scanning at THz frequencies. The proposed concept is also particularly suitable to

the integration of DEAs to implement an electromechanical control of the stretching.

The results presented in this chapter set the basis for the realization of flexible and stretchable

THz devices offering attractive mechanical and electromagnetic properties for the implemen-

tation of reconfiguration capabilities, which can be achieved with relatively low losses. The

combination of gold ion implantation in a PDMS substrate and the use of precise nano-stencil

lithography techniques represents an effective means for the realization of precise patterns

allowing the fabrication of very small features down to the micrometer scale [17, 18]. This

capability can be favorably applied to the realization of several adaptive devices, such as

metamaterials and reflectarray antennas implementing reconfiguration functionality based

on mechanical stretching. The particular properties of the involved materials (i.e., PDMS

and implanted gold ions) make such devices highly compatible with DEA planar actuation,

since DEAs can be directly embedded into the device resulting in very compact and integrated

structures.
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6 Conclusion and perspectives

6.1 Summary

Several communication and remote sensing systems are rapidly expanding in the region

of the electromagnetic spectrum ranging between millimeter-waves (MMW) and terahertz

(THz), which have been almost unexplored with respect to microwave frequencies, owing to

the performance limitations of available technologies for higher frequency operation. The

progress of MMW and THz applications is simultaneously generating an increasing demand for

advanced performance and reconfiguration capabilities in antenna devices, which represent

critical components in all these systems.

The objective of this research was to overcome the limitations in terms of losses, cost and

complexity affecting available technologies when high-performance reconfiguration capa-

bilities are addressed at MMW and above. Within this scope, the use of dielectric elastomer

actuators (DEAs) has been proposed to implement mechanical reconfiguration in antenna

devices operating at MMW and THz frequencies. DEAs have been selected for their unique

properties which are particularly suited to the realization of adaptive antenna systems, notably

large strain, analog control, very low power consumption, low-cost materials and inexpensive

fabrication process. The application of DEAs to MMW and THz antenna reconfiguration has

never been investigated thus far. Therefore, the electromagnetic characterization of DEA-

based materials was necessary to allow an accurate modeling of the actuator parts embedded

in the proposed designs.

The application of DEAs for the implementation of MMW tunable phases shifters has been

demonstrated for the first time. A true-time-delay phase shifter operating at Ka-band has been

designed and fabricated targeting the realization of a low-loss and low-cost device with dy-

namically controllable insertion phase. The proposed device exploits the in-plane expansion

offered by DEAs to horizontally displace a suspended loading element over a conventional

coplanar waveguide, thereby inducing a change in the propagation of the transmission line.

This approach allowed to completely isolate the actuation part from the electromagnetic active

area resulting in a very low-loss reconfiguration. A prototype was manufactured using stan-
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dard PCB fabrication techniques available at EPFL highlighting state-of-the-art performance

in terms of the phase-shift/loss figure of merit.

The successful application of DEAs to the reconfiguration of the Ka-band phase shifter en-

couraged the development of more complex devices targeting the development of MMW

beam-scanning capabilities. To this end, a reconfigurable reflectarray (RA) concept integrating

a mechanical tuning mechanism based on planar DEAs has been proposed. In-plane DEA

displacement was adopted to mechanically modify the resonant length of microstrip patches

on a grounded dielectric substrate. The proposed concept has been validated by designing

and fabricating a reflective surface with uniform phase distribution where the reconfiguration

of all the cells was realized using a single DEA control. Similarly to the phase shifter, the

actuation part was confined at the extremities of the array and therefore did not interfere

with the EM propagation, resulting in losses comparable to the device fixed counterpart. The

design of a 1-D beam-scanning RA has been also proposed. This concept is based on the

independent control of each column of cells to implement beam-scanning functionality in

the H-plane of the antenna. The combination of this RA concept and DEA actuation has the

potential to address some of the most acute needs in beam scanning, providing a low-cost and

pseudo-planar device with low loss, low power consumption and analogue control. Although

the RA device has been optimized to operate at Ka-band, the same tuning approach can be

down-scaled targeting higher frequency of operation without introducing additional losses,

and with the potential to further reduce the device size and improve actuator integration. In

this case, the maximum achievable frequency would be defined by fabrication tolerances and

actuation accuracy.

Finally, the possible application of DEAs to THz devices has been investigated. DEAs are

particularly attractive for the implementation of THz reconfigurable concepts due to the

electromagnetic and mechanical properties of the involved materials. In particular they can

be directly embedded into the EM device producing relatively low losses and resulting in

very compact and integrated structures. We have first proposed an efficient approach for

the practical implementation of flexible and stretchable conductors with high potential for

the realization of adaptive antenna devices operating at THz frequencies. This technique,

originally developed by LMTS for the realization of compliant DEA electrodes, is based on

the implantation of gold ions into a PDMS substrate. A fixed-beam reflectarray embedding

a stretchable ground plane and operating at 1 THz was experimentally demonstrated. The

proposed RA consisted of an array of variable-size resonant patches (solid metal) realized on

a PDMS substrate, with the addition of an implanted ground plane. Based on these results,

a beam-scanning reflectarray operating at 0.75 THz has been proposed and experimentally

demonstrated. The reconfiguration concept is based on the mechanical stretching of the

array (integrating an implanted ground plane) with the scope to modify the array period

without affecting the size of the solid resonant patches. Experimental results were in very

good agreement with simulations demonstrating for the first time beam-scanning at THz

frequencies. The experimental results allowed to validate the use of gold ion implantation in

a PDMS substrate for the realization of THz devices. In particular, the combination of this
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technique with nano-stencil lithography represents an effective means for the realization

of precise patterns allowing the fabrication of very small features down to the micrometer

scale. Such an approach can be favorably applied to the realization of several adaptive devices,

such as for instance metamaterials and reflectarray antennas implementing reconfiguration

functionality based on mechanical stretching.

6.2 Perspectives

The results achieved in this thesis allowed to confirm the potential of DEA technology for the

realization of low-cost, low-complexity and efficient antenna devices based on mechanical

reconfiguration. In addition to the devices developed during this research work, the use of

planar DEAs can be extended to other electromagnetic concepts where the reconfiguration of

a given parameter is obtained by the variable interaction of moving surfaces and/or via the

mechanical stretching of the device to modify the spacing between radiating elements. These

approaches could be for instance applied to the realization of tunable frequency selective

surfaces, filters and polarizers. Moreover, DEA electrodes could be directly used as variable

radiators or resonant elements in THz devices (e.g., using gold ion implantation), with the

possibility to realize localized deformation as for instance demonstrated in the single-cell

stretcher developed at EPFL-LMTS. The unique flexible and compliant nature of these actua-

tors allows the realization of devices and structures that are unattainable by other technologies

keeping the same fabrication complexity and cost.

However, despite the field of DEAs is rapidly growing as demonstrated by the extensive lit-

erature on the topic and the wide range of applications, considerable work is still needed to

achieve the maturity level necessary for their immediate integration in commercial antenna

systems (i.e. compared to well-established micro-actuator technologies). DEA evolution

requires a combination of material development, electronic advancement and optimization

of the manufacturing techniques. The main challenge is to attain commercially available DEA

micro-actuators that are not only low-cost, but also allow for high-quality and repeatable

performance. Regarding DEA development for antenna applications, two main points need

to be addressed in future activities: 1) realization of precise and repeatable actuation output

possibly associated with closed-loop control capabilities; 2) optimization (i.e., reduction) of

the control voltage.

The first point has been discussed in chapter 3, but the same principle obviously applies

to all the devices proposed during this work as well as to any future development. The

addition of self-sensing and closed-loop operation is clearly an improvement and would

definitely represent a breakthrough towards the realization of precise and stable actuators.

The inherent electrostatic nature of DEA actuators and the strong link between the applied field

and the realized displacement, make them suitable to the realization of capacitive self-sensing

capabilities. This property, in combination with a feedback control, would allow to eliminate

the uncertainty on the actuator displacement and to compensate for possible performance
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degradation arising during the actuator lifetime (e.g., elastomer stiffening, temperature effects).

In such a configuration, the DEA device acts as actuator and integrated sensor simultaneously,

without any need for external sensors. However, this improvement requires the integration

of a control unit able to drive the actuator and to measure the associated capacitance at the

same time.

The second point is not in contradiction to what it has been repeatedly stated throughout

this thesis. Driving voltages in the kV range are not a critical aspect as different commercial

systems (e.g., Optotune’s laser speckle reducer and ViviTouchTM) have demonstrated the safe

implementation of DEAs and related control circuitry in very small devices. However, the use of

lower control voltages would further reduce system complexity and cost, and would certainly

widen the interest of the antenna community towards DEA technology. The reduction of the

actuation voltage can be addressed proposing two main solutions: i) increasing the dielectric

permittivity of the elastomer or ii) reducing the elastomer thickness. Both solutions are a direct

consequence of the eq. (1.2) governing the electromechanical response of DEAs. A common

approach to modify the elastomer permittivity consists in the addition of a filler with higher

dielectric constant in the polymer matrix (i.e., realization of a random composite). However,

this method typically comes with an increased stiffness (or modified mechanical properties in

general) that degrades actuation performance acting against the improved actuation voltage.

Another technique is represented by the synthesis of new materials complying with the desired

mechanical and dielectric requirements. Although this might seem the best approach, it is

by far the most demanding since it requires higher development time and costs. Thus, the

main challenge is to develop a low-cost technique able to increase the material permittivity

while keeping low Young’s modulus, high breakdown field, low dielectric losses (i.e., loss

tangent), very good ability to sustain large and reversible deformations, and good thermal

stability. Regarding the reduction of the elastomer thickness, the main approach consists in

the realization of multi-layer structures where ultra-thin elastomer membranes are alternated

with electrodes connected in parallel. Here the main challenge is clearly the development

of reliable techniques enabling the realization of very thin (up to the molecular monolayer

structure) and defect-free membranes, and the interconnection between the different layers.

Future advancements involving the two points discussed above (i.e., uncertainty-free actuation

and voltage reduction) would definitely allow DEA technology to compete on equal terms

(with the addition of unprecedented capabilities) with well-established technologies that are

currently integrated in commercial antenna systems.
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