
 
 
General rights 
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright 
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights. 
 

 Users may download and print one copy of any publication from the public portal for the purpose of private study or research. 

 You may not further distribute the material or use it for any profit-making activity or commercial gain 

 You may freely distribute the URL identifying the publication in the public portal 
 
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately 
and investigate your claim. 
  
 

   

 

 

Downloaded from orbit.dtu.dk on: May 23, 2023

Water – A Microwave Material for Advanced Wave Control and Sensing

Jacobsen, Rasmus Elkjær

Publication date:
2021

Document Version
Publisher's PDF, also known as Version of record

Link back to DTU Orbit

Citation (APA):
Jacobsen, R. E. (2021). Water – A Microwave Material for Advanced Wave Control and Sensing. Technical
University of Denmark.

https://orbit.dtu.dk/en/publications/3b0e7ffa-8b73-4adb-8a93-aec751542021


Technical University of Denmark

Water – A Microwave Material for

Advanced Wave Control and Sensing

Rasmus Elkjær Jacobsen1

PhD Thesis 
2018 – 2021

Supervisors: Andrei V. Lavrinenko1 & Samel Arslanagić2,

1Department of Photonics Engineering
2Department of Electrical Engineering



Department of Photonics Engineering

Technical University of Denmark

Ørsteds Plads

Bygning 345A

2800 Kongens Lyngby, Denmark

Department of Electrical Engineering

Technical University of Denmark

Ørsteds Plads

Bygning 348

2800 Kongens Lyngby, Denmark



Abstract
Tunable microwave devices are of great interest as they offer adjustability to their

operation, although many of them use rare and expensive materials. In a world with

increasing focus on ecological compatibility and recyclability, immense efforts are be-

ing made to find bio-friendly alternatives. However, in some cases, one does not have

to look far. At microwave frequencies, a high-permittivity dielectric, namely water,

is readily available in every household. Recent studies have shown that compact

Mie resonators, which are the fundamental blocks in all-dielectric metamaterials and

dielectric resonator antennas (DRAs), can be realized with small water inclusions.

The temperature-dependent permittivity and liquidity of water enable several ways

to reconfigure and tune water-based devices. Moreover, being a polar solvent, water

easily dissolves various physiologically important electrolytes, which potentially can

be exploited in a sensor design.

In this thesis, we review and demonstrate different water-based devices for mi-

crowave control and sensing. First, we review the electromagnetic properties of

water and its interaction with microwaves. Subsequently, we study the scattering

and absorption of microwaves in single inclusions, and examine how these can be

used utilized in various microwave devices including DRAs, metasurfaces, absorbers,

radio-frequency components and a structure with a so-called bound state in the con-

tinuum (BIC). In our work, we demonstrate a metasurface reflectarray, an electrically

small DRA, a Huygens DRA, a microwave heating design and a novel BIC structure.

The work comprises both numerical and experimental investigations of their dynamic

properties and tunabilities. In particular, we present for the first time a practical BIC

localized in a single metal-water resonator exhibiting exciting opportunities for sens-

ing applications.

Our results showcase the potential of water-based devices to be simple, cheap,

bio-friendly and tunable alternatives for many microwave applications.
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Resumé
Justerbare mikrobølgeenheder har stor interesse, da de tilbyder konfigurerbarhed

i deres drift, selvom mange af dem bruger sjældne og dyre materialer. I en ver-

den med stigende fokus på økologisk kompatibilitet og genanvendelighed udøves en

enorm indsats for at finde miljøvenlige alternativer. Men i nogle tilfælde behøver

man ikke lede længe. Ved mikrobølgefrekvenser er et højt-permittivitet-dielektrikum,

nemlig vand, let tilgængeligt i enhver husstand. Nylige undersøgelser har vist, at

kompakte Mie-resonatorer, som er de grundlæggende blokke i fuld-dielektriske meta-

materialer og dielektriske resonator-antenner (DRA), kan realiseres med små vandin-

deslutninger. Vands temperaturafhængige permittivitet og væskeform muliggør flere

måder at omkonfigurere og justere vandbaserede enheder på. Desuden er vand en

polær solvent, og kan dermed let opløse forskellige fysiologisk vigtige elektrolytter,

hvilket potentielt kan udnyttes i et sensordesign.

I denne afhandling, demonstrerer og gennemgår vi forskellige vandbaserede en-

heder til kontrol af og føling med mikrobølger. Først gennemgår vi vands elektro-

magnetiske egenskaber og dets interaktion med mikrobølger. Derefter studerer vi

spredningen og absorptionen af mikrobølger i enkelte indeslutninger, samt under-

søger, hvordan disse kan anvendes i forskellige mikrobølgeenheder, såsom DRA’er,

meta-flade, radiofrekvenskomponenter og en struktur med en såkaldt bunden tilstand

i kontinuumet (BIC). I vores arbejde demonstrerer vi en meta-flade reflektionsarray,

en elektrisk lille DRA, en Huygens DRA, et mikrobølgeopvarmningsdesign og en

innovativ BIC-struktur. Arbejdet omfatter både numeriske og eksperimentelle under-

søgelser af deres dynamiske egenskaber og justerbarheder. Navnlig præsenterer vi for

første gang en praktisk BIC lokaliseret i en enkelt metal-vand resonator, som udviser

spændende muligheder for sensing-anvendelser.

Vores resultater viser potentialet i vandbaserede enheder som enkle, billige, miljøven-

lige og justerbare alternativer til mange mikrobølgeanvendelser.
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CHAPTER 1
Introduction

“ ”
Water is the driving force of all nature.

– Leonardo Da Vinci (1452–1519)

Water covers more than two third of Earth’s surface and is essential to all known

life forms [1–3]. The ubiquity of water in the history and religions of mankind seg-

ments its status as perhaps the most crucial substance of our World. Therefore, the

importance of freshwater is advocated annually on the 22nd of March by the UN

observance day named ’World Water Day’ [4]. The unique properties of water have

been studied intensively for centuries [5–16], and yet some still remain mysteries [17].

Its simple and highly compact molecular structure is an asymmetric arrangement

of one oxygen and two hydrogen atoms providing it with a strong polarity and the

ability to establish up to four hydrogen bonds. Moreover, it attains extraordinary

high heat capacity and enthalpy of vaporization, and it is an excellent solvent and

has both cohesive and adhesive abilities. In the presence of an electric field, the

water molecules respond through their alignment making bulk water polarized. The

polarization of water is usually described by the complex permittivity, and depends

on dynamic parameters such as frequency of the electric field and the temperature

of water [8]. Compared to other polar substances, water sustains its relatively high

permittivity even at higher microwave frequencies. This has been exploited in vari-

ous microwave devices, primarily demonstrated over the last two decades, including

antennas [18–66], metamaterials (MMs) [67–71], metasurfaces (MSs) [72–124], pas-

sive single resonators [125–131], MRI systems [132,133], radio frequency (RF) circuit

components [134, 135], sensors [136–141] and heating systems [142–147]. The first

water-based antenna originates from the work by Kingsley and O’Keefe published

in 1999 [39], and was a simple dielectric resonator antenna (DRA) with multiple
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probes. In 2015, inspired by Rybin et al. [70, 71] as well as Popa and Cummer [148],

Andryieuski et al. [123] demonstrated the potential of using the dynamic properties

of water in microwave all-dielectric MSs. Same year, Yoo et al. [82] demonstrated

a MS, consisting of periodic droplets on a flame retardant 4 (FR4) substrate, with

wideband absorption. These launched a series of publications on water-based devices

as illustrated in Figure 1.1. In general, water-based devices utilize the high permit-

tivity of water to tailor the phase and amplitude of microwaves by invoking strong

fields in water inclusions situated in a low-permittivity host. Such high-permittivity

inclusions are known to exhibit resonant modes widely referred to as Mie resonances

(see e.g. [149, 150]). These modes are the principal mechanisms behind dielectric

resonators used in all-dielectric MMs and MSs [151] as well as dielectric resonator

antennas [152]. Besides its abundance and natural ecological compatibility, water

holds a major advantage over conventional microwave high-permittivity dielectrics:

it simply takes up the shape of the container it is put in. The recent progress of 3-D

printers enables complex and flexible host structures for water (see e.g. [83, 97]), in

which it would be impossible to integrate solid dielectrics such as high-permittivity

ceramics. Moreover, water brings several means to reconfigure and tune the devices

through modification of the water volume such as redistribution/re-shaping, tempera-

Figure 1.1: Accumulated publications on water-based devices from 1999 to 2020.
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ture shifts and dissolution of salts, see e.g. [115,123]. This makes water an intriguing

alternative material for extremely cheap, simple, ecological compatible and versatile

microwave systems, albeit the losses at higher frequencies reduce the overall efficiency.

The purpose of the present work is to investigate water as a material platform for

advanced control of microwaves including potential applications within microwave

sensing. As a first step, we study the fundamental resonances in single canonical

structures [125, 128, 131], which we later utilize in our work on MSs and antennas.

We demonstrate water-based DRAs of various shapes [38, 40, 51] including a highly

subwavelength hemispherical antenna, which can be reconfigured for excitation of

either magnetic or electric dipole modes. A Huygens antenna is also investigated

with the purpose of increasing the maximum antenna directivity, which is achieved

with a simultaneous excitation of both magnetic and electric dipole modes. The mea-

surements of the fabricated prototype antennas are in excellent agreement with the

numerical results. Moreover, the tunabilities and reconfigurabilities of our antenna

designs are examined through temperature shifts and volume changes of the water as

well as repositioning of the embedded feed. In our work on MSs, we first study the

frequency-tuning capabilities through temperature-shifts of the water resonators in a

MS design from a previous work [116,117]. Secondly, we present a MS based on water

cylinders with great on/off switching capabilities of the reflection [109]. Moreover, we

examine a MS for anomalous reflection of plane waves enabled and controlled by wa-

ter resonator disks [110,119]. A prototype is built able to reflect a normally incident

plane wave at an angle of 51.3◦. The potential of heating water using small water

resonators placed inside a simple rectangular waveguide is also investigated [146,147].

Our heating system is self-matched, thus avoiding the need of tuning stubs for match-

ing, and is designed to heat a continuous stream of water. In our latest work [140,141],

we demonstrate a novel bound state in the continuum (BIC) structure showcasing for

the first time the realization of a simple and compact BIC structure with great sens-

ing potential. Our approach shows that high-Q BICs are possible in single resonator

structures in the absence of exotic materials, which otherwise have been necessary

thus far.

The thesis is a collection of the manuscripts produced in this project, and is di-

vided into four chapters: The present Chapter 1 is the introduction. In Chapter 2,

the general electromagnetic properties of water and its interaction with electromag-
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netic waves are summarized. The single relaxation Debye model for the permittivity

of water is derived and extended models are presented. We discuss the validity of

the water models and examine the dynamic water permittivity. Concluding the chap-

ter, we present and discuss the basic concepts of scattering and absorption by lossy

dielectric volumes. Water-based microwave devices are reviewed and summarized

in Chapter 3. We present the early development as well as the state of the art in

water-based devices and their applications including our own contributions. Finally,

in Chapter 4, we summarise and conclude the thesis as well as discuss the outlook

of water-based devices. The journal manuscripts are enclosed in Appendices A to F,

and are referred to as Paper 1–6, respectively. In addition, the equations for the

water permittivity model are provided in Appendix G.

Throughout the thesis, the time factor exp(jωt), with ω being the angular fre-

quency and t being the time, is assumed and suppressed.



CHAPTER 2
Wave-water interactions –

fundamentals
In this chapter, we briefly review the electromagnetic properties of water and its

interaction with electromagnetic waves. We take outset in its molecular structure

and describe how its dipole moment provides a remarkable strong interaction with

electric fields. We derive the single relaxation Debye model normally used for the dis-

persion of water, though recent studies have shown that the underlying reorientation

of the water molecules are not Brownian motions (diffusive), but in fact discontinuous

’jumps’ instead. Subsequently, we provide the permittivity model by Ellison [8] used

for all calculations in this project, and briefly discuss its validity. In Section 2.2 we

present and discuss the basic concepts and key parameters of scattering and absorp-

tion of electromagnetic waves by water volumes. At last, we summarize the chapter

in Section 2.3.

2.1 Electromagnetic properties of water

Water is the name of the inorganic molecule dihydrogen monooxide (H2O) in its

liquid state. In its two other states, it is called ice (solid state) and steam (gaseous

state). Uniquely, all three states exist naturally on Earth. However, water is perhaps

the most fascinating. It has several uncontested properties with one of them being

its very large reaction to electric fields even at high frequencies as well as small and

compact spaces such as protein pockets [7]. Water’s unique properties stem from its

simple molecular structure [6], see a sketch of a single water molecule in Figure 2.1.

The molecule consists of two positively charged hydrogen atoms covalently bonded

to one negatively charged oxygen atom. The electrons are attracted to the oxygen

atom, coming from its higher electronegativity of 3.4 (Pauling scale) over the hydrogen

atoms, each holding an electronegativity of 2.2. Thus, the hydrogen atoms are shifted

towards one side of the molecule with an angle of 104.5◦ between the covalent bonds.

Coming from the asymmetric arrangement of the atoms, a total positive charge (+qw
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Figure 2.1: Sketch of a single water molecule.

[C]) is formed on the side of the hydrogen atoms, whereas on the other side of the

molecule, it is negatively charged (−qw), see Figure 2.1. According to Coulomb’s

law, the two effective charges will exert an electrostatic force on each other. The

electrostatic force (i.e. the charges are at rest) acting on the negative charge due to

the positive charge is [153]

F+− = −(r̂+−)
q2w

4πε0d2w
[N], (2.1)

where ε0 [F/m] is the free-space permittivity and r̂+− is the unit vector pointing from

the positive charge to the negative charge. The sign in Eq. (2.1) denotes that the

electrostatic force is attractive, and the charges will therefore stay together. Such a

formation of two opposite charges is called an electrostatic dipole with the electro-

static dipole moment pw = p̂wqwdw [C·m], where p̂w = −r̂+− is the direction of the

dipole and dw [m] is the distance between the charges. The electrostatic force acting

on the negative charge is due to an electrostatic field coming from the positive charge,

which is [153]

E+ = −F+−

qw
[V/m] , (2.2)

Similarly, we can find the electrostatic force acting on the positive charge due to the

electric field coming from the negative charge.

The diameter of the water molecule is around 3 Å and the average distance

between the molecules is slightly more than 3 Å [6]. This makes water highly compact
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Figure 2.2: Sketch of molecular electrostatic dipoles (black arrows) in water with and with-
out an external electric field.

and a water volume of 1 nL has on the order of 1016 molecules. In such a bulk water

volume, each molecule will form hydrogen bonds to neighbouring molecules, and

thus, there will be intermolecular forces as well. At rest, and in the absence of an

external electric field Eext, the electrostatic dipole moment of each molecule will have

different orientations across a small portion of the water volume, see Figure 2.2. This

means that the sum of the electrostatic forces coming from all electrostatic dipoles are

balanced and thus nets to zero effectively making the material neutral (uncharged).

Said in another way, the microscopic electrostatic forces are not translated to the

macroscopic level due to the irregular orientations of the electrostatic dipoles. If the

electrostatic net force was non-zero, the water would exert an electrostatic force on

uncharged bodies, which would contradict observations made in nature.

2.1.1 Polarization of water

If we apply an external electric field, Eext, in a bulk water volume, Eq. (2.2) shows

that a force will be exerted on the electrostatic dipoles. The electrostatic dipoles will

try to work against the external field and thus, they will align as shown in Figure 2.2.

The induced alignment of the electrostatic dipoles will produce a macroscopic electric

field opposite to that of the external field, sometimes called the depolarization field

Edep. Therefore, the total macroscopic electric field inside the water (Edep +Eext) is

lower than the external electric field, and thus we say that the material is polarized.

In water, it is the induced alignment of the electrostatic dipoles that provides the
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strong polarization, which we will study in this section.

In Eq. (2.1), we considered the charges to be stationary, however, the water

molecules will constantly be in motion as well as break and form new bonds contin-

uously taking place within 1 ps [6]. Furthermore, the water is dispersive and thus

will response differently to time-varying fields. In this project, the smallest water vol-

ume considered is 10 µL, and the operating wavelengths of the electromagnetic waves

are much longer than the distance between the molecules. Therefore, we can safely

consider the macroscopic electromagnetic properties of water only. The macroscopic

Maxwell equations in the time-harmonic form are [153]

∇× E = −jωB, ∇× H = jωD + J,

∇ · D = ρ, ∇ · B = 0 . (2.3)

E [V/m] and H [A/m] are the time-harmonic electric and magnetic fields, respectively,

and D [C/m2] and B [Wb/m2] are the electric and magnetic flux densities, respec-

tively. ω = 2πf [rad/s] is the angular frequency, where the frequency f [Hz] denotes

the time-harmonic cycle of the fields. The electric source terms are ρ [C/m3] and J

[A/m2] being the free volume charge density and the electric volume current density,

respectively. j denotes the imaginary unit. Please note that fields and quantities in

Eq. (2.3) are macroscopic, whereas in Eq. (2.2), they are microscopic.

The polarization of water, as well as any other dielectric, can be described by the

polarization vector [153]

P = lim
V →0

N∑
n=1

pi

V
[C/m2] , (2.4)

which is simply implying that we sum N induced electric dipole moments, pi, in an

infinitesimal volume V [m3] of the dielectric. The polarization vector is included in

the electric flux density, defined as [153]

D = ε0E + P , (2.5)

In general, P can change with position inside the dielectric (in-homogeneity) and

the magnitude of the external electric field (nonlinearity) as well as have different

direction (an-isotropicity). Furthermore, P can depend on other parameters such as

the frequency of the external electric field as well as temperature and density of the

dielectric. Presently, we consider the water to be homogeneous, linear and isotropic.
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Thus, P = ε0χeE with χe being the electric susceptibility of the dielectric. Eq. (2.5)

can then be simplified to

D = εE , (2.6)

where ε = ε0εr = ε0(1 + χe) [F/m] is the permittivity of the dielectric with εr

being the relative permittivity. When a material is polarized, not all the electromag-

netic energy is stored in the dielectric. During the polarization process, some of the

electromagnetic energy is absorbed by the dielectric. This is due to a momentary

delay in the material polarization known as dielectric relaxation. Furthermore, the

dielectric can contain ions causing conduction losses. The absorption mechanisms

can be included in the imaginary part of the complex permittivity ε = ε′ − jε′′. If

the dielectric is lossless, ε′′ = 0, which can be assumed in some cases for some di-

electrics, but generally all dielectrics have losses. Furthermore, all dielectrics are also

dispersive (frequency-dependent permittivity). Very often a band of frequencies is

investigated, and therefore it is important to have a well-described dispersion model

for the materials that are used. Sometimes the dispersion is negligible in the working

frequency band, so that the value of ε can be considered to be constant. As we will

illustrate in the next section, water is certainly dispersive and lossy at microwave

frequencies. Moreover, water’s permittivity also depends on temperature. Variations

of other physical parameters, as e.g. pressure, result in very small changes in water’s

permittivity, and therefore, we neglect those [8].

The single relaxation Debye model

The dielectric relaxation of water can be modelled by the Debye relaxation model,

which we will derive in this section. To do this, we use the mechanical harmonic

oscillator model [153]. Often, the linear displacement of two opposite charges are

considered, however, in the case with water, it is perhaps more appropriate to consider

a pendulum type setup. Evidently, the two approaches lead to similar result. We

consider two charges, Q+ and Q−, with the dipole moment p = rQ+, see Figure 2.3.

We then assume that the negative charge (i.e. the oxygen atom in the water molecule)

has a larger mass, and thus the positive charge (the hydrogen atoms) will rotate

around the negative charge. The positive charge is then moved by θ [m] such that

it has a constant motion, i.e. the acceleration is zero, and such that the distance

between the charges remains the same. The movement can be done by e.g. applying
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Figure 2.3: Sketch of the reorientation of a permanent dipole.

an external electric field. The forces acting on the positive charge will each induce

a torque T = r × F [N·m] (or T = p × E) on the dipole. The forces are a restoring

force Fres = −sθ, a relaxation force Frel = −Gdθ/dt and a driving force Fext =

EextQ+ = (Eext,r+Eext,θ)Q+. The restoring force works to move the positive charge

back to its initial position, and is modelled by a spring, with the tension coefficient s

[kg/s2], between the charge and the initial position. The relaxation is due to intrinsic

resistance with the damping coefficient G [kg/s]. Using Newton’s first law of motion,

we have that

Fres + Frel + Fext = 0 ⇐⇒ γ
dθ

dt
+ ω2

0θ =
Q+

mQ+

Eext,θ , (2.7)

where γ = G/mQ+ [Hz] and ω2
0 = s/mQ+ are the angular relaxation and resonance

frequencies, respectively, with mQ+ [kg] being the mass of the positive charge. As-

suming time harmonic motion, exp(jωt), with the angular frequency ω, we obtain

(jγω + ω2
0)θ =

Q+

mQ+

Eext,θ . (2.8)

We see that it is only the θ-component of the driving electric field that contributes to

the rotation in Eq. (2.8). As we want to investigate the macroscopic effect, we express

Eq. (2.8) in terms of the polarization vector. With direct translation, we assume that

the dipole-dipole interaction is zero. This is actually not correct, however, in the case

with water, it turns out we still obtain results that fit the permittivity of water [14,16].

Also, we are interested in how the dipoles align with Eext, and not the rotations of

dipoles. Therefore, we define the average dipole moment in a volume V with N
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dipole moments as pav ≈ PV /N ≈ rQ+. Assuming that the macroscopic process

takes similar form as Eq. (2.8), we obtain

(jγω + ω2
0)P = ε0ω

2
pEext , (2.9)

where ω2
p = NQ2

+/ε0V mQ+ . Here we have assumed that the driving electric field is

now in parallel with the polarization vector. We then isolate P in Eq. (2.9)

P = ε0
ω2
p

ω2
0 + jγω

Eext = ε0χeEext , (2.10)

and recall that

εr(ω) = 1 + χe = 1 +
ω2
p

ω2
0 + jγω

. (2.11)

We see εr(ω → ∞) → 1, which is not true. Many dielectrics have a finite relative

permittivity larger than one at very high frequencies. Therefore, we say that εr(ω →

∞) → ε∞, which is called the optical relative permittivity. Furthermore, εr(ω = 0) =

εs = ε∞+ω2
p/ω

2
0 , which is the static relative permittivity. Substituting these findings

into Eq. (2.11), we obtain the general single relaxation Debye model

εr(ω) = ε∞ +
εs − ε∞
1 + jωτ

, (2.12)

where τ = γ/ω2
0 = G/s [s] is the relaxation time. The Debye-Stokes model for τ

describes the relaxation as a sphere of radius R [m] rotating in a medium with shear

viscosity η(Tw,K) [kg/(m·s)] such that [16]

τ =
4πη(Tw,K)R3

kBTw,K
, (2.13)

where kB [m2·kg/(s2·K)] is the Boltzmann constant and Tw,K [K] is the temperature

of water. For a water molecule, R ≈ 1.5 Å.

In Figure 2.4, we show the relative permittivity spectrum of the single relaxation

Debye model for water at the temperature 20 ◦C. The parameter values are provided

in the figure caption and are taken from [8]. The ε′′r is maximum at the frequency

(2πτ)−1 ≈ 16.5 GHz, where the slope of ε′r is largest. At higher frequencies, ε′r

becomes constant with a value of around ε∞ = 6.32. This would be a very high per-

mittivity at optical frequencies, unfortunetaly, it is not correct. In fact, the relative

permittivity is only around 1.77 in the visible frequencies. Thus, the single relaxation

Debye model is not sufficient to cover the full spectral range, and Ellison states that
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Figure 2.4: The single relaxation Debye model for water permittivity at temperature 20
◦C. The parameter values used for the calculation are εs = 80.2, ε∞ = 6.32
and τ = 9.65 ps, and are taken from [8]. Moreover, εr = ε′r − jε′′r .

it holds from DC to around 50 GHz [8]. To increase the frequency range, the permit-

tivity model must be extended, which we will show later, after we have discussed the

validity of the Debye model.

Theoretically, it should be possible to use the Debye model for other polar sub-

stances besides water. However, it turns out that the fits are poor, and therefore other

models, such as e.g. the Cole-Cole relaxation model, should be used instead [154].

Despite of these alternatives, the validity of the Debye model has been questioned

and it is now generally accepted that its standard form, which assumes Brownian

motions and ignores dipole-dipole interactions, is wrong. These assumptions are not

valid for any polar substances, even in the simple case of water [13, 14, 16]. Several

explanations to the underlying physics behind water’s dispersion have been presented

over the last decades. Recent experiments have shown that the reorientation of the

water molecules is not diffusive, but occurs as discontinuous ’jumps’ due to break-

ing of the hydrogen bonds. According to [13], the reorientation occurs as the water

molecules encounters an appropriate ’defect’ of the hydrogen bond network. Other-

wise, the water molecules remains in a holding position. This also explains the longer

relaxation time in the liquid state (10 ps at 20 ◦C) compared to the gaseous state (1

ps), where the water molecules move ’freely’ around.
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The extended permittivity model for water

The model presented in the previous section only holds up to 50 GHz, and we have

not included the temperature-dependence in the model. Several other permittivity

models for water have been proposed, see e.g. [16] for a table overview. A very useful

model for distilled water (sometimes called ’pure water’) was proposed by Ellison

in [8]. We must emphasize that the underlying physics of the dispersion models,

used by Ellison, is wrong since it is (partially) based on the Debye model. However,

the permittivity model fits well with the experimental data for an extremely large

frequency band (0-25 THz) and all temperatures (0-100 ◦C). The model contains

three Debye relaxations (first sum) and two molecular resonance terms (second sum),

and takes the form

εr,w(ω,Tw) = εs(Tw)− jω

3∑
n=1

ε∞,n(Tw)τn(Tw)

1 + jωτn(Tw)

− j
ω

2

5∑
n=4

[
ε∞,n(Tw)τn(Tw)

1 + jτn(Tw)(ω + ωn)
+

ε∞,n(Tw)τn(Tw)

1 + jτn(Tw)(ω − ωn)

]
, (2.14)

where εs(Tw) and ε∞,n(Tw) are the static and optical relative permittivities, respec-

tively, and τn(Tw) are the relaxation times. Tw [◦C] is the temperature of water. The

equations and values for the parameter in Eq. (2.14) are provided in Appendix G.

In many cases the full permittivity model provided in Eq. (2.14) is not needed.

Depending on the frequencies of interests, the model can be adjusted as displayed in

Table G.2. However, one should note that the values of the parameters in Table G.1

changes slightly, due to the extrapolated parameter values varying for different fre-

quency bands. Therefore, one should generally take out the relevant values in Ellison’s

article [8]. Again, the differences are small (around 1 %), and are smaller than the ex-

perimental errors reported by Ellison: Around 85 % of the experimental permittivity

values differ by less than 5 % of the estimated permittivity values.

In Figure 2.5, the relative permittivity of water is shown as a function of frequency

from 0.1 GHz to 25 THz and for different temperatures from 0 ◦C to 100 ◦C. Some

permittivity values are also included in Table 2.1. At low frequencies. the permit-

tivity gets smaller as the temperature rises. However, at higher frequencies (see e.g.

Table 2.1, f = 10 GHz), it is only the imaginary part that decreases with increas-

ing temperature, whereas the real part increases. In this work, we have primarily

considered frequencies below 3 GHz, where, generally, it is the dynamics of the real
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Figure 2.5: Relative complex permittivity spectrum of water for different water temper-
atures. The calculations was done with a simple Matlab script, made by the
present author, and is based on the model in Eq. (2.14) with εr,w = ε′r,w−jε′′r,w.

Table 2.1: Relative permittivity values of water.

Tw [◦C] f = 0.3 GHz f = 1 GHz f = 2 GHz f = 10 GHz

15 82.1− j1.60 81.7− j5.30 80.6− j10.4 57.0− j35.4

20 80.2− j1.35 79.9− j4.49 79.1− j8.88 60.2− j32.7

25 78.4− j1.16 78.2− j3.84 77.6 - j7.62 62.4− j29.9

30 76.6− j0.996 76.5− j3.31 76.0− j6.58 63.8− j27.1

part that receive the most attention, since the imaginary part is just associated with

losses. Interestingly, it is not the real part that experiences the largest change with

temperature adjustments at these frequencies. For example, the imaginary part is

nearly halved at 2 GHz when the temperature is raised from 15 ◦C to 30 ◦C, whereas

the real part is only reduced by around 6 %. Still, a temperature change from 0 ◦C

to 100 ◦C reduces the real part of approximately 34 % at 2 GHz. Later, we will see

that such a change corresponds to a spectral blue-shift of water-based devices.
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2.2 Scattering and absorption of electromagnetic waves

in water

Our present investigations involve the scattering and absorption characteristics of

water-based devices. Therefore, we want to define some key parameters to describe

their properties. In general, we can divide the water-based devices into passive and

active configurations. For the passive configurations, no active components are inte-

grated into them, and they are illuminated by waves from the outside. The active

configurations have integrated active components such as radiators (antennas).

When a water volume (or in general any dielectric volume) is illuminated by an

electromagnetic wave with the fields (Einc,Hinc), there will be scattered fields outside

(Esca,Hsca), as well as inside (Eins,Hins), the water volume. The configuration is

sketched in Figure 2.6 for a water volume placed in free-space. At the interface of

the water volume and free-space, the tangential fields must be continuous according

to the boundary conditions

n̂ × (Eins − Einc − Esca) = 0 , (2.15a)

n̂ × (Hins − Hinc − Hsca) = 0 , (2.15b)

where n̂ is the outward normal vector to the interface. Here, we have assumed that

no free surface currents exists at the interface. Furthermore, the normal fields are

discontinuous at the interface

n̂ · (εr,wEins − Einc − Esca) = ρfree/ε0 , (2.15c)

n̂ · (Hins − Hinc − Hsca) = 0 , (2.15d)

where ρfree [C/m2] is the free charge surface density, which can exist on lossy di-

electrics. Eq. (2.15) are the key to determine the scattered and induced fields created

by known sources in all electromagnetic studies. For example, in our studies of scatter-

ing and absorption of canonical water volumes, in particular the plane wave incidence

on single spheres and cylinders, we used Eqs. (2.15a) and (2.15b) to determine the

field amplitude coefficients. In Section 3.2, we will present a case study of a single

water sphere illuminated by a linearly polarized plane wave.
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2.2.1 Scattering and absorption from passive water volumes

To characterize the plane wave scattering from passive objects, the total scattering

cross section is normally used, which is defined as [149]

Csca =
Wsca

Sinc
[m2], (2.16)

where Sinc [W/m2] is the power density of the incident plane wave and Wsca =
∫
Ω

Ssca·

n̂ΩdΩ [W] is the scattered power that crosses the surface Ω [m2] of an imaginary sphere

of radius rΩ [m] enclosing the scattering object. n̂Ω is the outward normal vector to

the imaginary sphere and Ssca = Re{Esca × H∗
sca}/2 is the scattered time-averaged

Poynting vector, which is usually calculated or measured sufficiently far away from

the scattering object such that we are in the far-field region, i.e. rΩ → ∞. Sometimes,

scattering in a specific direction is investigated. In this case, the differential scattering

cross section dCsca/dΩ = r2Ωn̂Ω · Ssca/Sinc [m2] is used instead.

As the scattering object not only scatters, but also absorbs power, the total power

extinct (Wext) from the incident plane wave is the sum of the scattered and absorbed

power (Wabs). Thus, we define an total extinction cross section, which is

Cext = Cabs + Cext =
Wext

Sinc
, (2.17)

Figure 2.6: Passive configuration: sketch of the scattering from a purely dielectric and
passive object.
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where Cabs is the total absorption cross section and Wext = −
∫
Ω

Sext · n̂ΩdΩ is the

total extinct power with Sext being the extinction Poynting vector.

The power absorption in the lossy dielectric happens during the polarization pro-

cess, where the absorbed electromagnetic energy is converted into heat. For frequen-

cies below the molecular resonances, this loss occurs due to resistance of charges and

dipoles being forced away from their equilibrium. The absorbed power in a lossy

dielectric can be found via Poynting’s theorem on conservation of electromagnetic

energy, and is [153]

Pabs =
ωε0
2

∫
V

ε′′r |Eins|2dV , (2.18)

where V is the volume of the lossy dielectric and dV is the infinitesimal volume

element. If the dielectric is water, then ε′′r will change with the temperature of water.

As the electric field intensity can vary across the water volume, local hot spots can

occur. This can result in uneven heating of the water, where ε′′r (as well as ε′r) will

vary inside the water volume. If salts (ions) are added to the water, ε′′r increases.

From Eq. (2.18), we would think that this leads to an increase in Pabs. However, this

can also lead to a reduction in Eins as well, and since Pabs is proportional to |Eins|2,

Pabs is often reduced when ε′′r increases. This is especially the case for resonant water-

based system, where the field intensities are high, as we will see in Chapter 3. We

must note that in the case with low-loss dielectrics, small increases of ε′′r will cause a

growth in Pabs.

2.2.2 Radiation from water volumes with integrated

radiators

In the situation of an active configuration, such as antennas, the source is placed inside

or near the dielectric object. That could be a radiator as sketched in Figure 2.7. The

radiator induces the internal fields in the dielectric object, which give rise to fields

radiated into the surrounding medium. Similarly to Eq. (2.16), we can define the

total radiated power, Prad =
∫
Ω

Srad · n̂ΩdΩ [W]. If we know the power accepted by

the radiator, Pacc [W], we can define a radiation efficiency as

ηrad = Prad/Pacc . (2.19)

In antenna setups, the impedance matching of the radiator to an attached feed line

is crucial. In this case, Pacc = (1 − |S11|2)Pin, where Pin is the input power to the
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Figure 2.7: Active configuration: sketch of the radiation from a dielectric object with a
radiator inside.

feed line and S11 is the reflection coefficient given by

S11 =
Zin − Z0

Zin + Z0
. (2.20)

Zin [Ω] is the input impedance of the antenna and Z0 is the characteristic impedance

of the feed line. A total efficiency can then be defined as

ηeff = Prad/Pin = ηrad(1− |S11|2) . (2.21)

In Eq. (2.21), the reductions to the radiated power due to both impedance mis-

match and absorption are included. In many antenna studies, a lot of effort is devoted

to minimize S11. However, for water-based antennas, the absorption (i.e. radiation

losses ηrad) is just as important as we will show in the next chapter.

2.3 Summary

In this chapter, we summarized and reviewed the electromagnetic properties of water.

The polarization mechanism of water was discussed and described. We derived the

single relaxation Debye model used for the water permittivity for frequencies from

DC to 50 GHz. A permittivity model with extended frequency bandwidth was also

presented, and we discussed the validity of the permittivity models as recent studies
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show that the models are based on incorrect assumptions of the motions of water

molecules. We found that strong polarization provides water with a relatively high

permittivity, but also losses, at microwave frequencies. Moreover, we examined both

the frequency- and temperature-dependency of the water permittivity.

In Section 2.2, we presented some key parameters used to describe the scattering

and absorption of electromagnetic fields waves in water. We considered both passive

and active structures, and discussed the convolution of power absorption in lossy

dielectrics.

In the next chapter, we show how water’s permittivity can be exploited to realize

small Mie resonators, which are the foundations of the water-based devices.
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CHAPTER 3
Applications of water in microwave

devices
In this chapter, we review and demonstrate different applications of water in mi-

crowave devices. First, we give a table overview of water-based devices. Then we

examine the underlying mechanisms of most water-based devices, namely, Mie reso-

nances excited in small water inclusions. Subsequently, various water-based devices

are shown including MSs, MMs, antennas, RF circuit components and structures with

intriguing modes. Additionally, we show the potential of microwave heating of water.

The main results of the project, primarily from Paper 1–6 included in Appendices A

to F, are presented along with the work by others. At last, we summarize the chapter

in Section 3.8.

3.1 Overview

The high permittivity of water at microwave frequencies is utilized in various systems

and devices. The most widespread one is perhaps the microwave oven, where the

heating of foods is generally connected with the water content. In fact, microwave

systems for heating of solids and liquids are an established industry [142–145]. Also

rain-radars make use of water drops’ ability to scatter microwaves [137–139]. These

microwave systems exploit water’s high permittivity, but they are not based on water.

The microwave oven consists of a metallic cavity with a microwave radiator installed,

whereas the rain-radar is composed of an antenna system. These systems function

without water and therefore, they are not water-based. Contrary, a water-based

device has water integrated as one of its key functional components. It must be said,

that some of the devices,particularly antennas, apply water with ions like e.g. NaCl,

to increase the conductivity. Normally, the term ’water’ is used when distilled or

deionized water is used, whereas the term ’liquid’ is used for the rest (e.g. saltwater,

liquid metal, etc.). However, liquid is the general term for one of the fundamental

states of matter, and thus all materials can be liquids. Furthermore, saltwater is



22 3 Applications of water in microwave devices

Table 3.1: Overview of water-based devices.

Device Type References

Single resonator
General study

MRI
BIC sensor

[125–131]
[132,133]
[140,141]

Metamaterial

Non-resonant
Negative index

Topological transition
Fano resonance

Phys. demonstration

[67]
[68]
[69]
[70]
[71]

Metasurface

Absorber
Reflector

Toroidal mode
Sensor

General study

[72–107]
[108–120]

[121]
[122]

[123,124]

Antenna

Monopole
DRA

Helical
Patch

Microstrip loading
Hybrid
Array

Yagi-Uda

[18–32]
[33–51]
[52,53]
[54–57]
[58–63]

[64]
[65]
[66]

RF component RF tuner
RF switches

[134]
[135]

Heating system Continuous heating [146,147]

primarily water and is the most widespread liquid on Earth. Therefore, we will

also term the devices that utilize saltwater as being water-based. Thus far, these

water-based microwave devices have primarily been single resonators [125–133], MMs

[67–71], MSs [72–124] and antennas [18–66]. However, recently, water has also found

its way into RF circuit tuners [134], RF circuit switches [135], and structures with

BICs [140, 141], also known as embedded eigenstates. An overview of some of the

microwave devices exploiting the high permittivity of water is provided in Table 3.1.

In the following sections, we will discuss the important mechanisms, functionalities

and aspects of these devices.

3.2 Mie resonances in single water inclusions

The underlying mechanisms behind all-dielectric MMs and MSs are Mie resonances

excited in high-permittivity dielectric inclusions situated in low-permittivity dielectric
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hosts [151]. As in many other cases, the general theory was developed many years

ago and is referred to in many ways such as ’Mie theory’, ’Lorenz-Mie theory’ or ’Mie

scattering’ [149, 150, 153]. As the wavelength of electromagnetic waves (λ0) scales

with 1/
√
εr, the electromagnetic waves in high permittivity dielectrics are severely

compressed compared to those in air. This allows the formation of subwavelength

resonators composed of high permittivity inclusions. These inclusions take many

forms providing different mode(s) excitations and thus allowing engineering of the

response of meta-structures. Their forms can be simple spheres or disks, but also

more sophisticated shapes, see e.g. [151]. The fundamental modes of the resonators

are the magnetic and electric dipoles, but also dark modes such as quadrupoles or

even toroidal modes can be excited.

In optics, all-dielectric MSs provide a route to optical magnetism as well as around

the problem of intrinsic losses in metallic MSs. At microwave frequencies, the losses

in metals are not as pronounced, however, the microwave MSs often consist of both

metals and dielectrics, and therefore suffer from both metallic and dielectric losses

[155, 156]. Furthermore, metallic MSs often lag tuning parameters limiting their

usability. To realize all-dielectric MSs, we need high permittivity dielectrics. Here,

water is an obvious candidate at microwave frequencies providing an extraordinary

high real part of the relative permittivity of around 80 at room temperature, see

Figure 2.5. Furthermore, water brings several tuning parameters coming from its

temperature-dependent permittivity and liquid state. In contrast, the widely applied

material silicon has a real relative permittivity of 12.

As an example, we investigate the scattering of a linearly polarized plane wave

incidence on a water sphere of radius rw positioned in free-space, see a sketch of the

configuration in Figure 3.1. The incident wave will induce fields inside and around

the sphere and give rise to scattered waves. Furthermore, some of the electromagnetic

energy extinct from the incident wave is absorbed effectively heating the water. Such a

configuration was investigated in Paper 2 and was treated analytically. The expansion

coefficients of the scattered fields outside the sphere are given by (see e.g. [149])

an =
εr,wjn(kwrw)jn

′(k0rw)− jn
′(kwrw)jn(k0rw)

εr,wjn(kwrw)h
(2)
n

′
(k0rw)− jn′(kwrw)h

(2)
n (k0rw)

(3.1a)

bn =
jn(kwrw)jn

′(k0rw)− jn
′(kwrw)jn(k0rw)

jn(kwrw)h
(2)
n

′
(k0rw)− jn′(kwrw)h

(2)
n (k0rw)

, (3.1b)
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Figure 3.1: Sketch of a water sphere in free space illuminated by a plane wave.

where k0 = ω
√
ε0µ0 is the free-space wavenumber and kw = k0

√
εr,w is the wavenum-

ber in water. jn and h
(2)
n are the nth order spherical Bessel function of the first kind

and spherical Hankel function of the second kind, respectively. The prime ′ denotes

the operation g′n(x) = d[xgn(x)]/dx. To evaluate the response of the sphere, we use

the absorption (Qabs), extinction (Qext) and scattering (Qsca) efficiencies, which are

related by

Qabs = Qext −Qsca (3.2a)

where

Qext =
Cext

πr2w
=

2

(k0rw)2

∞∑
n=1

(2n+ 1)Re{an + bn} , (3.2b)

Qsca =
Csca

πr2w
=

2

(k0rw)2

∞∑
n=1

(2n+ 1)(|an|2 + |bn|2) . (3.2c)

Cext and Csca are the total extinction and scattering cross sections defined in Eqs. (2.16)

and (2.17), respectively.

As an example, we consider a sphere radius of 21.6 mm and set the water temper-

ature to 20 ◦C. The spectra of the scattering and absorption efficiencies are shown in

Figure 3.2. We can divide the response into three parts. Part I: Resonance-free re-

gion. The electric dipole is only weakly excited and the incident wave passes almost

unperturbedly. Part II: Resonance region. Significant variation of scattering and

absorption properties caused by the excitations of dipoles. Part III: Resonance-free
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Figure 3.2: Scattering and absorption efficiencies spectra from a plane wave incidence on
a water sphere with radius 21.6 mm, see the sketch of the configuration in
Figure 3.1. The insets show the cross sections of the fields inside the water
sphere. The magnetic field (colors) and electric field (arrows) are shown at the
magnetic dipole resonance frequency (767 MHz). The electric field (colors) and
magnetic field (arrows) are shown at the electric dipole resonance frequency
(1092 MHz). The Roman numerals denote the different scattering/absorption
regions.

region. As opposed to the region in part I, the response is notable and similar to that

of a metallic sphere on the account of its electrically large sizes.

Investigating Part II further, we find two types of modes causing the absorption

and scattering peaks. The first mode (the one with the lowest resonance frequency at

767 MHz) corresponds to a magnetic dipole resonance coming from the denominator

of b1 in Eq. (3.1b) going towards the minimum. The second mode (at 1092 MHz)

is an electric dipole resonance and is due to the denominator of a1 in Eq. (3.1a)

going towards its minimum value. The fields inside the sphere at the two resonance

frequencies are shown in Figure 3.2 as insets. A strong magnetic (electric) field is

induced in the center of the sphere with circulating electric (magnetic) fields at 767

MHz (1092 MHz). All higher order modes (n > 1) are greatly suppressed by the losses

in water with minimal, if any at all, contribution to the scattering and absorption. If

the losses were smaller, a narrow-banded magnetic quadrupole would appear as the

third resonance, see e.g. [150]. The other absorption peaks in Part II of Figure 3.2 are

higher order dipole modes. In general, the absorption is higher than the scattering,
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and later we find out that this property gets inherited by a MS arrangement of such

spherical particles. A very important aspect of MSs is that their inclusions must be

subwavelength in sizes i.e. much smaller than λ0. In our example, the electrical sizes

of the sphere at the fundamental dipole resonances are 2rs ≈ λ0(767 MHz)/9 and

2rs ≈ λ0(1095 MHz)/6. Compared to many other dielectric resonators, these are

indeed very small. For example a silicon sphere (εr ≈ 12) is electrically 2.5 times

larger. However, the fundamental problem of these water-based resonators is their

blatant absorption. There are different ways to minimize the absorption, and thus

increase the scattering, which we list here

1. Increase the water temperature: The permittivity is decreased (both real

and imaginary part) resulting in lower absorption as the losses are smaller and

the electrical size is larger. The latter makes the maximum electric field inten-

sity lower, and thus reduces the absorbed power, Eq. (2.18). Complications:

Complex and energy-consuming heating system required.

2. Go to lower frequencies: The losses are smaller at lower frequencies effec-

tively reducing the absorption. Complications: Physically larger systems and

limited applications operating at these low frequencies (< 300 MHz).

3. Utilize the higher order dipoles: The larger electrical size reduces the

absorption effectively making higher frequency operation available. Complica-

tions: Pysically larger systems are required and resonances are less pronounced.

4. Hybrid designs: Combining water with low-loss dielectric and/or metals.

Complications: More complicated and expensive designs.

Items 1 and 2 were investigated theoretically in Paper 2 and [125,128]. Items 3 and

4 are exercised in some antenna and MS designs, and we will present some examples

in the following sections.

In [128], we also studied the response of an infinitely long water cylinder. We

considered plane wave incidences of different linear polarizations, namely TM and

TE polarizations. For the TM polarization, the response was saturated by a very

broadband electric dipole mode as the lowest frequency mode (sometimes referred

to as a monopole mode). The response for the TE polarization was very similar to

that of the sphere. It must be mentioned that realizing a cylinder of infinite length is

not feasible. However, adding absorbers around the ends of a truncated cylinder or
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inserting it in metallic microwave waveguides are good ways to minimize the proximity

effects, see e.g. [109,121].

3.3 Metamaterials and metasurfaces

A few water-based MMs and several MSs have been realized, see Table 3.1. The losses

in water limit the usability of MMs as the microwaves propagates inside the structures.

This is also why a MM of non-resonant inclusions was investigated in [67]. However,

MMs are generally not needed as full wavefront control can be achieved with their

2-D counterparts, MSs [151,155,156]. For this reason, we will concentrate on MSs in

this section and refer to Paper 1 for more information on water-based MMs. Thus

far, most of the water-based MSs have been absorbers, see Table 3.1. The reason

is simple: the high permittivity (both real and imaginary part) of water offers an

easy and inexpensive route to realize subwavelength resonant inclusions with high

absorption and large bandwidth. However, other types of MSs are also achievable, as

for example advanced reflectors and switches, which we will show in this section as

well.

3.3.1 Simple and tunable metasurfaces

The opportunities with water-based MSs were demonstrated in [82, 123, 124]. For

example a MS with a square lattice of identical water spheres was numerically in-

vestigated in [123]. The sphere radius is the same as in our example in Figure 3.2

(rw = 21.6 mm) and the lattice constant is a = 75 mm. A sketch of the configura-

tion is shown in Figure 3.3(a), and its reproduced response for a normally incident

plane wave is shown in Figure 3.3(b). The results were obtained in COMSOL Mul-

tiphysics. We find that the spectrum is shaped by the Mie resonances in the single

sphere: around 770 MHz, the transmission is reduced to approximately 20 % due

to the magnetic dipole excited in the spheres. Similarly, the electric dipole excited

at 1100 MHz reduces the transmission to around 60 %. In correspondence with the

results for a single sphere in Figure 3.2, we see that the absorption is larger than the

reflection.

As the resonant water spheres drive the response of the MS, any perturbations

to the shape of the water volume or its permittivity will cause a change in the re-
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(a) (b)

Figure 3.3: (a) Sketch of a normal plane wave incidence on a MS consisting of a square
lattice of water spheres. (b) Transmittance, reflectance and absorbance spectra
of the MS with the sphere radius rs = 21.6 mm (corresponding to a volume of
a3/10) and lattice constant a = 75 mm.

sponse of the MS, see Figure 3.4 [123]. The perturbations can be induced chemically

and thermally as well as mechanically with the use of e.g. stretching and pushing

plates and acoustic vibrations. The temperature-tuning of the MS is shown with

the transmittance spectra for different temperatures in Figure 3.4(a). Increasing the

temperature blue-shifts the spectrum and intensifies the resonances (narrowing of

the line widths of the minima), and thus follow the tendencies of the single sphere in

Section 3.2. This is caused by the lower water permittivity, when the temperature is

increased. The change in the transmittance spectrum, due to reshaping of the water

inclusions, is shown in Figure 3.4(b). We see that the resonance frequencies can be

adjusted almost individually by changing the shape of the water inclusions. For ex-

ample, the MS of inclusions with horizontal diagonal of h = 1.1 cm has a wider stop

band (wider bandwidth with low transmittance) coming from the spectrally close res-

onances. The adjustable parameters allow tuning of the MS response or utilization

as a sensor. However, the general problem with the latter is the low quality factor

(Q-factor) of the resonances, which is perhaps why only a few suggest sensing as an

application of the water-based MSs, see e.g. [55,112,122].

The control of the transmission and reflection can also be achieved by utilizing

gravity, see Figure 3.5(a) [124]. By partially filling cavities in a MS, the MS can be

rotated, and thus the transmission is changed. The measurements were performed

in anechoic conditions and the MS response to both linear and circular polarizations
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(a) (b)

Figure 3.4: Perturbations of the MS in Figure 3.3: The transmittance (T) spectra of the
MS with water inclusions of different (a) temperatures and (b) shapes. The
lattice constant a = 75 mm and the volume of each water inclusions is a3/10.
The water temperature is 20 ◦C and h designates the horizontal diagonal of
the water inclusions in (b). The offset for each spectrum is shown as a dotted
grey line. The figures are taken from [123].

was investigated. The measured transmission for different rotation angles of the MS,

shown in Figure 3.5(a), is done at a frequency of 1.25 GHz.

In a previous work, we demonstrated a MS with rod-like water inclusions in a

Rohacell 51 HF host having switching capabilities, see Figure 3.5(b) [116]. A proto-

type was fabricated for measurement in a rectangular waveguide. Magnetic dipole

resonances were excited in the water inclusions for the original position of the MS

(0◦ rotation angle) resulting in high reflection of the incident wave. Through 90◦

rotation of the inclusions, the transmission was greatly enhanced as no resonances

were excited. In addition, stacking multiple MSs further decreased the transmission

for 0° rotation and increased the transmission for 90◦ rotation. The tuning potential

through temperature control of the MS was presented in [117]. We have also demon-

strated a MS consisting of water cylinders having wider switching bandwidth [109].

This was provided by broadband electric dipoles excited in the water cylinders.
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(a) (b)

Figure 3.5: Control of transmission and reflection by rotation of the MS. (a) Measured
transmittance spectra of a MS with partially filled cavities for different rotations
of a the MS. (b) Measured transmittance and reflectance spectra for a MS of
rod-like water inclusions with different orientations. The figures in (a) and (b)
are taken from [124] and [116], respectively.

3.3.2 Metasurface absorbers

Water-based MS absorbers also make use of resonant water inclusions. They utilize

the high permittivity of water to induce spectral series of both magnetic and elec-

tric modes as well as other resonance types such as Fabry-Perót resonances. These

resonances, together with the losses in water, provide the high absorption. The first

water-based MS absorber was presented by Yoo et al. in [82]. The MS consisted of

patterned water droplets on a FR4 substrate with hydrophobic/hydrophilic surface

patterning on the frontside and a ground conducting plane on the backside, see Fig-

ure 3.6(a) for photographs of the MS. The absorption spectra for different volumes of

the water droplets are shown in Figure 3.6(b). The MS had an absorption bandwidth

(absorptivity higher than 90 %) that covered 43 % of the central frequency, which

was achieved with three resonances excited in the MS distributed across its spectrum.
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(a) (b)

Figure 3.6: MS absorber of periodic water droplets. (a) Photograph of MS and contact
angle images of a water droplet. (b) Measured absorption spectra for different
water droplet heights. Figures are taken from [82].

Since [82], many other MS absorbers have been demonstrated each with improved

performance, such as wider bandwidth or less sensitivity to temperature or angle of

incidence variations. In Figure 3.7(a), the relative absorption bandwidth is shown as

a function of the center frequency for different MS absorbers (see Paper 1 for refer-

ences). The trend shows that the relative bandwidth increases with the increasing

center frequency. We believe that this stems from the dispersion of water’s permit-

tivity: the quality factor of the resonances simply decreases as the loss tangent of the

water increases, effectively permitting larger relative bandwidths at higher frequen-

cies. It must be emphasized that the tendency will stop as the water permittivity

decreases dramatically at even higher frequencies. Many different inclusion shapes

have been presented with some being more complex than others. A MS with 3-D

printed Swastika-shaped inclusions were investigated in [96], see Figure 3.7(b). The

MS is made of polylactic acid host structure with water inclusions connected by flu-

idic channels. The thickness of the MS is between 1/10 and 6/10 of the free-space

wavelength in the frequency operation band. Here, we emphasize that, besides Mie

resonances in the water inclusions, other mechanisms like e.g. Fabry-P�rot resonances

contribute to the absorption. The MS had wide absorption bandwidth (136 %) and

low sensitivity to changes in angle of incidence, wave polarization and temperature.
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(a) (b)

Figure 3.7: (a) Relative bandwidth vs. the center frequency for different water-based MS
absorbers. (b) Measured and simulated absorption spectra of a 3-D printed
Swastika-shaped MS absorber. The insets show a photograph and sketch of the
MS. The figures in (a) and (b) are taken from Paper 1 and [96], respectively.

Thus, the MS can be employed under various conditions as long as the water does

not freeze or boils.

Many of the MS absorbers are backed by a conducting ground plane (normally

assumed to be a perfect electric conductor, PEC) effectively reducing the thickness,

but also boosting the absorption. The directions of the induced dipoles are tangential

to the ground plane and thus the images of the magnetic (electric) dipoles will be

in (out off) phase according to the image theorem. In addition, satisfying Kerker’s

condition in the resonators minimizes the reflection as long as the lattice constant

is subwavelength (< λ0). Since no transmission is allowed by the ground plane, the

incident power is fully absorbed by the MS, when the reflection is zero. Kerker’s

condition is satisfied with the relationship between the induced magnetic (m) and

electric (p) dipole moments being p = cm, where c the speed of light, see e.g. [100,157].

Sometimes, it is stated that the high absorption is achieved with the condition of

matching the surface impedance of the MS (ZS) to the characteristic impedance of

the surroundings, often assumed to be that of free space, Z0. This entails ZS = Z0,

and thus the reflection will be zero, since

r =
ZS − Z0

ZS + Z0
, (3.3)

where r is the reflection coefficient. This is correct, however, often it is then stated,

that this is achieved, when ZS =
√

µeff/εeff =
√

µ0/ε0, where µeff and εeff are the

effective permeability and permittivity of the MS. Unfortunately, these parameters
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can only be defined for MMs and not MSs, and thus it is not possible to calculate

these bulk material parameters, see for example [74].

3.3.3 Metasurface reflectarrays

Changing the water volume, or even water temperature, can also be applied in a

periodic fashion across the MS to tailor the reflection of the MS [110–114]. Such a

MS is called a MS reflectarray [156]. The foundation of these types of MSs lies in the

generalized Snell’s law of reflection

sin θr − sin θi =
∆ϕ

k0a
, (3.4)

where θi and θr are the incidence and reflection angles, respectively, and ∆ϕ is the

linear phase change of the reflected field between each inclusion of the MS. In Paper

3, we demonstrated a normally incident plane wave being reflected anomalously, see

Figure 3.8. First, a cylindrical water inclusion with a magnetic dipole resonance

was identified. Then through variation of the height of the water inclusions, a linear

phase shift of 2π was induced across a periodic supercell comprising N inclusions

in one direction of the MS. To enhance the reflection, we supported the MS with

a conducting ground plane behind it. The fabricated MS consisted of a Rohacell

51 HF host, with permittivity close to that of air, in which holes were drilled, see

Figure 3.8(c). Through different distributions of distilled water in the inclusions, the

MS can reflect a normally incident wave at various angles. For example, a MS with

supercells of N = 8 inclusions provides a reflection at around 51◦ at 1 GHz for both

x- and y-polarizations according to Eq. (3.5). Around 90 % of the reflected power is

channelled into the targeted angle with the remaining reflected power being reflected

normally and at −51◦, see Figure 3.8(b). Due to the water losses, simulations show

that around 63 % of the incident power is absorbed. A sketch of the experimental

setup is shown in Figure 3.8(c), and consisted of two horn antennas mounted on

a metal beam hoisted 2.64 meter above the floor with two tripods. The antennas

constituted a two-port system with one antenna (P1) pointing directly at the ground,

where the MS was positioned. The position and angle of the other antenna (P2) were

adjusted for various angular receptions. The fabricated MS consisted of only four

supercells, however, we were still able to observe an enhancement to the reflection

at the expected reflection angle, see Figure 3.8(d). The reduced efficiency of the
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(a) (b)

(c) (d)

Figure 3.8: MS reflectarray. (a) Sketch of the supercell of the reflectarray MS based on
cylindrical water-filled inclusions. (b) Simulated reflection efficiency, ηeff =
Pr(θr)/Pin, as a function of the reflection angle for both x- and y-polarized
normal plane wave incidences. (c) Photograph of fabricated MS and sketch of
the experimental setup. (d) Simulated and measured scattering as a function
of the reflection angle. Figures are taken from Paper 3.

MS is due to the strong resonance and losses in water. A simple way to improve

the efficiency is to go to lower frequencies where the losses in water are significantly

reduced. Similarly, increasing the water temperature will also reduce the losses in

water, however, this would require the addition of a heating system. Alternatively,

some of the water can be substituted with a different material like e.g. metal or low-

loss dielectric. The Rohacell material used for the prototype is not essential for the

functionality and can be replaced with a cheaper and more bio-friendly alternative.

This mindset can be expanded to the complete design, such that all materials are

ecological compatible that can be recycled or directly decomposed in nature. More

details and results can be found in Paper 3.
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(a) (b)

Figure 3.9: MS reflectarray with metal-water inclusions. (a) Photograph of the fabricated
MS with the coding sequence ’01010101’. Inset shows the scattering pattern of
the MS with water (b) The measured and simulated scattering pattern (gain
in dB). Figures are taken from [112].

A MS consisting of metallic and water inclusions was investigated in [112], see

Figure 3.9. Through different ’coding’ sequences of the inclusions, the reflection of

the MS could be engineered. The MS consisted of a sheet of Teflon woven glass

(F4B) with metallic patches of different sizes backed with a saline water substrate

and metallic ground conducting plane. The reflection was controlled by varying the

water salinity. Additionally, the scattering pattern could be altered by reconfiguration

of the metal coding pattern. In Figure 3.9(a), the MS with the metallic patch coding

sequence ’01010101’ is shown. The simulated and measured scattering pattern is

shown in Figure 3.9(b). This coding pattern generates three main lobes, whereas

another coding pattern is shown to produce five main lobes. In another work [114],

diodes were incorporated into the MS providing another mean of tuning by switching

the bias voltage of the diodes between on/off.

Besides the reflectarray, we have also investigated the potential of a water-based

transmitarray [158]. Such a configuration, would require the removal of the ground

plane in Figure 3.8 to allow transmission. As the ground plane mirrors the resonator,

and thus contributes to the induced phase shift, we cannot achieve a full 2π phase shift

with the excitation of a single mode in the water. Hence, we need to excite multiple

modes. From our study of Mie resonances in single water inclusions, Figure 3.2,
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we know that only magnetic and electric dipole modes can be excited in the water

inclusions. In a previous project [159], we demonstrated a water inclusion exhibiting

balanced magnetic and electric dipoles. The inclusions provided the desired phase

shift, albeit with increased absorption. The anomalous transmission of our best design

based on water was only 18 % at 800 MHz operation [158]. We believe that better

transmission can be achieved with a hybrid design of water and metal.

3.4 Antennas

Many different types of water-based antennas have been demonstrated, see Table 3.1,

with most of them being dielectric resonator antennas (DRAs). In this section, we

show a few different antenna designs including our own, and discuss their advantages

and disadvantages over conventional antennas. Several other antennas have been

investigated, which are not shown here. Instead, we refer to Table 3.1 or a detailed

review on liquid antennas [33] for more information.

The basic idea of water-based DRAs is to take a single water inclusion and excite

it with a small metallic radiator such as a short monopole antenna fed against a

large conducting ground plane as sketched in Figure 3.10. The input power Pin is

inserted into the feed line, in this case a coaxial transmission line. Without water,

(a) Monopole antenna (b) Dielectric resonator antenna

Figure 3.10: Sketch of (a) a short monopole antenna and (b) dielectric resonator antenna
(DRA). The short monopole antenna is poorly matched to the feed line and
free-space, and therefore the radiated power is low. We match the system
by encapsulating the short monopole antenna with a hemispherical water vol-
ume as well as making minor adjustments to the length and position of the
monopole, dramatically increasing the radiated power.
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the short monopole antenna brings a very large input impedance nearly impossible

to match to a standard feed line of e.g. 50 Ω, see Figure 3.10(a). Thus, the input

power is reflected (Pref ≈ Pin) and nearly no power is accepted by the monopole and

subsequently radiated to the surroundings. In this section, we will present different

types of DRAs as well as a MS antenna and a saltwater antenna.

3.4.1 Dielectric resonator antennas

To maximize the radiated power of the monopole antenna in Figure 3.10(a), its length

must be increased to λ0/4, however, this is not very attractive in some situations

where space is limited. Alternatively, the monopole antenna is encapsulated by a wa-

ter element, in this case a hemispherical water volume, as sketched in Figure 3.10(b).

By suitable excitation of the natural mode(s) of the water volume (also called eigen-

modes), the input impedance of the antenna can be matched to the feed line and

efficiently release the power into the surroundings even though the antenna is highly

subwavelength. This exact configuration was investigated in Paper 4, see Figure 3.11,

representing the smallest water-based antenna to date with rw ≈ λ0/18. Interest-

ingly, it is possible to excite both magnetic and electric modes in the water volume,

albeit at different frequencies, thus enabling control of the radiation pattern. The

fabricated antenna was realized by milling a hemispherical cavity in a Rohacell 51

(a) (b)

Figure 3.11: Hemispherical DRA. (a) Photographs of fabricated antenna. (b) Measured
and simulated reflection coefficient spectra for two different configurations
of the antenna. xm and lm are the position and length of the embedded
monopole antenna. Figures are taken from Paper 4 [38].
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HF block and gluing the block onto an aluminum plate. Water was inserted into

the cavity from sealable holes in the aluminum plate, see Figure 3.11(a). The sim-

ulated and measured reflection coefficient spectra are shown in Figure 3.11(b). For

one placement and size of the embedded monopole antenna, the magnetic dipole res-

onance is excited around 300 MHz, whereas the electric dipole resonance is excited

around 420 MHz with another configuration of the monopole antenna. The small

size and losses in water reduced the total efficiency of around ηeff = Prad/Pin ≈ 30

% with the excitation of the magnetic dipole mode. For the excitation of the electric

dipole mode, ηeff ≈ 16 %. The maximum directivity of the antenna (see Eq. (3.5) for

definition) is limited to 3 due to the small size and the excited single dipole mode.

We also investigated various ways of tuning the antenna by e.g. changing the

position of the monopole antenna inside the cavity, water temperature shifts and ex-

traction of water. The results can be found in Paper 4. Instead we would like to show

another antenna with great tunability and reconfigurability. In [36], a high-efficiency

DRA was demonstrated. The DRA is composed of acrylic plastic reservoir boxes on

a ground conducting plane. From beneath the ground plane, see Figure 3.12(a), the

reservoirs were filled with water, and the water volumes were controlled with an elec-

trical pump system. The measured reflection coefficient spectra for different water

fillings are shown in Figure 3.12(b). Through carefull control of the water volumes,

it is possible to frequency-reconfigure the DRA from 168 MHz to 474 MHz with only

a small reduction in the total efficiency from around 95 % to 80 %. The size of the

(a) (b)

Figure 3.12: High-efficiency DRA. (a) Photograph of prototype antenna with the water
control system. (b) Measured reflection coefficient spectra for different ’states’
(water fillings) of the DRA. Figures are taken from [36].
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antenna is approximately λ0/8, which is more than double the size of our DRA in

Figure 3.11. The excited modes are magnetic dipoles, therefore the maximum direc-

tivity of the antenna is around 3, same as our DRA. In the next section, we will

present different configurations with increased maximum directivities.

3.4.2 Directive antennas

The ability of an antenna to channel its radiated power into one direction is described

by the maximum directivity defined as

Dmax =
4πUmax

Prad
, (3.5)

where Umax is the maximum radiation intensity defined as the maximum power ra-

diated from an antenna per unit solid angle [162]. The maximum directivity of an

electrically small dipole is 1.5 (3 with a ground plane). It means that the maximum

radiated power is 1.5 times the average radiated power (Prad/4π). More widespread is

the half-wavelength dipole, which has a slightly higher directivity of 1.67. For higher

directivity, usually, larger antennas are needed such as horn antenna, array antenna

and parabolic antenna, see Figures 3.13(a) and 3.13(b) for photographs of some of

these antennas. The directivity of such antennas span from 5 to 106. In the following

section, we will present our antenna, which uses a different method to enhance the

directivity.

(a) Yagi-Uda antenna (b) Parabolic antenna (c) Huygens DRA

Figure 3.13: Photograph of (a) a Yagi-Uda antenna (500 MHz operation, Dmax ≈ 10)
taken from [160] and (b) a parabolic antenna (12 GHz operation, Dmax ≈
10, 000) taken from [161]. (c) shows a sketch of our water-based Huygens
antenna for 350 MHz operation with Dmax ≈ 6. Figure is taken from Paper
5.
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Huygens antenna

It has been shown that the simultaneous excitation of electric and magnetic modes

in a subwavelength structure, such that the modes are balanced in a specific way,

enhances the radiated power into one direction and reduce it in the other direction(s)

[163]. These structures satisfy the so-called (generalized) Kerker’s conditions [157],

which were discussed in Section 3.3.2. In antenna configurations, they are usually

called Huygens sources or Huygens antennas [164]. In Paper 5, we demonstrate a

Huygens DRA with balanced magnetic and electric dipoles. The antenna is composed

of a cuboid-shaped water-filled cavity on a ground plane, see Figure 3.13(c). The

simulated and measured reflection coefficient, as well as radiation pattern, are shown

in Figure 3.14. The maximum directivity is 6, which is expected with the two dipoles

and the ground plane (2 ·1.5 ·2 = 6). The cost of the enhanced directivity is a slightly

larger antenna structure (λ0/6), however, it is still smaller than e.g. the water-based

Yagi-Uda antenna presented in [66] and the antennas shown in Figure 3.13. The total

efficiency of the antenna is also larger (60 %), compared the hemispherical antenna

in Figure 3.11, which is due to the larger size. Similar to Paper 4, we demonstrated

various means of tuning the Huygens antenna, see Paper 5 for more details and results.

(a) (b)

Figure 3.14: Results for the Huygens antenna shown in Figure 3.13(c). Simulated and
measured (a) reflection coefficient and (b) radiation pattern (normalized di-
rectivity). Figures are taken from Paper 5.
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(a) (b)

(c)

Figure 3.15: Array antenna with fluidic channels. (a) Sketch of the antenna and (b) photo-
graph of the fabricated antenna. (c) Measured radiation pattern (normalized
gain). Figures are taken from [65].

Metasurface antennas

MS antennas are great alternatives to the complex, bulky and costly phase array

antennas with beam-steering capabilities [156]. Different kinds of tuning of the radia-

tion pattern have been demonstrated including electronic (using e.g. varactor-diodes

or electromechanical system) and mechanical. Recently, a MS antenna with embed-

ded fluidic channels for beam-steering control was investigated [65], see Figure 3.15.

Through different filling combinations of the fluidic channels, the beam of the an-

tenna could be scanned between −20◦ and +20◦. The antenna operates at 2.6 GHz

and its thickness is only 0.06λ0. The antenna is matched to its feed line (low re-

flection coefficient), and the total efficiency of the antenna is mostly affected by the

radiation losses. With water (no water), the radiation efficiency is around 45 % (70

%). The area of the antenna is (1.04λ0)
2 and the maximum directivity is approx-

imately 9.2 dB. Thus, the MS antenna has a larger directivity than our Huygens

antenna, however, it also has a much larger size. Sometimes, the maximum realized
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gain, Greal,max = ηtotDmax, is more appropriate to use when comparing antennas.

The MS antenna has Greal,max ≈ 5.7 dBi (dBi stands for decibels with respect to an

isotropically radiating antenna), whereas the Huygens antenna has Greal,max ≈ 5.4

dBi. Thus, their radiation power levels are nearly identical, even though the MS

antenna is around six times larger.

3.4.3 Saltwater antennas

Some water-based antennas use water with salts to increase their conductivity corre-

sponding to increasing the imaginary part of the permittivity. The higher conductiv-

ity pushes the fields towards the surface of the saltwater, and thus the water volume

of the antenna behaves as a metallic radiator. In most cases, saltwater antennas

comprise a monopole-like structure, see Figure 3.16(a). The theoretical, simulated

and measured reflection coefficient and radiation efficiency spectra are shown in Fig-

ures 3.16(b) and 3.16(c). The height is approximately 1 m, and a metallic monopole

of same height would have a minimum in reflection coefficient at the frequency 75

MHz. which is very close to that of the saltwater antenna. The radiation efficiency

is around 75 %, which is lower than a metallic monopole antenna of similar height.

The real advantages of the saltwater antenna are its reconfigurability and larger band-

width. The height of the water can be adjusted, thus frequency-reconfiguration of the

(a) (b) (c)

Figure 3.16: A monopole saltwater antenna with teflon base. (a) Photograph of the an-
tenna. The height is 1050 mm and the diameter is 100 mm. The relative
real part of the saltwater permittivity is 78.7 and the effective conductivity
σ = 4.5 S/m (ϵ′′ = σ/ω). Theoretical, simulated and measured (b) reflection
coefficient and (c) radiation efficiency spectra. Figures are taken from [24].
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antenna. In general, saltwater antennas are larger than water-based DRAs. However,

their bandwidth and efficiency are higher (when comparing all antennas), which come

from the fields being concentrated at the surface of the saltwater, whereas the fields

go deep into the water volume of the DRAs.

All saltwater antennas – as well as most of those based on distilled water – are not

electrically small i.e. k0rA < 1 (0.5 when supported with ground plane), were rA is the

radius of the sphere enclosing the antenna. The simple explanation is that the smaller

the antenna is, the higher the field intensities are, thus resulting in higher absorption.

However, the water-based antennas hold some advantages over conventional metallic

ones: water brings multiple tuning parameters and transparency and, compared to

other high-permittivity dielectrics, it is both cheap and ecologically compatible. On

the other side, their losses decreases the overall efficiency and they are not weather-

stable. However, some have shown efficiencies above 90 %, and there are different

ways to reduce water’s melting point, which can be done by e.g. adding an antifreeze

additive or salts [64].

3.5 RF circuit components

Until recently, the inclusion of liquids in RF circuit components was nearly an un-

explored territory. Fluidic microwave components display a way towards tunable

passive microwave components. So far, mostly liquid-metal has been employed in

a wide variety of component types [165]. Some water-based components have been

demonstrated, see Figure 3.17. In [135], a coplanar waveguide (CPW) with a water

drop placed on top was examined. The response could be switched between trans-

mission and absorption states by simply changing the position of the water drop. In

addition, the CPW line can be suspended in bulk water for maximum absorption of

waves.

An RF circuit tuner with distilled water inclusions has also been demonstrated

[134]. A photograph is included in Figure 3.17(b). Through water filling of cascaded

water containers, the operational frequency could be tuned between 0.9 GHz and 2.4

GHz. As a proof of concept, it was successfully incorporated with an RF amplifier.

Additionally, we want to mention a field-effect transformer (FET) with a water

drop atop presented in [166]. The electrostatic characteristics of the FET was exam-
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(a) (b)

Figure 3.17: Water in RF circuit components. (a) Sketch of a coplanar waveguide (CPW)
loaded with a drop of water. Figure is taken from [135]. (b) Photograph of
the RF tuner. The figure is taken from [134].

ined. With the water drop, the FET could support rapid bias changes, high on/off

current ratios, near-ideal sub-threshold swing and enhanced short-channel behavior.

We think that its characteristics for microwave frequencies operation would be inter-

esting to investigate.

3.6 Intriguing modes

Although dipole modes are versatile and relatively easy to excite, they also possess

limited Q-factor and scatter in many directions. Therefore, extensive effort is ex-

pended in the research of other modes. In this section, we show different structures

with complex mode excitations including toroidal modes and BICs. In the latter, we

present our recent ground-breaking results demonstrating a BIC in a single resonator,

which is utilized for advanced sensing analyses in a drop of water.

3.6.1 Toroidal modes

Toroidal dipoles are the terms in multipole expansion of moments, which can be

excited in structures of toroidal topology. They are of great interest in MMs and MSs

due to their low scattering. In particular, when they are co-excited with an electric
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(a) (b) (c)

Figure 3.18: Toroidal mode in a structure of four water cylinders. (a) Sketch and pho-
tograph of the experimental setup. (b) Simulated (1.1 GHz) and measured
(0.98 GHz) y-component of the electric field. Figures are taken from [130].

(a) (b)

Figure 3.19: Water-based MS with toroidal mode. (a) Photograph of the MS in the ex-
perimental setup. (b) Simulated and measured transmission spectra. The
grey area highlights the frequencies of the toroidal mode. Figures are taken
from [121].

dipole mode such that an anapole mode is achieved. Several metastructures have

utilized toroidal modes. However, until very recently, the experimental demonstration

of these modes had been missing because of their far-field scattering being identical

to that of the electric dipole. It is only in the near-field that the toroidal modes

can be distinguished from other modes. The local field was measured in [130] with a

cluster of four water cylinders, see Figure 3.18(a). As water is a liquid, it was possible

to insert a probe into the cylinders, as well as around them, to map the local field,

see Figures 3.18(b) and 3.18(c). The experiment shows how water can be utilized for
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advanced physics demonstrations, otherwise impossible with solids.

Sufficient excitation of toroidal modes requires complex and low-loss structures.

The losses limit the potential of water-based MS with toroidal moments. Still, a

MS composed of clusters of four cylindrical water inclusions, similar to those in Fig-

ure 3.18, was investigated [121], see Figure 3.19. Excitation of the toroidal mode was

observed through an enhancement in the transmission, Figure 3.19(b). The grey area

displays a broad region of which the toroidal mode should be excited. As toroidal

dipoles are dark modes (i.e. non-scattering), the applications of this MS are limited

to absorption and sensing, albeit the potential of the later is low due to the limited

Q-factor.

3.6.2 Bound states in the continuum

In the past few years, BICs, also known as embedded eigenstates, have been show-

casing several exciting advances for the physics, engineering and optics communities

at large [167–169]. However, all the experimental realizations of BICs to date have

inherently relied on very large arrays, requiring large footprints and failing to en-

hance the local density of states (LDOSs) or serve as sensors [170]. More compact

implementations have traded footprint with available Q-factors, yielding more local-

ized modes, but inherently limited in terms of field enhancements and line widths,

known as quasi-BICs. The smaller the structures, the more radiation loss and limited

performance. Quasi-BICs in subwavelength structures have shown Q-factors limited

to a few tens. Such Q-factors can arguably be achieved with several other techniques,

e.g. structures based on Mie resonances.

In general, BICs can be classified according to the number of eigenmodes involved

in the scattering process (single or multiple) and to the nature of their underlying

interference mechanisms (symmetry-enabled or accidental BICs). For example, Liu et

al. demonstrated a symmetry-protected BIC in a MS made of Silicon Mie resonators

operating at 189 THz, and is shown in Figure 3.20 [171]. Due to the symmetry of the

MS, a BIC emerges at the Γ-point of the first Brillouin zone, which cannot be excited

with a normal plane wave incidence even though the resonance frequency is above the

light line. By breaking the symmetry of the resonators, the BIC is no longer protected,

and now a quasi-BIC appears in the radiation spectrum as a sharp Fano line shape

with a Q-factor of around 20,000 for a MS with 272 elements. The problem with this
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(a) (b)

Figure 3.20: Symmetry-protected BIC MS. (a) Sketch of the MS without and with break-
ing of its symmetry. (b) Dispersion diagram of the symmetry-protected MS.
Figures are taken from [171].

technique is that the symmetry-breaking is permanent and has to be extended to all

resonators for a sufficient excitation of the quasi-BIC. A single resonator BIC have

been proposed [172], however, exotic materials, such as epsilon-near-zero (ENZ), are

required, which are generally subjected to losses in practical realizations.

In Paper 6, we show for the first time that this trade-off between BIC localiza-

tion and achievable quality factor is actually not necessary at all. By controlling

the boundary conditions around a single resonator, we show that it is possible to

implement a new form of BIC, highly localized and with large Q-factors. Because of

the localization of this non-radiating mode, the LDOS can diverge, yielding extreme

sensitivity, which we exploit in our work to demonstrate advanced sensing function-

alities and to trace chemical reactions. Based on a simple tabletop experiment, we

are able to trace the dissolution of NaCl in water, determining evaporation rates of

distilled and salted water with a resolution of less than 1 µL on a standard laboratory

equipment.

The single resonator constitutes a vertical electric dipole in the form of a metallic

cylindrical disk backed by a conducting ground plane. The scattering pattern of
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(a) 2-D array (b) Boundary-induced resonator

Figure 3.21: Boundary-induced BIC. (a) Formation of a symmetry-protected BIC in a 2-
D array of vertical dipole resonators. (b) Symmetry-protected BIC induced
by the images of the resonator placed between two lateral perfect electric
conductor (PEC) walls. Figures are taken from Paper 6.

such a resonator will have a null along the cylinder axis. In a 2-D periodic array

under a normal incidence plane wave illumination, these resonators will have identical

induced dipoles as sketched in Figure 3.21(a). If the distance between the resonators

is subwavelength, the incident wave will be fully reflected by the structure. In this

way, a non-radiating mode above the light line emerges at the Γ-point of the first

Brillouin zone, just as in Figure 3.20. The mode is bound to the array as long as

the symmetry is preserved, and thus it is a symmetry-protected BIC. By breaking

the symmetry of the configuration, a quasi-BIC emerges in the reflection spectrum.

However, as in Figure 3.20, the symmetry breaking has to be extended to the whole

array, which is impractical and often impossible after fabrication.

At microwave frequencies, rectangular metallic waveguide can be used to mimic

periodic structures such as MSs [116]. The conducting walls of the waveguide function

as mirrors. Assuming the walls are perfect electric conductors (PEC), the neighbor

images of the vertical electric dipole resonator inserted in the waveguide will be out

of phase according to the image theorem and as illustrated in Figure 3.21(b). Still,

a symmetry-protected BIC emerges at the Γ-point of the fundamental propagating

mode (TE10) of the waveguide. We experimentally demonstrated that an asymmetric

placement of a water drop atop of the resonator breaks the symmetry, and thus

introduces a dip in the reflection spectrum. Photographs of the resonator placed in

the waveguide section are shown in Figures 3.22(a) and 3.22(b), and a sketch of the

experimental setup is shown in Figure 3.22(c). The experiment was a simple setup
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(a) (b)

(c) (d)

Figure 3.22: Boundary-induced BIC experiment. Photographs of (a) the fabricated res-
onator inserted into a rectangular waveguide section and (b) the resonator
with different water volumes in the Rohacell container. (c) Sketch of the ex-
perimental setup and (d) normalized measured reflectance spectra for differ-
ent water volumes in the Rohacell container. VNA stands for vector network
analyzer. Figures are taken from Paper 6.

of a vector network analyzer (VNA) connected, with a coaxial cable, to a WR-430

rectangular waveguide in which the resonator was inserted.

The resonance frequency, as well as the Q-factor, is controlled by the amount of

water and its permittivity. Figure 3.22(d) shows the normalized measured reflectance

spectra for different water volumes inserted in the Rohacell container. Without water,

the system has a Q-factor of around 1,000, whereas with full coupling to the mode

(zero reflection) by inserting a water volume of 620 µL, the Q-factor is reduced to
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(a) (b)

Figure 3.23: Sensing analyses with BIC structure. (a) Chemical reaction and evaporation
of water. Shows measured change in resonance frequency as a function of time
from first measurement. 0 parts per thousand (ppt) is distilled water and 7.1
ppt is distilled water with 0.71 % NaCl. Initial water volume is 500 µL. (b)
Tracing of chemical reaction of NaCl crystals added to 500 µL of distilled water.
Shows measured change in reflection coefficient at the resonance frequency as a
function of time from the crystal was added. The experiment is conducted for
different concentrations of NaCl in distilled water. Inset shows a photograph
of the resonator and a NaCl crystal before adding the crystal to the water.
Figures are taken from Paper 6.

250. We exploit the quasi-BIC for various advanced sensing analyses of small pertur-

bations in the water volume. For example, we successfully sense deeply subwavelength

variations to the water volume, as well as small changes in its refractive index. In

particular, we can determine the evaporation rates of distilled and salted water with

sub-µL precision. This we do by tracking the change in the reflection response, see

Figure 3.23(a), which shows the measured change in the resonance frequency as a

function of time from first measurement. For distilled water, the resonance frequency

experiences a linear increases with time due to evaporation of the water volume from

the open Rohacell container. From the slope of the curve, and comparing it with our

initial volume measurements (see Figure S5D in the appendix of Paper 6), we can

estimate the evaporation rate of the water volume to be 213 nL/min.

We then reset the experiment, and added water and a small NaCl-crystal. In this

way, we could trace the dissolving of the crystal in the water, see Figure 3.23(a). The

addition of a NaCl crystal triggers a rapid change in the response (see Figure 3.23(a),

period I). The NaCl density is lower when dissolved in water, thus the volume ex-

pands and we observe a red-shift in the resonance frequency. Hereafter (period II),
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the resonance frequency is blue-shifted as Na+ and Cl− ions are dispersed in water

(hydration), effectively increasing the solution density. Furthermore, the conductivity

increases, thus increasing the reflection. After 20 minutes, the NaCl is fully dissolved

(period III), and the slope is stabilized, such that we can estimate the evaporation

rate to be 201 nL/min. The concentration of the solution was 7.1 parts per thousand

(ppt) after the NaCl being fully dissolved. The salted water evaporates slower than

the distilled water, since water molecules are attracted to the dissolved salt ions, and

more energy is thus required to break them apart.

We also experimented with different sizes of NaCl crystals, see Figure 3.23(b).

Larger NaCl crystals change the response faster due to their size, but it also takes

longer time to dissolve them, as seen by the slope changes. Even a small NaCl crystal

of 0.3 mg (≈ 0.6 ppt in 500 µL water) can be clearly measured. Such a small change

in salinity corresponds to an increase in the loss tangent of approximately 0.0066 [7.7

%, [173]].

We believe that these findings are truly important in the context of BICs, both

from the fundamental scientific as well as applied point of view, and in line of the

several implications for enhanced light-matter interactions, not limited to sensing, but

also extended to enhanced nonlinearities and a plethora of photonics applications. For

more details and results, see the full manuscript in Appendix F, Paper 6.

3.7 Heating systems

Heating and cooling of water is essential for our daily lives both in households and

industry. Conventional methods are based on electrical heating or heating by com-

bustion. For example, a regular household boiler uses electrical energy to heat up a

resistor, and is working on the principle of Joule heating, see Figure 3.24(a). Instead

of wires directly connected to the resistor, a coil can be placed below the resistor,

and works on the principle of induction (the resistor must contain ferrous metal for

efficient heating). In both cases, the power, dissipated as heat in the resistor with

resistance R [Ω], is proportional to RI2, where I [A] is the current induced in the

resistor. Heating by combustion uses fuels (e.g. gas) to create flames for heating a

container with the water, see Figure 3.24(b). Both methods heat the volume water

locally at the interface between the water and, usually, metal. Through (mostly) con-
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(a) Electrical heating (b) Combustion heating (c) Microwave heating

Figure 3.24: Sketches of three different heating methods of water. (a) Electric heating,
(b) combustion heating and (c) microwave heating. The red color show the
area of heating. The wires in (a) can be replaced by a coil placed under the
resistor for inductive heating.

vection, the water volume is heated entirely, however, if the water volume is heated

rapidly, the bottom part near the heating plate will be much warmer than the top

part.

An alternative heating method is by microwaves, see Figure 3.24(c). As they pen-

etrate the water volume, microwaves get absorbed by it, thereby effectively heating

the water. Thus, the water volume is heated from the inside and does not need to be

in contact with a heating plate as it can be heated externally. Furthermore, it can be

turned on/off immediately, whereas the heated plate in Figures 3.24(a) and 3.24(b)

will continue to be warm (except for heating by induction). The main disadvantage

with microwave heating is that high power microwaves are needed for sufficient heat-

ing, and thus a closed system is required (e.g. a metallic cavity). Also the radiation

and absorption of microwaves must be highly efficient in order to compete with the

conventional methods in Figures 3.24(a) and 3.24(b).

In general, heating water requires a lot of energy due to water’s very large heat

capacity of cp ≈ 4.2 J/(g·K). In many cases, the user is more concerned about the

time it takes to heat some water, e.g. a cup of water. The time ∆t it takes to heat a

volume of water Vw by a temperature increase of ∆Tw is [6]

∆t = cwρwVw∆Tw/Pabs [s], (3.6)

where ρw (≈ 1 g/mL at 20 ◦C) is the density of water. The only parameter we

can control is the power absorption Pabs = ηeffPin, where Pin and ηeff are the input

power and efficiency of the heating process, respectively. No systems are perfect
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Figure 3.25: Microwave system for heating water. Sketch of the IMS cylindrical heating
system taken from [143].

(ηeff < 1) as some of the input power will be lost during the heating process. This

can be unwanted heating of the surrounding air, particularly for combustion heating,

or power lost during the generation of electric current or microwaves. In the case

of microwave heating, the most substantial loss is the scattering/reflection by the

water volume. which can vary significantly with different water temperature and

the frequency of the microwaves. Therefore, the microwave heating device must be

designed carefully.

In Figures 3.25 and 3.26, we have shown two different systems for heating water.

Industrial Microwave Systems (IMS) sell the device shown in Figure 3.25. Using rect-

angular waveguides, the microwaves are guided into two cylindrical metallic cavities

(called applicators) inside a metallic shroud. A tube with water goes through the

applicators. Tuning stubs are to be used for efficient power insertion into the applica-

tors, and has to be adjusted depending on the permittivity of the water to be heated.

We proposed a simpler setup in [146,147], see Figure 3.26(a). It consists of water-

filled tubes going through a rectangular waveguide (such as WR-430). The waveguide

is ’shorted’, and thus is a single port system, and we operate it at its fundamental

TE10 mode. The objective is to minimize the reflected power by adjusting e.g. the

sizes and positions of the tubes. Here, we design the tubes with water to support

the excitation of the magnetic dipole resonance. Due to the characteristics of the
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(a) Mie resonance-based I (b) Mie resonance-based II

Figure 3.26: Microwave system for heating water. (a) Cross-sectional sketch of the system
based on Mie resonances proposed by us in [146, 147]. (b) The power loss
density in the two designs we considered.

waveguide, as discussed in Section 3.6.2, the tubes are effectively imaged and thus

the configuration behaves as a MS backed with a reflecting surface. Since the water

permittivity is temperature-dependent, different tube sizes are needed for different

water temperatures. We came up with the two designs shown in Figure 3.26(b).

Design A is a compact single waveguide system with four different tube sizes optimized

for different water temperatures. Design B consists of four identical tubes going

through four parallel waveguides, where the tube size in each waveguide is optimized

for different water temperatures. Figure 3.26(b) shows the power loss density at the

surface of the tubes filled with water at the magnetic dipole resonance. The total

efficiencies are estimated numerically to be 86 % (design A) and 93 % (design B)

for heating of distilled water. As the reflected power low for all water temperatures,

tuning stubs are not needed in this setup.
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3.8 Summary

In this chapter, we reviewed and demonstrated water-based microwave devices. We

showed how water’s high permittivity could be exploited to realize small Mie res-

onators, which constitute the foundation of the water-based devices. We used the

example of a single water sphere to study these resonances, and showed that they

drive the response of water-based MSs and antennas. Several types of MSs were

presented including absorbers, reflectarrays and switches. Also different types of an-

tennas were shown including DRAs, a Huygens DRA, monopole saltwater antenna

and a MS antenna.

In Section 3.6, we examined structures with more advanced modes. First, we

investigated the excitation of toroidal modes in metastructures composed of clusters

of water cylinders. Next, we presented work ground-breaking results concerning the

utilization of a BIC in a single resonator situated in a rectangular waveguide. We

investigated how the BIC structure can be used for advanced sensing analyses in a

small drop of water.

At last, we studied various microwave systems for heating water. We presented

our proposal on a continuous heating system, where we utilize cylindrical Mie res-

onators in a MS configuration in a rectangular waveguide. Through adjustment of the

resonators, we minimize (maximize) the reflected (absorbed) power, and thus exclude

the need for tuning stubs.
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CHAPTER 4
Summary and outlook

In this thesis, the uprising of water-based devices for microwave control and sensing

was demonstrated. With its abundance, ecological compatibility, liquid state and rel-

atively high and temperature-dependent permittivity, water offers many advantages

over conventional microwave dielectrics such as expensive ceramics. These properties

have been exploited in our work to achieve a wide range of different tunable water-

based devices including antennas, MSs, passive single resonators, BIC structures and

heating systems.

The electromagnetic properties of water were reviewed in Chapter 2. The general

Debye model used for the permittivity of water was derived, and we discussed its

validity. A more advanced model by Ellison [8] was included, providing the complex

permittivity of distilled water for frequencies from DC to 25 THz as well as water

temperatures from 0 ◦C to 100 ◦C. Subsequently, we discussed the interaction of

microwaves with water, and presented the key parameters to describe the scattering

and absorption from water structures.

In Chapter 3, the main mechanisms behind water-based devices were examined,

specifically the excitation of Mie resonances in small water inclusions. We studied

the scattering and absorption from single canonical configurations, and showed that

primarily magnetic and electric dipole modes can be excited, whereas the higher or-

der modes were suppressed by the absorption in water. For most resonator sizes and

water temperatures, the absorption was higher than the scattering. We examined

different water-based MSs including absorbers, reflectarrays and tunable MSs. In

particular, we presented our work on a water-based MS reflectarray with reconfig-

urable reflection angle by a simple redistribution of the water volume in an array of

basic water inclusions. The tunable reflection properties of the MS were achieved with

a magnetic dipole mode induced in the water inclusions. A prototype was fabricated,

and the experimental results were in good agreement with the numerical predictions.

We also showed various water-based antennas such as DRAs and MS antennas. In

our work, we presented the smallest water-based DRA to date and a water-based Huy-
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gens DRA. The first shows that we can excite the natural Mie resonances of a sphere in

a hemispherical water-filled cavity supported by a ground plane. Both magnetic and

electric dipole modes could be excited, however, for different feed configurations and

operational frequencies. With sufficient excitation of the dipole modes, the antenna

was matched to the feedline, albeit the total efficiency was limited due to the com-

pact antenna size and losses in water. Moreover, the dipole mode excitation carried

limited maximum antenna directivity. With a rectangular cavity instead, namely the

Huygens DRA, we could excite both magnetic and electric dipole modes in a similar

antenna setup and frequency, providing enhanced maximum antenna directivity. We

demonstrated several means of tuning and reconfiguring the antennas by extraction

of water, changing the water temperature as well as moving the feed position. Both

antennas were fabricated and characterized experimentally with excellent agreement

achieved between the numerical and experimental results.

Toroidal modes were recently confirmed in clusters of water cylinders [121, 130].

These intriguing high-Q modes are non-scattering and highly sensitive, and are of

great interests for MSs and MMs. BICs are another type of high-Q modes, which

have seen increasing attention. We demonstrated a novel symmetry-protected BIC

structure based on a single resonator in a rectangular waveguide. By introducing

a small drop of water asymmetrically on the resonator, the symmetry was broken

and a high-Q resonance (quasi-BIC) was excited appearing as a narrow reduction

in the reflection spectrum. As opposed to photonic arrays, where asymmetry must

be tailored across the entire array, the asymmetry introduced to a single resonator

in a waveguide gets perfectly replicated periodically on the account of the image

theorem. This considerably simplifies the overall design procedure and displays the

main advantage of boundary-induced microwave BICs. The liquid state and high

permittivity of water enables many ways to tailor the reflection spectrum, which

we demonstrated experimentally, including addition/removal of water, temperature

shifts and dissolution of salts in the water. In addition, we conducted highly advanced

sensing analyses such as tracing the processes of the dissolution of salt crystals in

water as well as detecting evaporation of water volumes less than 1 µL. The overall

and very sensitive BIC response brings unique opportunities for simple and powerful

microwave sensors.

At last, we discussed the concept of heating water using microwaves. When
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electromagnetic energy is absorbed in water, the water is effectively heated. The

advantages of microwave heating are fast on/off switching and that the heating also

takes place inside the bulk water. We proposed systems for heating water built

on Mie resonances. The designs consist of water cylinders passing through a shunt

rectangular waveguide. In this way, a continuous stream of water can be heated.

The absorption is maximized with the resonant water cylinders, and therefore also

reducing the reflected power. In this way, tuning stubs for reducing the reflection are

not needed.

In a nutshell, water is an intriguing alternative material for extremely cheap, sim-

ple and versatile microwave systems, albeit the losses at higher frequencies limit the

total efficiency. The latter constitutes the primary problem of using water in many

microwave systems, especially for frequencies above 2 GHz. This is why MS absorbers

have been the most promising application of water thus far. In addition, many differ-

ent tunable water-based antennas have been demonstrated, where perhaps saltwater

antennas have most potential. Both areas have matured and the latest progresses

present only minor improvements. Saltwater antennas have already been piloted as

sea antennas for military usage [20]. In the same way, the future water-based MS

absorbers should be designed for actual applications. That could be as microwave

absorbing windows or as absorbers in anechoic chambers. The later could be as a flat

absorber floor or even mid-room walls, which can emptied, and thus the room size

can be adjusted on the demand. Typically, the absorbers in anechoic chambers are

pyramidal polyurethane foam blocks loaded with carbon particles, which potentially

pose a health risk to direct contact personnel. Furthermore, they are very expensive

and bulky. Here, water-based MS absorbers can serve as bio-friendly, recyclable and

flexible alternatives. As for the other types of water-based MSs, the low efficiency

and weather-instability constitute major challenges which have to be resolved before

they can compete with existing technology.

Recent work have shown new exciting applications of water in RF circuit tuner,

CPW switch and semiconductor. Also, our work on a BIC structure with greatly en-

hanced sensing capacities opens up for new unexplored areas with profound potential

for not only microwave systems, but photonics as well. For instance, the demon-

strated enhanced sensitivity can be directly translated into enhanced light-matter

interactions, offering a unique platform for drastically enhanced nonlinearities. In
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the context of qubits, these localized resonances may enable much enhanced quan-

tum coherence times [174, 175]. Our BIC structure is designed for a rectangular

waveguide, however, we believe that it is also possible to realize BICs with a single

resonator in other platforms such as resonant cavities, striplines, microstrip lines and

dielectric waveguides. Also, the investigation of BICs with a single magnetic dipole

would be interesting as the mirror images would be in-phase in the rectangular waveg-

uide. These investigations are of great importance, and particularly, the theoretical

formulation (e.g. equivalent circuit diagrams) of the existence of BIC modes in these

configurations are of immense importance. Such results would simplify and accelerate

the design process of the BIC structures, and can potentially expand the microwave

and optical technology fields.
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ABSTRACT 
Tunable devices are of great interest as they offer reconfigurability to their operation, although many 
of them employ rare and expensive materials. In a world with increasing focus on ecological 
compatibility and recyclability, immense efforts are being made to find bio-friendly alternatives. 
However, in some cases, one does not have to look far, because water, a high-permittivity dielectric 
at microwave frequencies, is readily available. Recent studies have shown that compact Mie 
resonators, which are the fundamental blocks in all-dielectric metamaterials and dielectric resonator 
antennas, can be realized with small water elements. In a variety of applied physics areas, 
encompassing frequencies from the radio to the optical parts of the spectrum, all-dielectric 
implementations have received immense attention. When it comes to water, its temperature-
dependent permittivity and liquidity enable a multitude of unprecedentedly simple means to 
reconfigure and tune the resulting devices. Moreover, being a polar solvent, water easily dissolves 
various physiologically important electrolytes, which potentially can be exploited in a sensor design. 
Presently, we review water-based devices for advanced microwave control and sensing. We show 
and discuss the dynamic properties of water, and examine the microwave scattering and absorption 
characteristics of single water elements. We investigate how such water elements can be employed 
in various microwave designs including single resonators, metamaterials, metasurfaces, antennas, 
absorbers and radio-frequency components. The main complications of water are its losses, especially 
at higher microwave frequencies, and its stability. We discuss how to overcome these, and show that 
even highly loss-sensitive modes, namely toroidal modes and bound states in the continuum, can be 
realized with water-based devices. We believe that water-based devices usher the route to meet the 
UN proclaimed goals on global sustainability and human-friendly environment. 
 
1. Introduction 
Water – covering more than two thirds of Earth’s surface, vital for all life, known as ‘the universal 
solvent’, etc. – is perhaps the most important and unique substance in our World [1–3]. Although the 
most studied inorganic compound, scientists continue to dwell upon the remarkable properties of 
water [4–15], and yet some remain mysteries [16]. Water’s unique properties stem from the 
arrangement of its polar molecules. The water molecule constitute an asymmetric alignment of one 



 

 

negatively charged oxygen atom (O–) and two positively charged hydrogen atoms (H+). A sketch of 
the water molecule is shown in Fig. 1(a). The atomic positioning form two even, but oppositely 
charged poles i.e. a permanent dipole. In the liquid state, the water molecules (or dipoles) react to an 
applied electric field through their alignment with the field, thereby polarizing the bulk water. As the 
water molecules are very densily spaced, the polarization mechanism provides water an exceptionally 
high polarization vector even in small and compact volumes such as protein pockets [8]. With no 
applied electric field, the orientations of the permanent molecular dipoles are random, resulting in 
zero net polarization. The polarization properties of water are typically described by its complex 
relative permittivity (dielectric function) 𝜀! = 𝜀!" + 𝑖𝜀!"", which is shown in Fig. 1(b), and depends on 
dynamic parameters such as frequency of the electric field and water temperature [9]. Unlike that of 
many other polar substances, the permittivity of water is notable even at GHz frequencies. In 2015, 
inspired by Rybin et al. [17] as well as Popa and Cummer [18], Andryieuski et al. demonstrated for 
the first time the possibilities with exploiting water’s dynamic properties in microwave all-dielectric 
metasurfaces (MSs) [19]. This launched a series of publications on water-based (WB) microwave 
devices such as tunable metamaterials (MMs) [20–23] and MSs [24–33], as well as MS 
reflectors [34–38], MS absorbers [39–71] and many more [72–79], see Table 1 for a thorough 
overview. While the recent efforts on WB MSs have certainly given new life to water as an interesting 
microwave material, it must be mentioned that its use within the area of microwave antennas has been 
around for many years and still constitutes an active research field [80–126]; see Table 1 for more 
details on particular antenna types. A very detailed review on water- and other liquid-based antennas 
is given in [127]. In addition, switching of guided waves on a coplanar waveguide with a water drop 
was demonstrated in 2007 [128]. Recently, new applications of water have been presented including 
a radio frequency (RF) tuner [129] and a bound state in the continuum (BIC) structure [130,131]. The 
latter concerns an important concept, known from quantum physics and extended to acoustics and 
photonics, which has recently been realized in a simple microwave single-resonator strucure well-
suited for advanced microwave sensing of water. In general, WB devices exploit the high permittivity 
of water to tailor the phase and amplitude of microwave fields by invoking strong field intensities in 
the bulk water volumes. In fact, such high-permittivity bodies are known to exhibit Mie resonances 
(see e.g. [132,133]), which are the driving mechanisms behind dielectric resonators used in dielectric 
resonator antennas [134] as well as all-dielectric MMs and MSs [135]. 
 
 



 

 

        
 
Figure 1. (a) Sketch of a water molecule with the poles and dipole moment (green arrow). (b) Relative permittivity of 
water as a function of frequency for temperatures from 0 °C to 100 °C. The permittivity model includes three relaxation 
processes and is taken from [9]. 
 
 

A major difference between water and conventional microwave dielectrics is its liquid state at 
room temperature, which in general holds a major advantage: water simply takes up the shape of the 
container it is put in. With the recent progresses of 3-D printers, it is possible to produce routinely 
complex and flexible structures with cavities (see e.g. [40,52]) otherwise extremely challenging with 
e.g. high-permittivity ceramics. A simple redistribution, reshaping and/or temperature shift of water 
alters the system response in the form of a perturbation of the local fields, frequency shift and/or 
transmission/reflection change. It is also  possible to alter the permittivity of water by dissolution of 
e.g. electrolytes and salts in it, which offers another route of tuning (see e.g. [25,34,81]). Furthermore, 
as water is transparent at optical frequencies, it is possible to make the WB MS visually transparent, 
while blocking or absorbing microwaves (see e.g. [44,60,70]). The abundance, low cost, bio-friendly 
nature and dynamic properties of water make it a very interesting alternative component for extremely 
cheap, simple, bio-friendly and versatile microwave systems, albeit the losses at higher frequencies 
limit the total efficiency in non-absorbing devices. WB microwave devices cover a wide range of 
applications such as electromagnetic waves absorption, beam-steering, radar cross section (RCS) 
reduction, antennas, radomes, circuit components, heating and sensing. 

The purpose of the present work is to provide an overview of the properties of WB microwave 
devices, and pros and cons of their applications. The manuscript is organized as follows. Section 2 
introduces and discusses the permittivity model of water as well as the power absorption in lossy 
dielectrics as this plays a major role in the performance of the WB devices. In Section 3, we 
investigate the resonant properties of a single spherical water element and an array of such elements 
to shed light on the fundamental charasteristics of simple WB MSs. Subsequently, we present and 
discuss a variety of WB MMs and MSs with a range of functionalities such as wideband absorption 
as well as tunable reflection and transmission control. In Section 4, various WB antennas are 
discussed including a transparent patch antenna and a Huygens antenna for increased focusing of the 
radiated power. WB RF components including a coplanar waveguide switch and an RF tuner are 
presented in Section 5. In Section 6, we show WB structures utilizing perculiar modes such as toroidal 
modes and BICs. The later represents our very recent work showcasing how water can be exploited 
for symmetry-breaking of a BIC. At last, we discuss the applications and outlook of WB devices in 
Section 7. 
 



 

 

Table 1. Overview of water-based devices. 
Device Types References 

Single resonators 
General study  [72–76,78,79] 

MRI  [77,136] 
BIC sensor  [130,131] 

Metamaterial 

Non-resonant  [23] 
Negative index  [21] 

Topological transitition  [22] 
Fano resonance  [17] 

Material phase study  [20] 

Metasurface 

Absorber  [39–71] 
Reflector  [34–38] 

Toroidal mode  [32] 
Sensor  [137] 

All-dielectric 
Water/metal 

 [24–31] 
 [33] 

Antenna 

Monopole  [80–85,92,103,122–126] 
DRA  [86–91,93–101,119,120]  

Helical  [102,104] 
Patch  [105–108] 

Microstrip loading 
Hybrid 

 [109–113,115] 
 [116] 

Array  [114,117] 
Yagi-Uda  [118,121] 

RF components Switch 
Tuner 

 [128] 
 [129] 

 
   

2. Permittivity of water 
The permittivity of water fits the single relaxation Debye model with a good approximation from 
static to 50 GHz at room temperature (see e.g. [15] for an overview of permittivity models). However, 
recent studies show that the underlying reorientation of the water molecules are not Brownian 
motions, but discontinuous ‘jumps’, when an appropriate defect occurs in the hydrogen 
network [6,7,15]. Furthermore, the Debye model ignores the dipole-dipole interaction, which is also 
considered to be incorrect. Still, the experimental data can be fitted very well with the Debye model. 
Ellison [9] presented a very useful analytical model of the permittivity based on the fitting of 
experimental data for frequencies from static to 25 THz and temperatures 0 – 100 °C. Presently, we 
provide Ellison’s simplified permittivity model based on three relaxation processes fitted for 
frequencies from DC to 3 THz for temperatures 0 – 100 °C,  

assuming the time factor exp(iωt) with t being the time, 𝜔 - the angular frequency and 𝑇# - the 
temperature given in °C. The static permittivity 𝜀$(𝑇#) = 87.9 − 0.404𝑇# 	+ 	9.59 × 10%&𝑇#' −
1.33 × 10%(𝑇#), the optical permittivity 𝜀*,,(𝑇#) = 𝑎,exp	(−𝑏,𝑇#) and the relaxation time 

𝜀!(𝜔, 𝑇#) = 𝜀$(𝑇#) + 𝑖𝜔;
𝜀*,,(𝑇#)𝜏,(𝑇#)
1 − 𝑖𝜔𝜏,(𝑇#)

)

,-.

	, (1) 



 

 

𝜏,(𝑇#) = 𝑑, exp >−
/!

[/"1/#]
? with the critical temperature 𝑇3 = 132 °C. Other constants are provided 

in Table 2. 
 
Table 2. Values for the constants in Eq. (1). 

𝑛 𝑎$ 𝑏$ × 10%&	[°C%'] 𝑑$	[fs] 𝑇$	[°C] 
1 79.3 4.33 135 653 
2 3.61 10.7 0.365 1220 
3 1.97 2.52 5.10 396 

 
In Fig. 1(b), we show the frequency and temperature dependence of the relative permittivity of 

water from 0.1 to 3,000 GHz. At low frequencies (< 1 GHz), 𝜀!"  is high, while 𝜀!"" (responsible for 
material losses) is low. At room temperature (20 °C), the real part is approximately 80 from low 
frequencies up to 3 GHz. It decreases dramatically at higher frequencies, while the absorption 
increases and peaks around 20 GHz. The two other relaxation processes start at frequencies above 
100 GHz and decreases the permittivity even further.  

We see that increasing the temperature of water blue shifts the permittivity spectrum, and at low 
frequencies, the permittivity decreases. Bringing the water temperature from 0 °C to 100 °C, 
decreases the permittivity from 86.8 + i9.2 to 55.8 + i0.71 at 1 GHz. Interestingly, it is often the 
change in 𝜀!"  that is highlighted, whereas in fact, it is the imaginary part 𝜀!"" , which is more affected 
by the temperature shift. Despite of this, we must emphasize, that it is the high 𝜀!" , which allows for 
the strongly induced fields in the WB devices, and thus providing their particular properties. 

Next, we present an important aspect of the power absorption in resonant water structures. From 
Poynting’s theorem, one finds that the absorbed electromagnetic power in lossy dielectrics can be 
determined as [138] 

where 𝜀4 is the free-space permittivity, 𝐄 is the electric field,	𝑑𝑉 is the infinitesimal volume element 
and 𝑉# is the volume of water. Since water can attain different temperatures in its volume, 𝜀!′′(𝑇#) 
is placed inside the integral. We emphasize that 𝑃56$ is not only proportional to 𝜀!′′(𝑇#), but also to 
|𝐄|'. At resonance, |𝐄| is maximum, however, if 𝜀!′′(𝑇#) increases, the intensity of the resonance, 
and therefore, |𝐄| decreases. For low-loss dielectrics, increasing 𝜀!′′(𝑇#)	causes a growth in 𝑃56$ as 
the intensity is only slightly decreased. For lossy dielectrics, e.g. water, the opposite can happen 
because the intensity of the electric field is greatly reduced by the losses. 
 
3. Metasurfaces and metamaterials 
In this section we present several water-based MSs and MMs, which pave the route towards cheap, 
tunable and bio-friendly alternatives for many microwave applications. In general, they are based on 
dielectric resonators, also known as Mie resonators, and take the form of small water inclusions in 
low-dielectric hosts. Therefore, we will start by presenting the case of a single water inclusion, 
namely a sphere, and investigate it’s scattering and absorption characteristics. 
 

𝑃56$ =
𝜔𝜀4
2 F 𝜀!′′(𝑇#)|𝐄|'𝑑𝑉

7"
, (2) 



 

 

       
 
Figure 2. (a) Scattering and absorption efficiency spectra when a plane wave is incident on a single water sphere (the 
configuration is shown in the inset). (b) Transmittance (T), reflectance (R) and absorption (A) spectra of a MS consisting 
of a square lattice of water spheres under normal plane wave incidence. The sphere radius is 𝑟( = 21.6 mm and the lattice 
constant 𝑎 = 75 mm. 
 
3.1 Mie resonances in single water inclusions 
High relative permittivity of water enables realization of compact Mie resonators with high energy 
extinction. In fact, this is the mechanism behind the Internet parlor trick pertaining the sparking of 
two cut grape hemispheres inserted into a microwave oven [78]. As an example, let us take the 
classical case study of a plane wave incidence on a dielectric sphere, which was also investigated 
in [74]. The water sphere has radius 𝑟8 = 21.6 mm and temperature 𝑇# = 20 °C and is placed in free 
space. Of course, the water cannot sustain the spherical shape without being placed in a container, 
however, there are many solid dielectrics available to this end with permittivities close to that of air 
in the microwave frequencies, see e.g. [139]. The spectrum of the scattering and absorption 
efficiencies are shown in Fig. 2(b). We can divide the spectrum into three parts: I. Below 0.5 GHz, 
the incident wave passes the sphere nearly unperturbed; II. From 0.5 to 3 GHz, resonances drive the 
response; III. Above 3 GHz, the water sphere scatters as a metallic object of similar size. We are, of 
course, interested in the part where the resonances govern. There are several resonances, and their 
frequencies are controlled by judiciously changing the water amount, shape and permittivity of the 
water volume. E.g., by increasing the temperature, we effectively reduce the permittivity, and thus 
blue shift the spectrum (see e.g. [17,19,89]). 

According to the Mie theory, different types of multipole modes can be excited in the dielectric 
sphere. However, due to the losses in water, only dipole modes are excited efficiently, namely 
magnetic (m) and electric dipoles (p) with the first being the most pronounced. All other modes like 
quadrupoles or even octupoles are suppressed by the losses. Furthermore, the losses cause the high 
absorption and broadening of the resonances. Two ways to reduce losses (i.e. making 𝜀!′′ smaller) 
are by either increasing the size of the sphere, corresponding to red shifting the spectrum or increasing 
the temperature (see e.g. [74]). Other types of water-based inclusions have been investigated 
including cylinders [73], a water-metal hybrid structure [79] and even more complex shapes [47,59]. 
Their fundamental electromagnetic properties display various performance characteristics providinga 
variety of options for the designing of WB devices composed of resonators. 

 
 



 

 

        
 
Figure 3. Control of transmission and reflection with simple WB MSs. (a) Simulated transmittance spectra for a WB MS 
with different stretching/compressing of its water spheres. The excitation is a linearly polarized plane wave at normal 
incidence. (b) and (c) MS with partially water-filled inclusions in foam host. (b) Sketch of one MS element (left) and 
photograph of the MS putted in the experimental setup (right). (c) The measured and simulated transmission of waves 
with different polarizations is changed through simple mechanical rotations. (d) and (e) Measured and simulated reflection 
and transmission spectra of a MS with rod-like water elements in a Rohacell 51 HF host material. The measurements are 
performed in a rectangular waveguide, which emulates an infinite periodic extension of the MS. (d) shows the 0° rotation 
of the MS and (e) the 90° rotation. Insets show the MS placed in a waveguide section. Figures are reproduced with 
permission from: (a), [19]; (b)–(c), [24]; (d)–(e), [28]. 
 
3.2 Resonances in simple metasurfaces for wave control 
All-dielectric MSs are composed of a matrix of high permittivity inclusions in a low permittivity host. 
First, we show results for a simple all-dielectric WB MS of identical water spheres in Fig. 2(c), similar 
to a MS proposed in [19]. The lattice constant is a = 75 mm and the radius and temperature are the 
same as in our example in Section 3.1 with the single sphere. We find that the dipole resonances drive 
the response of the MS and cause a significant change in transmission, reflection and absorption. 
Most of the extinct energy is absorbed, but it is not as pronounced as in the case of a single sphere. 
This is due to the coupling of the spheres, which provides yet another tuning parameter. 

By changing the shape of the water, it is possible to control the spectrum as demonstrated in Fig. 
3(a), where the sphere is stretched/compressed in different ways [19]. Depending on 
stretching/compression of the water volume, the dipole resonances can be moved spectrally closer to 
or away from each other. Gravity can also be utilized to control the water shape. By mechanical 
rotation of the structure with partially filled containers, it is possible to alter the transmission and 
reflection as shown in Fig. 3(b) [24]. The measurements were performed in anechoic conditions and 
the MS response to both linear and circular polarizations was investigated. In Fig. 3(c), a MS 
consisting of rod-like water inclusions in a Rohacell 51 HF host was demonstrated to have switching 
capabilities through 90° mechanical rotation of the MS [28]. Magnetic dipole resonances were 
excited in the water inclusions for the original position of the MS (0° rotation angle) resulting in high 
reflection of the incident wave – the non-transmissive state. Rotating the MS by 90° greatly increased 
the transmission as no resonances were excited. The experiment was conducted using a rectangular 
waveguide, which emulated a periodic extension of the MS consisting of only 6 elements. 
Furthermore, stacking multiple MSs further decreased the transmission for 0° rotation and increased 
the transmission for 90° rotation. The latter was provided by the balancing of electric and magnetic 



 

 

dipoles satisfying Kerker’s condition, see e.g. [133,140,141] for more information about Kerker’s 
condition and small directive scatterers. 

The temperature tuning capability of the MSs in Fig 3(a) and (c) was investigated numerically, 
both depicting a linear frequency blue-shift of around 0.14 %/°C and 0.25 %/°C, respectively, when 
increasing from 0 °C to 100 °C [19,29]. Heating of the MS can be done by various stimuli, for 
example, by light, microwaves, chemical reactions, mechanical friction and electrical current. All 
methods make the system more complex, and due to water’s exceptional heat capacity, significant 
energy is required for heating. This is perhaps why experimental studies of temperature tuning of WB 
MSs are scarce [17,20,51,65]. 

  

  
 

 
Figure 4. WB MS absorbers. (a) Photograph of a MS absorber of periodic water droplets. (b) and (c) show the measured 
absorption spectra for different droplet sizes. (d) Photograph and (e) measured absorption spectra of a flexible MS 
absorber for various water fillings. (f) Measured and simulated absorption spectra of a 3-D printed Swastika-shaped MS 
absorber. The insets show a photograph and sketch of the MS. (g) Relative bandwidth vs. the center frequency for different 
WB MS absorbers [39–60,62,63,66–71]. Figures are reproduced with permission from: (a)–(c) [39]; (d)–(e), [40]; 
(f), [59]. 
 
 
 



 

 

3.3 Metasurface absorbers 
Perhaps the most successful application of WB MSs is with absorption of microwaves [39–71]. The 
high permittivity and losses of water makes it an excellent material for both narrow and broadband 
absorbers, see Fig 4. The first WB MS absorber was proposed by Yoo et al. in 2015 [39], Fig. 4(a)-
(c). It consisted of distilled water droplets on a FR4 substrate with hydrophobic/hydrophilic surface 
patterning on the frontside and a ground conducting plane on the backside. The height of the droplets 
was controlled with simple addition/removal of water effectively changing the absorption bandwidth. 
Additionally, the diameter was also adjusted with different hydrophobic/hydrophilic surface 
patterning. The MS had an absorption bandwidth (absorptivity higher than 90 %) that covered 43 % 
of the central frequency, which was achieved with three resonances excited in the MS distributed 
across its spectrum. 

Beside the large absorption bandwidth, WB MS absorbers can function for both TE and TM 
polarizations as well as for a wide range of incidence angles. Furthermore, they are also less sensitive 
to temperature-changes compared to other WB devices. As noted previously, water also introduces 
additional advantages besides those provided by its high permittivity. Some of the WB MS absorbers 
feature visual transparency [43,44,60,70], which opens for the possibility of windows for stealth 
vehicles, vessels and aircrafts as well as anechoic chambers. WB MSs can also be made flexible as 
is the case for the MS proposed in [40], see Fig. 4(d). The flexibility was provided by a dielectric 
substrate of methyl methacrylate (PMMA) host making it possible to cover objects of different shapes 
with the MS. Similar to [39], the height of the water drops could be adjusted, albeit here microfluidic 
channels were used instead, see Fig. 4(e). 

More complicated designs have been proposed for further performance enhancement. Recently, a 
MS composed of 3-D printed Swastika-shaped water inclusions have been investigated in [59] 
showing ultrabroadband absorption bandwidth of 136 % (9.3–49 GHz), see Fig. 4(f). The MS is made 
of polylactic acid host structure with water inclusions connected by fluidic channels. The thickness 
of the MS is between 1/10 and 6/10 of the free-space wavelength in the frequency operation band. 
Here, we emphasize that, besides Mie resonances in the water inclusions, other mechanisms like e.g. 
Fabry-Pérot resonances contribute to the absorption. Simulation results show minimal dependence 
on changes in water permittivity due to temperature shifts, and thus, the MS can be employed under 
various conditions as long as the water does not freeze or boils. Furthermore, the absorption efficiency 
is above 80 % for TE (TM) waves with incidence angles below 45° (60°). 

A map of the center frequencies and relative bandwidths of all WB MS absorbers operating in the 
frequency band 0.7-74 GHz is shown in Fig. 4(g). The trend shows that the relative bandwidth 
increases with the increasing center frequency. We believe that this stems from the dispersion of 
water’s permittivity: the quality factor of the resonances simply decreases as the loss tangent of the 
water increases, effectively permitting larger relative bandwidths at higher frequencies. 

A WB MS absorber operating in the THz-regime was recently proposed [61]. The band of potential 
90 % absorption extended with 66.5 % bandwidth is centered around the center frequency of 6.77 
THz. The MS consists of water inclusions in a polytetrafluoroethylene (PTFE) layer sandwiched by 
a biased graphene layer on the top and a gold layer on the bottom. The MS can potentially be tuned 
dynamically by changing the bias of the graphene layer. 

Implementations of WB MS absorbers in microwave systems have been few so far. One has been 
absorbers in radomes, which are designed to reflect/absorb the frequencies outside the pass 
band [64,65]. Frequency tuning of the WB absorber for radomes by mechanical perturbation and 
temperature shift of the water volume was demonstrated in [65]. 
 



 

 

        
 
Figure 5. Reflection control with WB MS reflectarrays. (a) and (b) MS reflectarray in the form of cylindrical water 
inclusions in a Rohacell 51 HF host backed with ground conducting plane. (a) Photograph of the fabricated MS. (b) The 
reflection efficiency as a function of the reflection angle for x- and y-polarized plane waves at normal incidence. (c) and 
(d) MS with tunable reflection properties through different water-filling coding sequences. Both distilled water and NaCl 
solutions are used for the filling. (e) Photograph of the fabricated MS with the coding sequence “01010101” and (d) the 
measured and simulated radiation pattern (gain in dB). The inset in (c) shows a sketch of the MS and the radiation pattern. 
(e) and (f) Reflection tuning of transparent MS with microfluidic channels. (e) Photograph of the fabricated MS and (f) 
measured reflection spectra for different water-fillings. Inset in (d) shows the simulated far-field scattering. Figures are 
reproduced with permission from: (a)–(b) [36]; (c)–(d), [34]; (e)–(f), [37]. 
 
3.4 Reflection control with metasurfaces – towards WB reflectarrays 
MSs exhibiting anomalous reflection are called MS reflectarrays. They carefully manipulate the 
amplitudes and phases of the local scattered fields across the MS to tailor the reflected waves at will. 
This is governed by the generalized Snell’s law for a structure with the spatial phase variation Φ(x,y) 
across its surface 

with 𝜃9 and 𝜃! being the incidence and reflection angles, respectively, and 𝜆4 being the free-space 
wavelength. In MS reflectarrays, subwavelength scatterers, placed across the MS, are used to provide 
discontinuous phase shifts, effectively changing the reflection angle of the reflected wave. The main 
task is to find these scatterers providing the required phase shift, while maintaining a high reflection. 
For example, if an anomalous plane wave reflection is desired, then a periodic linear phase shift of 
2π each x and/or y = λ0 is required. Many metallic and a few dielectric microwave MS reflectarrays 
have been demonstrated with very high efficiencies, however, they lag tuning capabilities [142]. 
Introducing tuning parameters to the systems has shown inevitable efficiency reductions. 

Different configurations of WB MS reflectarrays have been used [34–37], as shown in Fig. 5. The 
simplest one perhaps is composed of cylindrical water inclusions in a Rohacell 51 HF host backed 
with a metallic ground conducting plane [36], see Fig. 5(a) and (b). Almost a full 2π phase control 
was obtained with a magnetic dipole resonance induced in the water cylinders (water temperature of 
20 °C) through variation of the cylinder height. A supercell of eight elements anomalously reflected 
a normally incident plane wave at a reflection angle of 51.3°. Nearly all reflected power was 

sin 𝜃! − sin 𝜃9 =
𝜆4
2𝜋

𝜕'𝛷(𝑥, 𝑦)
𝜕𝑥𝜕𝑦  (3) 



 

 

channeled into the desired direction, albeit the water losses limited the total reflected power to around 
37 % of the incident power. Potentially, the MS can be reconfigured for different reflection angles or 
frequency operation by simply changing the height of water in the cylindrical inclusion or by 
changing its permittivity (with temperature and/or salinity changes). Since the containers for the water 
are identical, the number of inclusions in the supercells can be adjusted as well. 

Another type of WB MS reflectarray was investigated in [34], see Fig. 5(c) and (d). The MS 
consisted of a sheet of Teflon woven glass (F4B) with metal coding pattern backed with a saline water 
substrate and metallic ground conducting plane. Reflection was controlled by varying the water 
salinity. Furthermore, the radiation pattern could be tailored by reconfiguration of the metal coding 
pattern. In [35], diodes were incorporated into the MS to introduce another means for tuning. The 
radiation pattern was altered by switching the bias voltage of the diodes between on and off. 

A similar MS design was reported in [37], Fig. 5(e) and (f). The MS consisted of a periodic element 
with films of Indium Tin Oxide (TIO) spaced with a PMMA substrate. Water inclusions were 
embedded into the substrate and were connected with microfluidic channels. Through rotation of the 
element, a checkered subarray pattern was constructed. The water inclusion volumes were varied 
illustrating dynamic tuning of the reflection, see Fig. 5(f). Interestingly, the MS is very transparent at 
visible frequencies making it possible to employ it in situations, where visual transparency is desired, 
while impeding microwaves. 

WB MS reflectarrays show promising tunability and/or reconfigurability. However, many of them 
are slow, and the water losses cause modest efficiencies. Still, the purpose of using water is to make 
simple, cheap and bio-friendly alternatives to conventional devices. 

 

   
 
Figure 6. (a)–(b) Demonstration of WB MM consisting of non-resonant water-filled cylindrical containers. Tuning of the 
MM is demonstrated by changing of water content as well the salinity level of water. (a) shows photographs of the MM 
and the experimental setup consisting of an open TEM waveguide. (b) and (c) show the effective permittivity and 
permeability spectra, respectively, for air and different fillings of saltwater (SW) and distilled water (DW). (d)-(e) 
Metamaterial structure with equivalent negative refractive index. (d) Photograph of the experiment composed the 
metamaterial placed in a TEM waveguide. (e) Simulated and measured normalized electric field as along the axis parallel 
to the metamaterial. Figures are reproduced with permission from: (a)–(c), [23]; (d)–(e), [33]. 
 
 



 

 

3.5 Metamaterials 
The high permittivity of water enables realization of MMs with very low filling ratios [20,23]. A WB 
MM consisting of water-filled cylindrical containers with tunable properties was proposed in [23], 
see Fig. 6(a) and (b). By changing the permittivity of water and/or filling of the cylindrical containers, 
the effective material parameters can be tuned. Refractive indices between 1 and 2 over a broad 
frequency band and with filling ratios less than 0.07 were achieved. The MM is simple and cheap and 
can be applied for transformation optics, lenses or demonstration of wave physics. 

A simple MM composed of metallic frames and water cylinders exhibit effective properties of a 
negative refractive index material [33]. Such materials, not naturally existing in nature, have attracted 
much attention in recent years with the potential of realizing devices such as lenses and waveguides 
that can go beyond the diffraction limit [143]. A magnetic dipole is excited in the water cylinders, 
which provides the negative magnetic response. The metallic frame brings the equivalent negative 
permittivity, and the effective refractive index is calculated to be –1.0 at 3.4 GHz. The experimental 
setup as shown in Fig. 6(d) is composed of a TEM rectangular waveguide with the MM placed in 
between the transmitter and the receiver of the waveguide. The MM has a flat surface towards the 
transmitter, whereas the surface towards the receiver is inclined by 11 degrees. The simulated and 
measured normalized electric field along a line parallel to the MM is shown in Fig. 6(e). The incidence 
wave is mostly refracted in the opposite direction than normally happens with natural materials. This 
is the consequence of the negative effective refractive index. 

WB MMs have been few in numbers thus far, which is not surprising due the losses in water. To 
minimize the losses, non-resonant inclusions were applied in [23], whereas in [33], the MM was not 
a full 3-D periodic material. A WB MM capable of topological transitions was proposed in [22], and 
consists of water-coated copper wires embedded in a ceramic host medium. By exploiting water 
permittivity’s temperature dependence, potential of tuning the dispersion of the MM from being 
elliptic to flat and further to hyperbolic was demonstrated. However, we must emphasize that the 
water losses were neglected in the study, and thus the real response of the MM remains missing. 

 
 
 

         
 
Figure 7. WB microwave antennas. (a) Photograph and (d) schematic of a seawater antenna. (c) Photograph of a water-
loaded dipole antenna with the temperature-tuning capabilities shown in (d). (e) Photograph of a transparent WB patch 
antenna with (f) the measured and simulated reflection coefficient and realized gain spectra. Figures are reproduced with 
permission from: (a)–(b), [92,103]; (c)–(d), [94]; (e)–(f), [105]. 



 

 

 
 
4. Antennas 
The first water-based antenna was proposed and demonstrated by Kingsley and O’Keefe in 1999 [91]. 
It is a dielectric resonator antenna (DRA) composed of a water-filled (distilled) cylindrical polyvinyl 
chloride (PVC) container with an aluminum plate on the outer side. The container was placed on a 
conducting ground plane with five switchable coaxial monopole antenna feeds enabling beam-
steering capabilities. Afterwards, several water-based antenna designs have been proposed, see Table 
1. Some exploit the high permittivity of distilled water [84–91,93–96,98,102,105–107,110–
113,116,118,119], while other utilize the conductivity of saltwater [80–
83,97,99,100,104,108,109,117,121–125]. An example of the latter is shown in Fig. 7(a) and 
(b) [92,103]. It is a monopole antenna composed of a continuous stream of seawater pumped out via 
a nozzle. In transmission state, an electric current is induced in the seawater stream with a magnetic 
feed consisting of circular ferrite magnets. Through control of the height of the seawater stream, the 
operational frequency is tuned between 2 MHz and 400 MHz. 

Another type of a WB antenna is shown in Fig. 7(c) and (d) [94]. It is a water-loaded dipole antenna 
consisting of copper strips embedded into a water-filled box. The water allows for shrinking of the 
dipole antenna, which normal size is half of the free-space wavelength (λ0), however, on the cost of 
reduced total efficiency. The prototype shown in Fig. 7(c) is approximately λ0/4 in dimension and 
operates at around 0.2 GHz. By changing the temperature of the water, the antenna can be frequency-
tuned as shown by the reflection coefficient spectrum in Fig. 7(d). As the temperature increases, the 
total efficiency increases slightly stemming from the lower water absorption losses. The efficiency 
reduction due to the  increased water volume was also investigated showing significant reduction for 
box thicknesses greater than 0.04λ0. For higher frequencies, this bound is even lower. A transparent 
WB antenna is shown in Fig. 7(e) and (f). It consists of a small metallic feed surrounded by circular 
patches of water, see the image in Fig. 7(e) [105]. The antenna operates around 2.4 GHz with 
excellent matching (reflection coefficient below –20 dB) and modest realized gain (above –5 dB), 
see Fig. 7(f).  

Many WB antennas are designed with a large metallic ground conducting plane, which limits their 
applications, see e.g. Fig. 8(a)–(c). Instead, a patch of water can be employed as demonstrated with 
the WB patch antenna in Fig. 7(c).  

In many antenna applications, a signal is desired to be transmitted/received in/from a specific 
direction. Therefore, antennas with more directive radiation, and thus higher gain, must be used. Such 
Yagi-Uda WB antennas  [118,121] and array WB antennas [114,117] have been reported. A 
microstrip patch antenna loaded with a MS embedded with fluidic channels and operating at 2.62 
GHz is shown in Fig. 8(a)–(c). The beam of the antenna can be steered through reconfiguration of the 
water-fillings in the fluidic channels, see Fig. 8(c). Not surprisingly, the gain is the highest, when the 
channels are without water (Mode II). Adding water to the fluidic channels allows for steering of the 
beam, albeit halving the maximum gain. Nonetheless, the antenna constitutes a simple and compact 
alternative for beam-steering without the need of active electronic components. 

A different approach towards increased gain can be achieved in compact DRAs with simultaneous 
excitation of multiple modes [141]. A subwavelength WB Huygens DRA was demonstrated in [93] 
where balanced magnetic and electric modes were excited in the DRA at 350 MHz. As the result, 
Kerker’s condition is satisfied, see Fig. 8(d)–(f). The DRA comprises a short monopole antenna fed 
against a large ground conducting plane and encapsulated by a rectangular cuboid-shaped distilled 
water volume. The two excited dipole modes provided the DRA with twice the directivity as 
compared to a single dipole mode. The radiated power is diverted in one direction, providing an 



 

 

excellent front-to-back radiation ratio of around 40 dB. Furthermore, the DRA was self-matched to a 
50 Ohm load with a very low reflection coefficient of approximately –40 dB. 

 

         
 
Figure 8. Directive WB microwave antennas. (a) Sketch and (b) photograph of a beam-steering antenna with a WB MS. 
(c) Measured radiation pattern (normalized gain) for different water-fillings of the fluidic channels in the MS. (d) Sketch 
and (e) photograph of a WB Huygens DRA. (f) The simulated and measured reflection coefficient spectra with the inset 
showing the simulated and measured radiation pattern. Figures are reproduced with permission from: (a)–(c), [117]; (d)–
(f), [93]. 

 
The general issue with WB antennas is their reduced efficiencies due to the absorprtion losses in 

water. As the absorbed power is proportional to the square of the electric field magnitude, c.f. Eq. 
(2), the small DRAs with high intensity fields suffer most from these losses. This was investigated 
for an electrically small WB hemispherical DRA in [89] with a size 18 times smaller than the free-
space wavelength. Designed for 300 MHz operation, the effeciency was only 30 %, whereas, when 
designed for 1 GHz operation, the effiency is reduced three-fold due to the increased water losses at 
higher frequencies. 
 
5. RF components and waveguides 
Fluidic microwave components display a way towards tunable passive microwave components. 
Mostly liquid-metal has been employed in a wide variety of component types, see review [144]. A 
few WB components have been demonstrated and some of them are shown in Fig. 9 [128,129,145]. 
A coplanar waveguide (CPW) with a water drop placed on top was examined in [128], see Fig. 9(a) 
and (b). By moving the drop, the wave response could be switch between the transmission and 
reflection states. Instead of a drop atop of the CPW, the CPW line can be suspended in water for 
absorption of waves. 

A WB RF tuner was demonstrated in [129]. Through different fillings of the small cavities in a 
CPW, the impedance of the line was tuned, see Fig. 9(c). As a proof of concept, the RF tuner was 
connected to an RF amplifier, which could be frequency-tuned with different cavity fillings 
combinations, Fig 9(d). 

Additionally, we want to mention a field-effect transformer (FET) with a water drop atop presented 
in [145]. The electrostatic characteristics of the FET were investigated. With the water drop, the FET 
could support rapid bias changes, high on/off current ratios, near-ideal sub-threshold swing and 



 

 

enhanced short-channel behavior. Such FET would be interesting to characterize on microwave 
frequencies. 

 

             
 
Figure 9. RF components utilizing water. a) and b) Sketches of a water drop placed on a coplanar waveguide with 
different biases for on/off switching of guided waves [128]. (c) Photograph of a RF tuner integrated with a RF amplifier 
and (d) reflection coefficient spectra [129]. The solid (dashed) lines show the simulation (measurement) results for 
different fillings of the cavities. Figures are reproduced with permission from: (a)–(b) [128]; (c)–(d) [129].  
     
6. Structures with intriguing modes 
Dynamic toroidal moments with high Q-factor attracted a lot of attention since their first 
demonstration [146]. For efficient excitation such resonant modes require complex structures. A MS 
composed of clusters of four cylindrical water inclusions was demonstrated to exhibit a toroidal 
dipole around 1 and 2.5 GHz [32,76], see Fig. 10(a)–(d). At first, enhancement in the transmission 
was used to point on the excitation of the toroidal moment, Fig. 10(d). Later, the final proof of the 
existence of the toroidal dipole was done by the near field characterization [76]. Toroidal dipoles are 
dark modes (i.e. non-scattering) and thus their applications are limited, for example to absorbers and 
sensing. 

In recent years, BICs have become a very hot topic within photonics and acoustics [147,148], 
whereas only few have been realized at microwave frequencies [149–151]. A BIC is a perfectly 
confined resonant mode of a system open for radiation. Theoretically, it possesses an infinite Q-
factor, and is, therefore, of great interest for many applications including sensing, energy harvesting, 
lasing etc. BICs can be classified according to the number of eigenmodes involved in the scattering 
process (single or multiple) as well as to the nature of their underlying interference mechanisms 
(symmetry-enabled or accidental BICs). When losses are present and/or symmetry is broken, the BIC 
is turned into a quasi-BIC, resulting in a sharp Fano line-shape in the radiation spectrum. A general 
problem of BIC structures is that all of their experimental realizations to date have inherently relied 
on very large arrays requiring large footprints. Thus, it certainly limits their applications when 
enhanced local density of states is on demand, for example in sensing. If only a few elements are 
included in a BIC array, the Q-factor is limited to a few dozens, which can be easily achieved with 
several more conventional modes. 

Very recently, a novel symmetry-protected BIC structure has been demonstrated. It is composed 
of a single metallic resonator placed in a rectangular waveguide, see Fig 10(e)–(g). Due to the 



 

 

symmetry of the resonator, the natural modes of the waveguide could not couple to a mode existing 
in the configuration, and thus a BIC emerged. To break the symmetry, a water drop was added 
asymmetrically atop of the resonator. Thus, the BIC was turned into a quasi-BIC, revealed by the 
measured reflection coefficient in a simple tabletop experiment, Fig 10(f) and (g). The response 
depends on the shape, volume, position, temperature and salinity of the water drop. These 
dependencies were utilized to make highly advanced sensing analyses including the dissolution of 
salt crystals in water and the evaporation of tiny water volumes from the drop. Such simple, well-
controlled and cost-effective approach being quite universal can be transferred to the lower (RF) and 
higher (photonics) frequency ranges with a row of promising applications. 

 
 

        
Figure 10. (a)–(d) Demonstration of toroidal modes in an array composed of clusters of four cylindrical containers filled 
with water. (a) shows a photograph of the fabricated array with absorbing materials around it. (b) and (c) show the electric 
(top) and magnetic (bottom) field magnitudes in one cluster of cylinders. (d) shows the transmission spectra with the gray 
area indicating the frequency band of the toroidal mode. (e)–(g) A boundary-induced BIC for advanced sensing. (e) 
photograph of the fabricated resonator placed in a rectangular waveguide section. (f) Sketch of the experimental setup 
and (g) normalized measured reflection coefficient for different water volume insertions. Figures are reproduced with 
permission from: (a)–(d), [32]; (e)–(g), [130]. 
 
7. Applications and outlook 
WB devices have the potential to be simple, cheap, bio-friendly and tunable alternatives for many 
microwave applications. They find relevance in today’s increasing focus on recyclability and low 
environmental footprint of products. So far, numerous WB devices of different functionalities have 
been demonstrated showcasing advanced and diverse electromagnetic wave control with simple 
materials. Some WB devices contain rare and/or expensive materials. In these cases, the benefits of 
using water vanish, and thus it can be exchanged with low-loss dielectrics instead. 

The advantages of using water include a broad potential of dynamical reconfigurability of devices 
basing on shape flexibility, provided by water’s liquid state, easiness of volume tuning, temperature-
dependent complex permittivity and strongly nonlinear interplay of self-heating of water volumes 



 

 

due to absorption and changes in permittivity caused by this. The progresses within 3D-printing 
technology enable easy and efficient fabrication of advanced host containers for water of peculiar 
shapes on demand. In particular, WB MSs that are configured with arrays of water inclusions are 
well-suited for 3D-printing, see e.g. Fig. 4(f).  

Thus far, the most elaborated application of WB MS has been microwave absorbers. The area of 
WB MS absorbers has already matured offering various thin and flat alternatives to conventional 
absorbers. Therefore, as the forthcoming natural step we anticipate their implementations in real 
systems, such as in the case of rasorbers [64,65], combination of radomes with absorbers. Besides, 
flexible and highly absorptive surfaces of anechoic chambers, camouflaging of big reflecting surfaces 
and transparent windows terminating all microwave radiation are likely to be the first among potential 
applications. Typically, the absorbers in anechoic chambers are pyramidal polyurethane foam blocks 
loaded with carbon particles, which pose a potential health risk to direct contact personnel. 
Furthermore, such foam blocks are very expensive and bulky. Here, WB MS absorbers can serve as 
bio-friendly, recyclable and flexible alternatives. As for the other types of WB MSs, the low 
efficiency and weather-instability constitute major challenges which have to be resolved before they 
can compete with existing technology. 

WB antennas are still viewed as impracticable in real-life implementations by microwave 
engineers due to their low stability and/or reduced efficiency. Several ways to overcome these 
limitations have been presented, and hopefully challengers of WB antennas applications will be lifted 
off in the nearest years. Other liquids, including salted water, both with dielectric and conducting 
properties are becoming the point of attention [127]. As a matter of fact, a sea antenna has already 
been piloted for military usage [92]. 

Recent research efforts have demonstrated new possibilities of water as a new element in 
conventional systems [129,130]. In particular, the single resonator structure with a localized BIC, in 
which water was used to break the symmetry of the system, enables the possibility of practical 
microwave BICs. Besides the obvious advantages of simple and low-cost microwave setups, such 
localized BICs can overcome many intrinsic limitations of the more traditional microwave modes. 
They may thus open the possibility of truly novel and highly tunable microwave devices including 
MSs for advanced microwave control and sensing. We believe that the WB circuitry and just single 
water elements adding functionalities to the systems are in the beginning of the research boom, which 
will be driven in a long term by the UN proclaimed goals on global sustainability and human-friendly 
environment. 
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Mie Resonances in Water Spheres for Microwave
Metamaterials and Antennas

Rasmus E. Jacobsen, Samel Arslanagić, and Andrei V. Lavrinenko

Abstract – All-dielectric metamaterials rely on
high-permittivity inclusions, which support Mie reso-
nances. At microwave frequencies, distilled water
exhibits a relatively high permittivity with tunable
dynamic properties that are interesting for microwave
devices, although absorption in water reduces their
efficiency. In this paper, we investigate the scattering
and absorption of single water spheres of various sizes
and temperatures. The study is based on analytical
calculations of Mie resonances. We also investigate the
balanced electric/magnetic dipole excitation for more
directive scattering in the forward direction. Finally, we
discuss the major differences and similarities between
water spheres and water cylinders. The results can be
used as guidelines for metamaterial-based components
as well as for dielectric resonator antenna designs.

1. Introduction

All-dielectric metamaterials (MMs) and metasur-
faces (MSs) are preferred over the metallic versions
because they possess lower intrinsic losses and
potentially higher efficiency [1]. They are typically
composed of high-index inclusions in a low-index host,
where Mie resonances are excited in each individual
inclusion. At optical frequencies, the variety of high-
index materials is poor compared to microwave
frequencies. We find water of particular interest because
it holds the potential to be the fundamental element in
cheap and bio-friendly microwave MS wave transform-
ers (such as transmitarrays and reflectarrays), MS
absorbers, and dielectric resonator antennas, to mention
a few. Several water-based devices have already been
demonstrated; see, e.g., [2–8]. The dynamic properties
of water’s permittivity—along with its liquid state—
offer multiple tuning parameters. However, the absorp-
tion in water constitutes a major obstacle toward its
application for nonabsorber devices, and this is
particularly the case for high frequencies. Thus, water
inclusions belong in general to lossy high-permittivity
particles in MSs. Nevertheless, losses are to some extent
moderate up to about 2 GHz at 208C, which is the
frequency range of our interest.

The purpose of this work is to study the scattering
and absorption efficiencies of a subwavelength resonant

water inclusion. Scattering and absorption of micro-
waves and light in rain (i.e., a collection of small water
droplets) were studied many years ago [9, 10]. We
render variations of both temperature and size to
provide a more elaborate analysis and deeper insight
compared to our previous efforts [11, 12]. Here we
focus on the spherical shape because it resembles many
of the water inclusions found in previously reported
MSs. In addition, the canonical problem can be treated
analytically using spherical vector wave formulation,
eliminating the need for heavy numerical simulations,
and thus enabling more extensive studies. Both electric
and magnetic dipoles can be excited in the sphere, but
we pay most of our attention to the latter because it is
the dominant mode. MSs with dielectric inclusions
satisfying the first Kerker condition are currently of
great interest [7, 13–15]. We demonstrate that this
condition can also be satisfied in a water sphere, and we
investigate how it is affected by the water losses.

This letter is organized as follows: section II
presents the configuration and quantities as well as the
obtained results; a summary and conclusions are given
in section III. Throughout the work, the time factor
exp(jxt), with the angular frequency x and the time t, is
assumed and suppressed.

2. Configuration and Results

We consider the canonical configuration sketched
in Figure 1a: a linearly polarized plane wave incident on
a sphere of distilled water with radius rw, relative
permittivity er;w ¼ e0r;w � je00r;w, relative permeability
lr;w ¼ 1, and temperature Tw. The sphere is enclosed by
free space with the permittivity and permeability e0 and
l0, respectively. A rectangular (x, y, z) coordinate
system is introduced with the associated spherical (r, h,
/) coordinate system. The incident electric field is x-
polarized and given by Ei ¼ bxE0exp �jk0zð Þ with
E0 ¼ 1 V=m. The model of the relative water permit-
tivity is taken from [16] and is shown in Figure 1b. The
response of the sphere is described by the absorption,
scattering, and extinction efficiencies, related by
Qabs ¼ Qext � Qsca, where [10, chap. 4]

Qsca ¼
2

k0rwð Þ2
X‘

n¼1

2nþ 1ð Þ anj j2 þ bnj j2
� �

ð1Þ

Qext ¼
2

k0rwð Þ2
X‘

n¼1

2nþ 1ð ÞRe an þ bnf g ð2Þ

where k0 ¼ 2p=k0 is the free-space wavenumber and k0

the free-space wavelength. The solutions to the
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S. Arslanagić is with the Department of Electrical Engineering,
Technical University of Denmark, Oersteds Plads 348, 2800
Kongens Lyngby, Denmark; e-mail: sar@elektro.dtu.dk.

URSI RADIO SCIENCE LETTERS, VOL. 1, 2019 DOI: 10.46620/19-00111



expansion coefficients of the TEr and TMr scattered
field components, an and bn, respectively, can be found
in [10, 11]. Each n corresponds to a different mode
excited in the sphere, with n ¼ 1 being the lowest-order
dipole mode.

Both magnetic (a1) and electric (b1) dipoles, as
well as quadrupoles (n ¼ 2), can be excited in the water
sphere. However, the largest interaction with the field of
the incident plane wave comes with the magnetic dipole
as the round shape of the sphere stimulates circulating
polarization currents [2, 11]. At resonance, the magnetic
dipole gives rise to a peak in both scattering and
absorption. The losses in water reduce the overall
efficiency, especially at frequencies above 1 GHz, but
this also depends on the temperature of water; cf. Figure
1b. The total magnetic and electric fields in the xz-plane
of a sphere with rw ¼ 50 mm at its magnetic dipole
resonance frequency (331 MHz) is shown in Figure 2.
The electric field is maximal near the periphery inside
the water sphere, around which it circulates. This results

in an enhanced magnetic field at the center of the
sphere.

As the efficiency of a system composed of
resonant water spheres—or any other resonant water
structures—depends on both frequency and water
temperature, we investigate the performance for single
resonant spheres of various sizes and resonance
frequencies. We use the single-scattering albedo
Qsca=Qext to show the amount of the extinct power that
is scattered. The magnetic dipole resonance frequency fr

and the single-scattering albedo (as a percentile) as
functions of the sphere radius and water temperature are
shown in Figure 3. The calculation is performed for
radii (temperatures) between 20 mm (08C) and 200 mm
(1008C). The resonance frequency increases with a
decreasing radius and/or temperature due to the change
in the water’s permittivity. As a consequence of the
higher frequency and/or lower temperature, the effi-
ciency decreases. The 50% albedo level is shown by the
red line in the figures, and we observe that the increase
in the resonance frequency dramatically reduces the
range of spheres with an albedo level above 50%. At
room temperature (208C), the spheres with resonance
frequencies higher than 144 MHz exhibit albedo levels
lower than 50%, and at 1 GHz, the albedo level is
reduced to only 13%. The calculated albedo levels are
comparable to the albedo levels for systems composed
of resonant spherical water elements as well as other
types of resonant electrically small water elements [2,
8].

Having considered fundamental properties of
dipole resonances in water spheres, we next explore
their possibility of providing enhanced scattering in the
forward directions because transmitting MSs rely on
such elements. This can be achieved with elements
satisfying Kerker’s first condition, which exhibit

Figure 1. (a) Sketch of the water sphere illuminated by a plane wave
and (b) the complex relative permittvity of water (er;w ¼ e0r;w � je0 0r;w)
as a function of frequency and temperature [13].

Figure 2. Total magnetic and electric fields in the xz-plane for a
sphere with rw ¼ 50 mm and Tw ¼ 208C. The frequency is 331 MHz.
Colors show the total magnetic field magnitude normalized with the
incident magnetic field magnitude. The arrows display the magnitude
and direction of the total electric field (linear scale).
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suppressed (enhanced) backward (forward) scattering
[15]. For a sphere this occurs when a1 ’ b1 correspond-
ing to m ¼ vp, with m (p) being the induced magnetic
(electric) dipole moment and v the speed of the
electromagnetic wave in the host medium. This assumes
that the dipole modes are the dominant modes in the
sphere, and at low frequencies they are dominant. We
analyze this condition by evaluating the front-to-back
ratio (FBR):

FBR ¼ r0
s 0; 0ð Þ

r0
s p; 0ð Þ ¼

P‘
n¼1 2nþ 1ð Þ an þ bnð ÞP‘

n¼1 2nþ 1ð Þ �1ð Þn an � bnð Þ

����
����
2

ð3Þ
where r0

s h;/ð Þ is the differential scattering cross section
[10, chap. 4]. From the denominator in Eq. (3), it is
obvious that for a1 ¼ b1 FBR will increase dramatically
if we assume that the other modes are weakly
contributing to scattering. The maximized FBR, where
Kerker’s first condition is satisfied, was computed for
various sphere sizes at 208C. The result is shown in
Figure 4 with the frequency included. As the radius
increases, the FBR increases significantly because of the

decrease in frequency and, hence, the decrease of losses
in water. This shows that the Kerker condition is highly
affected by losses. The normalized differential scatter-
ing cross section r0

s h; 0ð Þ=A, with A ¼ pr2
w being the

cross-sectional area of the sphere, is shown as an inset
in Figure 4 for a sphere with rw ¼ 50 mm. The
scattering pattern resembles the characteristic cardioid
that two balanced magnetic and electric dipoles exhibit.
It should be noted that the total scattering is very low
because the dipoles are weakly excited. To maximize
the scattering, the dipole resonance frequencies must
overlap, but the fulfillment of the condition a1 ¼ b1

remains. Other larger element shapes satisfying Ker-
ker’s first condition exhibit greater scattering, but their
sizes are also significantly larger [7, 13–15]. Using
elements composed of both metal and water, it can be
shown that the FBR can be enhanced as well as the total
scattering efficiency. These results will be reported
elsewhere.

As a final remark we note that related cylindrical
structures were also investigated [12]. Both TE and TM
polarizations were studied, with the latter having a
dominating monopole mode. The TE polarization
response resembles that of the sphere, and, only for
this polarization, Kerker’s conditions can be satisfied.
We calculated the dipole moments and found that the
electric dipole moment is highly polarization sensitive,
whereas the magnetic dipole moment is identical for
both polarizations. The cylindrical structures may prove
useful for, e.g., anisotropic MSs.

4. Summary and Conclusions

Scattering of plane waves by resonant water
spheres of various sizes and temperatures was investi-
gated. The scattering and extinction efficiencies were
calculated and compared, and we showed that water
spheres at room temperature (208C) and with resonance
frequencies above 144 MHz have single-scattering
albedo levels lower than 50%. The efficiencies of the

Figure 3. Colors show (a) the magnetic dipole resonance frequency
(fr) and (b) the single-scattering albedo (Qsca=Qext) as functions of the
sphere radius (rw) and water temperature (Tw). The red lines display
the 50% effeciency boundary.

Figure 4. FBR and frequency as functions of the sphere radius (rw) at
208C water temperature. The inset shows the normalized differential
scattering cross section r0

s hð Þ=A (with A ¼ pr2
w) in the xz-plane for a

sphere with rw ¼ 50 mm.
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single spheres are similar to those for the systems of
spheres reported previously. In addition, the differential
scattering cross section was analyzed with a focus on
maximizing (minimizing) the forward (backward)
scattering, where the water losses also had a negative
impact. Finally, we discussed the main difference
between water spheres and cylinders. The results can
be applied directly or as guidelines for designing
metamaterial-based elements of circuitry as well as
for constructing water-based dielectric resonator anten-
nas.
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APPENDIX C
Paper 3: ”Tunable water-based

metasurface for anomalous wave
reflection”

A water-based metasurface MS reflectarray with reconfigurable reflection angle is

demonstrated. The manuscript is published.
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EJQPMF JOEVDFE JO UIF XBUFS DZMJOEFST XIJDI JT PO SFTPOBODF
GPS I = ���� NN XIFSF UIF NJOJNVN JO UIF SFáFDUJPO DPFG�
àDJFOU J�F� NBYJNVN BCTPSQUJPO JT� 5IF UPUBM NBHOFUJD àFME
NBHOJUVEF 	DPMPST
 BOE UIF OPSNBMJ[FE FMFDUSJD àFME 	BSSPXT

JO UIF Y[�QMBOF PG B SFTPOBOU XBUFS DZMJOEFS XJUI I= ���� NN
BSF TIPXO JO àHVSF �	C
 FYIJCJUJOH UIF DIBSBDUFSJTUJDT PG B
NBHOFUJD EJQPMF SFTPOBODF� UIF FMFDUSJD àFME JT NJSSPSFE CZ
UIF 1&$ HSPVOE QMBOF BOE DJSDVMBUFT OFBS UIF QFSJQIFSZ JOTJEF
UIF XBUFS DZMJOEFS HFOFSBUJOH BO FOIBODFE NBHOFUJD àFME�

8F BMTP TUVEJFE WBSJBUJPO PG UIF SBEJVT 	SFTVMU JT OPU
JODMVEFE
 BOE UIF SFTVMU JT TJNJMBS UP UIBU JO àHVSF �	B
� )PX�
FWFS XF GPVOE UIF .4 XJUI DZMJOEFST PG WBSZJOH IFJHIUT BOE
àYFE SBEJVT UP CF NVDI FBTJFS UP GBCSJDBUF�

8JUI UIF GSFRVFODZ BOE B CFJOH àYFE UIF TVQFSDFMM JT DPO�
TUSBJOFE UP /> � DZMJOEFST GPS "S < ��!� 1SFTFOUMZ B .4 XJUI
B TVQFS DFMM PG /= � DZMJOEFST JT JOWFTUJHBUFE XIJDI IBT
UIF FYQFDUFE àSTU PSEFS SFáFDUJPO BOHMF PG "S = ��.�!� )JHIFS
PSEFS SFáFDUJPOT EP OPU FYJTU BT UIFJS SFáFDUJPO BOHMFT XPVME
CF MBSHFS UIBO ��!� $ZMJOEFST XJUI QIBTF KVNQT PG !#= ��!

XFSF TFMFDUFE GPS UIF .4 BOE UIF IFJHIU GPS FBDI DZMJOEFS JT
MJTUFE JO UBCMF ��

�
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'JHVSF �� /VNFSJDBM JOWFTUJHBUJPO PG UIF TRVBSF MBUUJDF PG JEFOUJDBM
DZMJOEFST 	/ = �
� 	B
 5IF TRVBSFE NBHOJUVEF BOE SFMBUJWF QIBTF PG
UIF SFáFDUJPO DPFGàDJFOU 	4��
 BT GVODUJPOT PG UIF DZMJOEFS IFJHIU�
	C
 5IF UPUBM NBHOFUJD àFME NBHOJUVEF 	DPMPST
 JO UIF Y[�QMBOF PG UIF
SFTPOBOU DZMJOEFS XJUI S = �� NN BOE I = ���� NN� 5IF BSSPXT JO
	D
 TIPX UIF EJSFDUJPO PG UIF FMFDUSJD àFME�

5BCMF �� )FJHIUT PG UIF XBUFS DZMJOEFST GPS UIF .4�

$ZMJOEFS OP� � � � � � � � �

)FJHIU <NN> ��� ��� ���� ���� ���� ���� ���� ����

���� 1FSGPSNBODF PG NFUBTVSGBDF

5IF QFSGPSNBODF PG UIF JOàOJUF .4 JT FWBMVBUFE CZ JUT QMBOF
XBWF TQFDUSVN� " TJNQMF OVNFSJDBM QSPDFEVSF XBT EFWFMPQFE
GPS UIF QVSQPTF PG DPNQVUJOH UIF EJTDSFUF 'PVSJFS USBOTGPSN PG
UIF DPNQMFY SFáFDUFE àFME&S (Y) BMPOH B MJOF QBSBMMFM UP UIF Y�
BYJT� 5IF MJOF XBT USVODBUFE BU ���/B UP PCUBJO B TVGàDJFOU SFT�
PMVUJPO� 5IF USBOTGPSNFE àFME SFQSFTFOUT UIF LY�DPNQPOFOU PG
FBDI QMBOF XBWF USBWFMMJOH JO EJGGFSFOU EJSFDUJPOT LY = L� TJO"S�
%VF UP UIF JOàOJUF FYUFOU PG UIF .4 JO UIF 	Y Z
�EJSFDUJPO
UIF SFáFDUFE QPXFS áPXJOH BXBZ GSPN UIF BSSBZ NVTU CF
![�EJSFDUFE J�F� POMZ UIF [�DPNQPOFOU PG UIF SFáFDUFE UJNF�
BWFSBHF QPXFS áPX EFOTJUZ 4S[ (") = 4S3 ("S)DPT"S DPOUSJCVUFT
UP UIF GBS�àFME <��>� 5IF SFáFDUJPO FGàDJFODZ JT UIFO DBMDVMBUFE
BT

&FGG = 4S[ ("S)/4�, 	�


XIFSF 4� = |&�|�/�&� JT UIF UJNF�BWFSBHF QPXFS áPX EFOTJUZ
PG UIF JODJEFOU XBWF XJUI &� CFJOH UIF JOUSJOTJD JNQFEBODF PG

'JHVSF �� 3FTVMUT GPS UIF .4 BU � ()[� 	B
 3FáFDUJPO FGàDJFODZ BT
B GVODUJPO PG UIF SFáFDUJPO BOHMF GPS Y� BOE Z�QPMBSJ[FE QMBOF XBWF
JODJEFODFT� 5IF SFE DJSDMFT TIPX UIF UIFPSFUJDBM SFáFDUJPO BOHMF
!UIFPSZ = ��.�!� 	C
 .BHOJUVEF PG UIF JOTUBOUBOFPVT SFáFDUFE àFME
	DPMPST
 JO UIF Y[�QMBOF PG POF TVQFSDFMM� 5IF BSSPXT TIPX UIF
EJSFDUJPO PG UIF OPSNBMJ[FE UJNF�BWFSBHF SFáFDUFE 1PZOUJOH WFDUPS�

GSFF TQBDF� 4JNJMBSMZ UIF SFáFDUFE UJNF�BWFSBHF QPXFS áPX

EFOTJUZ JT DBMDVMBUFE BT 4S3 ("S) =
!!!"&S ("S)

!!!
�
/�&� XJUI "&S ("S)

CFJOH UIF 'PVSJFS USBOTGPSN PG &S (Y)�
5IF &FGG FGàDJFODZ BT B GVODUJPO PG "S JT TIPXO JO àH�

VSF �	B
 GPS CPUI Y� BOE Z�QPMBSJ[FE QMBOF XBWF JODJEFODFT�
5IF UIFPSFUJDBM "S = ����! JT TIPXO CZ UIF SFE DJSDMFT
BOE UIF .4 IBT B EPNJOBUJOH SFáFDUJPO PG &FGG = ���
	&FGG = �����
 BU UIBU FYBDU BOHMF GPS UIF Y�QPMBSJ[FE 	Z�
QPMBSJ[FE
 JODJEFODF� "MM PUIFS SFáFDUJPOT BSF NVDI TNBMMFS�
UIFSF JT B SFáFDUJPO BU "S = �! 	"S = !����!
 XJUI &FGG = ��
	&FGG = ��� �
 GPS UIF Y�QPMBSJ[FE JODJEFODF� 4VNNJOH BMM
SFáFDUFE QMBOF XBWFT HJWFT UIF UPUBM SFáFDUFE QPXFS PG ����
5IF SFNBJOJOH QPXFS NVTU CF BCTPSCFE CZ XBUFS BOE UIJT
JT DPOàSNFE CZ JOUFHSBUJOH UIF QPXFS MPTT EFOTJUZ PWFS UIF
WPMVNF PG UIF TVQFSDFMM XIFSF UIF BCTPSQUJPO JT GPVOE UP
CF ���� "OPUIFS QFSGPSNBODF NFUSJD VTFE GPS SFáFDUJWF TVS�
GBDFT JT UIF SFMBUJWF SFáFDUJPO FGàDJFODZ XIJDI JT UIF SFáFDUFE
QPXFS JO UIF EFTJSFE EJSFDUJPO EJWJEFE XJUI UIF UPUBM SFáFD�
UFE QPXFS� 'PS UIF QSFTFOU .4 UIJT JT ��� GPS UIF Y�QPMBSJ[FE
JODJEFODF�

"MUIPVHI UIF .4 JT BOJTPUSPQJD UIFSF JT POMZ TNBMM EJGGFS�
FODF CFUXFFO UIF Y� BOE Z�QPMBSJ[FE JODJEFODFT� 5IJT JT EVF
UP UIF JTPUSPQJD XBUFS FMFNFOUT XIJDI NBLFT UIF .4 POMZ
TMJHIUMZ QPMBSJ[BUJPO TFOTJUJWF� 5IF DSPTT�QPMBSJ[BUJPO PG UIF
.4 XBT BMTP JOWFTUJHBUFE BOE XBT OFBS OPO�FYJTUJOH EVF UP

�
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'JHVSF �� 3FáFDUJPO FGàDJFODZ BOE BOHMF BT GVODUJPOT PG GSFRVFODZ�
5IF TPMJE MJOF TIPXT UIF SFTVMUT GPS UIF PCMJRVF SFáFDUJPO QFBL
XIFSFBT UIF EBTIFE MJOF TIPXT UIF SFTVMU GPS UIF OPSNBM SFáFDUJPO
	!S = �!
� 5IF DJSDMFT TIPX UIF UIFPSFUJDBM !S DBMDVMBUFE XJUI
FRVBUJPO 	�
�

UIF TUSVDUVSF TZNNFUSZ BOE UIF TVCXBWFMFOHUI TQBDJOH PG UIF
DZMJOEFST�

5IF JOTUBOUBOFPVT SFáFDUFE FMFDUSJD àFME JO UIF 	Y [
�QMBOF
JT TIPXO JO àHVSF �	C
 XJUI UIF BSSPXT TIPXJOH UIF EJSFD�
UJPO PG UIF OPSNBMJ[FE UJNF�BWFSBHF SFáFDUFE 1PZOUJOH WFDUPS
QMBJOMZ EJTQMBZJOH B QSPOPVODFE SFáFDUFE QMBOF XBWF USBWFM�
MJOH BU BO PCMJRVF BOHMF BXBZ GSPN UIF.4� 5IF SFáFDUFE XBWF
JT OPU VOJGPSN XIJDI JOEJDBUFT UIBU TPNF DZMJOEFST BCTPSC
NPSF QPXFS UIBO PUIFST BT XBT UIF DBTF XJUI UIF TRVBSFE BSSBZ
JO àHVSF �	B
�

5IF CBOEXJEUI PG UIF PCMJRVF SFáFDUJPO QFBL 	"S � �!
 JT
JOWFTUJHBUFE JO àHVSF � XJUI &FGG BOE "S BT GVODUJPOT PG GSF�
RVFODZ� 5IF UIFPSFUJDBM "S DBMDVMBUFE XJUI FRVBUJPO 	�
 BT
XFMM BT &FGG GPS UIF OPSNBM SFáFDUJPO 	"S = �!
 JT BMTP JODMVEFE
JO UIF àHVSF� 'SPN FRVBUJPO 	�
 JU JT PCWJPVT UIBU "S XJMM
DIBOHF XJUI GSFRVFODZ BT DBO CF TFFO JO àHVSF � BOE UIF TJNV�
MBUFE "S FYIJCJUT FYDFMMFOU BHSFFNFOU XJUI UIF UIFPSZ� 'PS GSF�
RVFODJFT BXBZ GSPN � ()[ UIF OPSNBM SFáFDUJPO JODSFBTFT
ESBNBUJDBMMZ BOE UIF PCMJRVF SFáFDUJPO JT SFEVDFE� 5IF IBMG�
QPXFS CBOEXJEUI PG UIF .4 JT ��� 	��� .)[
 XJUI B �! WBSJ�
BUJPO PG "S�

" QSPUPUZQF PG UIF .4 XBT GBCSJDBUFE BU UIF MPDBM XPSL�
TIPQ� 5IF QSPUPUZQF DPOTJTUFE PG GPVS TVQFSDFMMT FBDI XJUI
FJHIU DZMJOEFST NJMMFE JO CMPDLT PG 3PIBDFMM �� )' UIBU XFSF
QVU UPHFUIFS� "O BMVNJOVN UBQF XBT BUUBDIFE PO UIF CBDLTJEF
PG UIF CMPDLT UP SFBMJ[F UIF HSPVOE QMBOF BT XFMM BT GPS TFBMJOH
PG UIF XBUFS JOTJEF UIF DZMJOEFST� 'PS FBDI DZMJOEFS IFJHIU MJT�
UFE JO UBCMF � XF DBMDVMBUFE UIF WPMVNF 	7O = $S�IO
 BOE UIFO
EJTUSJCVUFE EJTUJMMFE XBUFS CZ VTJOH B TZSJOHF� " QIPUPHSBQI
PG UIF GBCSJDBUFE .4 JT TIPXO JO àHVSF �	B
 BOE B TLFUDI PG
UIF NFBTVSFNFOU TFUVQ FTUBCMJTIFE BU UIF NFBTVSFNFOU GBDJM�
JUZ JT TIPXO JO àHVSF �	C
� 5IF TFUVQ DPOTJTUFE PG UXP &54�
-JOEHSFO ����m�� IPSO BOUFOOBT NPVOUFE PO B NFUBM CFBN
IPJTUFE ����NFUFS BCPWF UIF áPPS XJUI UXP USJQPET� 5IF BOUFO�
OBT DPOTUJUVUFE B UXP�QPSU TZTUFN XJUI POF BOUFOOB 	1�
 QPJOU�
JOH EJSFDUMZ BU UIF HSPVOE XIFSFBT UIF QPTJUJPO BOE BOHMF PG UIF
PUIFS BOUFOOB 	1�
 XFSF BEKVTUFE GPS WBSJPVT BOHVMBS SFDFQ�
UJPOT� 5IF .4 XBT QVU PO UIF HSPVOE CFMPX 1� BOE UIF NFBT�
VSFE 4�� BOE 4�� BT GVODUJPOT PG UIF BOHMF JT TIPXO JO àH�
VSF �	D
� 5IF QPXFS NFBTVSFE XJUI UIF .4 XBT OPSNBMJ[FE

'JHVSF �� 	B
 1IPUPHSBQI PG UIF GBCSJDBUFE .4 	C
 TLFUDI PG UIF
FYQFSJNFOUBM TFUVQ BOE 	D
 NFBTVSFE OPSNBMJ[FE TDBUUFSJOH TIPXO
JO UIF MPHBSJUINJD TDBMF UPHFUIFS XJUI UIF OPSNBMJ[FE GBS�àFME
TJNVMBUJPO PG UIF USVODBUFE .4�

XJUI UIF QPXFS NFBTVSFE XJUIPVU JU BOE GPS DPNQBSJTPO UIF
OPSNBMJ[FE FMFDUSJD GBS�àFME SFTVMU GSPN UIF TJNVMBUJPO PG UIF
USVODBUFE .4 JT JODMVEFE JO àHVSF �	D
� *U TIPVME CF OPUFE
UIBU JO UIF TJNVMBUJPO NPEFM UIF TJ[F PG UIF HSPVOE QMBOF JT
NVDI TNBMMFS UIBO JO UIF FYQFSJNFOUBM TFUVQ� 'VSUIFSNPSF
UIF FYQFSJNFOU XBT OPU DPOEVDUFE JO SBEJP BOFDIPJD DPOEJ�
UJPOT� 4UJMM XF PCTFSWF àOF BHSFFNFOU CFUXFFO UIF NFBTVSF�
NFOU BOE TJNVMBUJPO� "U BO BOHMF PG ��! BO BQQSPYJNBUFMZ
� E# FOIBODFNFOU XBT NFBTVSFE JO UIF FYQFSJNFOU DPOàSN�
JOH UIF OVNFSJDBM SFTVMUT� %VF UP UIF TNBMM TJ[F PG UIF.4 UIFSF
JT POMZ B TNBMM SFEVDUJPO JO UIF NFBTVSFE OPSNBM SFáFDUJPO PG
!���� E#�

5IF .4 DBO FBTJMZ CF SFDPOàHVSFE GPS PUIFS "S XJUI KVTU
B TJNQMF SF�EJTUSJCVUJPO PG XBUFS JO UIF DZMJOESJDBM DBWJUJFT�
"MUFSJOH UIF TJ[F PG UIF TVQFSDFMM UP / = � XIJMF NBJOUBJO�
JOH UIF ���! QIBTF EJTUSJCVUJPO BDSPTT UIF TVQFSDFMM QSFEJDUT
B "S = ��!� 4JNJMBSMZ / = � BOE / = �� QSFEJDU UIF àSTU

�
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	TFDPOE
 PSEFS "S = ��! 	��!
 BOE "S = ��! 	��!
 SFTQFDU�
JWFMZ� "T / JODSFBTFT UIF "S BQQSPBDIFT �!� 4JNJMBSMZ DPN�
QMFUFMZ SFNPWJOH UIF XBUFS GSPN UIF DBWJUJFT XJMM DBODFM UIF
PCMJRVF SFáFDUJPO MFBWJOH POMZ UIF OPSNBM SFáFDUJPO� *O BEEJ�
UJPO UIF .4 TIPVME QPUFOUJBMMZ CF SFDPOàHVSBCMF GPS PUIFS
UZQFT PG XBWF USBOTGPSNBUJPOT TVDI BT GPDVTJOH <�m�> IPX�
FWFS UIJT JT OPU JOWFTUJHBUFE JO UIJT XPSL� 8F FOWJTJPO B QJTUPO
TZTUFN CZ XIJDI UIF IFJHIU PG UIF XBUFS DZMJOEFST DBO CF DPO�
USPMMFE� 4VDI B .4 DPVME CF VTFE BT B UVOBCMF DPNQPOFOU JO B
CBTF TUBUJPO PS DIFBQ BNBUFVS DPNNVOJDBUJPO TZTUFN GPS XBWF
GSPOU DPOUSPM BT XFMM BT IJHIFS EJSFDUJWJUZ�

5IF QSFTFOU .4 JT EFTJHOFE GPS B �� !$ XBUFS UFNQFSBU�
VSF IPXFWFS JU XJMM TUJMM GVODUJPO BU � ()[ GPS UFNQFSBUVSFT
GFX EFHSFFT CFMPX BOE BCPWF XJUIPVU UIF OFFE GPS DIBOHJOH
UIF XBUFS DPOUFOU JO UIF DBWJUJFT� "T UIF UFNQFSBUVSF JODSFBTFT
UIF QFSNJUUJWJUZ PG XBUFS EFDSFBTFT DPOTFRVFOUMZ DIBOHJOH UIF
SFTQPOTF PG UIF .4� 8JUI UFNQFSBUVSF DIBOHFT UIF PQFSBU�
JOH GSFRVFODZ BOE SFáFDUJPO BOHMF XJMM DIBOHF F�H� GPS IJHIFS
UFNQFSBUVSFT UIF PQFSBUJOH GSFRVFODZ JT CMVF�TIJGUFE BOE UIF
SFáFDUJPO BOHMF JT SFEVDFE� "MUFSOBUJWFMZ BEEJOH NPSF XBUFS
DBVTFT B SFE�TIJGU BOE JO UIJT XBZ UIF .4 DBO CF FBTJMZ UVOFE
GPS EJGGFSFOU XBUFS UFNQFSBUVSFT BOE�PS GSFRVFODJFT� "EEJUJPO�
BMMZ &FGG DIBOHFT BT XFMM EVF UP UIF MPXFS 	IJHIFS
 MPTTFT
JO XBUFS GPS IJHIFS 	MPXFS
 UFNQFSBUVSFT� 5IJT XBT TUVEJFE
OVNFSJDBMMZ� CZ JODSFBTJOH UIF XBUFS UFNQFSBUVSF JO UIF .4 UP
�� !$ XIJMF BEKVTUJOH UIF XBUFS DPOUFOU UP NBJOUBJO UIF QIBTF
EJTUSJCVUJPO BT XFMM BT UIF PQFSBUJOH GSFRVFODZ BU � ()[� JU SFT�
VMUFE JO B DPOTJEFSBCMF JODSFBTF JO &FGG UP ���� 4JNJMBS PCTFS�
WBUJPOT XFSF NBEF GPS B XBUFS�CBTFE %3" <��>�

�� 4VNNBSZ BOE DPODMVTJPOT

".4 DPOTJTUJOH PG TJNQMF DZMJOESJDBM XBUFS�àMMFE DBWJUJFT JO B
3PIBDFMM �� )' IPTU XBT EFTJHOFE GPS � ()[ PQFSBUJPO� *OTJEF
UIF XBUFS DZMJOEFST NBHOFUJD EJQPMFT BSF JOEVDFE CZ UIF JODJE�
FOU XBWF CSJOHJOH B DPNQMFUF DIBOHF UP UIF SFáFDUJPO� 5IF
.4 DPOWFSUT ��� PG UIF QPXFS PG B OPSNBMMZ JODJEFOU QMBOF
XBWF JOUP B SFáFDUFE QMBOF XBWF JO UIF EFTJSFE EJSFDUJPO XJUI
����!� 5IJT JT BDIJFWFE CZ EJTUSJCVUJOH XBUFS BDSPTT SPXT PG
DZMJOEFST TVDI UIBU B MJOFBS ���! QIBTF FWPMVUJPO JT JOUSPEVDFE
UP UIF SFáFDUFE XBWF GPS FBDI TFU PG FJHIU DZMJOEFST� 5IF OPS�
NBMMZ SFáFDUFE QPXFS JT NJOJNJ[FE UP �� BOE ��� PG SFáFD�
UFE QPXFS JT DIBOOFMFE JOUP UIF EFTJSFE EJSFDUJPO� 5IF QPMBSJ[�
BUJPO TFOTJUJWJUZ PG UIF .4 JT WFSZ MPX XJUI POMZ ���� EJGGFS�
FODF JO UIF SFáFDUFE QPXFS CFUXFFO UIF Y� BOE Z�QPMBSJ[BUJPOT�
5IF IBMG�QPXFS CBOEXJEUI JT FTUJNBUFE UP CF ��� 	��� .)[

XJUI B �! WBSJBUJPO PG UIF SFáFDUJPO BOHMF� " QSPUPUZQF PG UIF
.4 XBT GBCSJDBUFE BOE DIBSBDUFSJ[FE FYQFSJNFOUBMMZ EFNPO�
TUSBUJOH UIF FOIBODFE SFáFDUJPO JO UIF EFTJSFE EJSFDUJPO�

5IF SFEVDFE FGàDJFODZ PG UIF .4 JT EVF UP UIF TUSPOH SFT�
POBODF BOE MPTTFT JO XBUFS� " TJNQMF XBZ UP JNQSPWF UIF FGà�
DJFODZ JT UP HP UP MPXFS GSFRVFODJFT XIFSF UIF MPTTFT JO XBUFS
BSF TJHOJàDBOUMZ SFEVDFE� 4JNJMBSMZ JODSFBTJOH UIF XBUFS UFN�
QFSBUVSF XJMM BMTP SFEVDF UIF MPTTFT JO XBUFS IPXFWFS UIJT
XPVME SFRVJSF UIF BEEJUJPO PG B IFBUJOH TZTUFN� "MUFSOBUJWFMZ
TPNF PG UIF XBUFS DBO CF TVCTUJUVUFE XJUI B EJGGFSFOU NBUFSJBM
MJLF F�H� NFUBM PS MPX�MPTT EJFMFDUSJD�

5IF QSPQPTFE.4 DBOOPU DPNQFUF XJUI FYJTUJOH NJDSPXBWF
UFDIOPMPHZ JO UFSNT PG FGàDJFODZ� :FU JU JT TJNQMF BOE WFSTBU�
JMF BT XFMM BT FYUSFNFMZ DIFBQ BOE CJP�GSJFOEMZ BOE NBZ UIFSF�
GPSF TFSWF BT BO BMUFSOBUJWF DPNQPOFOU GPS NJDSPXBWF DPNNV�
OJDBUJPO TZTUFNT� *O BEEJUJPO UIF 3PIBDFMM NBUFSJBM VTFE GPS
UIF QSPUPUZQF JT OPU FTTFOUJBM GPS UIF GVODUJPOBMJUZ BOE DBO CF
SFQMBDFEXJUI B DIFBQFS BOENPSF CJP�GSJFOEMZ BMUFSOBUJWF� 5IJT
NJOETFU DBO CF FYQBOEFE UP UIF DPNQMFUF EFTJHO TVDI UIBU BMM
NBUFSJBMT BSF FDPMPHJDBM DPNQBUJCMF UIBU DBO CF SFDZDMFE PS EJS�
FDUMZ EFDPNQPTFE JO OBUVSF�

#Z UIJT XPSL XF CSJOH UP QVCMJD BO FYUSFNFMZ TJNQMF SFBMJ[�
BUJPO PG XBUFS�CBTFE.4T XIJDI DBO QSPWJEF UIF TBNF OPNFO�
DMBUVSF PG QSPQFSUJFT BT ATPMJE� .4T� .FBOXIJMF UVOBCMF QSPQ�
FSUJFT BSF TJNQMZ HSBOUFE JO PVS BQQSPBDI CZ FBTZ SFTIBQJOH
DIBOHJOH UIF WPMVNF PS IFBUJOH�DPPMJOH PG XBUFS� 3FBM�UJNF
UVOJOH 	NPEVMBUJPO
 DBO CF EPOF CZ BQQMZJOH VMUSBTPVOE PS
BDPVTUJD XBWFT XJUI TQFDJàD XBUFS DPOUBJOFST� 5IJT TVCKFDU JT
OPU TP USJWJBM GPS TQFDVMBUJPOT TP FYUFOTJWF BOBMZTJT JT OFFEFE
UP QSFQBSF NPSF PS MFTT TPVOEJOH DPODMVTJPO PO QPTTJCJMJUJFT PG
SFBM�UJNJOH UVOJOH BU UIF MFWFM TVGàDJFOU GPS NJDSPXBWF BQQMJD�
BUJPOT� *U XJMM CF UIF UPQJD PG GPMMPXJOH TUVEJFT�

"DLOPXMFEHNFOUT

5IF BVUIPST XPVME MJLF UP UIBOL UIF XPSLTIPQ BU UIF &MFDUSP�
NBHOFUJD 4ZTUFNT HSPVQ PG UIF 5FDIOJDBM 6OJWFSTJUZ PG %FO�
NBSL GPS GBCSJDBUJPO PG UIF .4�

03$*% J%T

3BTNVT & +BDPCTFOB IUUQT���PSDJE�PSH����������������
����
"OESFJ 7 -BWSJOFOLPB IUUQT���PSDJE�PSH����������������
����
4BNFM "STMBOBHJD́B IUUQT���PSDJE�PSH��������������������

3FGFSFODFT

<�> :V / BOE $BQBTTP ' ���� 'MBU PQUJDT XJUI EFTJHOFS
NFUBTVSGBDFT /BU� .BU� �� ���m��

<�> +BIBOJ 4 BOE +BDPC ; ���� "MM�EJFMFDUSJD NFUBNBUFSJBMT /BU�
/BOPUFDIOPM� �� ��m��

<�> $IFO ) 5 5BZMPS " + BOE :V / ���� " SFWJFX PG
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Abstract: Recently, water has been proposed as an interesting candidate for use in applications
such as tunable microwave metamaterials and dielectric resonator antennas due to its high and
temperature-dependent permittivity. In the present work, we considered an electrically small
water-based dielectric resonator antenna made of a short monopole encapsulated by a hemispherical
water cavity. The fundamental dipole resonances supported by the water cavity were used to match
the short monopole to its feed line as well as the surrounding free space. Specifically, a magnetic
(electric) dipole resonance was exploited for antenna designs with a total efficiency of 29.5% (15.6%)
and a reflection coefficient of −24.1 dB (−10.9 dB) at 300 MHz. The dipole resonances were effectively
excited with different monopole lengths and positions as well as different cavity sizes or different
frequencies in the same cavity. The overall size of the optimum design was 18 times smaller than the
free-space wavelength, representing the smallest water-based antenna to date. A prototype antenna
was characterized, with an excellent agreement achieved between the numerical and experimental
results. The proposed water-based antennas may serve as cheap and easy-to-fabricate tunable
alternatives for use in very high frequency (VHF) and the low end of ultrahigh frequency (UHF)
bands for a great variety of applications.

Keywords: dielectric resonator antenna; electrically small antenna; Mie resonances; tunable antennas;
water-based

1. Introduction

Modern technology calls for increasingly smaller designs, which in turn ultimately requires
increasingly smaller antennas. Even though electrically small antennas have been studied for
decades [1–9], their inherently poor matching, low radiation efficiency, and narrow bandwidth pose
a serious design obstacle. The matching issue is traditionally tackled with appropriate matching
networks; however, such solutions suffer from narrow bandwidths, high tolerance requirements, and
modest efficiencies [2]. While some recent approaches toward efficient small antennas have involved
either specific shaping of the radiator or addition of conductors around it [3–6], as well as exploiting
artificial metamaterials (MMs) and MM-inspired structures [7–9], a more traditional approach to reduce
the antenna size has been to load it with a high-permittivity material. Such antennas, known as dielectric
resonator antennas (DRAs), rely on resonances supported in high-permittivity structures. A great
variety of DRAs has been proposed and demonstrated [10], and, very often, expensive high-permittivity
ceramics are used as the dielectric material. To this end, it is interesting to pay attention to water as an
alternative material [11]. With its relatively high frequency and temperature-dependent permittivity in
the microwave frequency range [12], water holds a great potential as an inexpensive, abundant, and
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biofriendly material for not only tunable antennas [11,13–22] but also more broadly as inclusions in
MMs and metasurfaces (MSs) [22–27] with tunable dynamic properties. These tunable properties can
potentially be used for sensing as well.

Indeed, several water-based DRAs have already been demonstrated [11,13–18], with effective
excitation of resonances in water cavities. Cylindrical [13], rectangular [14], and bottle-shaped [18]
cavities have been investigated. These antennas mainly operate in the very high frequency (VHF) and
the low end of ultrahigh frequency (UHF) bands due to water losses at higher frequencies. Another
type of water-based antenna that exploits conductive liquids (e.g., salt water) [19–22] has also been
reported. The operational frequency of these antennas can be tuned through a simple change of the
conductive liquid volume. The electrical size of an antenna is defined as k0a, with a being the radius of
the so-called Wheeler’s radian sphere (the smallest possible sphere enclosing the antenna), k0 = 2π/λ0

being the free-space wavenumber, and λ0 being the free-space wavelength. In the presence of a ground
plane, k0a ≤ 0.5 in order for the antenna to be qualified as electrically small [5]. Following this definition,
we find that most of the water-based antennas demonstrated thus far are not electrically small.

The purpose of the present work was to investigate an electrically small water-based DRA
consisting of a short monopole antenna encapsulated by a hemispherical water cavity and fed
against a large ground conducting plane. The working principle of the proposed DRA relies on the
fundamental electric and magnetic dipole resonances (equivalent to the transverse magnetic (TM) and
transverse electric (TE) modes, respectively), which can be excited in the high-permittivity water cavity.
The spherical shape of the cavity maximizes the antenna volume, making it possible to obtain much
smaller water-based antennas compared to any of those reported thus far. Specifically, the size of the
smallest antenna proposed presently is λ0/18, representing the smallest water-based antenna to date.
On the other hand, the dipole resonances in the water cavity are used to effectively match an otherwise
inefficient short monopole antenna to its feed line as well as the surrounding free space. The length
and the position (with respect to the water cavity) of the short monopole were determined for the
optimal performance of the DRAs. A prototype antenna operating at 300 MHz was characterized, and
measurements exhibited an excellent agreement with the numerical predictions.

The rest of the paper is organized as follows. Section 2 introduces the configuration of the
water-based DRA as well as the numerical model. Section 3 presents the numerical and experimental
results. Section 4 includes a summary and the conclusions of this work. Appendices A and B contain
the antenna parameter definitions and additional results, respectively. Throughout the work, the time
factor exp(jωt), where ω is the angular frequency and t is the time, was assumed and suppressed.

2. Configuration

The water-based DRA is shown in Figure 1. The hemispherical cavity has radius rw, and the feed
line is a coaxial transmission line with an inner and outer radii of ri = 0.92 mm and ro = 2.99 mm,
respectively, and a dielectric material with the relative permittivity of εc ≈ 2.1. The characteristic
impedance of the feed line is 48.75 Ω, and its length was set to lc = 10 mm in the numerical model.
The monopole of length lm is displaced from the center by distance xm. A Cartesian coordinate system
was introduced, as shown in Figure 1. The permittivity of water was described by the Debye model [12].
A model of the water-based DRA was built in COMSOL Multiphysics 5.3 [28], which was used in all
numerical calculations. The model consisted of the DRA enclosed by a hemisphere of free space and
with a perfect electric conductor (PEC) plane as the ground. An outer perfectly matched layer (PML)
terminated the free-space hemisphere. A matched port was placed on the bottom of the transmission
line, as shown in Figure 1. The input power was set to 1 W.

See Appendix A for definitions and more details of the antenna parameters used in this work.
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Figure 1. A sketch of the water-based dielectric resonator antenna (DRA).

3. Results and Discussion

We designed the antenna to operate at 300 MHz and 20 ◦C, where the relative permittivity of
water was 80.2 − j1.34. However, to study the influence of the dispersion of water, we compared it
with an antenna designed for 1000 MHz, where the relative permittivity of water was 79.9 – j4.46,
clearly showing higher losses. We used two designs exciting different resonances in the hemisphere.
With the PEC plane imaging the induced volume currents inside the hemisphere, the resonances will
effectively be similar to the ones in the full sphere (the resonant properties of spherical configurations
are known [29] also when water is used as the dielectric [30] and were utilized presently for the
design of water-based DRAs. See also Appendix B.1 for more details). After a systematic parametric
study of the two parameters lm and xm, the most efficient designs were found, and the final results
are summarized in Table 1 for both frequencies. The total efficiency (ηeff) is shown as a function of
frequency in Figure 2a for both designs. At 300 MHz, a magnetic (electric) dipole resonance could
be excited in a sphere with the radius 55.18 mm (78.53 mm) equal to λ0/18 (λ0/14). The maximum
total efficiency for the magnetic (electric) dipole antenna was 29.5% (15.6%). For comparison, the total
efficiency without water was only 0.037% (0.0013%), with almost total reflection of the input power.
Thus, introducing water not only matched the antenna to the transmission line but also to the ambient
free space, as also confirmed by the reflection coefficient (S11) and radiation efficiency (ηrad) in Figure 2b.
The magnetic dipole resonance in a water sphere is the most pronounced [30]. This was also the case
here, as illustrated in Figure 2. However, due to the losses in water, both antennas absorbed (i.e.,
dissipated) more power than they radiated: the magnetic (electric) dipole antenna absorbed 70.1%
(76.3%). Compared to the antennas at 1000 MHz, where the losses of water were even greater, we found
that the total efficiency dropped by approximately a factor of 3 (see Table 1).

As both resonances could be excited in a single hemisphere but at different frequencies,
we fabricated one antenna, where the position and the length of the monopole could be adjusted for
each resonance type. The antenna was fabricated by hollowing out a hemisphere with the radius
55.18 mm in a Rohacell 51 HF block. The permittivity of Rohacell 51 HF was measured to be 1.075 [26].
The Rohacell block was then glued to an aluminum plate in which holes were drilled for insertion of
the monopole antennas and water. Photographs of the antenna are shown in Figure 3a. Two holes
(xm = 7 mm and xm = 0 mm) and two monopole antennas (lm = 43.6 mm and lm = 15.3 mm) were
made so that both dipole DRA resonances could be excited. The ground plane was realized by attaching
a circular aluminum plate with a diameter of 1 m to the antenna. The antenna was mounted on a
tripod with a rotating joint, and the reflection coefficient was measured with an Anritsu MS2024B
vector network analyzer calibrated for 50 Ohm matching.
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Table 1. Geometrical and important antenna parameters for magnetic and electric dipole antennas
designed for 300 and 1000 MHz.

Parameter
300 MHz 1000 MHz

Magnetic Dipole Electric Dipole Magnetic Dipole Electric Dipole

rw (mm) 55.18 78.53 16.56 22.5
lm (mm) 43.6 16 15.4 7.9
xm (mm) 7 0 2.4 0
f (MHz) 300 298 1000 1010

Greal (dBi) 0.16 –3.1 –4.3 –8.2
ηeff 29.5% 15.6% 9.1% 4.8%
ηrad 29.6% 17% 9.5% 4.8%

|S11| (dB) –24.1 –10.9 –13.7 –19.1
ZA (Ω) 43 − j0.7 28 − j6.7 32.1 − j0.9 40 + j3.5

k0a (rad) 0.35 0.46 0.35 0.48
FBW3dB 7.81% 2.85% 24% 11.4%

Qratio 1.06 22.4 1.10 21.5
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The water inlet made it easy to insert and extract water from the antenna. With no water,
we measured a reflection coefficient of 0 dB with both monopole antennas. The measured reflection
coefficients for the antenna filled with water are shown in Figure 3b. Clearly, the reflected power was
reduced at the resonance frequencies for specific combinations of xm and lm. When the monopole
antenna was positioned in the center of the hemisphere, the magnetic dipole resonance was not excited,
and thus most of the power was reflected at 300 MHz. The electric dipole was optimally excited
around 420 MHz with xm = 0 and lm = 43.6 mm. The numerical results are included in Figure 3b,
showing full agreement with the measurements. The small mismatch of 0.4 MHz in frequency between
experimental and numerical reflection minimum can be explained by a small difference in temperature
and/or water filling in the hemisphere.

The water was removed from the hemisphere and then filled in to check the reproducibility of
the measurements. This was done five times, and only a slight difference was observed between
the measurements, with the values of the mean and maximum deviation being 299.725 MHz and
0.375 MHz, respectively. We found some differences in the magnitude of the reflection coefficient too
(between –23 and –35 dB), but because its absolute value was very low, these differences could have
come from small changes in the experimental conditions.
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Figure 3. (a) Photographs of the front and back of the fabricated antenna and (b) measured reflection
coefficient with different displacement positions xm and monopole antenna lengths lm, both in mm.
Water temperature was 19–20 ◦C. The numerical results are shown with the optimized antenna lengths
and positions at 20 ◦C.

In Figure 4a, the electric field distribution in the xz-plane of the magnetic dipole antenna is shown
at 300 MHz. From the direction of the electric field (shown by the arrows), it is clear why the monopole
cannot be positioned in the center of the hemisphere (xm , 0) if the magnetic resonance is to be excited.
In order to excite a circulating electric displacement current, the monopole has to be displaced from
the center of the hemisphere.

The calculated radiation pattern for the magnetic dipole antenna is shown in Figure 4b by the
normalized radiation intensity in the xz- and xy-planes. It can be seen that there was no radiation in
the negative z direction because of the ground plane. The radiation pattern was similar to that of a
half-loop antenna, while the radiation pattern of the electric dipole antenna was similar to that of the
monopole antenna (see Appendix B.2). The magnetic (electric) dipole antenna had isotropic radiation
in the xz-plane (xy-plane) with the maximum realized gain (Greal) of 0.16 dBi (–3.1 dBi).

The radiation pattern was also measured with a simple dipole antenna designed for 300 MHz. By
rotating the antenna under test, the transmission coefficient was measured at different angles in the
xz-plane of the antenna. The normalized transmission coefficient is included in Figure 4b. From 0◦ to
±90◦, the measurements were similar to the numerical results. However, at higher angles, they started
to deviate. This was expected because the simulated ground plane was infinite, whereas a ground
plane of 1 m diameter was used in the measurements.

The 3 dB fractional bandwidth, FBW3dB, of the magnetic (electric) dipole antenna was 7.81%
(2.85%). This gave a radiation quality factor, Q, of 1.06 (22.4) times the so-called lower bound, Qlb,
(also known as the Chu limit, see Appendix A) with k0a ≈ 0.35 (k0a ≈ 0.46) for the magnetic (electric)
dipole antenna. As k0a ≤ 0.5 for both antennas, they are electrically small. For a quarter wavelength
monopole, k0a = π/2; thus, water reduced the size of the antenna by a factor of 4.5 (3.2). Moreover, the
magnetic dipole water-based DRA reported herein represents the electrically smallest water-based
antenna to date. The cost is a reduction in radiated power (and thus the total efficiency) due to the
losses in water as well as the bandwidth. Nevertheless, its fractional bandwidth is higher than many
other compact antennas [9,10]. In addition, bearing in mind that the present design does not require
any expensive or rare materials, the antenna will be very cheap and easy to produce. Furthermore,
water adds flexibility to the design, allowing tuning by temperature and extraction of water, which we
have examined both numerically and experimentally. The results are included in Appendix B.3.
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Figure 4. (a) The electric field distribution in the xz-plane for the magnetic dipole antenna. The colors
show the intensity of the electric field in logarithmic scale, whereas the arrows show the direction.
(b) Radiation pattern shown by the normalized radiation intensity in the xz - and xy-planes for the
magnetic dipole antenna. The black circles show the measured radiation pattern. See Appendix B.2 for
the electric field intensity and radiation pattern for the electric dipole antenna.

4. Conclusions

In summary, simple electrically small water-based DRAs were investigated both numerically and
experimentally. The fundamental resonances were excited in a water hemispherical cavity and used
to effectively match a short monopole antenna to both its feed line and the surrounding free space.
The final antennas were optimized by varying the length and the displacement of the monopole. As a
result, compact water-based DRAs were designed. The optimum antenna had an electrical size of
λ0/18, making it the smallest water-based antenna to date, albeit with lowered total efficiency due to
water losses. We believe that the proposed electrically small water-based DRAs may serve as cheap
and easy-to-fabricate tunable alternatives for VHF and the low end of UHF bands.
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Appendix A

This appendix presents the definition of the antenna parameters used in this work. The water-based
DRA can be described by the equivalent circuit diagram in Figure A1. We were interested in maximizing
the total efficiency given by [2]:

ηeff =
Prad

Pin
= ηrad

(
1− |S11|

2
)

(A1)

where Prad is the total radiated power, and Pin is the input power to the transmission line. ηrad =

Prad/(Prad + Pd) is the radiation efficiency, with Pd being the power dissipated in the antenna,
and |S11|

2 = Pr/Pin is the fraction of the power reflected (Pr) due to mismatch of the antenna input
impedance (ZA) to that of the transmission line (Z0). S11 designates the antenna reflection coefficient.

We characterized the impedance bandwidth of the antenna by the 3 dB fractional voltage standing
wave ratio (VSWR) bandwidth FBW3dB = ( f−3dB − f+3dB)/ f0, with f±3dB being the ±3 dB frequencies
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of S11 and f0 being the resonance frequency [3]. For electrically small antennas, the quality factor
Q = 2/FBW3dB, and presently we applied the following ratio:

Qratio =
Q

Qlb
(A2)

with Qlb = biηradQChu = biηrad

(
1

k0a +
1

(k0a)3

)
being the lower bound of Q, where bi is a resonance

mode factor with i = m, e denoting the mode, and QChu is the Chu limit [1–5]. For magnetic (electric)
resonant antennas, bm = 3 (be = 1.5). We used Equation (A2) to determine how close the Q of the
antenna was to the theoretical minimum.
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Figure A1. Equivalent circuit diagram of antenna.

The realized antenna gain in a given direction can be calculated as follows [2]:

Greal(θ,φ) = ηeffD(θ,φ) (A3)

where D(θ,φ) = 4πU(θ,φ)/Prad is the directivity, with U(θ,φ) being the radiation intensity and
(θ,φ) denoting the direction of radiation.

Appendix B

This appendix contains the additional results for the scattering analysis of a water sphere and the
electric dipole antenna as well as the sensitivity and tunability of the antennas.

Appendix B.1 Scattering Analysis of Water Sphere

The solution to a plane wave incidence on a dielectric sphere is well known [29], and it was
studied in a previous work [30]. The configuration is shown in Figure A2a. The amplitude coefficients
are [29]

an =
εr,w jn(kwrw) jn′(k0rw) − jn′(kwrw) jn(k0rw)

εr,w jn(kwrw)h
(2)
n
′(k0rw) − jn′(kwrw)h

(2)
n (k0rw)

(A4)

bn =
jn(kwrw) jn′(k0rw) − jn′(kwrw) jn(k0rw)

jn(kwrw)h
(2)
n
′(k0rw) − jn′(kwrw)h

(2)
n (k0rw)

(A5)

for the TMr and TEr scattering field components, respectively. εr,w and kw are the relative permittivity
and the wavenumber in water, respectively. jn and h(2)n are the nth order spherical Bessel function of
the first kind and spherical Hankel function of the second kind, respectively. The prime ′ denotes the
operation gn

′(x) = d[xgn(x)]/dx.
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Figure A2. (a) Sketch of the water sphere in free space illuminated by a plane wave and (b) the spectrum
of the scattering and absorption efficiencies for a sphere with rw = 55.18 mm and a water temperature
of 20 ◦C.

The absorption, extinction, and scattering efficiencies were used to describe the response of the
water sphere, and they are related by Qabs = Qext −Qsca, where

Qsca =
2

(k0rw)
2

∞∑
n=1

(2n + 1)
(
|an|

2 + |bn|
2
)

(A6)

Qext =
2

(k0rw)
2

∞∑
n=1

(2n + 1)Re{an + bn}. (A7)

The spectrum of the scattering and absorption efficiencies are shown in Figure A2b for a sphere with
rw = 55.18 mm and a water temperature of 20 ◦C. Peaks at 300 and 430 MHz can be seen, caused by the
magnetic dipole (b1) and electric dipole (a1) resonances, respectively. These were the resonances that
we utilized in the antennas. We found that 32% (68%) of the extinct power was scattered (absorbed)
at the magnetic dipole resonance frequency, which was very similar to the efficiency found for the
magnetic dipole antenna.

Appendix B.2 Electric Dipole Antenna for 300 MHz

The electric field distribution in the xz-plane at 300 MHz is shown in Figure A3a. The calculated
radiation pattern is shown in Figure A3b by the normalized radiation intensity in the xz- and xy-planes.
The field distribution was symmetrical as the monopole was positioned in the center of the hemisphere.
Notice that there was no radiation in the negative z direction because of the ground plane.
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Figure A3. (a) The electric field distribution in the xz-plane as well as (b) the radiation pattern in the xz
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logarithmic scale, whereas the arrows show the direction.

Appendix B.3 Sensitivity and Tunability

Variation in the cable type of same characteristic impedance had a minimum impact on the
radiated power. The same was the case for the length of the transmission line below the ground plane
(lc). However, variation of the length and position of the monopole (∆lm and ∆xm) as well as the
hemisphere radius and temperature of water (∆rw and ∆Tw) affected the radiated power. Analysis
of the different parameters showed that changes of ∆lm ≈ 1.7 mm, ∆xm ≈ 0.7 mm, ∆Vw ≈ 1.4 mL,
and ∆Tw ≈ 0.4 ◦C resulted in a 1% decrease in radiated power for the magnetic dipole antenna at
300 MHz. This information is important because it shows how sensitive the antenna is to fabrication
imperfections. However, this can also be seen as a way to tune the antenna. This is illustrated in
Figure A4 by the results of simulated temperature tuning and measurements of water extraction from
the hemisphere for the magnetic dipole antenna. In Figure A4a, the total efficiency as a function of
frequency and temperature is shown. Clearly, the resonance frequency was shifted by a change in
temperature. From 0 to 100 ◦C, the peak of the efficiency was blue-shifted linearly (as indicated by
the black tendency line) from 286 to 358 MHz, corresponding to a shift of 25%. This blue-shift was
obviously due to the permittivity of water changing from 87.8− j2.8 to 55.8− j0.22, effectively bringing
a change of 25% to the wavenumber in water. Furthermore, the temperature growth decreased the
losses in water, and the total efficiency was above 50% from around 55 ◦C.

The reflection coefficient was moreover measured for different water fillings extracting 1%
(≈3.5 mL) volume of water at the time from the completely filled hemisphere. During the measurements,
the ground plane was kept in horizontal level. The results are shown in Figure A4b, and it can be seen
that there was a linear blue-shift and increment of the minimum in the reflection coefficient as water
was extracted, demonstrating yet another means of tunability in the water-based antenna.

The tunability properties of the antenna can, in principle, also be used for sensing. Several antennas
designed for sensing temperature changes of up to 1000 ◦C have already been demonstrated [31–33].
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ABSTRACT With its high-permittivity in the microwave frequency range, water has the potential as
an alternative, inexpensive, bio-friendly and abundant material for many microwave applications such as
dielectric resonator antennas and tunable metamaterials. Huygens antennas, composed of single-element
structures supporting a special combination of electric and magnetic modes, provide an alternative route
for compact and directive antennas. In this work, we investigate a subwavelength water-based Huygens
dielectric resonator antenna with strongly excited electric and magnetic dipoles at around 350 MHz. Our
antenna leads to the directivity of 6 and a radiation front-to-back ratio of 40.3 dB. Additionally, good
matching to the feed-line and the surrounding free space were achieved with a reflection coefficient of
−38.3 dB and a total efficiency of 57.8 %. The antenna was fabricated and characterized with excellent
agreement between the measurements and the numerical results. Furthermore, several means of tuning the
antenna were tested numerically and experimentally. We believe that the proposed water-based Huygens
dielectric resonator antenna may serve as an easy–to–fabricate and cheap alternative for the VHF and low
end of the UHF bands.

INDEX TERMS Dielectric resonator antenna, reconfigurable antennas, water.

I. INTRODUCTION

OVER several decades, dielectric resonator anten-
nas (DRAs) have been of great interest as compact

alternatives to traditional dipole and waveguide antennas [1].
Many designs have been proposed demonstrating different
attributes such as low-profile, large bandwidth, frequency-
tunability and phase-steering capabilities. Generally, DRAs
rely on electric and magnetic modes supported in expensive
high-permittivity ceramic structures. Alternatively, water-
filled cavities exploiting water’s relatively high permittivity
in the microwave frequency range can be used instead [2].
Water holds great potential as an abundant, inexpensive
and bio-friendly material for tunable antennas [3]–[5], as
well as inclusions in metamaterials (MMs) and metasur-
faces (MSs) [6]–[11].
Various liquid-based antennas have been demonstrated

with some relying on water’s high real and low imagi-
nary parts of permittivity, whereas other use conductive

liquids [3]–[5], [12]. In general, many of these antennas
operate in the VHF and UHF bands due to the decreas-
ing (increasing) real part of water’s permittivity at higher
frequencies. The working principle of water-based DRAs
relies on resonant electric (TM) and magnetic (TE) modes
in water-filled cavities. These modes are the natural eigen-
modes belonging to the dielectric cavity, and they can be
excited by sources placed outside and inside the cavity.
In general, a single cavity has multiple modes spread-
out in narrow bands of frequencies across the spectrum.
In [5], we demonstrated an electrically small water-based
hemispherical DRA with such characteristics. The water
provided an excellent way to place an adjustable metallic
monopole antenna inside the cavity without the issues of
air gaps between the dielectric and the monopole antenna.
Furthermore, the water-based DRA could be tuned by chang-
ing the water-temperature and/or the water-volume in the
cavity.

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/
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In antenna configurations, the dipole modes are the most
broadly used, which by their nature have low directivity.
Higher-order modes can also be exploited for high-directivity
antennas, but such higher-order modes require larger dielec-
tric structures, have very small bandwidths and are more
sensitive to losses [1]. Another way to increase the directiv-
ity in a compact single-element configuration is to combine
magnetic and electric modes [13]–[15], and such antennas
are often referred to as Huygens antennas. Furthermore,
when the fundamental dipole modes are combined in dielec-
tric structures, Kerker’s condition may be satisfied [16]–[17],
which is also of great interest in MMs and MSs. Additionally,
dipoles and higher-order modes can also be combined
to increase the directivity even further [17]–[18]. Kerker’s
condition is satisfied in many types of dielectric struc-
tures, including dielectric spheres and cylinders [19]–[20].
However, the dipole modes are often weakly excited result-
ing in very low scattering. Designing structures exhibiting
strongly excited magnetic and electric modes with the right
integration of their magnitudes and phases is not a sim-
ple task. Combining an electric and magnetic dipole will
increase the directivity in one direction to twice of that of
a single dipole, while in the opposite direction, the directiv-
ity is greatly minimized. Several Huygens antenna designs
have already been demonstrated [13]–[14], [18], but thus far
no water-based Huygens DRAs have been proposed.
The purpose of the present work is to investigate a simple

subwavelength water-based Huygens DRA. The antenna con-
sists of a short monopole antenna fed against a large
ground conducting plane and encapsulated by a rectangular
cuboid-shaped cavity filled with distilled water. The DRA is
designed with overlapping fundamental electric and mag-
netic dipole modes at around 350 MHz. The final design
has a directivity of 6 and a front-to-back ratio (FBR) of
40.3 dB. Furthermore, our antenna is well matched to both
its feed-line and the surrounding free space with a reflection
coefficient of −38.3 dB and a total efficiency of 57.8 %.
The size of the antenna is a ≈ 147 mm ≈ λ0/6 (some-
times provided as k0a ≈ 1.08), where λ0 (k0 = 2π/λ0) is
the free-space wavelength (wave number). A prototype of
the antenna is fabricated with excellent agreement between
numerical results and measurements. In addition, we demon-
strate and discuss several ways of tuning the antenna. We
believe that the simple and cheap antenna serve as an easy–
to–fabricate and cheap alternative for the VHF and low end
of the UHF bands.
Throughout this article, the time-factor exp(jωt), with ω

being the angular frequency and t being the time, is assumed
and suppressed.

II. ANTENNA CONFIGURATION AND PARAMETERS
A sketch of the water-based Huygens DRA is shown in
Fig. 1. It consists of a rectangular cuboid-shaped Rohacell
51 HF cavity attached to a ground conducting plane and
filled with distilled water. The Rohacell 51 HF materials has
a measured relative permittivity of 1.075 [9]. A Cartesian

FIGURE 1. A sketch of the water-based Huygens DRA.

coordinate system is introduced as shown in Fig. 1 with
the associated spherical angular coordinates (θ, φ). A short
monopole is inserted into the cavity as shown in Fig. 1. The
feed line is a coaxial transmission line with the inner and
outer diameter of 1.28 mm and 4.1 mm, respectively, and
a dielectric material with the relative permittivity of 2.1. The
characteristic impedance of the feed line is 48.15 �. The
diameter and the length of the monopole is 1.6 mm and
lm, respectively. The monopole is displaced by x = −xm
from the center of the Huygens DRA to excite the magnetic
mode. The Huygens DRA is designed for 350 MHz opera-
tion with a water temperature of 20◦C. The final design with
the highest total efficiency (ηtot) and FBR were determined
through a parametric study. In a previous work, we inves-
tigated a water-based hemispherical DRA, which exhibited
both magnetic and electric dipole resonances, however, with
the latter being at higher frequencies [5]. A cubic DRA has
similar behavior, and to shift the electric resonance to lower
frequencies, we simply extend the dielectric along the y- and
z-axis until we obtain the wanted properties of the antenna.
The cavity size and the values of xm and lm are listed in
Table 1 for the final antenna design.
The xz- and xy-planes correspond to the E- and H-planes

of the antenna, respectively. The Debye model is used
to describe the permittivity of distilled water inside the
cavity [2], and at 350 MHz and 20◦C, the relative permittiv-
ity is εr,water (350 MHz, 20◦C) = 80.2−j1.6. A model of the
Huygens DRA is built in COMSOL Multiphysics 5.4 used
for all numerical calculations [21]. The COMSOL model
consists of the Huygens DRA enclosed by a hemisphere
of free space and with a Perfect Electric Conductor (PEC)
plane as the ground. The Huygens DRA is simulated without
the Rohacell 51 HF material as its low permittivity mini-
mally affects the antenna response. An outer layer of PML is
attached to the free-space hemisphere and a matched port is
placed on the bottom of the feed line. A symmetry plane was
employed at y = 0 to half the model size and a convergence
test was conducted leading to total of 1,283,616 Number of
Degrees of Freedom solved for in the final model.
We use different well-known antenna parameters in this

article, such as total efficiency (including the mismatch loss)
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TABLE 1. Simulated water-based Huygens antenna parameters.

ηtot, radiation efficiency ηrad, reflection coefficient S11 etc.,
and we refer to [5] or [22] for more information about these
parameters. Throughout the paper we use the front-to-back
ratio (FBR) to evaluate how well the radiated power is
concentrated in one direction. The FBR is defined as

FBR = D+x/D−x, (1)

where D±x is the directivityin the ±x-direction (in angu-
lar coordinates: (θ, φ)+x = (90◦, 0◦) and (θ, φ)−x =
(90◦, 180◦)).

III. NUMERICAL AND EXPERIMENTAL RESULTS
A. ANTENNA CHARACTERIZATION
The final results are summarized in Table 1. We present ηtot
and ηrad as functions of frequency in Fig. 2(a). The magni-
tude of S11 as function of frequency is shown in Fig. 2(b).
Around 350 MHz the efficiencies are high, and S11 is low.
At 351.6 MHz, where FBR is maximum (see Fig. 4(a)), the
S11 drops to −38.3 dB indicating excellent matching of the
antenna to the feed-line. The antenna input impedance ZA
is calculated using S11, and its real and imaginary parts are
shown in Fig. 2(c) as functions of frequency. At 351.6 MHz,
ZA = 47.27 + j0.77�. ηtot is modest and is 57.8 % as the
water absorbs 42.2 % of the input power. The absorbed
power was calculated in COMSOL by integrating the power
loss density over the volume of water.
The peak in ηtot comes from the modes excited in the

water-filled cavity. From Fig. 2, we would conclude that
a single resonant mode is excited around 350 MHz. However,
inspecting the near fields of the antenna in both the xz-
and xy-plane, which are shown in Fig. 3, we observe two
dipoles being excited. The displacement of the monopole
along the x-axis inside the water cavity renders an asym-
metric field distribution, and in the xz-plane in Fig. 3(a),
we see that the electric field (arrows) forms a half-loop

FIGURE 2. The simulated (a) total efficiency (ηtot) and radiation efficiency (ηrad)
and (b) the reflection coefficient (S11) as functions of frequency. The circles indicate
the location of maximum FBR. In (b), S11 is given in logarithmic scale, and the
measured S11 is included. The antenna input impedance ZA is shown as a function of
frequency in (c).

with an enhanced magnetic field intensity (colors) near the
ground plane inside the water. This is identified as a mag-
netic dipole mode (TE111). If we turn our attention to the
xy-plane in Fig. 3(b), we find an alternated field distri-
bution: the magnetic field (arrows) forms a loop with an
enhanced electric field intensity (colors), i.e., an electric
dipole (TM011). In our previous work on water-based anten-
nas, such strong dipole modes were also excited, but at
different frequencies [5]. In the present configuration, the
dipoles are excited at the same frequency. The outcome of
the double dipole excitation can also be observed in the
far-field, see Fig. 4(a), where the directivity pattern has the
cardioid shape. The directivity in the −x-direction is greatly
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FIGURE 3. (a) The total magnetic (electric) field intensity, Htot (Etot), shown as
colors (arrows) in the xz-plane. (b) Etot (Htot) shown as colors (arrows) in the
xy-plane. Both colors and arrows are in logarithmic scale. Frequency is 351.6 MHz.
There is no radiation in the negative z-direction because of the ground plane.

reduced, whereas the maximum in the +x-direction is still
maintained. Such behavior is highlighted in Fig. 4(b) with the
FBR shown as a function of frequency. At 351.6 MHz, the
FBR has the remarkable peak value of 40.3 dB. The max-
imum directivity Dmax = D+x as a function of frequency
is included in Fig. 4(b). At 351.6 MHz, Dmax = 6, which
is expected for ground-supported Huygens antennas [15]:
a single dipole antenna has a directivity of 1.5, and with
two dipoles and a ground plane, the directivity is increased
by a factor of 4. Furthermore, the maximum realized gain is
Grealized,max = 5.42 dBi, which is 0.65 dB higher than that
of a matched and lossless monopole antenna.
The antenna was fabricated at the local workshop, and

a photograph is shown in Fig. 5(a). The antenna was made
by hollowing out the cavity in a Rohacell 51 HF block,
which was then glued on to a circular aluminum plate of
1 m in diameter. Holes for insertion of the monopole antenna
and distilled water were drilled in the aluminum plate.
A sketch of the measurement setup is shown in Fig. 5(b). The
antenna was mounted on a tripod with a rotating joint such
that the antenna could be rotated θ ′ as shown in Fig. 5(b).
In this way, the radiation pattern was recorded using a sim-
ple dipole antenna designed for 350 MHz operation and
positioned 3.3 m away. Accordingly to the definition of
the far-field distance, if we use the ground plane as the
largest dimension (d = 1 m is the size of the ground plane),
we get dff > 2d2/λ0 ≈ 2.3 m and thus fulfill the far-
field condition. For measurement angles θ ′ = [90◦, 0◦[, the
antenna was rotated 180◦ in the xy-plane. The reflection

FIGURE 4. (a) Simulated radiation pattern shown by the normalized directivity in the
xz- and xy-planes at the frequency of 351.6 MHz. The black circles show the measured
normalized |S21| in the xz-plane at the frequency of 354.7 MHz. The simulated
directivity and measured S21 are normalized with their maximum values and given in
logarithmic scale for easier comparison. (b) Simulated and measured front-to-back
ratio (FBR) in logarithmic scale, as well as the maximum directivity (Dmax), as
functions of frequency.

(S11) and transmission coefficients (S21(θ ′)) were measured
with an Anritsu MS2024B vector network analyzer cali-
brated for 50 Ohm matching. The measured S11 is shown
in Fig. 2(b) and the measured FBR is included in Fig. 4(b),
which is calculated as S21(θ ′ = 90◦)/S21(θ ′ = −90◦). The
measured FBR is maximal at 354.7 MHz with a measured
S11 of −30.9 dB showing nice agreement with the numerical
predictions. The small mismatch of 3.1 MHz in frequency
between experimental and numerical results can be explained
by a small difference in temperature and/or water filling in
the cavity. The normalized measured S21(θ ′) in the xz-plane
is included in Fig. 4(a), and is in good agreement with the
numerical results.
By default, the antenna bandwidth is characterized by its

3-dB fractional matched voltage standing wave ratio band-
width FBW3dB [22]. However, due to the second resonance
around 390 MHz, this is quite large (19.7 %). Therefore, it
is more convenient in this case to use the 10-dB fractional
matched voltage standing wave ratio bandwidth FBW10dB,
which is 4.0 %. According to [23], the quality factor Q
is given by Q = 2/3FBW10dB, which in the case of our
Huygens DRA gives around 17. In the absence of water,
one is left with the monopole antenna alone, which resonates
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FIGURE 5. (a) Photograph of the fabricated antenna mounted the tripod with the
rotatable joint and (b) sketch of the measurement setup.

at a higher frequency (around 2.8 GHz) with an associated
quality factor of around 7 [22]. From Fig. 4(b), we see that
the high FBR is narrow-banded. Obviously, this is coming
from the tight overlap of the resonant dipole modes. The
FBR10dB bandwidth is 6.5 %.

B. TUNABILITIES AND SENSITIVITIES
Water-based antennas have multiple tuning parameters, and
in this work, we have tested variations of the position of
the monopole, water content in the cavity and temperature
of water.
In total three holes were drilled for the insertion of the

monopole, and the measured S11 for each of them is shown
in Fig. 6(a). For the alternative monopole positions, xm = 0
and xm = 12 mm, we find several minima spread out over
their spectra, each representing different mode excitations.
None of these modes produce reflection coefficients below
−20 dB, and their radiation patterns are different from that
shown in Fig. 4(a). In Fig. 7(a), we have included the simu-
lated realized gain Grealized as a function of θ in the xz-plane
as the monopole antenna position is shifted along the x-axis.
The inset shows the angle of each minima (null) in Grealized,
θmin, as a function of xm. At xm = 0, the radiation pattern
is symmetric with the null being at 0◦. As xm increases,
the null shifts towards the negative angles, and at xm =
24mm, the null reaches −90◦. These results demonstrate
the beam-steering capabilities of the antenna with a simple
re-positioning of the monopole antenna. Similar study was

FIGURE 6. Measured S11 in logarithmic scale as a function of frequency for
different positions of the monopole antenna (x = −xm) in (a) and for variation of the
water content in (b). A sketch of the antenna cross section with the monopole
antenna positions is included as an inset in (a). The circles in (b) show the minimum of
each graph.

conducted in [3] showing same tendency. Additionally, fur-
ther beam-steering should be possible by also displacing the
monopole antenna in the y-direction.

Another way to tune the water-based antennas is to simply
remove/add water (see, e.g., [4]–[5]). Presently, we stepwise
remove 2 % of the water from the cavity, until 70 % water is
left, measuring S11 after each water extraction. The result is
shown in Fig. 6(b) and an aggravation of S11 is observed as
the water content in the cavity is reduced (please note that
the measurements in Fig. 6(a) and Fig. 6(b) were carried out
at days with different temperatures causing the minor differ-
ences in the measured S11). A similar study has previously
been conducted for another water-based DRA, where a lin-
ear blue-shift was observed [5]. However, we do not observe
similar tendency for the present design. As the water con-
tent is reduced, the radiation in the xz-plane becomes less
directive and more omnidirectional as shown in Fig. 7(b) by
Grealized as a function of θ in the xz-plane. The antenna has
the response shown in Fig. 6(b) and Fig. 7(b) as long as
it is kept in level. If any deviations in angle theta in posi-
tioning of the AUT happens, then water no more can be
accurately described as a cuboid dielectric. This is quite
complicated behavior as the resonance frequency and radia-
tion pattern will change for different theta angles. This can
be a subject of further analysis. Seen from another perspec-
tive, this presents a great way to, e.g., completely level the
antenna or to check if the cavity is 100 % filled. In addition,
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FIGURE 7. Simulated realized gain (Grealized) as a function of θ in the xz-plane
for (a) different positions of the monopole antenna (xm) and (b) for variation of the
water content. Frequency is 351.6 MHz and Grealized is shown in logarithmic scale.
The circles in (a) show the minima (null) of each graph and their angles, θmin, are
plotted as a function of xm in the inset.

the antenna should be sensitive to vibrations. We have not
made such comprehensive studies this work.
Water’s complex permittivity is temperature-dependent,

and it decreases with increasing temperature. This property
can also be exploited to tune the response of water-based
antennas as well as other types of water-based devices [4].
Presently, we simulate minor variations of water’s tempera-
ture, and in Fig. 8, S11, FBR and ηtot are shown as functions
of frequency. As the temperature increases from 10◦C to
30◦C, the response is blue-shifted by approximately 16 MHz.
Furthermore, both ηtot and FBR improve due to the lower
losses, whereas the matching, indicated by the minimum of
S11, is optimum around 20 ◦C. Still, the minimum of S11
stays below −20 dB at all simulated temperatures.
The results in Fig. 6, 7 and 8 demonstrate the antenna’s

tunabilities, but it can also be viewed as its sensitivities
to fabrication variations and defects as well as changes
in the local environment. The antenna has other tunabili-
ties/sensitivities as, e.g., the impurities in the water, which
we did not test in this work.

C. FURTHER DISCUSSIONS
The antenna’s electrical size is k0a ≈ 1.08 (λ0/6), and
therefore, not categorized as being electrically small, which
requires k0a ≤ 0.5 for ground-supported antennas, see,
e.g., [5] and [24]. Still, the antenna is several times smaller
than many other DRAs [1], [4], and the modest efficiency

FIGURE 8. Simulated temperature variations from 10◦C to 30◦C. (a) S11
and (b) FBR and ηtot shown as functions of frequency. S11 and FBR are given in
logarithmic scale.

is higher than, e.g., a directive subwavelength DRA com-
posed of an expensive low-loss ceramic material [18]. In our
case, we have a simple and cheap antenna. Furthermore, the
antenna is tunable and self-matched to a 50 Ohm transmis-
sion line, and thus, no matching components are needed. The
directivity is twice that of traditional single-unit DRAs in
which only magnetic or electric modes are excited [1]. Due
to the losses in water and the compact design, the efficiency
is modest compared to other DRAs.
In Fig. 2, we find a second mode being excited around

385 MHz. The mode is weakly excited, which explains the
low efficiency. Inspecting the field distribution and radiation
pattern (not shown in the manuscript), we conclude that it
is another magnetic mode.

IV. SUMMARY AND CONCLUSION
A simple water-based Huygens DRA consisting of a short
monopole antenna fed against a large conducting ground
plane and encapsulated by a rectangular cuboid-shaped cav-
ity filled with water was investigated. With strongly excited
magnetic and electric dipoles, an excellent front-to-back ratio
of 40.3 dB was achieved as well as good matching to
the feed-line and the surrounding space with a reflection
coefficient of −38.3 dB and a total efficiency of 57.8 %.
Furthermore, the achieved maximum directivity was 6 in
accordance with the expectations. The antenna was fabri-
cated and characterized with the measurements exhibiting
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excellent agreement with the numerical results. We demon-
strated several ways of tuning the Huygens DRA’s response
with both numerical and experimental studies.
With its simple and versatile, as well as extremely cheap

and bio-friendly design, the Huygens DRA may serve as an
alternative antenna for microwave communication systems
operating in the VHF and low end of the UHF bands.
Additionally, the Rohacell material is not essential for the
functionality of the antenna and can therefore be replaced
by cheaper and more bio-friendly alternatives to even further
minimize the ecological footprint of the device.
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ABSTRACT 
Electromagnetic embedded eigenstates, also known as bound states in the continuum (BICs), 
hold a great potential for applications in sensing, lasing, enhanced nonlinearities and energy 
harvesting. However, their demonstrations so far have been limited to large-area periodic 
arrays of suitably tailored elements, with fundamental restrictions on the overall footprint and 
performance in presence of inevitable disorder. In this work, we demonstrate a BIC localized 
in a single subwavelength resonator obtained by suitably tailoring the boundaries around it, 
enabling a new degree of control for on-demand symmetry breaking. We experimentally 
demonstrate how boundary-induced BICs open exciting opportunities for sensing by tracing 
the dissolution of NaCl in water, determining evaporation rates of distilled and saltwater with 
a resolution of less than 1 µL using a tabletop experimental setup. 

ONE SENTENCE SUMMARY 
We realized a localized embedded eigenstate in a single resonator by suitably controlling the 
boundaries around it, and explored its operation for advanced sensing and tracing of chemical 
reactions. 

MAIN TEXT 
Embedded eigenstates, also known as bound states in the continuum (BICs), have recently 
become an area of great interest in wave physics. They were predicted in the seminal work by 
von Neumann and Wigner as a curious eigen-solution of single-particle Schrödinger equation 
that can reside within the continuum despite being compatible with decay in terms of 



momentum (1). Given the mathematical analogies with the wave equation in electrodynamics, 
optics and linearized acoustics, this phenomenon has been experimentally observed in several 
wave settings (2). Theoretically speaking, a BIC is a resonant state of an open system that 
supports an infinite quality factor (Q-factor), despite supporting a momentum compatible with 
radiation (3). Due to this fascinating property, BICs offer exciting prospectives for various 
applications, including sensing (4), lasing (5–7), nonreciprocity (8), enhanced thermal 
emission (9, 10) and energy harvesting (11). 

BICs can be classified according to the number of eigenmodes involved in the scattering 
process (single or multiple) and to the nature of the underlying interference mechanisms 
(symmetry-enabled or accidental). The simplest example of nonradiative, symmetry-enabled, 
single-mode BIC in an open system is a hedgehog-like collection of dipoles longitudinally 
arranged over a sphere or a charged pulsating spherical shell, for which radiation is forbidden 
due to symmetry (12). This non-radiating current distribution was employed as a first attempt 
to explain the stability of atoms (13-16). While this idealized model is practically challenging 
to implement, BICs have been demonstrated in periodic 2D arrays of dipoles that do not radiate 
due to mutual destructive interference. Accidental single-mode BICs can also be supported by 
multilayers involving epsilon-near-zero (ENZ) or other extreme material parameters (10, 17–
19). Friedrich and Wintgen predicted BICs in systems involving multiple, not orthogonal 
coupled modes (20). These BICs leverage destructive interference of at least two resonant 
modes coupled to the same radiation channel, and they can exist in both symmetry-protected 
and accidental form. This approach has been of great interest in the recent literature, as it 
enables nonradiative states tailored by variations of the system parameters, e.g., angle of 
incidence or refractive index, becoming particularly attractive in various photonic crystal 
setups (2, 21–27). 

In this context, the formation of a symmetry-protected BIC at the Γ-point of a periodic array 
is schematically illustrated in Fig. 1. We first consider an individual resonator, in the form of 
a metallic cylindrical disk placed over on a conducting ground plane, which resonantly scatters 
light as a vertical electric dipole (28) around the frequency of interest, Fig 1A. When 
illuminated by an incident wave, the scattering pattern has a null along the dipole, and the 
resonant spectrum is characterized by a Q-factor controlled by the power scattered towards all 
other directions into the radiation continuum. Next, we consider a periodic array of such 
resonators: choosing a subwavelength periodicity, the scattered power is directed towards the 
zeroth diffraction order (except at the ends of the array), i.e., a single direction, due to 
destructive interference among the array elements for all other angles. By aligning this 
outgoing diffraction channel with the null in the scattering pattern of each resonator, a 
symmetry-protected BIC emerges at the Γ-point of the first Brillouin zone, i.e., in the direction 
normal to the array (2, 3, 5, 29). In this scenario, the resonant mode sustains vertical dipoles 
all with the same amplitude and phase, as sketched in Fig. 1B, which cannot radiate towards 
the normal. Because of reciprocity, the periodic array cannot be excited by a plane wave at 
normal incidence, hence forming a nonradiating mode unobservable in the scattering spectra. 
Coupling to outgoing radiation can be triggered by small broken symmetries along the array, 
resulting in a sharp Fano line-shape in the radiation spectrum often referred to as a quasi-BIC 
(27, 30, 31). These phenomena can be observed in large-area arrays, implying large footprints 
and challenges in ensuring these precise symmetries across large areas. More importantly, these 



features are not well suited for sensing: the BIC mode is extended in space, and therefore the 
asymmetries controlling the coupling to radiation need to be equally extended. For similar 
reasons, despite the very large Q factors, these BICs do not support large local density of states 
(LDOS) (17). 

 
Fig. 1. Concept of an extended BIC in a periodic array and a boundary-induced localized 
BIC in a single resonator. (A) Sketch of a single metallic resonant disk over a ground plane, 
along with the z-component of the E-field distribution of its vertical dipole mode. The 
parameters are h = 25 mm, r = 30 mm, fr ≈ 1,940 MHz. The corresponding Q-factor of the 
eigenmode is ~2. (B) Periodic array of metallic resonators. An infinite array supports an 
extended Γ-point BIC when all vertical dipole moments are excited with the same amplitude 
and phase. This Γ-point BIC turns into a quasi-BIC in the case of a finite structure and/or the 
presence of asymmetries or material loss. The corresponding near-field distribution is shown 
in red, and the calculated Q-factor of the eigenmode is ~21,000. The parameters are h = 25 
mm, r = 30 mm, a = 110 mm, fr ≈ 2,470 MHz. (C) Single metallic resonator in a rectangular 
waveguide: even though we use a single resonant element, the structure can support a localized 
BIC. If the waveguide walls and the metallic resonator are not perfectly conductive, the BIC 
turns into a quasi-BIC. In our case, the calculated Q-factor of the eigenmode is ~8,000, which 
can be increased using lower loss materials. The parameters are h = 27 mm, r = 18 mm, aWG = 
bWG/2 = 54.61 mm, fr ≈ 1,890 MHz. All Ez(x) are taken at 20 mm above the disks’ top base. 
The lines above/below the ground plane correspond to positive/negative real values of Ez(x). 

The BICs demonstrated to date have been based on these principles, hence they emerge in 
spatially extended and bulky periodic structures, hindering their implementation and effective 
use as sensors or other forms of enhanced light-matter interactions. In contrast to these 
structures, localized BICs in single resonators have been predicted to offer extremely large 
LDOS, ideal for sensing applications (32, 33). However, to date localized BICs have been 
leveraging the use of extreme material parameters, making them prone to losses and 
challenging in their practical implementation. Friedrich-Wintgen supercavity modes in high-
index dielectric nanoparticles are intrinsically open to radiation, and therefore they cannot 
support true BICs even in theory (34). 

In this work, we explore a different approach to enable localized BICs. We suitably modify 
the boundary conditions around a single resonator in order to control the destructive 
interference between the resonator and its images induced by the tailored boundaries, thus 
inducing nonradiating resonant modes. In particular, we can place the individual resonant disk 
at a suitable location within two lateral metallic walls, Fig. 1C. The resonator, excited by the 
fundamental TE10 mode of the resulting waveguide, interacts with its images created by the 
lateral walls, assuming that they are good conductors. The result is an effectively 2D periodic 



array with alternating field signs, as sketched in Fig. 1C and further analyzed in Fig. S1-S3. 
This opens the opportunity to induce a localized BIC, controlled by the resonator geometry and 
the distance between the lateral walls, confining the extended BIC in the periodic array of Fig. 
1B into a single resonant element. A tailored asymmetry introduced in our resonator is 
automatically extended to the image array, offering a powerful tool to tailor the Q-factor at 
will, as envisioned in (27), but without having to control an extended broken symmetry across 
the entire array. 

We control the asymmetry in our structure by introducing a tiny water droplet placed atop 
the metallic resonator, leveraging the high permittivity of water at microwaves to trigger non-
negligible perturbations in the local fields (36–38). Different from the case of extended BICs, 
here the LDOS in the resonator is largely enhanced at the BIC condition, with a controllable 
Q-factor that enables sensing of deeply subwavelength variations to the water volume, as well 
as small changes in its refractive index. Remarkably, as we show in the following, we can use 
this platform to trace in real time the occurrence of chemical reactions, e.g., the dissolution of 
NaCl in water. Similarly, we can determine the evaporation rates of distilled and salt water 
with a resolution of less than 1 µL. 

 
Fig. 2. Symmetry-protected extended BIC in a periodic array. (A) and (B) Magnitude of 
the total E-field [V/m] (colorbars) of the eigenmode in the xy- and yz-plane. (C) and (D) 
Numerically calculated reflectance spectra for different incident angles. The black and white 
arrows show the instantaneous magnetic and electric fields, respectively, both in a logarithmic 
scale. The geometric parameters are r = 30 mm, h = 25 mm and a = 110 mm, and the intrinsic 
metal conductivity is σ = 5.8´107 S/m corresponding to that of copper. The calculated real 
eigenfrequency is 2,467 MHz, and the Q-factor using realistic metal loss is 21,000.  



Symmetry-protected extended BIC 
In order to outline the physical mechanisms supporting our boundary-induced localized BIC, 
in Fig. 2 we first numerically analyze the conventional extended BIC supported by a periodic 
array of resonant metallic disks backed by a conducting ground plane, as in Fig. 1B (for details 
of our analysis, see Supplementary Materials). For the chosen geometrical parameters, an 
eigenmode analysis of the array predicts an extended BIC arising at the frequency of 2,467 
MHz, with an unbounded Q-factor in the ideal scenario of perfect electric conductors (PEC). 
Considering a realistic metal conductivity, the calculated resonance Q-factor is 21,000. Figs. 2 
A and B show the magnitude of the E-field distribution of the corresponding eigenmode in the 
cross-sections of one of the resonators. The disk supports a high-intensity electric field on its 
top side, decaying away from the disk. The circulating magnetic field and vertical electric field 
distributions, plotted as white and black arrows in Fig. 2, A and B, respectively, confirm that 
the resonance is dominated by a vertical electric dipole component. Standing wave patterns 
arise in the xy-plane due to the coupling with neighboring resonators. 

By illuminating the array with a p-polarized (i.e., parallel to the plane of incidence) plane 
wave at different incident angles θ, the reflection spectra (Fig. 2, C and D) showcase the 
emergence of a BIC. At any incident angle other than 0°, the incident wave strongly couples 
to the array resonance, inducing an absorption dip. For normal incidence, the wave is fully 
reflected and cannot couple to the resonant dip. With the considered level of metal loss, critical 
coupling and full absorption is achieved at 0.2°, for which the radiated power from the dipoles 
equals the absorbed power in the metal. At larger (smaller) incident angles, the array is over 
(under) coupled. Approaching normal incidence, the resonant linewidth gets narrower and 
narrower, until it vanishes because of symmetry at 0°, when the resonant mode becomes a BIC 
and cannot be excited by the incoming wave. 

 
Symmetry breaking 
By adding a tailored asymmetry in the array, we can control the coupling of this nonradiating 
mode to normally incident waves. We achieve symmetry breaking by adding a drop of distilled 
water [permittivity model taken from (39)] on the top side of each metallic resonator. The drops 
are modeled as hemi-spherical particles with radius rw, and their center is displaced from the 
disk center by (x, y) = (dw, 0). By varying the drop size and position in each array element, we 
can control the coupling to a normally incident x-polarized plane wave, as shown in Fig. 3. In 
Fig. 3A, we fix the drop position, so that there is a gap of 1 mm between the drop and the 
resonator boundaries (dw = r - rw - 1 mm). We observe no change in reflection for rw = 2 mm, 
due to the finite spectral resolution of our simulations. As more water is added, a narrow 
reduction in reflection can be observed, and critical coupling is reached with rw = 4.8 mm (96.5 
µL). A further increase in drop size results in a significant broadening of the reflection spectrum 
due to over-coupling. In the under-coupled regime, the resonance frequency is red-shifted as 
more water is added. Furthermore, the losses in water reduce the Q-factor from 21,000 (no 
water) to 4,300 for a drop size rw = 4.8 mm. 

In Fig. 3B we study variations in the drop position, where the drop size is fixed at rw = 4.8 
mm. When dw = 0, the configuration is symmetric, and therefore the BIC is preserved. As the 
drop moves away from the center of the metallic disk, the incident wave couples to the array, 
and at dw = 24.2 mm, the coupling is critical. As the drop approaches the edge of the resonator, 



the proximity effects cause the resonance frequency to change from blue-shifted to red-shifted. 
In Fig. 3C and D, the magnitude of the total E-field in the xy- and xz-planes are shown for a 
drop with rw = 4.8 mm and dw = 24.2 mm. The similarities between the field distributions in 
Fig. 2 and Fig. 3 confirm that the BIC mode is only slightly perturbed by adding water, and it 
can be excited despite the excitation at normal incidence due to the broken symmetry. 

 

 
Fig. 3. Symmetry breaking in an extended BIC. (A) Numerically calculated reflectance 
spectra for different water drop sizes with dw = r - rw - 1 mm (legend shows the hemisphere 
radius in mm). (B) Reflectance spectrum for different water drop positions. The drop radius is 
rw = 4.8 mm (legend shows the displacement dw in mm). (C) and (D) Magnitude of the total E-
field [V/m] (colorbars) in the xy- and xz-plane for a plane wave at normal incidence with rw = 
4.8 mm and dw = 24.2 mm. Black and white arrows show the instantaneous magnetic and 
electric fields, respectively, both in logarithmic scale. The Q-factor is 4,300 for water drops 
with rw = 4.8 mm and dw = 24.2 mm. The water temperature is 20 °C in all simulations. 

Boundary-induced localized BIC 
The results in Fig. 3 show how it is possible to couple an extended BIC mode to a normally 
incident plane wave by introducing an array of symmetry-breaking defects in each element. 
Arguably this is practically challenging, and not amenable to a sensing platform, in which the 
sensor is typically localized. We overcome this challenge by considering a boundary-induced 
localized BIC, as introduced in Fig. 1C, confined into a single resonator placed in a rectangular 
metallic WR-430 waveguide. Our design dimensions are adapted to the WR-430 waveguide, 
with r = 18 mm and h = 27 mm, corresponding to a BIC eigenfrequency around 1,880 MHz 
according to a numerical eigenmode analysis (Fig. S4). A photograph of the resonator inserted 



in the waveguide section is shown in Fig. 4A. Both the resonator and ground plane are made 
of aluminum, and a small water container consisting of a cylindrical shell of Rohacell 51 HF 
is glued on the resonator. The low permittivity of Rohacell, measured in-house to be 1.075 
(36), has a negligible effect on the response. Fig. 4B shows photographs of the resonator with 
different water amounts. The reflection coefficient is measured with a vector network analyzer 
(VNA), and the full experimental setup is sketched in Fig. 4C. 

 

Fig. 4. Localized BIC in a metallic waveguide. (A) Photograph of a single disk resonator 
inserted in a WR-430 waveguide section. (B) Photographs of the resonator with different water 
fillings. (C) Sketch of the experimental setup. (D) Normalized reflection coefficient as a 
function of frequency and water volume. The water temperature is 24 °C. (E) Evolution of the 
quasi-BIC resonance evolving towards the BIC at ~1,880 MHz as water evaporates from the 
system (see Fig. S5C for the reflection phase). 

The addition of a single water droplet in our localized boundary-induced BIC enables 
controlled symmetry breaking, hence leading to an efficient way to control the coupling of the 
BIC mode to the continuum of propagating modes in the waveguide. The results summarized 
in Fig. 4D show the frequency dependence of the measured reflection coefficient for different 
water volumes. The results have been normalized to the spectra of the resonator without water 
(for details, see Supplementary Materials, Fig. S5A). No resonance is excited with 0 µL water, 
since the system supports a nonradiating localized BIC, whereas with 10 µL the mode evolves 
to a quasi-BIC arising in the measured spectrum around 1,875 MHz. Adding more water 
increases the intensity of the resonance and shifts it towards lower frequencies. From 10 to 610 
µL, we are in the under-coupled regime, and at 620 µL we hit critical coupling, for which the 



reflection coefficient is reduced to near-zero. Above 620 µL, the resonator is over-coupled and 
we observe an increase in reflection and resonance broadening. The frequency shift is directly 
proportional to the water volume from around 200 µL. Below 200 µL, the water is not evenly 
distributed in the Rohacell container due to surface tension, and therefore its volume shape 
changes as more water is added. 

The system is ideally suited to observe in real time water evaporation from the system: Fig. 
4E demonstrates how the quasi-BIC evolves towards the localized BIC as water is removed. 
The Q-factor as a function of water volume (see Fig. S5E) displays a steady growth as the water 
volume is reduced, due to the system approaching the BIC and the reduced water losses. At 10 
µL, the Q-factor is ~1,500, but at the critical coupling regime (620 µL), the Q-factor decreases 
to 250. 
 
Sensing chemical reactions with a localized BIC 
Our results reveal that the resonance frequency linearly decreases with the water volume as 
~0.1124 MHz/µL starting from 200 µL, Fig. 4E (see also Fig. S5B – D), allowing a precise 
determination of volume changes as low as 1 µL. We can use this tool to estimate the 
evaporation rates of distilled water and a NaCl solution, as shown in Fig. 5. Since the Rohacell 
container is open, water evaporates over time, causing a shift in resonance frequency (Dfmin) 
and of the reflection minimum, (|S11|2)min. Figs. 5, A and B, demonstrate the dependence of 
|S11|2min and Dfmin in function of time. From the curve slopes, we can carefully estimate the 
evaporation rate, and the estimated evaporated water volume as a function of time, shown in 
Fig. 5C. 

We can also exploit the localized BIC to monitor in real time the effect of salination in 
water. The addition of a salt crystal triggers a rapid change in the response (see Fig. 5, A and 
B, period I). The NaCl density is lower when dissolved in water, thus the volume expands and 
we observe a red-shift in the resonance frequency. Hereafter (period II), the resonance 
frequency is blue-shifted as Na+ and Cl- ions are dispersed in water (hydration), effectively 
increasing the solution density. Furthermore, the conductivity increases, thus increasing the 
reflection. After 20 minutes, the NaCl is fully dissolved (period III), and the slope is stabilized, 
such that we can estimate the evaporation rate. 

 The estimated evaporation rate is 213 nL/min for distilled water, whereas, for a 7.1 ppt 
NaCl solution, it is 201 nL/min, Fig. 5C, confirming that salt water evaporates more slowly 
than distilled water, since water molecules are attracted to the dissolved salt ions, and more 
energy is thus required to break them apart. We experimented with different sizes of NaCl 
crystals, Fig. 5D (see Fig. S6 for the frequency shift). Larger NaCl crystals change the response 
faster due to their size, but it also takes longer time to dissolve them, as seen by the slope 
changes. Even a small NaCl crystal of 0.3 mg (≈ 0.6 ppt in 500 µL water) can be clearly 
measured. Such a small change in salinity corresponds to an increase in the loss tangent of 
approximately 0.0066 [7.7 %, (40)]. 

There are several processes during the reaction that cause changes in volume and 
permittivity. A temperature shift changes both, as studied in Fig. S7 by simply heating the 
water before insertion. A temperature increase causes a decrease in density (i.e., larger volume) 
and permittivity, and therefore a red-shift and a blue-shift in frequency, respectively. In 



experiments, the frequency is blue-shifted, revealing that the volume change is the governing 
factor. This is interesting to observe, since only permittivity changes are typically considered 
in water-based structures (37),(41). In Fig. 5, E and F, we have isolated the permittivity change 
due to a variation in salinity by measuring NaCl solutions of equal volume of 500 µL. The 
reflectance (resonance frequency) increases (decreases) with increasing salinity due to the 
higher conductivity in the solution. The higher conductivity reduces the field penetration in the 
solution, and thus less power is absorbed. We measure changes with concentrations as low as 
0.2 ppt (≈ 0.1 mg in 500 µL water), and from 0 to 5 ppt the change in response is linear with 
good approximation. 

 
Figure 5. Sensing and chemical reaction tracing with localized BIC. (A), (B) and (C) 
|S11|2min, Dfmin, and estimated evaporated water volume, respectively, as a function of time. 
Time 0 designates the point of the first measurement in (A) and (B), whereas it designates the 
point of full dissolvement of NaCl in water in (C). The black solid and dashed lines in (C) are 
the tendency lines of 0 ppt and 7.1 ppt solutions, respectively. (D) Chemical reaction of single 
NaCl crystals added to 500 µL of water. (E) and (F) show the response of 500 µL NaCl 
solutions with different salinities. (D) Change in the reflectance minimum D(|S11|2)min as a 
function of time since NaCl was added. The concentration values specify the NaCl solution 
after full dissolvement. (E) Reflectance (|S11|2)min and (F) frequency as a function of salinity 
for 500 µL NaCl solutions. The solid black lines show the fitting. The insets show the 
magnified plot in the range from 0 to 2 ppt.  

Discussion 
In this work, we have shown how the possibility of inducing a highly controllable localized 
BIC in a compact resonant structure by suitably tailoring the boundary conditions around it. 
Based on this concept, we have realized controllable on-demand symmetry breaking for 
advanced sensing. Specifically, we have exploited the natural attributes of rectangular 
waveguides to generate a single-resonator BIC whose coupling to the continuum of 
propagating modes in the waveguide can be controlled by a tiny drop of water. This approach 



overcomes the need for extreme materials or large-area geometries to induce BIC phenomena. 
Based on this platform, we have demonstrated the feasibility of the proposed system for sensing 
and to trace chemical reactions in real time by monitoring dissolution of NaCl in water and 
determining evaporation rates of distilled and salt water with a resolution of less than 1 µL. 
Although in our prototype design water was manually inserted with a pipette, the system can 
easily be extended to introduce a control system to manage the water insertion. Similar 
principles can be applied to more advanced microfluidic sensing platforms. In our design, the 
Q-factor of our BIC is limited by material losses, which can be reduced in different ways, 
including the use of better conducting materials and/or lower temperatures, further enhancing 
the overall sensitivity. Besides sensing, boundary-induced localized BICs can find applications 
in classical and quantum nanophotonic settings. For instance, the demonstrated enhanced 
sensitivity can be directly translated into enhanced light-matter interactions, offering a unique 
platform for drastically enhanced nonlinearities. In the context of qubits, these localized 
resonances may enable much enhanced quantum coherence times (42, 43). 
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Materials and Methods 
Simulations 
COMSOL Multiphysics 5.5 was used for all numerical simulations. The Electromagnetic Waves, 
Frequency Domain physics, was used with the Frequency Domain and Eigenfrequency studies. The 
permittivity model for water was implemented (see equations in the next section). Impedance 
boundary conditions with finite intrinsic conductivity were applied on the metallic surfaces. The 
magnitude of the incidence wave is 1 V/m in all simulations. Two models were used (sketches are 
shown in Fig. S10):  
1. 2-D array: Periodic boundary conditions were applied to emulate the infinite extent of the array. 

A periodic port backed with PML and plane wave excitation was used to retrieve the S11 scattering 
parameter. Intrinsic conductivity of 5.8´107 S/m (corresponding to copper) were applied on the 
metallic surfaces. 

2. Single resonator in WR-430 rectangular waveguide: Perfect electric conductors (PECs) were 
applied on the metallic walls of the waveguide. A rectangular port backed with Perfect Matched 
Layers (PML) and TE10 excitation was used to retrieve the S11 scattering parameter. Intrinsic 



conductivity of 3.8´107 S/m (corresponding to aluminum) were applied on the metallic surfaces 
of the resonator and conducting ground plane. Permittivity of 1.075 is applied for the Rohacell 
51 HF material. 

 
Permittivity model for water 
The permittivity for distilled water was calculated using the following equations. The relative 
permittivity as a function of temperature Tw [°C] and angular frequency w [rad/s] is (39) 
 

𝜀!,#(𝜔, 𝑇$) = 𝜀%,$& − 𝑗𝜀%,$&& = 𝜀'(𝑇$) +
𝜀((𝑇) − 𝜀'(𝑇$)
1 − 𝑗𝜔𝜏(𝑇$)

 (1) 

 
with 𝜀((𝑇$) = 𝑎) − 𝑏)𝑇$ + 𝑐)𝑇#* − 𝑑)𝑇#+ and 𝜀'(𝑇$) = 𝜀((𝑇$) − 𝑎*exp	(−𝑏*𝑇$) being the 
optical and static permittivities, respectively. 𝜏(𝑇$) = 𝜏,exp	[𝑇)/(𝑇$ − 𝑇,)] is the rotational 
relaxation time. The values for the constants are 𝑎) = 87.9, 𝑏) = 0.404	K-), 𝑐) = 9.59 × 10-.	K-*, 
𝑑) = 1.33 × 10-/	K-+, 𝑎* = 80.7, 𝑏* = 4.42 × 10-+	𝐾-), 𝜏, = 0.137	ps, 𝑇) 	= 651	°C and 𝑇, =
133	°C. 
 
Experiment with a single resonator in the rectangular waveguide 
The resonator was fabricated at the local workshop and is made of an aluminum cylinder mounted on 
an aluminum plate with screws on the back. Holes were drilled on the aluminum plate for the 
attachment to the rectangular waveguide. The water container was made by drilling a hole in a small 
cylindrical Rohacell 51 HF block, which was then glued on the aluminum cylinder with glue.  

The standard WR-430 rectangular waveguide is made of brass and has a cross-section of 109.22 
× 54.61 mm2. A WR-430 flange waveguide to coax adapter was attached to it, which was connected 
to Anritsu MS2024B Vector Network Analyzer (VNA) with a 1 m RG58 50 Ohm coaxial cable. The 
VNA was calibrated for S11,VNA magnitude response using a short (brass plate). To retrieve the phase 
change as well as to remove the oscillations caused by the Fabry–Pérot interferometer effects, we 
defined the scattering parameter as S11 = S11,VNA(Vwater)/ S11,VNA(0 µL), where Vwater is the volume of 
water. See Fig. 4C for sketch of the experimental setup. 

Local distilled water was used, and an Eppendorf Research 10–200 µL pipette was used to insert 
the liquids. The solid NaCl crystals were weighted with a scale at the local laboratory. The NaCl 
solution was made using a weight scale and by mixing the distilled water with solid NaCl crystals. 
The water and the NaCl solutions were stored together in closed containers to ensure similar 
temperatures. For heating of water, we used a simple boiler. 

The measurements were done with the following steps 
1. Insert liquid. 
2. Close waveguide. 
3. Wait for the stable response due to mechanical vibrations and record the S11-response. 
4. Prepare for the next measurement by removing the waveguide and dry for liquid. 

 
Normalization 
The extracted reflection coefficient oscillates around 1, which is unphysical, and must be an artifact 
coming from the VNA calibration. Such oscillations have been observed previously with other 
structures inserted in waveguides (36). The waveguide is a closed cavity and inside the waves reflects 
multiple times, causing interference just like in Fabry–Pérot interferometers. The oscillations in Fig. 
S5A occur due to a shift in the interfering reflections. Since we are not interested in these oscillations, 
we suppress them by defining a normalized reflection coefficient as S11 = S11,VNA(Vwater)/ S11,VNA(0 



µL). The magnitude and phase of S11 are shown in Fig. S5, B and C, respectively, as functions of 
frequency for different volumes of water.  
 
Quality factor 
The quality factor has been calculated using 𝑄 = 𝑓%/∆𝑓, where 𝑓% is the resonance frequency and ∆𝑓 
is the bandwidth at half maximum. The quality factor as a function of the volume of water is shown 
in Fig. S5E. We observe a decreasing linear proportionality of the quality factor with an increasing 
volume of water. This is expected since water is lossy. At critical coupling, the quality factor is around 
250.  
 
Reproducability of the experiment 
We tested the reproducability of the experiment, see Fig. S5F, and we measured a variation in the 
resonance frequency (the frequency of the minimum of the reflection coefficient) of approximately 
±0.008 % (±0.15 MHz), whereas the reflection magnitude had a variation around ±4 %. These 
deviations come from small variations in water (shape and volume) and are due to the manual 
insertion of the water. 

It should be noted that the resolution is profoundly dependent on the accuracy and precision of the 
water insertion. Although in our prototype, the water was manually inserted with a pipette, it can be 
improved with a control system to manage the water insertion. 
 
Water outside of the Rohacell container 
We also studied placing the water outside the Rohacell container, and we observe similar behavior 
for the volume change. These results are shown in Fig. S8 and S9. As the water can move freely on 
the metallic cylinder, we get far more variations in the measurements, and therefore the measurements 
are more difficult to replicate, but at the same time, makes our device far more sensitive to 
movements. The position of water is very important, and only displacement parallel to the incident 
electric field will excite the resonance. 
 
Supplementary figures 
See next pages. 
 
 
 
 



 
Figure S1. Difference between the rectangular waveguide with perfect electric conductor (PEC) 
walls and the periodic array (TE10 mode off). Magnitude of the local E-field components 
normalized with the total E-field (Etot) at z = hcyl – 20 mm for the eigenmode analyses. (A) and (B) 
Periodic array: fr ≈ 2470 MHz, r = 30 mm, h = 25 mm and a = 110 mm. (C) and (D) Rectangular 
waveguide with PEC walls: fr ≈ 1890 MHz, r = 18 mm, h = 27 mm and aWG = bWG/2 = 54.61 mm. In 
(A) and (C), x = 0, whereas y = 0 in (B) and (D). The z-component of the E-field is the most 
pronounced in both configurations. The z-component of the images in (B) and (D) lags 180° due to 
the PEC walls of the waveguide, see e.g. Fig. S3. 
 
 



 
Figure S2. Rectangular waveguide of perfect electric conductor (PEC) walls with and without 
water (TE10 mode on). Magnitude of the local E-field components normalized with the total E-field 
(Etot) at z = hcyl – 20 mm for the TE10 mode excitation at resonance frequency. The geometrical 
parameters are r = 18 mm, h = 27 mm and aWG = bWG/2 = 54.61 mm. (A) and (B) Without water at  
fr ≈ 1890 MHz. (C) and (D) With 500 µL water at fr ≈ 1830 MHz. In (A) and (C), x = 0, whereas y = 
0 in (B) and (D). The z-component of the E-field is nearly absent without water as we do not excite 
the resonance. With water, there is a large z-component since the resonance is know excited. The z-
component of the images in (B) and (D) lags 180° due to the PEC walls of the waveguide, see Fig. 
S3. 
 
 
 
 

 
Figure S3. Same configuration as in Fig. S2C and D, but showing phase instead. Phase of the 
local electric field components at z = hcyl – 20 mm. In (A) x = 0, whereas y = 0 in (B). The z-component 
of the images lags 180° due to the PEC walls of the waveguide.  
 



 

 
Figure S4. Total E-field magnitude in the rectangular waveguide with the metallic resonator. 
(A) and (B) Eigenmode analysis of the resonator in the waveguide. The real eigenfrequency is 1878.9 
MHz and Q-factor is 8,300. (C) and (D) TE10 mode wave excitation with 500 µL of destilled water 
in a cylindrical Rohacell 51 HF container of height 6.4 mm as well as inner and outer radii of 5 mm 
and 6 mm, respectively, atop of the resonator. The edge of Rohacell 51 HF container coincides with 
the edge of the resonator. The frequency is 1829.1 MHz, the Q-factor is 600 and the reflectance is 
0.06. (A)-(D) Colorbar shows the total E-field magnitude in V/m. Arrows show the power flow 
density in logarithmic scale. The radius and height of the metallic resonator are r = 18 mm and h = 
27 mm, respectively. The material of the metallic resonator and conducting ground plane is aluminum 
with intrinsic conductivity σ = 3.8´107 S/m. The walls of the waveguide are PEC. The temperature 
of water is 20 °C in all simulations. 



 
Figure S5. Supplementary figures to Fig. 4. (A) Measured reflection coefficient S11,VNA as a 
function of frequency for different volumes of water inserted in the Rohacell container. (B) and (C) 
Magnitude and phase, respectively, of the normalized reflection coefficient S11 as a function of 
frequency and volume of water. (D) Resonance frequency as a function of the volume of water. The 
dashed line shows the tendency from 200 µL. (E) Caculated quality factor as a function of the volume 
of water. (F) Repeatability of measurements. Reflectance |S11|2 as a function of frequency for 300 µL 
and 301 µL of water. The measurements are repeated 10 times for both volumes 

 
 

 
Figure S6. Supplementary figure to Fig. 5. Frequency change (Dfmin) in the reflectance minimum 
(|S11|2)min as a function of time since NaCl was added. The asterix symbol shows the frequency of a 
distilled water (0 ppt).  
 
 
 



 
Figure S7. Change in water temperature. Initial volume of water is 500 µL for all experiments. 
(A) reflectance as a function of frequency for different time points after adding the heated water. (B) 
The minimum of the reflectance (|S11|2)min and the frequency fmin as functions of the time after adding 
the heated water. 
 
 
 

 
Figure S8. Water drop outside of the Rohacell container. (A) Reflectance |S11|2 as a function of 
frequency for different volumes of water. (B) Photographs showing 10 µL and 190 µL of water placed 
on the resonator. 
 
 
 
 
 



 
Figure S9. Water drop of 200 µL outside of the Rohacell container placed at different positions 
on the the resonator. (A) Reflectance |S11|2 as a function of frequency for different water drop 
positions. (B) Photographs showing the positions of the drop on the resonator. 
 
 
 
 

 
Figure S10. Sketches of the COMSOL Multiphysics simulation models. (A) Model of the BIC 
structure with infinite elements. (B) Model of the rectangular waveguide used for the experiments. 

 



APPENDIX G
Equations and values for the

extended water permittivity model
This appendix includes the full permittivity model for water taken from [16]. The

model contains three Debye relaxations (first sum) and two molecular resonance terms

(second sum), and takes the form

εr,w(ω,Tw) = εs(Tw)− jω

3∑
n=1

ε∞,n(Tw)τn(Tw)

1 + jωτn(Tw)

− j
ω

2

5∑
n=4

[
ε∞,n(Tw)τn(Tw)

1 + jτn(Tw)(ω + ωn)
+

ε∞,n(Tw)τn(Tw)

1 + jτn(Tw)(ω − ωn)

]
, (G.1a)

where the static and optical relative permittivities and relaxation times are

εs(Tw) ≈ 87.9− 0.404Tw + 9.59E-4Tw
2 − 1.33E-6Tw

2 , (G.1b)

ε∞,n(Tw) = anexp(−bnTw) , (G.1c)

and

τn(Tw) = cnexp
(

−dn
Tw + T0

)
[s], (G.1d)

respectively, for n = 1, 2, 3. For n = 4, 5, we have

ε∞,4(Tw) = 0.838− 6.12E-3 Tw − 1.29E-5 Tw
2 , (G.1e)

τ4(Tw) = 9.62E-14 + 1.80E-16 Tw − 9.31E-18 Tw
2 + 1.66E-19 Tw

3 , (G.1f)

ω4(Tw) = 2π
(
4.24E12 − 1.43E10 Tw + 2.74E8 Tw

2 − 1.25E6 Tw
3) , (G.1g)

ε∞,5(Tw) = 0.617 + 7.24E-3 Tw − 9.52E-5 Tw
2 , (G.1h)

τ5(Tw) = 2.88E-14 − 3.14E-16 Tw + 3.53E-18 Tw
2 , (G.1i)

ω5(Tw) = 2π
(
1.60E13 − 7.44E10 Tw + 4.97E8 Tw

2) , (G.1j)

where ωn [rad/s] are the angular resonance frequencies. Tw [◦C] is the temperature

of water and T0 = 133 ◦C is the critical temperature. The values for the rest of the

parameters in Eq. (G.1) are listed in Table G.1.
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Table G.1: Parameter values for the Debye relaxations of the permittivity model of water
in Eq. (G.1).

n an bn × 10−3 [◦C−1] cn [fs] dn [◦C]

1 79.2 4.30 138 653

2 3.82 11.2 0.351 1250

3 1.63 6.84 6.30 406

Table G.2: Size of the permittivity model needed for different frequency bands.

Maximum frequency Debye relaxations Molecular resonances Maximum n

~ 0 Hz (static) Zero Zero -

50 GHz One Zero 1

500 GHz Two Zero 2

3 THz Three Zero 3

25 THz Three Two 5
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