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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 result-
ing 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 investi-
gate 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 fre-
quencies, 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.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0061648
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FIG. 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 Ref. 9.

provides water an exceptionally high polarization vector even in small
and compact volumes, such as protein pockets.” With no applied elec-
tric field, the orientations of the permanent molecular dipoles are ran-
dom, resulting in zero net polarization. The polarization properties of
water are typically described by its complex relative permittivity
(dielectric function) ¢, = &, + i¢//, which is shown in Fig. 1(b), and
depend on dynamic parameters, such as frequency of the electric field
and water temperature.” Unlike that of many other polar substances,
the permittivity of water is notable even at GHz frequencies. In 2015,
inspired by Rybin et al.'” as well as Popa and Cummer,'® Andryieuski
et al. demonstrated for the first time the possibilities with exploiting
water’s dynamic properties in microwave all-dielectric metasurfaces
(MSs)."” This launched a series of publications on water-based (WB)
microwave devices, such as tunable metamaterials (MMs)”’ > and
MSs,>** as well as MS reflectors,”* >* MS absorbers,”””" and many
more;” > see Table I 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, with the first antenna dating back to 1999,%
has been around for many years and still constitutes an active research
field;”” '* see Table I for more details on particular antenna types. A
very detailed review of water- and other liquid-based antennas is given
in Ref. 127. In addition, switching of guided waves on a coplanar
waveguide with a water drop was demonstrated in 2007."** Recently,
new applications of water have been presented including a radio fre-
quency (RF) tuner'”” and a bound state in the continuum (BIC) struc-
ture.””” 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 structure
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., Refs. 131 and 132) which are the driv-
ing mechanisms behind dielectric resonators used in dielectric resonator
antennas'” as well as all-dielectric MMs and MSs.'

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 con-
tainer it is put in. With the recent progress of 3D printers, it is possible
to produce routinely complex and flexible structures with cavities (see,
e.g., Refs. 40 and 52) otherwise extremely challenging with, e.g., high-
permittivity ceramics. A simple redistribution, reshaping, and/or

TABLE 1. Overview of water-based devices.

Device Type References
Single resonators General study 72-76, 78,79
MRI 77,135
BIC sensor 130
Metamaterial Non-resonant 23
Negative index 21
Topological 22
transitition
Fano resonance 17
Material phase study 20
Metasurface Absorber 39-71
Reflector 34-38
Toroidal mode 32
Sensor 136
All-dielectric 24-31
Water/metal 33
Antenna Monopole 81-86, 92,103, 114, 123-126
DRA 80, 87-91, 93-101, 119, 120
Helical 102, 104
Patch 105-108
Microstrip loading 109-113, 115
Hybrid 116
Array 117, 122
Yagi-Uda 118, 121
RF components Switch 128
Tuner 129
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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., Refs. 25, 34, and 92). 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.,
Refs. 44, 60, and 70). The abundance, low cost, bio-friendly nature,
and dynamic properties of water make it a very interesting alternative
component for extremely cheap, simple, green 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, cir-
cuit components, heating, and sensing.

The purpose of the present work is to provide an overview of the
properties of WB microwave devices and the pros and cons of their
applications. The manuscript is organized as follows. Section II intro-
duces 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 Sec. 111, we investigate the resonant
properties of a single spherical water element and an array of such ele-
ments to shed light on the fundamental characteristics 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 Sec. [V, 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 Sec. V. In Sec.VI, we show WB structures utiliz-
ing peculiar modes, such as toroidal modes and BICs. The latter repre-
sents 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 Sec. VII.

Il. 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., Ref. 15 for an overview of permittivity models). However,
recent studies show that the underlying reorientation of water mole-
cules is not Brownian motions, but discontinuous “jumps,” when an
appropriate defect occurs in the hydrogen network.””"” 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” presented a very useful ana-
Iytical 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,

2 oo n(To)Tu(Tw)

& (w, Ty) :SS(TW)—O—ia)Z (1)
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time 1,(T,) = d,exp (7 %) with the critical temperature

T, = 132°C. Other constants are provided in Table II.

In Fig. 1(b), we show the frequency and temperature dependence
of the relative permittivity of water from 0.1 to 3000 GHz. At low fre-
quencies (<1GHz), ¢ is high, while & (responsible for material
losses) is low. At room temperature (20 °C), the real part is approxi-
mately 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 decrease 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 86.84i9.2 to 55.8 +i0.71 at 1 GHz.
Interestingly, it is often the change in &, that is highlighted, whereas in
fact, it is the imaginary part ¢/, which is more affected by the tempera-
ture shift. Despite this, we must emphasize that it is the high a’r, which
allows for the strongly induced fields in the WB devices, thus provid-
ing their particular properties.

Adding salts, like, e.g.,, NaCl, to water, increases the conductivity,
effectively corresponding to an increase in &”."*” This is utilized in some
WB devices as a water volume with high salinity responds to electro-
magnetic fields in a similar way as metals. At frequencies below 20 GHz
(and temperature of 20 °C), ¢/ increases significantly with higher salinity
levels, while at higher frequencies ¢/ is slightly decreased. For all fre-
quencies, ¢, is reduced with increasing salinity levels.

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 deter-
mined as'**

Py = @J &/ (T,)[EfaV, ®
2 )y,

where ¢ 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, &/ (T,,) is placed

inside the integral. We emphasize that P, is not only proportional to

/"

¢/(T,), but also to |E*. At resonance, |E| is maximum, however, if

¢!(T,,) increases, the intensity of the resonance, and therefore, |E|

4
decreases. For low-loss dielectrics, increasing &/ (T),) causes a growth
in Py 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.

lll. METASURFACES AND METAMATERIALS

In this section, we present several WB MSs and MMs, which
pave the route toward cheap tunable bio-friendly alternatives for many

TABLE II. Values for the constants in Eq. (1).

i~ 1 —iwt,(Ty,) ’ n an b, x 1073 (°C1) d, (fs) T, (°C)
assuming the time factor exp(—iwt) with t being the time, @ - the angu- 1 79.3 4.33 135 653
lar frequency, and T), - the temperature given in °C. The static permit- 3.61 10.7 0.365 1220
tivity &(T,,) =87.9 —0.404T,, +9.59 x 10 #T2 — 1.33 x 10 T3, the 3 1.97 252 5.10 396
optical permittivity & ,(T)) = anexp(—b,T,), and the relaxation
Appl. Phys. Rev. 8, 041304 (2021); doi: 10.1063/5.0061648 8, 041304-3
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microwave applications. In general, they are based on dielectric reso-
nators, 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
its scattering and absorption characteristics.

A. 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 mecha-
nism behind the Internet parlor trick pertaining the sparklng of two
cut grape hemispheres inserted into a microwave oven.”* As an exam-
ple, let us take the classical case study of a plane wave incidence on a
dielectric sphere, which was also investigated in Ref. 74. The water
sphere has radius r; = 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., Ref. 139. The spectrum of

the scattering and absorption efficiencies is shown in Fig. 2(a). We can
divide the spectrum into three parts: I. Below 0.5 GHz, the incident
wave passes the sphere nearly unperturbed. IT. From 0.5 to 3 GHz, res-
onances 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. For example, by
increasing the temperature, we effectively reduce the permittivity and
thus blue shift the spectrum (see, e.g., Refs. 9, 17, and 90).

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,
see Fig. 2(a). All other modes like quadrupoles or octupoles are sup-
pressed by the losses. Furthermore, the losses cause the high absorp-
tion and broadening of the resonances. Two ways to reduce losses
(ie, making &/ smaller) are by either increasing the size of the
sphere, corresponding to red shifting the spectrum or increasing the

(a 10

8t

Qsca J
Qabs

03 05 1 2 3 45 10
Frequency [GHz|

or P \

(b)
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temperature (see, e.g., Ref. 74) Other types of WB inclusions have
been 1nvest1gated including cylinders,”” a water-metal hybrid struc-
ture,”” and even more complex shapes.”””” Their fundamental elec-
tromagnetic properties display various performance characteristics
providing a variety of options for the designing of WB devices com-
posed of resonators.

B. 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(b), similar to
a MS proposed in Ref. 19. The lattice constant is a =75 mm, and the
radius and temperature are the same as in our example in Sec. I1T A
with a 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 water, it is possible to control the
spectrum as demonstrated in Fig. 3(a), where the sphere is stretched/
compressed in different ways.'” 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 con-
trol the water shape. By mechanical rotation of the structure with par-
tially filled containers, it is possible to alter the transmission and
reflection as shown in Fig. 3(b).”* The measurements were performed
in anechoic conditions, and the MS response to both linear and circu-
lar 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.** 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

. . . . - l
T Magnetic Electric
08} dipole dipole a9 9
) o 9
o, Vo9
' 9D
QoY
0.4}
I
TN \)
02f SR
1 | R S 4
/ Yo Sl =
0 R : : : : ]
06 07 08 09 1 11 12 13
Frequency [GHz]

FIG. 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 rs = 21.6 mm,

and the lattice constant a = 75 mm.

Appl. Phys. Rev. 8, 041304 (2021); doi: 10.1063/5.0061648
Published under an exclusive license by AIP Publishing

8, 041304-4


https://scitation.org/journal/are

Applied Physics Reviews

T T T
® ..\, ]

REVIEW scitation.org/journal/are

0.2 0° 30°

% 10 20 30

Frequency (GHz)

\ 60°

40

Rotation angle (°)

—E||x Measured
® E|jx Simulated
—E|ly Measured
o EllySimulated
—CP Simulated
4 CP Measured

90°

5 60 70 80 90

1.65

1.7 1.75

f[GHz)

18

FIG. 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. Reprinted with permission from Andryieuski et al., Sci. Rep. 5, 13535 (2015). Copyright 2015 Authors,
licensed under a Creative Commons Attribution (CC BY) license.'” (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). () The measured and simulated transmission of waves with different polarizations is changed through simple
mechanical rotations. Reprinted with permission from Odit et al., Appl. Phys. Lett. 109, 11901 (2016). Copyright 2016 AIP Publishing.”* (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.
Reprinted with permission from Jacobsen et al., [EEE Antennas Wireless Propag. Lett. 17, 571 (2018). Copyright 2018 IEEE.*

waveguide, which emulated a periodic extension of the MS consisting
of only six elements. Furthermore, stacking multiple MSs further
decreased the transmission for 0° rotation and increased the transmis-
sion for 90° rotation. The latter was provided by the balancing of elec-
tric and magnetic dipoles satisfying Kerker’s condition, see, e.g.,
Refs. 132, 140, and 141 for more information about Kerker’s condition
and small directive scatterers.

The temperature tuning capability of the MSs in Figs. 3(a) and
3(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."”*’ 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.'”*">"%

C. Metasurface absorbers

Perhaps the most successful application of WB MSs is with
absorption of microwaves.”””" The high permittivity and losses of
water make 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,” Figs. 4(a)-4(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.

Besides 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 previ-
ously, water also introduces additional advantages besides those pro-
vided by its high permittivity. Some of the WB MS absorbers feature
visual transparency,”****”"" which opens for the possibility of win-
dows 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 Ref. 40, see Fig. 4(d). The flexibility was provided by a
dielectric substrate of polymethyl methacrylate (PMMA) host making
it possible to cover objects of different shapes with the MS. Similar to
Ref. 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 perfor-
mance enhancement. Recently, a MS composed of 3D printed
Swastika-shaped water inclusions has been investigated in Ref. 59
showing an ultrabroadband absorption bandwidth of 136%
(9.3-49 GHz), see Fig. 4(f). The MS is made of a 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 wave-
length in the frequency operation band. Here, we emphasize that,
besides Mie resonances in the water inclusions, other mechanisms
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FIG. 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. Reprinted
with permission from Yoo et al., Sci. Rep. 5, 14018 (2015). Copyright 2015 Authors, licensed under a Creative Commons Attribution (CC BY) license.™ (d) Photograph and ()
measured absorption sEectra of a flexible MS absorber for various water fillings. Adapted with permission from Song et al., Adv. Opt. Mater. 5, 1601103 (2017). Copyright 2017
John Wiley and Sons.” (f) Measured and simulated absorption spectra of a 3D printed Swastika-shaped MS absorber. The insets show a photograph and sketches of the MS.
Adapted with permission from Zhang et al., IEEE Antennas Wireless Propag. Lett. 19, 821 (2020). Copyright 2020 IEEE.*” (g) 90% absorption relative bandwidth (Zleft 6y—axis?
vs the center frequency for different WB MS absorbers in the case of a linearly polarized plane wave at normal incidence and water temperature at 20 °C,* 062 6667.697
The numbers of each point display the references. The loss tangent of water, & /. (right y-axis), as a function of frequency is included in (g).

like, e.g, Fabry-Pérot resonances contribute to the absorption.
Simulation results show minimal dependence on changes in water per-
mittivity 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 and follows that of the
loss tangent of water (&/¢,), which has been included in Fig. 4(g),
right y-axis. As the loss tangent of the water increases, the quality fac-
tor of the resonances simply decreases effectively permitting larger rel-
ative bandwidths at higher frequencies. We also observe that the
curves in Fig. 4(g) predict a maximum of the relative bandwidth at a
center frequency around 50 GHz.
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A 'WB MS absorber operating in the THz-regime was recently
proposed.”’ 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
(PTEE) layer sandwiched by a biased graphene layer on the top and a
gold layer on the bottom. The MS can potentially be tuned dynami-
cally 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 passband.”**
Frequency tuning of the WB absorber for radomes by mechanical per-
turbation and temperature shift of the water volume was demonstrated
in Ref. 65.

D. Reflection control with metasurfaces — toward
WB reflectarrays

MSs exhibiting anomalous reflection are called MS reflectarrays.
They carefully manipulate the amplitudes and phases of the local scat-
tered fields across the MS to tailor the reflected waves at will. This is
governed by generalized Snell’s law for a structure with the spatial
phase variation ®(x,y) across its surface'*?

Jo 82(D(x, )

2n Oxdy ®)

sinf, — sin0; =
with 0; and 0, being the incidence and reflection angles, respectively,
and 7 being the free-space wavelength. In MS reflectarrays, subwave-
length scatterers, placed across the MS, are used to provide
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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 peri-
odic linear phase shift of 27 each x and/or y =/, is required. Many
metallic and a few dielectric microwave MS reflectarrays have been
demonstrated with very high efficiencies; however, they lag tuning
capabilities.'*’ Introducing tuning parameters to the systems has
shown inevitable efficiency reductions.

Different configurations of WB MS reflectarrays have been
used,” " 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,” see Figs. 5(a) and 5(b). Almost a
full 27 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 anoma-
lously reflected a normally incident plane wave at a reflection angle of
51.3°. Nearly all reflected power was channeled into the desired direc-
tion, 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 per-
mittivity (with temperature and/or salinity changes). Since the con-
tainers 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 Ref. 34,
see Figs. 5(c) and 5(d). The MS consisted of a sheet of Teflon woven
glass (F4B) with a metal coding pattern backed with a saline water
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FIG. 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 conduct-
ing 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.
Reprinted with permission from Jacobsen et al., J. Phys. D: Appl. Phys. 53, 505104 (2020). Copyright 2020 IOP Publishing.” (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. (c) 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. Adapted with permission
from Chen et al., Sci. Rep. 8, 2070 (2018). Copyright 2018 Authors, licensed under a Creative Commons Attribution 34 license.™ (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. The inset in (f) shows the simulated far-field
scattering. Adapted with permission from Pang et al., Smart Mater. Struct. 29, 115018 (2020). Copyright 2020 The IOP Publishing.””

Appl. Phys. Rev. 8, 041304 (2021); doi: 10.1063/5.0061648
Published under an exclusive license by AIP Publishing

8, 041304-7


https://scitation.org/journal/are

Applied Physics Reviews

substrate and a metallic ground conducting plane. Reflection was con-
trolled by varying the water salinity. Furthermore, the radiation pat-
tern could be tailored by reconfiguration of the metal coding pattern.
In Ref. 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 Ref. 37, Figs. 5(e) and 5(f).
The MS consisted of a periodic element with films of indium tin oxide
(ITO) spaced with a PMMA substrate. Water inclusions were embed-
ded 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 reconfi-
gurability. 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 green alternatives to conventional devices.

E. Metamaterials

The high permittivity of water enables realization of MMs with
very low filling ratios.””” A WB MM consisting of water-filled cylin-
drical containers with tunable properties was proposed in Ref. 23, see
Figs. 6(a) and 6(b). By changing the permittivity of water and/or filling

REVIEW scitation.org/journal/are

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
exhibits effective properties of a negative refractive index material.””
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."** 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 toward the transmitter, whereas the surface toward
the receiver is inclined by 11°. The simulated and measured normal-
ized electric field along a line parallel to the MM is shown in Fig. 6(¢).
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 sur-
prising due to the losses in water. To minimize the losses, non-
resonant inclusions were applied in Ref. 23 whereas in Ref. 33 the MM
are not a full 3-D periodic material. A WB MM capable of topological
transitions was proposed in Ref. 22 and consists of water-coated
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FIG. 6. (a)—(c) 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). Adapted with permission from Liu et al., Phys. Rev. B 89, 245132
(2014). Copyright 2014 AIP Publishing.”® (d) and (¢) Metamaterial structure with an equivalent negative refractive index. (d) Photograph of the experiment composed of the
metamaterial placed in a TEM waveguide. (e) Simulated and measured normalized electric field as along the axis parallel to the metamaterial. Reprinted with permission from

Cai et al., J. Appl. Phys. 122, 184101 (2017). Copyright 2017 AIP Publishing.”
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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 hyper-
bolic 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.

IV. ANTENNAS

The first WB antenna was proposed and demonstrated by
Kingsley and O’Keefe in 1999.” It is a dielectric resonator antenna
(DRA) composed of a water-filled (distilled) cylindrical polyvinyl chlo-
ride (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. Afterward, several WB antenna designs have been pro-
posed, see Table I. Some exploit the high permittivity of distilled
Water,?%(),sﬁ 91,93-96,98,102,105-107,110-113,116,118,119 Wh]le Other utﬂiZG the
COHduCtiVity Of saltwater.?ﬂl,83,84,‘)2,‘)7,‘)9,IOO,I(H,]U&I0‘),1 17,121,123-126 An
example of the latter is shown in Figs. 7(a) and 7(5).10% M It s 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 cir-
cular ferrite magnets. Through control of the height of the seawater
stream, the operational frequency is tuned between 2 and 400 MHz.

Another type of a WB antenna is shown in Figs. 7(c) and 7(d).
It is a water-loaded dipole antenna consisting of copper strips embed-
ded into a water-filled box. The water allows for shrinking of the
dipole antenna, which normal size is half of the free-space wavelength
(%0), however, on the cost of reduced total efficiency. The prototype
shown in Fig. 7(c) is approximately 40/4 in dimension and operates at
around 0.2GHz. By changing the temperature of the water, the
antenna can be frequency-tuned as shown by the reflection coefficient
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Water

Copper
strips

Feed

REVIEW scitation.org/journal/are

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 0.044,. For higher frequencies, this bound is even lower. A trans-
parent WB antenna is shown in Figs. 7(e) and 7(f). It consists of a
small metallic feed surrounded by circular patches of water, see the
image in Fig. 7(e).'”” 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,
Figs. 8(a)-8(c). Instead, a patch of water can be employed as demon-
strated with the WB patch antenna in Fig. 7(e).

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''®"*" and array WB antennas''”'** have been reported. A
microstrip patch antenna loaded with a MS embedded with fluidic
channels and operating at 2.62 GHz is shown in Figs. 8(a)-8(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
for active electronic components.

A different approach toward increased gain can be achieved in
compact DRAs with simultaneous excitation of multiple modes.""" A
subwavelength WB Huygens DRA was demonstrated in Ref. 93 where
balanced magnetic and electric modes were excited in the DRA at
350 MHz. As a result, Kerker's condition is satisfied, see
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FIG. 7. WB microwave antennas. (a) Photograph and (b) schematic of a seawater antenna. Figures (a) and (b) are taken from Refs. 103 and 114, respectively. (c) Photograph
of a water-loaded dipole antenna with the temperature-tuning capabilities shown in (d). Reprinted with permission from Mobashsher et al., Appl. Phys. Lett. 110, 253503
(2017). Copyright 2017 AIP Publishing.” (e) Photograph of a transparent WB patch antenna with (f) the measured and simulated reflection coefficient and realized gain spec-
tra. Reprinted with permission from Sun et al., IEEE Trans. Antennas Propag. 65, 4478 (2017). Copyright 2017 IEEE.""
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FIG. 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 dif-
ferent water-fillings of the fluidic channels in the MS. Reprinted with permission from Naqyi et al., IEEE Trans. Antennas Propag. 67, 3704 (2019). Copyright 2019 IEEE." (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. Adapted with permission from Jacobsen et al., IEEE Open J. Antennas Propag. 1, 493 (2020). Copyright 2020 Authors, licensed under a Creative Commons
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Figs. 8(d)-8(f). The DRA comprises a short monopole antenna fed
against a large ground conducting plane and encapsulated by a rectan-
gular 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.

The general issue with WB antennas is their reduced efficiencies
due to the absorption losses in water. As the absorbed power is pro-
portional to the square of the electric field magnitude, cf. 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 Ref. 90 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 efficiency is reduced
threefold due to the increased water losses at higher frequencies.

V. RF COMPONENTS AND WAVEGUIDES

Fluidic microwave components display a way toward tunable
passive microwave components. Mostly liquid-metal has been
employed in a wide variety of component types, see review.'"” A few
WB components have been demonstrated, and some of them are
shown in Fig, 9."*%*>!* A coplanar waveguide (CPW) with a water
drop placed on top was examined in Ref. 128, see Figs. 9(a) and 9(b).
By moving the drop, the wave response could be switched 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 Ref. 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 cav-
ity filling combinations, Fig. 9(d).

Additionally, we want to mention a field-effect transformer
(FET) with a water drop atop presented in Ref. 146. 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 a FET would be interesting to characterize on microwave
frequencies.

VI. STRUCTURES WITH INTRIGUING MODES

Dynamic toroidal moments with a high Q-factor attracted a great
deal of attention since their first demonstration."*” For efficient excita-
tion, such resonant modes require complex structures. A MS com-
posed of clusters of four cylindrical water inclusions was demonstrated
to exhibit a toroidal dipole around 1 and 2.5GHz™>’° see Figs.
10(a)-10(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.”® Toroidal dipoles are dark modes (i.e., non-
radiating), and thus their applications are limited, for example to
absorbers and sensing.

In recent years, BICs have become a very hot topic within pho-
tonics and acoustics, **'*” whereas only a few have been realized at
microwave frequencies.'””'*> A BIC is a perfectly confined resonant
mode of a system open for radiation. Theoretically, it possesses an infi-
nite 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 pro-
cess (single or multiple) as well as to the nature of their underlying
interference mechanisms (symmetry-enabled or accidental BICs).
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FIG. 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.
Reprinted with permission from Chen et al., IEEE Trans. Microwave Theory Tech. 55, 2919 (2007). Copyright 2007 IEEE.'*® (c) Photograph of a RF tuner integrated with a RF
amplifier and (d) reflection coefficient spectra.®” The solid (dashed) lines show the simulation (measurement) results for different fillings of the cavities. Adapted with permis-
sion from Bahloul et al., IEEE Trans. Microwave Theory Tech. 68, 3308 (2020). Copyright 2020 IEEE.'*’

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 Figs. 10(e)-10(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 asymmetri-
cally atop of the resonator. Thus, the BIC was turned into a quasi-BIC,
revealed by the measured reflection coefficient in a simple tabletop
experiment, Figs. 10(f) and 10(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.

VIl. 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 environ-
mental 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 based on shape flexibility, pro-
vided 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 per-
mittivity caused by this. Water’s high permittivity allows the realiza-
tion of highly compact water resonators with several tuning
possibilities. The losses in water reduce the total scattering of these
water resonators, as well as WB devices, however, concurrently the fre-
quency bandwidth is increased. The progresses within 3D-printing
technology enable easy and efficient fabrication of advanced host con-
tainers 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 rasorb-
ers,”**” 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 polyure-
thane foam blocks loaded with carbon particles, which pose a potential
health risk to direct contact personnel. Furthermore, such foam blocks
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FIG. 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. Reprinted with permission from Stenishchev et al., Sci. Rep. 7, 9468 (2017). Copyright 2017 Authors,
licensed under a Creative Commons Attribution (CC BY) license.* (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. Reproduced with
permission from Jacobsen et al., Conference Lasers Electro-Optics. Copyright 2021 Authors.'”

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 must be resolved before they can compete with
existing technology.

WB antennas are still viewed as impracticable in real-life imple-
mentations by microwave engineers due to their low stability and/or
reduced efficiency. Several ways to overcome these limitations have
been presented, and hopefully Challenges of WB antennas applications
will be lifted off in the nearest years. Other liquids, including salty
water, both with dielectric and conducting properties are becoming
the point of attention.'”” As a matter of fact, a sea antenna has already
been piloted for military usage.'””

Recent research efforts have demonstrated new possibilities of
water as a new element in conventional systems.””'*" 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 ele-
ments adding functionalities to the systems are in the beginning of the
research boom, which will be driven in a long term by the UN pro-
claimed goals on global sustainability and human-friendly
environment.
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