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Broadband Characterization of Silicate Materials for
Potential 5G/6G Applications

Rocio Rodriguez-Cano, Steven Perini, Brian Foley and Michael Lanagan

Abstract—This paper provides a broadband dielectric charac-
terization of different silicate substrates up to 115 GHz, to fill the
gap of the properties of different kinds of glasses in a broad part
of the mm-wave spectrum. Both the internal structure (crystalline
or amorphous) and the chemistry of the substrates has an
influence in the permittivity and loss tangent of the material.
Quartz and sapphire are crystalline materials that exhibit low loss
in the mm-wave frequency range. Amorphous silicates generally
have higher loss values than crystalline materials, and within the
glasses, the level of impurities added also affects the dielectric
loss. Several characterization techniques have been employed to
cover a broad frequency band. The limitations of the different
characterization techniques are also included. Once the dielectric
properties of substrates are characterized, a metasurface has been
designed and fabricated at 100 GHz to increase the reflection in
window glass and provide coverage on areas that would otherwise
be shadowed. The measurement results are in good agreement
with the simulations.

Index Terms—Characterization, dielectric loss, material, meta-
surface, glass, transparent, 5G, 6G.

I. INTRODUCTION

HE inclusion of new frequency bands in the millimeter-

wave (mm-wave) spectrum for the fifth generation of
mobile communications (5G) entails new challenges from the
signal propagation perspective. The new mm-wave frequency
bands proposed in the 5G standardization are FR2-1: 24.25-
52.6 GHz and FR2-2: 52.6- 71 GHz [1]. Frequencies above
100 GHz are being studied for 6G [2]. Higher frequencies
can be translated into shorter wavelengths, which are more
sensitive to the propagation environment [3]. The propagation
losses caused by the materials that constitute the buildings,
such as glass, are more important for the link budget in the
mm-wave spectrum than in the sub-7 GHz bands. Besides,
the low available space left in mobile phones has forced the
manufacturers to place the new mm-wave antenna modules on
the edges of the phone and below the glass back cover [4].
Glass is receiving a lot of attention for the next generation
of mobile communications (6G) as well, as the concepts of
reconfigurable intelligent surface (RIS) or large intelligent
surface (LIS) begin to appear in the literature [5]-[7]. RIS
consists of an array of reflecting elements that allow the
reconfiguration of the incoming signal by controlling the phase
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shift of each reflecting element. Its function is to increase the
channel gain and to offer coverage to shadowed areas that
are covered by major obstacles. These surfaces can be placed
on the building windows, facades, billboards, cars, etc., to
increase the coverage radius of mm-wave base stations. The
concept can also be applied inside buildings. In the study
carried out in an indoors environment in [8] from 110 GHz to
170 GHz, most of the energy at the receptor was provided by
large reflecting surfaces.

Few point measurements of glass attenuation have been re-
ported in the mm-wave frequency bands. In [9], the attenuation
of clear glass is provided at only three frequency points: 28, 73
and 91 GHz. The clear glass has the highest attenuation among
all the measured materials: plywood, drywall, cinder block and
acoustic ceiling tiles. For clear glass, the mean attenuation is
4.38, 14.37 and 18.78 dB/cm, respectively for 28, 73 and 91
GHz. In [10], the measured total attenuation at 38 GHz for a
modern 2-layered energy efficient glass window is 25 dB.

However, there is only limited dielectric loss and permit-
tivity data for glass in the literature for the mm-wave fre-
quency bands [11]-[14]. The most extensive, [14], shows the
difference between alkali and alkali-free aluminoborosilicate
glass, but it does not differentiate the most common glasses
available. Moreover, the glass manufacturers only provide
the dielectric properties below 3 GHz. From the structure
simulation perspective, the electromagnetic software uses the
superposition of first and second order Debye model to
obtain the dielectric constant in broadband simulations with
dispersive materials, but there is no evidence of its accuracy
when there are no measurement data results to compare it
with. Besides, the software has a limited material library
that does not include many different silicates. Antenna and
metasurface designers for the next generations require the
characterization of the dielectric properties of the different
glasses, for accurate simulations in the mm-wave spectrum.
Most of the publications only use one measurement technique
to obtain the data. In this paper, we have combined four
different measurement techniques to obtain the response in
a broad bandwidth. We have also focused on the silicate
family, as there are four orders of magnitude of difference
in the loss. As the dielectric loss is higher in the mm-wave
spectrum than the metal loss, cheap silicate substrates with
low loss are essential for the devices of the next generations
of communications. Therefore, it is important to characterize
both glass and the rest of the silicate family. We have also
included a study of the contribution to loss of different silicates
and different metals in a common metasurface at 100 GHz.

This paper is organized as follows: Section II describes the
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difference among the materials in the silicate family, in terms
of internal structure and composition, which will be relevant
to understand the difference in dielectric properties. Section III
covers the different dielectric relaxation mechanisms along the
frequency spectrum. These mechanisms affect the permittivity
and loss tangent of the materials. Just to clarify, the terms
permittivity, dielectric constant and ¢, (with the subscript r
meaning relative) are used throughout the paper to refer to the
real part of the complex permittivity. Section IV provides the
dielectric measurement results obtained with different mea-
surement techniques to cover a broad frequency band. Finally,
in Section V, a proof-of-concept reflecting metasurface has
been designed and manufactured with the dielectric parameters
obtained at 100 GHz, to test the accuracy of the dielectric
properties measurement of window glass.

II. SILICATE MATERIALS

As was mentioned in the introduction, transparent materials,
such as glass, play an important role in 5G communica-
tions and beyond. For that reason, it is crucial to assess
the frequency dependent dielectric properties of the different
silicate materials. There are two ways in which they can be
assorted. On one hand, they can be classified according to
their internal structure (see Fig. 1). Sapphire and quartz have
a crystalline structure, while fused silica (FS) and modified
glasses have amorphous structures. The expanded amorphous
structure affords more molecular movement and additional
electric polarizability, resulting in higher dielectric loss [15].
On the other hand, the composition of the materials also
affects the loss tangent. Silicates are mainly composed of
silicon dioxide (Si0-). Alkali and alkaline earth modifiers are
added to fused silica to reduce the melting temperature [16].
Additives such as aluminum and boron are added as part of the
silica network [17]. The composition of some of the assessed
materials has been obtained through an inductively coupled
(ICP) analysis and is listed in Table I. As it can be seen, the
fused silicas present the highest percentage of (5i03), while
AF45 glass has the lowest concentration. Sapphire is made of
aluminium oxide (Al303) and has been included in the study
as a reference of crystalline material.

Alkali silicate

Fused silica

@ Oxygen atom

o Silicon atom e Sodium ion @ Oxygen ion

Fig. 1. Internal structure of the different silicate materials.

III. DIELECTRIC LOSS MECHANISMS

The role of crystal structure on intrinsic and extrinsic
dielectric loss in the microwave frequency range has been
extensively studied. Microwave loss contributions from in-
frared active lattice modes have been correlated with oscillator
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strength and frequency in high-Q ceramics [18]. Additional
losses have been associated with point defects such as oxygen
vacancies and site disorder [19]. Significantly fewer studies
have been devoted to the effects of glass structure and chem-
istry on microwave and mm-wave dielectric loss.

Electronic conductivity has significantly increased loss tan-
gent in titania ceramics where 3 GHz loss values of 6 x 1075
have increased to 4 x 10~* with small amounts of sodium
addition [20]. Alkali additions to glass increase the DC con-
duction and could also contribute to loss in the microwave and
mm-wave frequency range.

The internal structure and composition of materials have a
strong influence on dielectric polarization mechanisms. Dielec-
tric materials are composed of electric charge carriers that are
polarized to compensate for an external electric field applied,
such that opposite charges move in opposite directions. The
electric field can cause an electric moment in either atom,
ion or molecule [21], [22]. The frequency dependence of
the polarization mechanisms and their effect in the real and
imaginary parts of the dielectric constant are represented in
Fig. 2.
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Fig. 2. Effect of the polarization mechanisms affecting the real and imaginary
parts of the dielectric constant as a function of the frequencies of interest. The
tails of the polarization mechanisms have been represented in red. Re-plotted
from [22].

At frequencies below 10'° Hz, the dipolar polarization is
the predominant mechanism. Molecules that have asymmetric
charge distributions change their orientation with an external
electric field. Some materials present several dipolar relax-
ations at different frequencies depending on their composi-
tion. Many polymers have a main chain dipole relaxation at
10* — 105 Hz. For most polymers, the small relaxation that
occurs at 10° Hz is due to side group dipoles [23]-[25]. The
dielectric relaxations plotted in Fig. 2 are shown at generic
frequencies. Specific relaxation frequencies be higher or lower
and the breadth of the response is controlled by the distribution
of dipole environments within the material. Ionic polarization
occurs below 103 Hz, in structures in which atoms are not
shared equally, and the electron clouds are displaced towards
the stronger binding atoms or when the charged atoms are
displaced with respect to each other [26].

For the frequency bands of interest in this paper, low
frequency tails of the ionic relaxations might have an impact
in the properties of the materials, and it is possible that local
conduction of ions also contribute to loss.
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TABLE I
INDUCTIVELY COUPLED PLASMA (ICP) ANALYSIS MEASUREMENT RESULTS FOR SOME OF THE SAMPLES.

Material/Composites | SiOz (%) | B203 (%) | Al2O3 (%) [ K20 (%) | Na20 (%) | Li20 (%) | BaO (%) | CaO (%) | MgO (%) [ SrO (%)
Gorilla Glass 61.7 3.72 19.4 1.48 11.6 0.01 0.00 0.00 1.43 0.00
Borofloat 33 80.7 12.0 2.33 0.63 3.58 0.01 0.01 0.00 0.03 0.01

BK7 70.4 10.5 0.22 10.3 7.72 0.01 1.09 0.00 0.03 0.00
AF45 51.1 11.7 0.13 23.4 0.00
FS 518 101 0.09 0.00 0.00 0.01 0.01 0.01 0.00 0.02 0.00
FS JGS2 97.9 0.01 0.02 0.00 0.00
TABLE II
DIELECTRIC MEASUREMENT TECHNIQUES.
Technique Frequency range Loss threshold Sample dimensions Max. thickness Accuracy
. . _5 Min. size 3 cm X3 cm. Aer /e, = £(0.0015 + At/t)
- 5 -
Split-post Single freq. below 5.17 GHz 10 Max. width 9 em 1.95 mm Atand — +2¢-5
Split cavity Single freq. below 20 GHz 102 Min. diameter 2.5 cm 3 mm e =1 %, Atand < le ¥
Open resonator 15- 67 GHz 10—° 10 cm x10 cm <\/4 er +0.25 % [30]
MCK from SWISStol2 70-115 GHz 10—3 Min. size 4 cm X4 cm 20 mm er£1 %, tand £5 %

IV. BROADBAND DIELECTRIC CHARACTERIZATION

Material characterization in a broad frequency band is
challenging task, as each different technique only provides
a limited bandwidth or a single frequency measurement.
Moreover, the thickness requirement and lateral dimensions
of the samples vary from one method to another. There is
also a limitation in the measurable dielectric loss intrinsic to
each technique. This loss tangent measurement floor restricts
the measurable frequency range of low loss samples, such as
quartz and sapphire, for some techniques.

1) Characterization techniques employed: The character-
ization techniques used in this paper can be divided into
resonance and transmission, and the resonance techniques are
further divided into two groups: dielectric resonance tech-
niques and cavity perturbation techniques. In the former, the
sample itself acts as a dielectric resonator, and in the latter,
the resonance is supported by the metallic walls of the cavity
and the sample presence modifies the field distributions in
the cavity [27]. In the case of the resonant techniques, the
experimental method consists of measuring the Q factor of the
empty device and compare it with the quality factor loaded
with the sample. The Q factor is defined as the resonance
frequency divided by the 3-dB bandwidth. The loss tangent
is inversely proportional to the Q factor. On the other hand,
the permittivity of the dielectric is related to the perturbation
of the resonant frequency [28]. For transmission techniques,
the dielectric parameters are extracted from the measured S
parameters, using the precision model described in [29]. The
different techniques employed are shown in Fig. 3 and are
described below.

The parallel plate capacitor technique consists of placing
a dielectric sheet between conducting plates, and measuring
the capacitance and loss tangent. The precision LCR meter
E4980A has been employed in the measurements. From the
capacitance, it is possible to obtain the dielectric constant, as

follows:

e €0l
= 0 1
C R 1

where C' is the capacitance, €, is the dielectric constant, € is
the permittivity of free space, A is the area of the plates, and d
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Fig. 3. Characterization techniques employed. (a) Split-post dielectric res-
onator (b) Split cavity. (c) Open resonator. (d) MCK from SWISSto12.

is the plate separation [31]. This technique requires a proper
determination of the area when the sample has an arbitrary
shape, to avoid introducing errors in the measurement. It has
an accuracy of +0.05 % for the capacitance, and +0.0005 %
for the dissipation factor.

The split-post dielectric resonator (SPDR) from QWED is
the measurement method that can provide one of the most
accurate loss tangent values for low loss dielectric materials. It
employs the T'Ej;5 mode, so that the electric field component
is in the azimuth direction. This makes the system insensitive
to the presence of air gaps in the z-axis of the fixture [32]. One
disadvantage is that only a single frequency point can be mea-
sured for each sample, depending on the size of the resonator.
The nominal frequency of the employed one is 5.1 GHz. It
has also a maximum dimensions and thickness requirement,
that can be found in Table II, as well as the method accuracy.
To avoid introducing errors in the measurement, the minimum
value of the Sy; and Sao should coincide. The split-post has
nuts on the side walls of the resonator to adjust the coupling
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loops.

The split-cylinder resonator technique, split cavity or reso-
nant mode dielectrometer (RMD-C, GDK Product Inc.) uses a
cylindrical cavity separated in two halves. A T'Ej;; resonance
is excited and from the perturbation of the quality factor, the
dielectric properties can be obtained [33]-[35]. The frequency
of operation is determined by the diameter and length of
the cavity. The alignment of the two circular waveguides is
important to avoid any air gaps. The specimen under test
should be flat, uniformly thick, and large enough to cover
a circle at least 20 % greater in diameter than the cavity.
The extension of the sample into the gap is equivalent to
replacing a short section of cavity wall by an inductance. To
correct for the gap, a factor is used, obtained by a perturbation
calculation [36]. The uncertainty from this approximation in
the dielectric constant is less than 1 % if the ratio of the
sample thickness to waveguide diameter is less than 0.18. This
technique can measure thicker and larger samples than the
split-post. However, the loss tangent threshold is worse.

The Fabry-Perot open resonator from Damaskos, Inc. allows
the sample characterization from microwaves up to low mm-
wave bands. The modes to select are the T'E My, modes,
where ¢ is the longitudinal mode order. The electric field
has a smooth spatial distribution at a transverse cross section
that can be compared to a Gaussian function [37], [38].
Therefore, placing the sample at the exact center is critical
for this measurement. The open resonator includes a software
package to guide through the calibration, measurement and
data processing steps. A limited number of resonances can be
measured at a given spacing (around 10). With an estimated
permittivity and sample thickness, the software calculates the
frequencies of the resonant modes. During the measurement,
the program searches for the peaks at those frequencies. The
open resonator has many modes and some of these may
interfere with the modes of interest. It is possible that the
peak of interest is shifted and that the program takes another
resonance instead. A parameter to indicate the quality of the
fitting is included to discard resonances that should be rejected
due to interferences. For this reason, this technique has a long
calibration and measurement time. Model 600T of the open
resonator can be set to any spacing from 11 cm to 29 cm.
However, it is unstable at 15.24 cm and 30.48 cm. The man-
ufacturer recommends the spacing 21.3 cm for good overall
performance. It is important to consider that different spacings
will provide different maximum measurable Q factors. Larger
spacings are better for high frequency measurements. This
method also requires very large samples (10 cm x 10 cm).

The material characterization kit (MCK) from SWISSto12,
behaves similarly to the free-space techniques with the dif-
ference that the waves travel enclosed in corrugated circular
waveguides. The excited mode is the HFE;;, in which the
electric field component is pointing upwards. The transitions
to convert from the T'Eyq in the rectangular waveguides to
the H Ey; mode, at the input of the corrugated antennas, are
included in the MCK. At the end of the antennas, the Gaussian
beam launched, provides a plane-wave illumination of the
sample [39]. The minimum sample thickness follows the same
characterization guidelines than free-space measurements, in
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which the samples should be thick enough to contain 20°
of phase at the wavelength of interest. In our model, at 70
GHz, % X A 0.23 mm [39]. Time-domain gating is
applied to remove the spurious reflections and then the signal
is transformed to the frequency domain. To avoid errors in
the extracted material parameters, the gate width should be
larger than the width of the desired signal. The S-parameters
are employed to obtain the material properties [29], [40]. It
gives good permittivity estimates up to 115 GHz, but uncertain
estimates for the loss tangent of materials with lower loss than
1073, In those cases, the measured value should just be taken
as an upper limit. A more detailed study about the uncertainties
with this technique is found in [39].

The measuring devices need to be connected to a VNA. The
So1 magnitude uncertainty is below 0.15 dB, and below 0.02
dB for the Sy1.

2) Dielectric loss and permittivity measurement results:
Fig. 4 shows the dielectric constant and loss tangent of
the different silicate materials assessed until 115 GHz. The
thickness of the materials can be found in Table III. The room
temperature during the measurements was 21°C. The dielectric
constant of glasses is limited between 5.5 and 7, though
Borofloat 33 has a value of 4.4. The boron ion has a very low
polarizability and thus has a very small contribution to the
dielectric permittivity. Quartz and sapphire have permittivity
values of 4.4 and 9.1, respectively which align with theoretical
calculations from polarizability and molar volume [41]. The
permittivity values of the different fused silicas are lower than
the one of quartz, as their density is lower [15].

TABLE III
THICKNESS OF THE CHARACTERIZED MATERIALS.

Material Thickness (mm) Material Thickness (mm)
Sapphire 0.65 BK7 0.5
Quartz 0.5 Borofloat 33 0.5
FS-518 0.5 Gorilla Glass 0.5
FS-JGS2 1 AF45 0.31
FS-HFM002.B2 0.515 OA-10G 0.7
FS-7980 0.5 Window glass 2.3

For resonant measurement techniques, the minimum mea-
surable loss depends on the Q factor of the resonator, as the
power losses limiting the Q factor are added in parallel. If the
loaded quality factor is larger than the empty Q factor, the Q
factor of the dielectric sample will be dominated by the quality
factor of the empty resonator. The loss tangent is inversely
proportional to the quality factor of the sample. When the
sample Q factor is limited by the Q factor of the empty
resonator, it means that the loss tangent value has reached the
measurement floor of that particular technique. Those values
have been circled in Fig. 4(b). The materials with a crystalline
structure, i.e. quartz and sapphire, present the lowest loss
tangent values due to the intrinsic nature of the single crystals.
Among the materials with an amorphous internal structure,
fused silica has a lower dielectric loss, about an order of
magnitude above the materials with crystalline structure. From
the inductively coupled plasma (ICP) analysis performed in
some of the samples, the purity of fused silica was above
97% for JGS2 and the one labeled as FS 518 does not have
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Fig. 4. Characterization of the silicate family until 115 GHz. (a) Dielectric
constant (b) Loss tangent. The lower circle represents data points that are near
the loss threshold of the open resonator, while the upper circle corresponds
of those of the MCK.

any impurities, as Table I shows. The polarizability of fused
silica is higher than quartz, as shown in [15], which provides
extra movement of the structure, and thus, higher loss. As
the percentage of alkali and alkali earth modifiers commences
to increase, the dielectric loss increases another order of
magnitude. The loss curves have an increasing tendency at
around 100 GHz due to the tails of the ionic polarization.

Apart from the minimum measurable loss limitation in
resonant techniques, there is also a maximum measurable
loss and the value is different for each technique. When
the Q factor is relatively low, the resonant peaks are not
distinguishable from the noise floor and the 3-dB bandwidth
cannot be measured. Therefore, that material is too lossy to
be measured. Generally, Q factors below 10 are difficult to
measure by resonant methods.

To further elaborate about the properties of glass according
to the frequency, the permittivity and dielectric loss evolution
of Borofloat 33 are plotted in Fig. 5. The parallel-plate
capacitor method has been employed at low frequencies, which
requires the metallization of the top and bottom surfaces of the
glass. At low frequencies, the higher values of the loss tangent
can be attributed to the sodium motion or other impurities
on glass. The tails of the dipolar and ionic modes influence
microwave and mm-wave loss.

C. State University Libraries - Acquisitions & Discovery
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Fig. 5. Dielectric constant and loss tangent of Borofloat 33.

V. DESIGN OF A REFLECTING METASURFACE ON GLASS

Once the different materials have been characterized, the
permittivity and loss tangent values of the substrate at the
appropriate frequency can be included in the simulation soft-
ware. CST studio has been employed as the electromagnetic
simulation solver throughout this paper. Periodic boundary
conditions are applied in the simulator to obtain the complete
response of the full structure.

The design selected for the reflective metasurface is the
double-slit split ring resonator (DS-SRR) plotted in Fig. 6
[42], [43]. The chosen operating frequency is 100 GHz and
the dimensions are listed in Table IV. The substrate is window
glass of 2.3 mm thickness. The metal chosen is aluminum with
a thickness of 600 nm.

Fig. 6. (a) Unit cell design of the DS-SRR. (b) Microscope image of the
fabricated metasurface. The metal appears in white and the glass substrate, in
gray. The image was taken with the Nikon L200, which has a magnification
up to 100 times.

TABLE IV
DS-SRR DIMENSIONS. UNITS: MM.
Rout | 0.28 sep | 0.028
Rin 0.224 a 0.7
Wout | 0.028 | weur | 0.014
win, | 0.028

The metasurface has been manufactured with a lift-off pro-
cess. This procedure usually starts with a cleanse of the glass
with acetone and isopropanol (IPA). However, the adhesion on
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the glass was not good enough. Therefore, an oxygen plasma
etch was performed at the beginning to remove residues and
increase the adhesion. For the lift-off process, two photoresist
layers need to be applied. After spin coating the first one,
LORS5A, a 3-minute bake at 190°C' is required. The second
photoresist is SPR3012, with a 1-minute bake at 95°C'. After
the soft bake, the sample is ready for the UV exposure in the
MLA 150 with the pattern. When the exposure is done, the
sample is developed less than 1 minute in the C'D26 base. A
layer of 600 nm of aluminum is deposited by electron-beam
evaporation in the Temescal FC-2000. In order to remove
the excess resist and metal, the sample is left in a water
bath at 87°C' with PRS 3000 for a few hours. The resulting
metasurface is shown in Fig. 6(b).

The reflecting DS-SRR metasurface has been measured with
the SWISSto12 MCK solution, as the frequency of operation
is 100 GHz. The measurements are compared, in Fig. 7, with
the simulation results of a unit cell illuminated by a plane
wave with vertical polarization. Good agreement can be found
between measurements and simulation results. At 100 GHz,
the reflection coefficient is —1.56 dB in the simulation. There
has been a small frequency shift of the resonance frequency
to higher frequencies in the measurement. At 101.3 GHz, the
reflection coefficient is —1.69 dB. The reflection coefficient is
almost 24 dB higher than the transmission coefficient in the
measurements.

-5
m-10
K=}
4
o -15
2
@ -20 -
g S, sim.
» 25 821 sim. 4
—===:S  meas. s
301 —=m==:S,, meas. 1
35 . . . . . . .
75 80 8 90 95 100 105 110 115

Frequency [GHz]

Fig. 7. S parameters comparison between measurements and simulation of
the vertical polarization.

In order to provide a better understanding of the perfor-
mance improvement that the metasurface can achieve; the
absorbance, reflectance and transmittance of the DS-SRR is
compared with the glass alone in Fig. 8. At the frequency of
operation (100 GHz), the reflectance of the DS-SRR is 70%,
while the value for the glass alone is 2.5%. Only 0.14% of
the signal is transmitted through the DS-SRR, while for the
glass, this value is 60%.

1) Dielectric and metal loss study: A dielectric and metal
loss study has been conducted around the frequency of opera-
tion. In Fig 9(a), the reflection coefficient of the DS-SRR has
been plotted for the different silicate materials studied. Quartz
has a loss tangent at 100 GHz of around 104, fused silica of
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Fig. 8. Absorbance (A), reflectance (R) and transmittance (T) comparison
between the DS-SRR metasurface and just window glass.

1073 and glass of 10~2. While there is not too much difference
between quartz and fused silica, the reflection coefficient can
worsen up to 2.5 dB for glasses. Fig. 9(b) shows the reflection
coefficient of the DS-SRR using different kinds of metals. The
contrast between the metal conductivity is not as large as for
the dielectric loss of the silicate, as the S7; only varies around
1 dB. Apart from nickel, the rest of the metals provide a similar
response. The plots confirm the theory that the dielectric loss
is larger than the metal loss at mm-wave frequencies.

To further extend the analysis, for each loss tangent value
(Fig. 10(a)), the minimum value of the reflection coefficient at
100 GHz has been obtained for the different metals and then
plotted in a boxplot, and vice versa in Fig. 10(b).

The outlier crosses in Fig. 10(a) are the values corre-
sponding to nickel. They are classified as outliers, as they
are greater than g3 + 1.5 X (g3 — ¢1), being ¢; and g3 the
25" and 75" percentiles of the sample data respectively. As
was shown in Fig. 9(b), the data is tightly grouped, since
the different conductivity of the metals does not make a big
difference. It can also be seen that, for a silicate substrate loss
higher than 1073, the minimum reflection coefficient is quite
similar (around —0.15 dB). The reflection coefficient worsens
to —0.5 dB for glass with tand = 1072 and to —0.5 dB for
tand = 2.9 x 1072,

Fig. 10(b) shows similar reflection coefficient values for all
the metals, but nickel. The difference between using a substrate
with a loss tangent of 2.9 x 1072 and 10~ is around 2.37
dB.

Finally, to stress the importance of the dielectric character-
ization in the mm-wave spectrum, we would like to show the
simulated difference in performance, if instead of using the
permittivity and loss tangent of window glass at 100 GHz, the
values of the dielectric at 10 GHz were employed (Fig. 11).
There is a 1 dB difference in the reflection coefficient and
around 4 dB in the transmission coefficient.

VI. CONCLUSION

Broadband dielectric characterization of materials is not
trivial and requires several techniques as each has a limited
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Fig. 9. Effect of the dielectric and metal loss on the reflection coefficient of
the simulated DS-SRR. (a) Loss tangent sweep. (b) Metal conductivity sweep.

operating frequency band or even a single frequency value.
Moreover, the loss threshold of each technique is different,
with some of them, such as the MCK from SWISStol2, not
being able to accurately measure the loss tangent of low loss
materials like quartz and fused silica. Besides, each measure-
ment method requires a specific sample size and thickness.

The permittivity values are independent of frequency in the
range from 5 to 115 GHz. There is general increase in the loss
tangent values with increasing frequency, that can be attributed
to the ionic polarization modes.

Both material structure and composition influence the mi-
crowave and mm-wave dielectric properties. Amorphous sil-
icates have higher loss values than their crystalline coun-
terparts. Alkaline and alkaline earth additives increase the
dielectric permittivity and loss.

The characterization of the materials has allowed hav-
ing a good simulation model for the split ring resonator
metasurfaces on glass and there is good agreement between
measurements and simulations. It was demonstrated that the
dielectric losses contribute more to device performance than
metal losses.
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