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PazpaboTBaHeTo Ha pa3HOOOpa3HW HOBHM MAaTEpHAIN € KIIOYOB MPOOJIEM Ha ChbBPEMEHHHS
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ch3aBaHe Ha 0OpasuuTe U Ap. B Ta3u mppBa yacT Ha paboTara HUE NPEACTaBIME PE3IOME Ha CBO-
UTE KOHIEMIMHU, MOJEIH, U3MEPUTEIHA METOIOJIOTHS H U3MEPUTEIIHH METOAU 3a €KCTPaKIHs Ha
JIMETIEKTPUYHATE U MarHUTHY NapaMeTPH Ha pa3inyHU U3KYCTBEHHM MaTepuaiu, 0asupaiku ce Ha
18-ropumieH onuT B 00iacTTa Ha XapakTepH3HpaHe HA MaTeprainTe B MUKpPOBBIIHOBA 1a00paTo-
pus BB @usnueckn dakynrer Ha Coduiicku Yauepcurer ,,CB. Kimment Oxpuacku‘.
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mination of their key parameters) plays an important role. The dielectric and magnetic constants
and material anisotropy can be measured in the microwave range; as integral characteristics, they
give information for the whole sample and we have shown how they are bound with the sample
composition, structure, inclusion orientation, technology, conditions for the sample growth and
forming, etc. We present in this first part of the paper a summary of our concepts, models, measu-
rement methodologies and measurement methods for extraction of the dielectric and magnetic pa-
rameters of different artificial materials, as results of our 18-year experience in the material cha-
racterization in the Microwave Laboratory of the Faculty of Physics in Sofia University, Bulgaria.

Keywords: 3D printed dielectrics, anisotropy, artificial dielectrics, ceramics, conductivity,
metamaterials, microwave measurement methods, permeability, permittivity, textile fabrics
PACS numbers: 77.22.—d

For contact: Plamen Dankov, Sofia University “St. Kliment Ohridski”, Faculty of Physics, 5, J.
Bourchier blvd., 1164-Sofia, Bulgaria dankov@phys.uni-sofia.bg



mailto:dankov@phys.uni-sofia.bg

1. INTRODUCTION

The new materials are a key issue of today's world. The mechanical and
chemical engineers together with the physicists can construct now a variety of
new artificial materials with quite specific properties, never met before in nature.
As we mentioned in the title, the modern materials became reinforced, composi-
te, 3D printed, mixed, nano-sized and meta-materials. First of all, these new
materials will play a very important role for the realization of the current trends
for automation and data exchange in manufacturing technologies within the
modular structured smart factories or so-called fourth industrial revolution
Industry 4.0. The second field of the modern materials' implementation is the
forthcoming 5G communication standard, which will ensure the ability of ma-
chines, devices, sensors and people to connect and communicate with each other
via the Internet of Things (1oT) or Internet of People (IoP). The third important
area of application of the new materials is the sustainable development of human
societies. All these future processes in the development of human civilization
explain the needs to develop materials with a variety of new properties and the
needs to have reliable ways to characterize these unique properties.

The characterization of materials usually means to specify their properties
by different chemical, mechanical, optical, spectroscopic, electric, magnetic and
other methods. The determination of the electromagnetic (EM) properties is also
important when the new materials can be used in the modern electronics, wired
and wireless communications, sensor networks, for specific electromagnetic wa-
ve propagation, electromagnetic compatibility, optical and microwave imaging,
etc. The electromagnetic properties of materials are connected mainly with their
complex dielectric and magnetic constants and related parameters as conductivi-
ty, refractive index, wavelength, propagation constants, phase/group velocities
of waves, attenuations, penetration depths, cut-off and threshold conditions, etc.
in the EM structures, where these materials have been incorporated. Due to these
reasons, today many materials, known with some of their traditional applications
can be considered as electrodynamic media, e.g. textile fabrics as antenna
substrates, bio-tissues as electronic components, semiconductor structures as
sensors for different macroscopic parameters of the environment, etc.

The laboratory for Microwave material characterization in the Faculty of
Physics, Sofia University “St. Kliment Ohridski”, Bulgaria, has been orientated
to determination mainly of the dielectric properties of the modern artificial mate-
rials: 3D printed dielectrics, reinforced substrates, ceramics, multi-layer antenna
radomes, foams, absorbers, gradient dielectrics and magneto-dielectrics, textile
fabrics, metamaterials, carbon-content materials, liquids, fresh plant tissues, etc.
A special circumstance is the dielectric anisotropy of these materials (different
permittivity along to different directions), which is very informative parameters
and could be bound with the sample composition, structure, inclusions’
orientation, technology, conditions for sample growth and forming, etc.




In this review article, divided into two parts, we try to summarize the com-
mon issues of our 18-year research work for characterization of different materi-
als in the whole microwave range, including the mm-wavelength range. A poster
with the same title was presented on the interactive University poster exhibition
of the Asia-Pacific Microwave Conference, Nov. 6-9, 2018, Kyoto, Japan [1].

First of all, we present here a classification of the modern materials from an
electromagnetic point of view, their main electromagnetic parameters and how
these parameters could be bounded with the structure, inclusions and used tech-
nology. Especially, we discuss the origins of the different types of artificial
anisotropy with examples. Then we describe the developed in the laboratory
variety of measurement methods for characterization of the material parameters
in the microwave range (0.5-40 GHz), including several authorship methods. We
include also in the part the proposed numerical models for reliable extraction of
the material parameters from the obtained measurements results and discuss the
basic principles and specific techniques for utilization of the commercial 3D
electromagnetic simulators as auxiliary tools for extraction of the material
parameters of the samples. In the second part of this paper [2], we illustrate our
rich experience in the area of material characterization by presenting a lot of
published and new concrete examples for determination of the parameters and
specific properties of many commercial and unique artificial materials: the new
generation of microwave substrates, ceramics and other crystal samples, multi-
layer radomes, foams, absorbers, gradient dielectrics and magneto-dielectrics,
textile fabrics, 3D printed dielectrics, metamaterials, carbon-content materials,
composites, liquids, fresh plant tissues, plasma, ferrites, etc. Finally, we unify
the common issues of these examples and present some conclusions.

2. MAIN ELECTROMAGNETIC PARAMETERS OF MATERIALS IN
THE MICROWAVE RANGE AND HOW THEY CAN BE USED FOR THEIR
CHARACTERIZATION AND TECHNOLOGY CONTROL.

2.1. CLASSIFICATION OF MODERN MATERIALS

From the electrodynamic point of view, the materials could be characteri-
zed on the base of their response on the presence of electromagnetic fields in
each considered electrodynamic system, where these materials have been
incorporated. This response is determined by the properties of the materials,
described by defining macroscopic scalar complex parameters: dielectric
constant (permittivity) ¢ = g& = (&r — j€') e = @&l — jtandy) and magnetic
constant (permeability) x = po = (1 — ju" o = pou'v(1 — jtand,) of these
materials (&, wo — parameters of the vacuum; tand,; tand, — dielectric and
magnetic loss tangents; details in the next section). The real parts of the relative
parameters (&'r; u'r) can have as positive, as well as negative values for different
materials. Exactly this circumstance is the basis for the nowadays classification
of modern materials [3, 4]. First of all, most of the standard dielectrics and some




magneto-dielectrics fall in the group of double-positive (DPS or right-hand)
materials, for which &: > 0; u'r > 0. They still are the most occurring electro-
dynamic media in modern electronics. The other two media are also well-known
from nature: a group of the “epsilon“-negative (ENG) materials — &'+ < 0; u'r > 0
and group of the “mu‘-negative (MNG) materials — & > 0; u'r < 0. Many plasma
media (ENG) and ferrites (MNG) at certain frequency intervals in external dc
magnetic fields fall in the last two groups. The fourth group represents the
double-negative (DNG or left-hand) materials — & < 0; i+ < 0; this is the class
of the most rapidly developing engineering artificial materials and negative
reflective index meta-materials with very specific and extra-ordinary properties,
not existing in nature, which gives us the right to call them 21% century
electromagnetic and photonic materials, as it is pointed in [5].

2.2. DIELECTRIC AND MAGNETIC PROPERTIES OF MATERIALS

The complex permittivity & of the materials in the microwave region varies
between the static (dc) value . at very low frequencies up to the optical value
&o at very high frequencies according to the empirical Cole-Cole model [6],
often used to describe the dielectric relaxation in the water and polymers
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Exactly due to this reason the “microwave” complex permittivity sww = &
of the materials could be enough informative for the relaxation mechanism
understanding, specific sample structure, used inclusions and other properties of
the materials (w is the angular frequency, r — relaxation time; ax = 1/7 —
relaxation frequency; « is a parameter between 0 and 1; « = 0 describes pure
Debye relaxation model; « > 0 — stretched relaxation model).

From a more common point of view, the “permittivity & is a measure of
how an electric field affects, and is affected by a dielectric medium, and is
determined by the ability of a material to electrically polarize in response to the
field, and thereby reduce the total electric field inside the material” [7]. It is
directly related to electric susceptibility y., which is a measure of how easily a
dielectric polarizes in response to an electric field. They are related to each other
through expression ¢, = (1+ x.), where & is a scalar quantity in the very
simple case of linear, homogeneous and isotropic materials, while when the
medium is anisotropic, the permittivity is tensor &, .

By similar considerations, the permeability 4 is the degree of magnetization
that a material obtains in response to an applied magnetic field. The relative
permeability z, = (1+ y,,)is related to the magnetic susceptibility ym, which is
sometimes called volumetric or bulk susceptibility, to distinguish it from y,
(magnetic mass or specific susceptibility) and ym (molar or molar mass




susceptibility). Again, s is a scalar quantity for linear, homogeneous and
isotropic magnetic materials, while when the medium is anisotropic (gyrotropic),

the permeability is tensor i, .

In general, as the permittivity &(w), as well as the permeability /4(w), are
not constants; they both can vary with the local position in the medium, sample
form (depolarization, demagnetization), the frequency of the fields applied
(electric/magnetic), humidity, temperature, and other parameters. In the non-
linear media, they may depend on the strength of the electric/magnetic field.

Most of the modern artificial materials could be considered as mixtures
between two or more isotropic components. In this case, very important is the
homogenization of the resultant material, which can be described by effective
(we prefer to use the term “equivalent”) dielectric or magnetic constant (&q; eq)-
The process of homogenization is possible to a certain extent degree [8] if the
characteristic length of the non-resonant inclusions in the mixture is sufficiently
smaller than the wavelength A at the operating frequency (typically less than
A/10 to 4/1000). There exist many different technologies to mix two dielectrics:
series, parallel, series-parallel; layered, dispersed (uniform or random), pillar,
impregnated, foamed, woven, knitted, by additive or subtractive technology, etc.
The question is how to calculate the resultant effective/equivalent parameters of
the mixed material. There exist many different empirical formulas [9]; one of the
earlier approximations is the well-known Maxwell-Garnett expression [7], when
the mixture is got from small spherical dielectric inclusions of permittivity &>,
embedded in a host environment medium of permittivity &;.
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where V; is the normalized volume fractions of the inclusions; the total volume
is V1 + V2 = 1. Close expression to the microwave substrates, textile fabrics, 3D
printed and layered composites is the Wiener formula for laminar mixture [10]
1 _ Vs + Vi ; 0<u<w, A3)
EgqtU & +U g +U

where the parameter u depends of the orientation between the layers, namely:
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for series layers (Reuss bound) (3.1); for parallel layers (Voigt bound) (3.2) and
for isotropic mixtures with randomly arranged grains (Bruggman formula) (3.3)
— see the illustration curves in Fig. 2.1a,b [A52].

The effective (equivalent) media models are very important for the charac-
terization of the different mixed dielectrics. They present the difference between




the pure parallel and pure perpendicular to the E-field direction dielectric
inclusions. There exist two main ways to realize multi-component isotropic
(homogenized) dielectrics with well-designed dielectric constant: 1) by random
mixing (as for the foams) or 2) by constituents with similar dielectric parameters
(as for the microwave substrates and woven/knitted textile fabrics). However, in
the case of 3D printing, these methods are not fully applicable; here we should
use symmetrical unit cells for the infilling medium (see [2]).
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Fig. 2.1. Minimal and maximal bounds for the resultant equivalent dielectric constant (a) and
dielectric loss tangent (b) of two mixed dielectrics [A54]

The next step for generalization of the concept for the electromagnetic
material constants is the introducing of resonance effects in the permittivity and
permeability behaviour. In the dielectric materials, the charges are displaced by
an incident electric field. The amplitude is given by the restoring forces on the
electrons and depends strongly on the time-variation of the field and this dipole
(formed by the displaced electrons and the remaining ion) will oscillate. For
frequencies around a certain frequency ax the induced dipole moment might be
very large and strongly depend on the frequency. This increasing interaction
(called “resonance”) of the incident electromagnetic field with the structure will
lead to strong scattering and absorption. The behaviour of the oscillating dipole
can be described on the base of a simple driven harmonic oscillator and the
solution gives the known relation between the polarization P and electric field E
expressed by the electric susceptibility ye, namely P =&,x.E . The solution to

the differential equation describing forced resonance is governed by a complex

Lorentzian function. Taking in mind that the electric displacement D is related to

the polarization density P by D =g,E+ P =¢y(1+ .)E = &,&,E , the effective/

equivalent resonance dielectric constant by the Lorentz model is [7, 8]:
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in which ax is the natural resonance frequency,  is the operating frequency, ay
is the so-called plasma frequency and j is the damping factor in [loss/s] (here




also N is the number of atoms per unit volume, q is the unit charge, me is the
effective electron mass). This model can be generalized for multiple resonances.
By a similar way, a Lorentz model can be introduced for permeability [11]:

2
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where now amo is the magnetic resonance frequency (when the magnetic
element is the widely used for metamaterials’ construction split-ring resonator
SRR [12]), s is the magnetic damping factor, and F is a parameter that depends
on the loop gap in the SRR.

Both expressions (4, 5) show that the materials can have at some frequency
intervals either positive or negative values for the effective/equivalent dielectric
and magnetic constants, or even double negative values (DNG) — see examples
on Fig. 2.2a,b. This approach is widely used in modern metamaterial design
[13]. Due to these reasons, some other parameters, which describe the
metamaterials, can have anomalous behaviour. For example, the refractive index
n may obtain negative signs for some metal-content metamaterials [8] (for

isotropic and linear media the simple expression is n = /&, 4, ).

4 5@:}(@) I WM t’r;r(m) | 1

Fig. 2.2. lllustration of possible frequency behaviour of the real effective (equivalent) dielectric &q
or magnetic gq constants for (a) artificial dielectrics and (b) artificial magnetics with resonance
behaviour; (c) the real (solid blue) and imaginary (dashed red) parts of the relative permittivity as
functions of frequency for an example material following the Drude model [6]

For the special case of metals, the Lorentz model transforms into the Drude
model. In metals, most electrons are free because they are not bound to nuclei
(the restoring force is negligible and the natural frequency ax = 0 in (4));
therefore they will oscillate harmonically under the influence of an incident
electromagnetic wave and this can be described by an oscillating current density
J = oFE (for linear media), where ¢ is the conductivity. Taking in mind the
relations between the polarization P, current J and electric field E [7], we can
introduce a more common definition for the relative equivalent permittivity (so-

called relative generalized permittivity &qq(®)):

geq (@) = Ceq (w) - jaeq (0)] @, (6)




where the equivalent complex quantity eeq(cw) measures the polarization response
due to bound charges, and oceq(@) is the equivalent conductivity, taking in mind
the response of the free charges. Thus, the generalized permittivity in conductors
has a large imaginary part (the second term in (6)) and this means that the losses
are large. But this also means that the penetration depth ¢ of the electromagnetic
waves into the sample surface is small. The fields attenuate rapidly within the
conductor and the fields are confined to a thin surface layer; this allows the
definition of surface current and surface impedance, often used by the
electronics and electrical engineers. Fig. 2.2¢ displays the frequency behaviour
of the permittivity in the Drude model. As can be seen, at low frequencies the
imaginary part dominates the response. Indeed, the typical conductivity
behaviour for metals at low frequencies &4.(@) = —joy.(®)/ @ is included in

the Drude model in the limit @ — 0, and the limit for the dc conductivity is
Oyc =a)§gol Ye. The Drude model is often used to describe the optical

properties of noble metals, from which most optical metamaterials are made.

All the considered approximations, models and expressions above clearly
show that the material constants are well determined by the overall structure of
the samples and their interaction with the EM waves, by the type of components
in the resultant complex mixtures, by orientation and position of the building
blocks and applied technology. The specific integral character of the equivalent
material constants (&q, teq) gives a potential to ensure additional information for
the material properties to the results, already obtained by different local methods
(e.g. spectroscopy) that are widely used for their characterization. In this paper,
we concentrate our efforts exactly over the reliable characterization of the
material constants (mainly permittivity) in the microwave range as an electro-
magnetic representative of the materials in different electrodynamic projects.
Moreover, the electromagnetic response depends also on the material anisotropy.

2.3. ANISOTROPY AND ORIGINS OF THE ANISOTROPY IN MODERN ARTIFICIAL
MATERIALS.

The electromagnetic anisotropy of materials can be expressed as the exis-
tence of different dielectric/magnetic constants in different directions. The rea-
sons could be quite different. The microwave and optical engineers usually con-
nect the anisotropic behaviour with the microwave ceramics and optical lenses;
this is one of the oldest known types of material anisotropy, named crystalline
anisotropy for single- or poly-crystalline materials (optical glasses, ceramics,
artificial soft and low-temperature co-fired ceramics LTCC, liquid crystals, etc.).
In principle, these materials are homogeneous, but the anisotropy appears due to
the existence of different crystallographic axes in the lattices and the fact that
charges oscillate differently along these directions. This anisotropy is usually
relatively strong. Our early investigations were connected exactly with this type
of anisotropy of ceramic disks, cylinders, rings and rods by different microwave




methods [Al, A2, A4, A7]. Then the characterization of crystalline and crystal-
line-like materials continued by the two-resonator method [A35, A55, A58].
Another specific group of plasma/ferrite researchers identify the original
concept for the material anisotropy with the electric or magnetic gyrotropy of
gaseous or solid-state plasmas (gyro-electric) and ferrites (gyro-magnetic), all in
external dc magnetic biasing fields. These phenomena belong to the so-called in-
duced anisotropy; the dielectric and magnetic properties of such natural metama-
terials have been described with a non-symmetric tensor form of the permittivity
and permeability (including non-diagonal components, controllable by external
dc biasing magnetic field). The ferroelectric materials and films can also be ass-
ociated with this group of electrically gyrotropic materials but in the external dc
electric biasing field. In our early investigations, we performed a lot of attempts
for difficult characterization of the microwave ferrites with different forms: disk,
rod, cylinder, prism [A3,A4,A7];we applied successfully these results in our mo-
dels and methods of design of different gyrotropic devices — circulators and iso-
lators (see the review papers [A5,A6]). Special types of investigations were de-
voted to ferrite and magneto-dielectric thin films [A16,A17,A24] and microwave
absorbers [A11,A29,A52]. Our contribution to the characterization of gaseous
plasma media was connected with the development of classical and new types of
hairpin resonance probes for the determination of plasma density[A28,A36,A38]
Nowadays, a new class of artificial materials appeared, for which the mea-
sured anisotropy could be considered more as an undesired property. First of all,
in this group, we can add the commercial engineered reinforced substrates with
many applications in the modern RF and microwave electronics. Characterizati-
on of the dielectric anisotropy of such popular materials is very important for the
reliability of the modern design of different planar structures on high-frequency
substrates, especially in the millimetre-wave range. Our research is connected
mainly with the characterization of these commercial materials (JA9-Al4, A18,
Al19, A21-A23, A25, A27, A31-A33, A35, A37, A4l, A43, A45, A46], see also
[2]). In our practice we measure reinforced substrates from different manu-
facturers, which anisotropy varies in a wide range: from ~1-2 % up to 25 % (see
below for this parameter) [A32]. The anisotropy of similar structures has been
caused by the spatial inhomogeneity in different directions between the mixed
reinforcing fibres net and the applied filling. To this group of anisotropic materi-
als we can add the textile fabrics [A50] used for wearable antennas, multilayer
antenna radomes [A15,A20,A26], some 3D printed dielectrics [A48,A54,A55].
The controllable anisotropy of the engineered metamaterials and “bandgap”
materials (i.e. controllable dielectric constants in different directions) is another
new type of artificial anisotropy [8, 14], caused by the chosen shape, geometry,
size, orientation and arrangement of the unit cells, which form the “lattice” of
the artificial materials. Extremely big could be the anisotropy of metamaterials
with metal inclusions. Therefore, it is very similar by origin with the anisotropy,
caused from the inhomogeneity of the reinforced and composite samples, but




now this property is well-designed and fully desired, because it ensures unusual
characteristics of some anisotropic metamaterial devices [16]: invisible cloaks,
wave concentrators and converters, superlenses, special sensors, etc. We already
started characterization of such metamaterials with big anisotropy [A49, A53].
Let’s consider the terminology, connected with the anisotropy. In the
common case, the anisotropic/gyrotropic materials are describing by full tensors;
the material tensors are non-symmetrical for ferrites and plasma [8]; but they
will not be considered in the paper. There exist three cases of so-called dielectric
anisotropy of the artificial materials, which dielectric constants can be described
by diagonal tensors, namely: bi-axial (6.1) and uni-axial anisotropy (6.2) or pure
isotropy (6.3) (similar expression could be written for the magnetic constants):

& 0 0 Epar O 0 e 00
()=| 0 &, 0] ®L:E)=| 0 e 0 | (62:(5)=[0 ¢ 0 (63)
0 0 ¢, 0 0 &perp 0 0 ¢
gxxigyyigzz; Epar =Exx ®Eyys gperpZSZz; Er REKREY REY

Typical bi-axial anisotropic materials are the crystals, optical glasses, liquid
crystals, thin films and nanostructures, many metamaterials with non-symmetri-
cal unit cells, 3D printed dielectrics, textile fabrics, plant and other bio-tissues,
which can be described with three different scalar dielectric constants along the
axes 0x, Oy and 0z. The uni-axial anisotropy has been expressed in relatively thin
structures with plane symmetry, e.g. materials like the reinforced substrates,hard
or soft artificial ceramics, LTCC’s, single or multilayer antenna radomes, some
gradient dielectrics and absorbers. The near-to-isotropic behaviour is a property
of the homogenized and foam-like materials and metamaterials: foams, bulk pla-
stics, injection-moulded dielectrics, non-woven substrates, foamed absorbers,etc.
In the second part of this paper [2], we will consider many concrete examples.

Finally, the so-called magneto-electric materials appear among modern
artificial materials [7, 16]. The common issue for these materials is the magneto-

electric coupling; now, the complex electric and magnetic flux densities D and
B in the so-called bi-anisotropic magneto-electric materials can be expressed as

D=(£)E+ (é)é (7.1) and B=(a)H + (é)é (7.2)

where (5) (/l) are the permittivity and permeability tensors, while (5) (( ) are
tensors of the corresponding magneto-electric coupling coefficients. When the
parameters ¢, u, & ¢ are scalars, the materials become bi-isotropic. The above
relations show that the equivalent permittivity in such materials can depend not
only on the response to the E field but also on the response to the H field in the
considered media (v.v. for permeability). We already managed to measure in our
practice such samples [A53, A60-A63], but this research is in the beginning.




2.4. NUMERICAL METHOD FOR ANALYSIS OF DIELECTRIC ANISOTROPY IN
ARTIFICIAL MATERIALS

The discussions in the previous section express the importance of anisotro-
py for any artificial material, not only for metamaterials. Therefore, it is impor-
tant to may predict the degree of anisotropy in different materials, but this is not
possible in all cases. The full-wave analysis of anisotropic structures is possible
in a few simple cases. The anisotropy type of materials with crystalline struc-
ture can be bound to the lattice symmetry — isotropy for crystals with cubic sym-
metry; uni-axial anisotropy — with hexagonal, tetragonal symmetry; bi-axial ani-
sotropy — with monoclinic, triclinic, orthorhombic symmetry [8]. Another very
popular model for crystalline anisotropy in high-¢ ceramics is based on the
lumped-element approach: the building blocks as electric dipoles can be con-
sidered at the macroscopic level as a set of parallel or series capacitors (for exa-
mple see the expressions 3.1-2), but the calculated anisotropy is usually bigger
than the measured one. Unfortunately, the other effective-media expressions for
the resultant permittivity in different mixtures cannot give the actual anisotropy
[9, 10]. There exist also attempts to bind the degree of symmetry of the unit cells
for evaluation of the all-dielectric 3D printed metamaterials [8, 14]. Of course,
the numerical simulations by the nowadays 3D EM simulators are also wide-
spread; many microwave and optical engineers successfully apply this approach,
and therefore, the big software developers pay serious attention the new versions
of the commercial 3D simulators to may cope fluently with the metamaterials.

In [A48, A50, A54] we proposed a numerical method for reliable prediction
of the dielectric constants of artificially-constructed materials (incl. all-dielectric
metamaterials or even samples with metal inclusions) along to all three axes in
the Cartesian system by resonance method in desired frequency intervals. The
idea of this method is to build a well-designed unit cell, to reproduce it in a hos-
ting isotropic substrate and to put the whole sample in a rectangular resonator
(Fig. 2.3), which supports TE and TM modes with three mutually perpendicular
directions of the E fields — see illustrations in Fig. 2.4.Independent extraction of
the resultant dielectric constant along all three axes is possible after replacing of
the bi- or uni-anisotropic sample under interest with an equivalent isotropic sam-
ple. We successfully applied the described method for many artificial samples:
textile fabrics [A49], 3D printed dielectrics [A54, A56], metamaterials with sur-
face metal inclusions [A48, A53]. Different unit cells could be used for these nu-
merical investigations: spheres, cubes, cylinders, prisms, disks and some combi-
nations between them, made by isotropic dielectrics or by metals. We use for a
guantitative measure of the resulting dielectric constant/loss tangent anisotropy
(parameters AA;, AAuns:) for bi-/uni-axial anisotropy the following expressions

AAg,Ox/y :2(5I0x/y_g|02 )/(gle/y"’g‘Oz ) ) (8-1)

AAtan &, 0xly = 2(tan 55,0x/ y —tan 55,02 ) /(tan 55,0x/ y +tan 55,02) ) (8-2)




Fig. 2.3. (a) Universal unit cell; (b) constructed artificial sample with repeated unit cells (inclusi-
ons) in a hosting isotropic substrate; (c) artificial sample in a rectangular resonator

Fig. 2.4. Rectangular resonator with an artificial sample, which supports different modes with
mutually perpendicular E fields along the axes: (a) 0x; (b) Oy; (c) 0z and (d) Oxy
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Fig. 2.5. Dielectric constant anisotropy of net from simple inclusions as cylinders, orientated along
to 0x, Oy, 0z and Oxy; the E-fields orientation is fixed either along to 0x (Epar) or along to 0z (Eperp)
The dependencies for A, % versus the ratio &nc/aso in Fig. 2.5 well illustrate a
simple but informative case for anisotropy prediction: inclusions as dielectric
cylinders with permittivity &na orientated along the axes Ox, Oy and 0z, keeping
the E fields parallel or perpendicular to the sample surface by exiting fixed mode
in the rectangular resonator (&so is the permittivity of the hosting medium). The
simulations show that the resultant permittivity gparox Of the artificial mixture in-
creases along to the cylinders when the E field is orientated along to the same
axis, in comparison to the dielectric constant &oaroy, perpendicularly to the
cylinder axis. This effect increases the anisotropy A ox Of the whole artificial
substrate along to the cylinder axis with the rise of ratio &nc/&s, While the
anisotropy A oy is close to zero. The effect of anisotropy for & )) &so inCreases
for net of cylinders. The positive AA, sign means that &ar > &erp, While the




negative sign — that &ar < &erp. The last effect happens, when the cylinders are
orientated perpendicularly to the sample. The presented above investigations
have been not published jet, however, we confirmed numerically and experi-
mentally the described rules for anisotropy of textile fabrics [A50], reinforced
substrates [A32], multilayer antenna radomes [A15,A26], 3D printed dielectrics
[A56], metamaterials [A48]. Similar investigations are helpful for the design of
homogenized and near-to-isotropic 3D printed dielectrics for antenna applica-
tions [A54] (see also [2] for more details)

3. METHODS FOR CHARACTERIZATION OF DIELECTRIC PROPER-
TIES OF DIFFERENT MATERIALS IN THE MICROWAVE RANGE.

Nowadays a lot of measurement methods exists for characterization of arti-
ficial materials, some of them reference (approved from the leading world stan-
dardization organizations as IPC, NIST, NPL [17-19]), or developed by different
Universities and science organizations. This is a world wealth, nevertheless that
some methods can give different results for the same materials. Three types of
methods can be classified in the microwave range: free-space, waveguide (trans-
mission-line) and resonance methods — Fig. 3.1a-d. The first two are considered
as broadband, but less accurate methods, while the resonance methods are speci-
fied as more accurate, but narrowband ones. A good survey of the microwave
methods for material characterization has been done in [20]. We consider selec-
tively in this paper the promising methods with an accent to these, which can
measure anisotropy and have been already realized in the Microwave Lab in the
Faculty of Physics of Sofia University “St. Kliment Ohridski” [1].

3.1. RESONANCE METHODS.

Definitely, the resonance methods are considered more accurate than the
transmission-line methods [21].The main reason is the fact that the sample under
interest is a part of bigger resonance area (Fig. 3.1d) and its dielectric and/or
magnetic constants influence relatively strongly the resonance parameters of the
excited modes — resonance frequency fo and unloaded quality factor Qg of the
empty resonator, shifting them to f. and Q., when the sample is placed inside (in
the case of volume resonators; in other cases the sample itself could be a high-Q
resonator). The big accuracy is achieved since the frequency or frequency

P

Fig. 3.1. Three popular methods used for characterization of flat samples: (a) free-space method in
transmission regime; (b) in reflection regime; (c) waveguide method; (d) resonance method




differences can be measured with small errors in the microwave range, typically
less than 0.01% in the X band. However, other factors can decrease the
measurement accuracy: actual sample shape and sizes, sample positioning in the
resonator, environmental factors, etc. Our short survey of the resonance methods
will be concentrated over their ability to measure the sample anisotropy (8.1-2).
A measurement resonator can detect and extract the sample anisotropy if it
supports at least three modes with mutually perpendicular E (or H) fields along
the Cartesian axes in a given frequency interval. A good illustration is the
resonance perturbation method [22], suitable for characterization of the biaxial
anisotropy of liquid crystal polymers (LCP), which have serious potential for
application in the modern microwave electronics. The method uses three modes
TEo11, TMix and TEier with mutually perpendicular E-field orientations in a
non-standard rectangular cavity (Fig. 3.2a) to extract the permittivity values &,
&y and &;. We apply rectangular resonators made by standard waveguides that
support dominant modes TEiq, (p = 1-6), to extract either dielectric or magnetic
parameters of microwave absorbers (Fig. 3.2b). Due to the coarse character of
the known perturbation expressions [20],we apply more accurate 3D simulations.
The volume resonators also have good potential to determine the sample
anisotropy, but here is no universal solution. The parallel dielectric parameters
&arltandzpar AN be measured by TE-mode resonators (as R1 in Fig. 3.3a) (classi-
cal Courtney’s method [23], Kent’s evanescent-mode tester [24], split-cylinder
resonator SCR [25], split-post dielectric resonator [26], etc.). The perpendicular
parameters gperp/tandzperp Can be estimated by TM-mode resonators (as R2) (e.g.
as in [A21, 27], reentrant cavities [28]). In fact, only a few publications have
been directly dedicated to anisotropy measurements. Whispering-gallery modes
with high-azimuthal index in a single dielectric resonator with fields far from the
screens could be used for anisotropy measurement of ultra and extremely low-
loss materials [29]. The method presented in [30] is based on resonance measure-
ments of one prism sample in three mutually perpendicular orientations in a
rectangular resonator (as in [A55, A58] for cylindrical resonators). Very
important is the problem for reference determination of the proven dielectric
anisotropy of the commercial microwave substrates, because the reference IPC
TM-650 2.5.5.5 [17] (clamped stripline resonator test method) cannot give this
parameter. The modified IPC TM-650 Bereskin’s method [31] is difficult for
realization (many substrates have to be stacked horizontally and then a single sa-
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Fig. 3.2. Perturbation resonance method: (a) for determination of biaxial anisotropy of LCP [22];
(b) for separate determination of dielectric and magnetic parameters of microwave absorber [A29]
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Fig. 3.3. (a) TE- (R1; SCR) and TM-mode (R2) cylindrical resonators; (b) pairs with equal diame-
ters (R1&R2") or with equal resonance frequencies (R1&R2); (c) mode spectrum (0-25 GHz)

mple has to be produced by a vertical cut); only a few substrate producers apply
this method. Nowadays, a broadband method is proposed [32],based on numeri-
cal extraction of the parallel and perpendicular dielectric constants from data for
the even and odd modes in coupled microstrip resonators printed on the substrate
under test. However, the authors make a wrong conclusion about the ability to
determine the parallel permittivity of a substrate (in fact, they determine the so-
called design or microstrip-like value and this is proven by our measurements).
Similar to the Bereskin's method (in stripline geometry) is the method, proposed
in [33] and implemented by substrate-integrated waveguide (SIW) resonators.
The novelty here is the possibility to increase the working frequency up to mm-
wavelength range. A common disadvantage of the methods, based on the
printing of measurement resonators on the substrate under test, is the difficult
extraction of the dielectric loss tangent of raw substrates by taking into account
the influence of the quality of metallization (the problem is discussed in §3.3).
Recently, a new TM-mode method (balanced-type circular disk resonator [34,
35]) shows potential for characterization of perpendicular dielectric parameters
of flat samples up to 110 GHz (now reliable results have been obtained in the in-
terval 20-70 GHz). We just started to develop this method to help substrate ani-
sotropy determination in the frequency bands for 5G standard. Combined with
the free-space or open-resonator method for determination of the parallel dielec-
tric parameters (considered in §3.3), they both can be a good base for characteri-
zation of material anisotropy up to the mm- and sub-mm wavelength range.

3.2. CHARACTERIZATION OF THE DIELECTRIC ANISOTROPY OF MATERIALS
BY THE AUTHORSHIP TWO-RESONATOR METHOD AND ITS MODIFICATIONS

In 2000-2002 we first detected the dielectric anisotropy of commercial
microwave substrates and developed an authorship method for its determination
— the two-resonator method [A22]. The first publications [A8, A12] have been
based on a perturbation approach, but then we developed more accurate full-
wave analytical models of the measurement resonators and for the extraction
procedure of the complex dielectric constants of uni-axial anisotropic single and
multilayer samples [A18, A22, A27]. Applying this method we managed to




accumulate in a short period (2004-2008) a tremendous amount of data for the
real anisotropy on many commercial substrates from different producers (used in
our antenna projects [A30, A34, A39-A41, A45, A59, A63]. However, we have
encountered many difficulties for a long time in trying to impose the idea of
having such a feature (anisotropy) of these most spread electronic components
(micro-wave substrates) as among the big substrate producers, as well as among
the most of the users (we discuss this “story” for the substrate anisotropy in [2]).
The two-resonator method [A22, A32] is based on two consecutive measu-
rements with/without samples of the resonance characteristics of two symmetri-
cal modes: TEo1: in R1 resonator (with E fields parallel to the substrate) and
TMoio in R2resonator (E fields perpendicular to the substrate) — Fig. 3.3a and
Fig. 3.4a. To achieve the best sensitivity of this method the sample is placed in
the middle of R1, while it lies on the resonator bottom in R2; the chosen lower
height Hz of R2 well separates the TMoio and TEou1 resonances. The method can
be realized in two options: 1) for samples with equal diameters D; = D, (e.g. 30
mm), but the TMo10 mode has lower resonance frequency (7.65 GHz) than for
TEo11 mode (13.15 GH2); or 2) for achieving of close resonance frequencies (e.g.
in the interval 12.6-13.15 GHz), but applying resonators with different diameters
(D1 =30 mm; D, = 18.1 mm) — see the examples in Fig. 3.3b,c. The considered
here frequency band of the described method can be expanded to higher frequen-
cies by using several selected high-order modes: e.g. TEoi3, TEo21, TEgs in R1
and TMozo, TEgs in R2; however, they should be well-identified in the mode
spectrum (see the modes marked with arrows in Fig. 3.3c). The other way for
frequency range widening is to increase or decrease the resonator (and sample)
diameter. The diameter decreasing can increase the operating frequencies (e.g.
for TEow1 in R1: f; ~ 21.8 GHz at D; = 18.1 mm; f; ~ 28.7 GHz at D; = 15.0 mm;
fi ~ 39.3 GHz at D; = 10.0 mm; for TMoyo in R2: f, ~ 22.8 GHz at D, = 10.0 mm;
f, ~ 28.5 GHz at D, = 8.0 mm; by higher-order modes in R1: up to 70-80 GHz;
in R2: up to 65-70 GHz). However, the decreasing of resonator diameter leads to
a decreasing of measurement accuracy, especially for the dielectric loss tangent,
due to the smaller volume and lower Q factors in both resonators.Conversely,the
diameter increasing leads to resonance frequency decrease and we managed to
determine the substrate anisotropy by measurements even at 1.4-2.5GHz [A50],
but the sample sizes become too big and the accuracy again decreases. There is
another way to decrease the frequency interval for anisotropy determination by

R1:C R2: C R1: SCoaxR R2: ReR R1: SPDR(¢e) R2: SPDR(m)
A
| —— —
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Y v | _m_
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E saorple metal walls |:| dielectric resonator

Fig. 3.4. Two-resonator method, realized by three different pairs of TE/TM resonators: (a)
cylinder resonators (R1:C or R1:SCR and R2:C); (b) split coaxial resonator (R1:SCoaxR) and re-
entrant resonator (R2:ReR); (c) split post dielectric resonators (R1:SPDR(e) and R2:SPDR(m))




by small samples — to use another pair of R1/R2 resonators with naturally lower
resonance frequencies based on split-coaxial resonator as R1 [A25] and reentrant
resonator as R2 [A23] — see Fig. 3.4b. With this new pair of resonators, we again
decreased the frequencies for determination of substrate anisotropy to 1.7 GHz.
In general, we successfully widened the applicability of two-resonator method
by introducing in [A31, A32] the approach to use different pairs of measurement
resonators from type R1/R2 and to obtain unique results for many commercial
substrates, which was notified in [37, 38]. The third pair with split-dielectric post
resonators SPDR(e/m) with TE/TM modes with added substrate sample allows
us preliminary to choose a frequency for measurements by the used high-Q
dielectric resonators (Fig. 3.4c). We successfully applied the authorship two-
resonator method for many different materials excepting the microwave
substrates, like multilayer composites, thin films, 3D printed dielectrics, textile
fabrics, and even metamaterials (with less success) — details are discussed in [2].
The measurement errors of the two-resonator method have been estimated
in [A22] as ~2.5-3% for AA; and ~10-12% for AAwns: In the case of multilayer
materials in the Ku band (or 1.5% and 8-9% for single-layer substrates). These
values fix the margins for determination of the practical isotropy of materials by
the two-resonator method. A big contribution to the improvement of measure-
ment accuracy is the concept for the equivalent parameters of measurement reso-
nators [A31, A32]. Usually, the calculated and measured resonance parameters
of the empty resonator do not fully coincide, focaic# fomeas, Qocalc® Qomeas; the rea-
sons are different; size uncertainty, the influence of the coupling loops, tuning
screws, eccentricity, surface cleanness and roughness, daily temperature variati-
ons, etc. The problem can be overcome namely by the introduction of equivalent
resonator dimensions and wall conductivity. The equivalent geometrical parame-
ters (D or H) could be chosen on the base of a simple rule: the variation of which
parameter influences more the resonant frequency of the empty cavity without
any details? In the case of circular resonators the diameter changes “produce”
bigger variation for the resonance frequency and Q factor (see dependencies in
Fig. 3.5). If we tune the selected equivalent parameters in the constructed
stylized 3D models of empty resonators, we can achieve practical coincidence
between the calculated and the measured resonance parameters: focaic ~ fomeas,
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Fig. 3.5. Dependencies of the normalized resonance frequency (a) and normalized Q-factor (b) of
the dominant mode in the cylinder measurement resonators CR1 and CR2




Qocalc ~ Qomeas. Thus, in the case of pair of cylinder resonators R1/R2 their 3D
models include equivalent diameter Deg1,2 (instead Di2), actual height Hi, and
equivalent wall conductivity oceqi.. Additional equivalent parameters could be
introduced for the other two pairs of used resonators [A32].

3.3. FREE-SPACE AND WAVEGUIDE (TRANSMISSION-LINE) METHODS

The measurement setup of the free-space method (in transmission or in
reflection regimes), consists of two or one horn antennas and the flat sample is
between them or between the antenna and a reflecting screen — see Fig. 3.1a,b.
The measurements of the phase delay and the losses with and without sample
allow extracting the dielectric constant and dielectric loss tangent. This method
is very useful for measurements in the mm- and sub-mm-wave ranges but needs
relatively big samples to avoid the diffraction effects near to the sample edge.
The main problems are the reducing of the measurement errors due to multiple
reflections and sample misalignment. By suitable extraction procedure, these
errors could be reduced or measurements in a TDR gate could be used. Due to
the TEM mode propagating in the structure, it can be used for extraction only of
the parallel dielectric parameters of the sample in a transmission regime.The me-
thod is not well applicable for low-loss materials, but it is very popular for cha-
racterization of new unknown materials, including metamaterials [A53, A60-61],
composite materials as antenna radomes [A20, A26, A33] and absorbers [A29,
A52, A63], all realized in our laboratory from X to Ka bands. An alternative of
the free-space method is the resonance quasi-optical (Fabry-Perot) interferome-
ter, realized in our laboratory in Ka-band; it can measure the parallel dielectric
parameters in mm- and sub-mm wavelength ranges even for low-loss materials.

The waveguide methods are also very popular in the dm-, cm-, mm-wave-
length ranges and beyond applying rectangular, circular or coaxial waveguides
in transmission or reflection regimes. For rectangular waveguide in transmission
regime, the thin sample can be placed between two waveguide flanges (as in Fig.
3.1¢) or into the waveguide fitting its cross-section; the measurement of phase
delay and insertion losses allows extraction of the sample dielectric parameters.
Inserted in the waveguide aperture bulk samples can act as resonators in the
corresponding frequency range; the extraction of the dielectric parameters is
possible by measurement of the resonance frequency and Q factor. For thin
samples in reflection regime, both dielectric and magnetic parameters can be
extracted if the sample is placed in two fixed positions at a quarter-wavelength
distance. When the sample is placed in the natural vertical position according to
the wider wall of the waveguide, the method gives the parallel dielectric parame-
ters; if the sample lies horizontally on this wall, the method extracts the perpen-
dicular parameter. Thus, the waveguide method is one of the few relatively
broadband methods, which can determine the anisotropy of the sample. Due to
this reason, it is very popular for characterization of 3D printed metamaterials
(e.g. see [14]), including in our laboratory [A29, A53].




The waveguide method can be also realized by planar transmission lines,
printed on the substrate under interest. In this variant, it is known as differential
phase length (DPL) method and it is one of the most spread methods for micro-
wave substrate characterization on the base of microstrip lines (MSL). The reali-
zation is simple: Sy; parameters of two or more 50-Ohms MSL (or other planar
lines) with different lengths have been measured and phase difference AangS::,
deg and difference between the insertion losses ASzi, dB have been determined
for each pair of lines with length difference AL (Fig. 3.6a). Then the important
parameters, effective dielectric constant & and attenuation ¢, can be calculated:

2
_ [ AangSy,.c B
Eeff _(—360 AL | (8.1) a,dB/cm=AS,;,dB/AL,cm. (8.2)

Fig. 3.6b,c presents an example for measured amplitude and phase Sz
dependencies for a selected real commercial substrate (conditionally marked as
“Substrate 3.0”) of thickness 20 mils with catalogue dielectric constant 3.0.
Using the corresponding measured differences in (8.1-8.2) for MSL on this sub-
strate with different thicknesses (5, 10, 20 and 30 mils) new dependencies for the
effective dielectric constant and attenuation for this substrate can be obtained —
shown in Fig. 3.7. In addition to the DPL method, other resonance methods are
used to draw these dependencies [A44].The obtained dependencies are important
for the extraction of the equivalent dielectric parameters — equivalent dielectric
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constant &gq (in this case: MSL value &q ms., shown in Fig. 3.8a) and the corres-
ponding equivalent dielectric loss tangent tand;eq. However, in the last case, the
imperfect metallization influences the MSL attenuation in a big degree [37];
therefore, the conductor and radiation losses have to be taken into account for
more accurate extraction of tand.eq [A43, A57] (details are presented in [2]).

For 10 years now, the equivalent dielectric constant &q is an important
parameter for the characterization of an anisotropic substrate of the different
planar transmission lines. This parameter allows replacing the anisotropic
substrate with an isotropic equivalent substrate in each RF design project, which
is descri-bed with equivalent dielectric constant and equivalent dielectric loss
tangent — see our concept in [A32, A44]. This is rather an effective approach and
many substrate producers and 3D simulator developers started to share with the
users the information for the equivalent dielectric constant, often called “design
Dk” value. Fig. 3.8b presents a useful picture for Substrate 3.0 — comparison
between the measured &par, &erp and &q ms. for different thickness. The results
clearly show an important fact — the producers have managed to decrease the
anisotropy for thin substrates, which are applicable in the mm-wavelength range.

The problem is that the equivalent dielectric constant depends on the type
of the printed planar line on this substrate (see dependencies in Fig. 3.9a,b), i.e.
from the concrete distribution of the parallel and perpendicular electric fields of




the dominant propagation mode in the given planar line. We managed to prove
for the first time this fact in our work [A32] and then developed a special
concept in [A44]. It turned out that this fact is a serious inconvenience for the
application of the equivalent dielectric constant approach. However, we presen-
ted a solution based on the introduction of three groups of equivalent values —
see the concept, presented in Fig. 3.9c. The proposal is users to use in their
design pro-ject three different values of the equivalent dielectric constant &q
according to the designed planar structures: | — “stripline value” &q s. ~ &perp (OF
process, specification DK, suitable for stripline and SIW); Il — “microstrip value”
&g msL ~ (&erp T &uerp)/2 (Or design DK, suitable for microstrip line, coupled MSL,
paired strips, grounded coplanar waveguide and similar microstrip-like lines)
and 111 — “coplanar value” &q cpwe < &ar (Or a new coplanar design Dk, suitable
for slot-based planar lines: coplanar waveguide, slot and fin-line). The first two
values are already in use as “process” and “design” values [38, 39] (our concept
only explain the origin of these values), but the third value is new — it is suitable
for coplanar and slot-line based structures. Many new publications confirm the
usefulness of this our concept for reliable design of planar devices with
equivalent dielectric constants (more details are given in [2]).

3.4. UTILIZATION OF 3D ELECTROMAGNETIC SIMULATORS AS AN AUXILIARY
TOOL FOR MATERIAL CHARACTERIZATION BY RESONANCE MEASUREMENTS

The modern material characterization needs the utilization of powerful
numerical tools for obtaining accurate results after modelling of very sophistica-
ted measuring structures. Such software instruments could be the 3D EM
simulators, which demonstrate serious capabilities in the modern RF design.
Considering recent publications in the area of material characterization, it is easy
to establish that the 3D simulators have been successfully applied for measure-
ment purposes, too. The possibility to use commercial frequency-domain simula-
tors as assistant tools for accurate measurement of the substrate anisotropy by
the two-resonator method has been demonstrated for the first time in [A20].
Then, this option is developed for all types of considered resonators [A32],
following few principles — simplicity, accuracy and fast simulations. Illustrative
3D models for the simplest structures, used in the two-resonator method (cylin-
der resonators R1 and R2), are drawn in Fig. 3.10a. Three main rules have been
accepted to build these models for accurate and time-effective processing of the
measured resonance parameters — 1) a stylized drawing of the resonators' body
with equivalent diameters (Deq1,2), actual height Hi» and equivalent wall conduc-
tivity oeqr2; 2) an optimized number of line segments for construction of the
curved cylindrical surfaces (line size less than 1/16 wavelength) and 3) a suitable
for the operating mode splitting (1/4 or 1/8 from the whole resonator body; Fig.
3.10b), accompanied by appropriate boundary conditions at the cut-off planes.
Although the real resonators have the necessary coupling elements and holes, the
resonator bodies could be introduced into the model as pure closed cylinders and




this approach allows applying the eigenmode solver of the modern 3D simula-
tors. The utilization of the eigenmode option for obtaining of the resonance fre-
guency and the unloaded Q factor (notwithstanding that the modelled resonator
is not fully realistic) considerably facilitates the anisotropy measurement
procedure assisted by 3D simulators, if equivalent parameters have been
additionally introduced and symmetrical resonator splitting has been done.

These optimized models increase the accuracy of the two-resonator
methods for anisotropy measurements and allow us to evaluate the sensitivity of
the corresponding resonators (with the used TE or TM modes) to the actual
sample anisotropy — see dependencies in Fig. 3.11. The analysis of the obtained
results shows that the chosen modes in the different pairs of measurement
resonators have very good selectivity to the corresponding dielectric constant of
the sample in the resonator along a given direction with errors less than +0.25 %
for the nor-malized resonance frequency faniso/fiso and less than +0.5 % for the
normalized Q factor Qaniso/Qiso, When the anisotropy varies in the intervals AA,,
AAuns: = £10 % even for relatively thick samples (excepting for SCR).

(1/4) R2

Fig. 3.10. (a) Equivalent 3D models of a pair of two cylinder resonators R1/R2 and boundary
conditions (legend: 1 — finite conductivity (oeq); 2 — E-field symmetry; 3 — H-field symmetry); (b)
Simulated E-field scalar and vector distribution in the measurement resonators (1/8 R1 and 1/4 R2)
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Fig. 3.11. Dependencies of the normalized resonance frequency (a) and Q-factors (b) of the used
resonance modes for anisotropic and isotropic samples versus dielectric anisotropy AA:, AAtanss

3.5 PROBLEMS WITH RELIABLE 3D SIMULATIONS OF MICROSTRIP LINES ON
ANISOTROPIC SUBSTRATES

The microwave engineers have two possibilities to take into account the
material anisotropy in their numerical design projects — to replace the real aniso-




tropic structure with isotropic equivalent, described by the equivalent dielectric
constant &g, or to use the “anisotropic material” option of the modern 3D
simulators, introducing the pair of values &ar and &erp. The concept and design
accuracy applying the first option is already described above. There exist only a
few papers, where the second option has been directly applied, but with not so
expressed benefits (see references in [A49]).

Let’s compare both options. Several 3D models have been constructed for six
popular planar transmission lines on an anisotropic substrate, following the
accepted in the RF design standard principles for ports, radiations boxes, etc.
(see Fig. 3.12a for MSL). We selected one typical Substrate 3.38 with a middle
anisotropy, measured by the two-resonator method in the range 5-40 GHz: &ar =
3.66; gerp = 3.345. The corresponding equivalent dielectric constant is &q = 3.48,
measured by the DPL method. Fig. 3.12b presents the simulated frequency & -
dependencies of 50-Ohms MSL in two options of the used 3D simulator: 1) iso-
tropic equivalent substrate with s« = gy = & = &q and 2) real anisotropic sub-
strate with g« = &y = &ar; & = &erp. The & values calculated by the second (ani-

Substrate 3.38

ol MSL_anisol .

10 15 20 25 30 3 40 ®)
f,GHz

Fig. 3.12 a) 3D model of MSL on an anisotropic substrate with selected two rectangular volumes
S (substrate) and A (air above) and two x0z planes Ps and Pa at the input port; b) Comparison bet-
ween simulated frequency dependencies of the effective &t and the corresponding equivalent gq
dielectric constants of MSL on an anisotropic substrate using options isotropic/anisotropic material
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Fig. 3.13 a) Measured and calculated &q values by simulated phase delay in several planar
transmission lines and simulated normalized parallel and perpendicular E fields in these lines; b)
Distribution of normalized parallel and perpendicular electric fields in the united box volumes
S+A (substrate and air box above) of 50-Ohms MSL (dashed curves — for united Ps + Pa planes on
the radiation box wall — Fig. 3.12a)




sotropic) option are visibly smaller, than the values for the isotropic case (the re-
calculated equivalent dielectric constant is 3.38 instead 3.48 for MSL, i.e. 2.8-%
decrease). Fig. 3.13a presents these differences for other investigated planar
lines: from 0.5 up to 3 % decrease, which is not acceptable for a reliable RF
design. In fact, the biggest differences appear for MSL and MSL-like lines, e.g.
for coupled MSL (up to 4 % decrease, not shown). In the same time the course
of the curves, representing the distribution of the normalized parallel and per-
pendicular electric fields, Epar/Erwor and Eperp/Eror, in the whole structures fully cor-
respond to the position of the measured &q values between gyr and &erp Values of
each given planar line. Therefore, we can try to bind the &q values directly to the
field distribution. In [A48] we proposed a more accurate, field model for
calculation of the &q values. For this purpose, we include in the MSL model
(Fig. 3.12a) several new artificial volume and plane objects, where we can easily
calculate the integrated complex E fields by the incorporated “field calculator”
in the simulators. The aim is to determine both field ratios Epar/Erwt and Eperp/Erot
in these volumes or planes and to calculate &q ms. by the expression

s ~ Epar
edmsL — Etot

The obtained results are quite informative. The calculated ratio for substrate
only is Epar/Eperp = 0.19/0.81 in the volume S. If we determine &q mst by (1)
applying these ratios, the obtained dependencies are very close to the &q_sim phase
dependencies, obtained by the simulated phase delay (i.e. by the MSL S
parameters) — see Fig. 3.12b. But if we now apply the E-field ratios in the whole
structure, i. €. Epa/ Eperp = 0.39/0.61 in the united volumes S+A, the calculated
&q values are very close to the measured values &g meas (Or to the values,
obtained by the simulator for option “equivalent isotropic substrate™). This fact
is very optimistic. It points the direct connection between the calculated actual
ratio Epar/Eperp fOr each planar structure (MSL in the considered case) and the
measured equivalent dielectric constant.

The obtained positive results for the possibility to predict the actual values
of the equivalent dielectric constant only on the base of the calculated near-field
distribution of the parallel and perpendicular electric fields in MSL allow us to
propose a reliable method for a direct determination of this important parameter
without to perform any specialized time-consuming measurements. But to
implement this method, we have to investigate the influence of the MSL
parameters over the field distribution. Fig. 3.13b presents the most important
dependences Epar/Etwt and Eperg/Etor ON the substrate thickness, which can be used
directly in expression (1). According to the expectations, the parallel component
of the electric field plays a bigger role for thinner substrates and v.v. Therefore,
we can average the dependencies and write an approximate expression, which

EDEFP
sub Etot

‘9par‘
MSL

x gperp\sub} , (8.3)
MSL




Eeqppg, = ((0.38 £0.02)x 5|, +(0.62£0.02)x &perp| ) (8.4)

ensures the best accuracy for substrates with thickness 20-30 mils. The other
MSL and substrate parameters (e.g. metallization thickness, absolute dielectric
constant, losses) don't play so important role. Now, if we calculate values
&q_msL_calc DY (8.4), they practically coincide with the measured ones &q_wmst iso IN
the presented case in Fig. 3.12b (more results are given in [2]).

4. CONCLUSIONS

In this paper, we summarize the main results from our 18-year research
work devoted to the characterization of the dielectric properties of materials used
in modern microwave electronics. First of all, we prove the assumption that the
well-determined complex dielectric and magnetic constants of the materials are
important not only for improving the accuracy of the modern 3D design of
nowadays electro-dynamic structures but also because the integral character of
these parameters ensures valuable information for the real material composition,
structure, character of inclusions, building blocks and unit cells orientation, used
technology, conditions for the material preparation, etc. We have shown that
additional very useful information can be achieved when the actual anisotropy of
the material constants has been determined and compared — different behaviour
of their permittivity/permeability in different directions. Our numerical models
and experimental methods for characterization of the sample dielectric and
magnetic properties including their anisotropy give satisfactory accuracy
practically for all possible applications. The full set of the implemented
resonance and broadband measurement methods in our Microwave laboratory
gives us the possibility for deep investigation and characterization of a variety of
different materials in the nowadays electronics — microwave substrates,
ceramics, multilayer composites, different dielectric mixtures, 3D printed
dielectrics, textile fabrics, metamaterials, thin micro- and nano-films, carbon-
content materials, fresh and dry plant tissues, etc. More information for the
concrete properties and peculiarities and especially for the artificial anisotropy
of these materials has been given in the second part of this survey [2].
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