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Calculation of effective dielectric permittivity and electrical conductivity
of composites containing conductive oriented filaments
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A model has been developed for calculating the frequency dependence of the microwave reflectivity from
composites with oriented fibers. The oriented fiber composite was replaced by a multilayer model, each layer
of which was calculated using perturbation theory. The model was applied to calculate the effective complex
permittivity of these composites. The feasibility of using this model to calculate the reflectivity spectrum from
composites with nonuniform fillings was demonstrated. The applicability criteria for a simpler model in which the
fiber composite is replaced by a lamellar structure were also examined.
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Introduction

Modern composite dielectric materials [1] are very widely
applied in some fields of science and technology due to
the following advantages: a high strength/weight ratio [2],
microwave radiation absorptivity [3], high thermal conduc-
tivity [4], breakdown strength [5], etc.Properties of this kind
of the composites can be adapted according to specific
requirements by changing a volume ratio and a configuration
of components. Mechanical and electrical characteristics of
the materials can be significantly improved when adding
carbon or metal fibers [6,7]. In this regard, it is relevant to
monitor electrophysical parameters of fiber composites.

There are numerous models of effective permittivity,
among which models of Maxwell-Garnett [8], Landau-
Lifshitz-Looyenga or Lihtenekker [9,10]. In most cases,
approximate models are designed for calculating parameters
of homogeneous composites with spherical inclusions. Non-
sphericity is taken into account by introducing correction
coefficients like, for example, in a Nielsen model, which was
used by authors of the study [11] for describing properties of
filled polymers. Approximately, the fibers can be accepted
to be elongated ellipsoids. Then, taking into account a
depolarizing factor, an effective medium theory (EMT)
can be applied for calculating the fiber composites [12].
The study [13] proposes a simply semi-analytical-numerical
method based on an averaging configuration method, a
moment method and a Monte Carlo method, for obtaining
effective properties of a thin composite plate with inclusions
as uniformly distributed fibers. Fiber orientation was taken
into account in the study [14].

The considered effective medium theories make it possi-
ble to calculate parameters of the homogeneous composites.
Measurements made by microwave waveguide methods
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make it possible to take into account heterogeneities. In
case of the multi-layer composites, it is proposed to calculate
effective permittivity by a general volume formula, but
taking into account distribution of an electric field in a
waveguide cross section [15].

Composites that are based on an epoxy resin, contain in-
clusions as thin threads of carbon nanotubes and a magnetic
liquid and formed when drying in a magnetic field, were
experimentally investigated in the study [16]. The effective
parameters of the composite were determined by analyzing
spectra of microwave reflection coefficients within the range
9 — 10GHz from a periodic structure with a dislocation
as the studied sample placed in the rectangular waveguide.
The structures of this kind were named microwave photon
crystals [17] and applied, in particular, when determining
parameters of the materials [18]. Complex permittivity of
the inclusions was determined by simulating a composite
structure by a finite element method in the HFSS software
program. It should be noted that with a decrease of
the thickness of the threads a calculation time increases
in several times, while with the thicknesses of less than
15um (which corresponds to several hundred threads in
the sample) the calculation is very difficult.

The present study proposes a method of calculating
effective permittivity and effective electrical conductance
of the composites that contain various volume portions
of filamentary inclusions (,threads“) of micron thicknesses
(below 200 um). The method implies calculating the spectra
of the microwave reflection coefficient of the periodic
structure that is placed in a rectangular waveguide and
contains the measured sample with oriented filamentary
inclusions in a central layer. A distribution of threads
along a direction of propagation of the microwave will be
taken into account by dividing a portion of the waveguide
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Figure 1. Schematic image of the experimental setup and the studied structure. a — the experimental setup: / — the vector network
analyzer, 2 — the coaxial, 3 — the coaxial-wave transition, 4 — the rectangular waveguide, 5 — the studied structure, 6 — the concerted
load; b — the studied structure: / — the polycore layers of the thickness of 0.97 mm, 2 — the fluoroplastic layers of the thickness of
8.95mm, 3 — the studied sample of the thickness of 3.95mm, j — the layer number, z; j+1 — a distance from the structure surface to a
boundary between the layers with the number j and j + 1, A; and B; — amplitudes of incident and reflected electromagnetic waves in

the layer with the number j.

containing the studied sample into many equally-thick layers.
The threads in the waveguide cross section will be taken
into account using a perturbation theory method, which
was successfully applied for refining parameters of the
magnetic liquid by taking into account agglomerates of
magnetic nanoparticles in the experimental study [19]. By
the obtained spectrum, solving a two-parameter inverse
problem will result in determining a real part of permittivity
and electrical conductance of the composite.

Derivation of relationships that determine effective per-
mittivity is based on using a solution of the problem of
polarization of a selected model of an ,effective diffuser”
placed in the homogeneous external field [8]. At the
same time, the effective medium theories do no allow
taking into account the thread spatial distribution, whose
influence increases when the number of the threads per a
unit area decreases. The proposed method of calculation
of the electrophysical parameters makes it possible to
take into account the thread spatial distribution and can
be applied for analyzing structures with an arbitrary pre-
defined spatial distribution of oriented threads and not
only for the homogeneous composites. The method being
developed will be used for determining the parameters of
the inclusions of the real composites and explaining the
spectra of the microwave reflection coefficient in case of
heterogeneous filling [16].

The proposed calculation method can be applied when
solving a various kind of problems that are related to
analysis of propagation of the microwave in an anisotropic
waveguide.

1. Performing and simulating the
experiment

A diagram of the experimental setup is shown in Fig. 1,a.
The incident microwave from the vector analyzer / was
directed along the coaxial 2 via the coaxial-wave transition 3

into the waveguide 4 with the section 23 x 10mm, in
which the studied structure was placed 5. Microwave
power transmitted through the structure was absorbed by
the concerted load 6 and the reflected wave returned into
the vector analyzer / via the coaxial-wave transition 3 along
the coaxial 2. The measurements were performed using
the vector network analyzer Agilent Tech. 5242A PNA-X
Network Analyzer within the frequency range 9 — 10 GHz.

We have studied the frequency dependences of the T E-
type microwave reflection coefficient of the photon crystal
(Fig. 1,b), which is alternating layers of polycore of the
thickness of 0.97 mm and fluoroplastic of the thickness of
895mm (11 layers altogether). Instead of fluoroplastic,
the sixth layer included the studied sample, which was
the dislocation of periodicity of the photon crystal. The
studied samples were shaped as parallelepipeds of the size
23.00 x 10.00 x 3.95mm and were a composite ,,material
epoxy resin — magnetic liquid — carbon nanotubes”
(ER/ML/CNT) with a CNT weight portion of 0.053 % and
a CNT weight/ML weight ratio of 0.02. The samples were
solidified during one day at the various values and directions
of induction of the magnetic field. The parameters of the
photon crystal and the dislocated layer were selected so
that a reflection coefficient minimum in a band gap of the
photon crystal was in an X-range used in radio detecting and
ranging, ground and satellite radio communication and was
quite sharp to allow investigating anisotropy of properties
of the filamentary inclusions at a low volume portion. It
should be noted that other parameters being equal, variation
of the thickness of the dislocated layer results in a shift of a
reflection coefficient minimum and variation of resonance
Q factor, which may result in variation of accuracy of
determination of the parameters as well.

The TEjp-type wave belongs to transverse electric waves,
for which strength of the electric field has a component that
is only perpendicular to the direction of propagation of the
microwave. Components of the electric and magnetic fields
E,, and H,, of the TEo-type wave, in which the electrical
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Figure 2. Experimentally measured dependences: a — of the reflection coefficient of the microwave on the frequency, the dislocation is
provided by the samples dried at the magnetic field with induction of 130 mT, which was oriented: / — without the magnetic field, 2 —
parallel, 3 — at the angle of 45°, 4 — perpendicular to the electrical component of the microwave (to the wide wall of the waveguide),
AR = Ry — Ro — a difference of minimums of the reflection coefficient when the structure has the sample dried in the magnetic field
that was parallel to the narrow wall of the waveguide, and without the magnetic field; b differences of the minimums of the reflection
coefficient AR on a value of induction of the magnetic field, at which the samples were manufactured.

component is parallel to a narrow wall of the waveguide (to
the axis Y), are pre-defined by the known relationships

WT . (TX
E (x,0) = ——sm(—),

a a
V= (@) -7 .
H,(x,w) = —# sm(f;—x),
=1 -7
H,(x,w) = —7;1 cos(ﬂ—x),
puoa a

E.=H,=E, =0,

where y,, and u is a constant of propagation and permeabil-
ity in the considered portion of the waveguide, a is a size
of a wide wall of the waveguide, u is a magnetic constant,
w is an angular frequency of the microwave.

Dislocation of periodicity of the structure of the photon
crystal results in a typical sharp reflection coefficient
minimum on the frequency dependence (Fig. 2,a). A
position of the minimum by the frequency and the value
is determined by parameters of the studied sample. Placing
as the dislocation of periodicity the sample dried in the
magnetic field with an induction vector directed parallel
to the electrical component of the microwave in the
waveguide results in reduction of the reflection coefficient
and shifting of the minimum to the left (Fig. 2,a, the
curve 2) relative to the sample dried without the magnetic
field (Fig. 2,a, the curve 7). It indicates the increase
of conductivity and permittivity of the sample, which is
caused by appearance of elongated structures of CNT and
the magnetic particles along the direction of the magnetic
field. When the angle between the magnetic field and
the electrical component of the microwave increases, the
reflection coefficient decreases (Fig. 2, a, the curve 3), while

Technical Physics, 2026, Vol. 71, No. 1

with a perpendicular orientation it is even less than for
the sample dried without the magnetic field (Fig. 2,a, the
curve 4).

Orientation of the elongated structures parallel to the nar-
row wall of the waveguide results in maximum interaction
of the electrical component of the microwave with them.
The sharp increase of the value of the reflection coefficient
minimum with an increase of induction of the magnetic
field (Fig. 2, b) is related formation of the elongated threads
at the small magnetic fields starting from 5SmT. A process
of structure formation in the composite reaches saturation
with the value of magnetic induction being 100 — 500 mT,
the samples with the same parameters are produced. At the
strong fields exceeding 600 mT, a ML-CNT suspension is
contracted closer to the sample center, where the electrical
field of the microwave is maximal.  Correspondingly,
interaction of the electromagnetic wave with the CNT
structures enhances and the reflection coefficient increases.

The experiment was simulated in the electrodynamic
3D-simulation Ansys HFSS software program (Fig. 3).
The studied samples were a composite material of epoxy
resin with inclusions of conductive threads. The volume
portion of the inclusions varied in the model from 0.1 %
to 10%. Coordinates of the inclusions were pre-defined
by a random uniform distribution, for which a script
was designed in a Visual Basic Script language. We
have investigated a dependence of the reflection coefficient
minimum of the T Ejp-type microwave on the thickness, the
volume portion, the real part of permittivity and electrical
conductance of the inclusions. It was calculated with
parallel and perpendicular orientations of the threads relative
to the electrical component of the TEjo-type wave (to the
axis Y).

The photon crystal is used due to a high degree of
sensitivity of these structures to the parameters of the dislo-
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Figure 3. Studied periodic eleven-layer structure with the dislocated central layer which is the composite: a,b — with the threads and
plates, which are oriented parallel to the narrow wall of the waveguide (to the axis Y); ¢,d — with the threads and plates, which are
oriented parallel to the to wide wall of the waveguide (to the axis X); e — with a heterogeneous distribution — the threads are shifted

closer to the center.

cated layer, which makes it possible to increase accuracy
when processing the experimental data. It is especially
important when investigating the composites with a low
volume portion of the inclusions or with parameters of the
inclusions, which are slightly different from parameters of a
matrix material.

2. Determination of the ML parameters

Before starting to theoretically describe the model, we
will consider an experimental study for determination of the
ML parameters. It demonstrates applicability of the multi-
layer model for analysis of the structures containing the
elongated oriented inclusions using the perturbation theory
and a transfer matrix method.

The ML is a homogeneous suspension of single-domain
nanoparticles of a ferro- or ferrimagnetic in water or organic
solvent, which are stabilized by a surfactant. Interaction of
electromagnetic radiation in the microwave range with the
ML is described by a theory of dynamic magnetization of a
single-domain particle in the internal field of anisotropy and
an external magnetizing field. When reaching a threshold
value of induction of the magnetic field of 2.5 mT, agglomer-
ates are formed from the magnetic nanoparticles in the ML
with the nanoscale particles and sizes of these agglomerates
can be determined using means of optical microscopy.

Taking into account presence of the agglomerates shall result
in a more exact theoretical description of interaction of the
ML with the electromagnetic wave of the microwave range
and, therefore, to an increase of accuracy of determination
of the parameters.

The reflection coefficient of microwave electromagnetic
radiation was measured using a bridge method by means of
a double waveguide tee, whose measurement arm included
an ML layer that fully filled the waveguide cross section.
A principal diagram of a radio-interference setup used for
the measurements is shown in Fig. 4. A signal source
was a microwave sweep oscillator of the 8 mm range 1,
which was included via a gate 2 into the H-arm of the
double waveguide tee 3. Power of the signal supplied
into the H-arm of the tee was controlled by means of the
semiconductor microwave diode 4 installed in this arm. As
a result of interference of waves reflected from a load in
a support arm and the ML layer 5 in the measurement
arm, which is placed between two thin dielectric wafers that
are ,transparent® for microwave electromagnetic radiation
and prevent spread of the ML along the waveguide, the
E-arm of the double waveguide tee forms a difference
microwave signal. In order to adjust phases and values of
the amplitudes of the interfering signals, the support and
measurement arms of the double waveguide tee include
movable short-circuiting pistons 6, 8§ and an attenuator 7.
The signal detected by means of the microwave diode 9
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Figure 4. Diagram of the experimental setup for investigating the
reflection coeflicient of microwave electromagnetic radiation from
the ML layer.

located in the E-arm of the waveguide tee was supplied via
an analogue-digital converter /0 into a computer /1, where
it was compared with a signal supplied from the microwave
diode 4.

The agglomerates are distributed both over the waveguide
cross section as well as along the direction of propagation
of microwave electromagnetic radiation. The distribution
of the agglomerate over the cross section was taken into
account using the perturbation theory. The ML volume was
represented as the alternating ML layers with agglomerates
L; and without them L, (Fig. 5,a). The distribution of the
agglomerates along the Z axis was taken into account using
the transfer matrix method. By solving the inverse problem
by numerical methods, we have calculated an effective
constant of propagation of the electromagnetic wave taking
into account the distribution of the agglomerates along
the direction of propagation of microwave electromagnetic
radiation. The found constant of propagation was used when
determining sough values of the parameters.

Fig. 5,b shows the frequency dependences of the reflec-
tion coefficient of microwave electromagnetic radiation for
the measurement diagram shown in Fig. 4. The curve [ is
calculated without taking into account agglomerates, while
the curve 2 is calculated taking into account agglomerates
that are formed at the external magnetic field’s value of
11.5kOe and distributed across the ML volume. It is clear
from the figure that the frequency dependence calculated
taking into account a spatial distribution of agglomerates
better coincides with the experimental data (shown by
the triangles) than the dependence calculated without
taking into account agglomerates. Results of calculations
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of the parameters without/with taking into account pres-
ence of agglomerates are summarized in Table 1, where
A = k=20 100 % is a relative difference between the values
of the sought parameter calculated without (x¢) and with
(x1) taking into account agglomerates.

Thus, taking into account the spatial distribution of
agglomerates of the magnetic particles in the ML using the
perturbation theory method makes it possible to achieve bet-
ter agreement of the experimental data and the calculation
results, thereby enabling to increase accuracy in determining
the ML parameters.

3. Theoretical description

3.1. Method of designations for writing multi-layer
structures

As the dislocation of the multi-layer periodic structure,
one of the models, which is considered in the present study,
will include another multi-layer structure. In this regard, it is
required to write such structures in a convenient form that
shall make a representation about parameters and a position
of the photon crystal and make it possible to easily write
the transfer matrix. We introduce a layer designation of the
following kind:

=

uss

~—
d

where S (single) means a single layer, a grouping sign
below will include a layer thickness d, the upper index «
designates either a description of the material, of which the
layer consists of, or an interesting parameter, for example,
the constant of propagation, the lower right index i means
a layer number, while the upper left index z; means a
coordinate of the left boundary of the layer. Using the
introduced notation, the photon crystal shown in Fig. 3 can
be represented by the following pattern:

air p f p f p comp p f

PN N N e e S i S

X12 leSll Zl[)SlO Z‘)Sg 1858 Z7S7 Z6D6 ZSSS Z4S4
N~ ~~~

L) d dy dy dy dy deomp i dy

p f p air

1353 Zzsz ZlSl Z[):OXO <, (1)
N ——
dl dz d] o0

where the indices p and f designate layers of polycore
and fluoroplastic, and comp means layers of the studied
composite.  For clarity, the dislocated layer will be
designated by the letter D (derived from dislocation). The
sign ,,<“ to the right of the pattern indicates a direction of
propagation of the wave (from right to left). The coordinate
zn of the left boundary of the n-th layer is calculated by the
formula z, = z9 + Y_._, d;, where d; is a thickness of the
i-the layer. If the number of the last layer is designated by
the character N, then z, = zny — Z"L{, d;. 1If an algorithm

i



74

A.E. Postelga, S.V. Igonin

yL
X
0]
z 2

A A

0 N+1
BO

<

1720712723 [ Zv-1N
Li~peLy L,

ZN,N+1

b

T T T
0.43 .
0.42 -

54

041 -

0.40 ' ' '

30.00 30.02 30.04
/., GHz

Figure 5. Agglomerated-ML model and results of the calculations: @ — the structure of alternating layers of the ML unperturbed and
perturbed by the agglomerates, which is used when calculating the frequency dependence of the reflection coefficient by means of the
transfer matrix method: 7 — the portion of the agglomerated-ML waveguide, 2 — the portion of the waveguide with the unagglomerated
magnetic liquid; b — the frequency dependences of the reflection coefficient of the ML layer at the temperature of 293 K, experimental
dots are marked by triangles: / — the frequency dependence without taking into account the agglomerates, 2 —the frequency dependence
with taking into account the agglomerates distributed across the ML volume.

Table 1. ML parameters calculated without/with taking into
account agglomerates

Parameter X0 X1 A, %
d, nm 8 8.28 35
") 0.144 0.135 6.3

e 3.58 3.19 109

tgé 0.045 0.052 155

of calculation sorts out the coordinates from left to right,
then z, = z,+1 — dny1, Where 7,1 is a coordinate of the
left boundary of the layer that is adjacent to n-layer to the
left, d,,;1 is its thickness.

Portions, in which the parameters and thicknesses of the
layers are periodically repeated, will be written as a periodic

group:

alp a B a

gt S oo rpyn Yorym Lo

Zx'Hi — Zi54 Zi*a53 Zi—a— S2 Zi—ea— Sl . (2)
alb a b a b

The right upper index 4 means a total number of
the alternating layers of the thickness a and b with the
parameters @ and . The lower index i is equal to a
number of the layer as part of an embracing structure, in
which the periodic group is, while the upper left index z; is
a coordinate of the left boundary of the periodic group as
part of the embracing structure.

a;j

=
We use “'U!" to designate the nonperiodic group of n-
~—~

du
layers with the various thicknesses d; and parameters «;,

and extreme layers to the right and left in this structure
have parameters a; and «,, respectively. The group’s total
thickness d,, is designated in the lower grouping sign.
Then, using designations of the periodic groups (2) the
pattern of the photon crystal (1) has a compact form

air a; air air PIf p comp p flp o air
AT AN AN NSNS

X2 ZlUl XO — X6 ZSHS Z4S4 13D3 Z2S2 ZIHI ZUXO <’
M N N N T N N N N N

00 d, 00 o0 di|dy di deomp di dy|ld; X

(3)

where d,, is a thickness of the photon crystal.

3.2. Calculation of the reflection coefficient of the
periodic structure

Propagation of the wave in the waveguide through
the periodic structure is described by the transfer matrix
method [17]. The following expression for components of
the transfer matrix can be written:

TO =T (2}, 101, 77)

2tV (v =2j)2 Vit =V o (yjr1+vi)2)
Sl (T S S
i+1 Vi —(pic1+yi)z; i1tV  —(viei—yi)zi | °
joHje Vj+11+Vj); ’2T+lfe Vi+1=Vj)2j
which relates the coeflicients A;, B; and A;q, B 11, which
determine amplitudes of incident and reflected waves on
both sides of the coordinate z; (the left boundary of the
layer of the number j), with a relationship

Aj+1 () A;
=T (7)), 4
(B/+1) B; @

, 2 , 2
Yo = —5— — W &Ho, Vi = —F— — W E&HEH, (5)
A A
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where p9 and p; — electromagnetic wave propagation
constants (along the axis Z) in vacuum and in the layer
of the number j; a,, is a size of the wide wall of the
waveguide; o is a frequency of electromagnetic radiation;
g and po are electric and magnetic constants; &; and
uj are permittivity and permeability of the layer of the
number j; A;, B; are coefficients that determine amplitudes
of the incident and the reflected wave from the layer of
the number j; z; is a distance from the structure surface,
which is counted along the direction of propagation of the
electromagnetic wave.

Coefficients Ay;; and By that determine amplitudes of
the wave transmitted through the multi-layer structure and
the wave reflected therefrom are related to a coefficient Ag
that determines an amplitude of the incident wave by the
following relationship:

Avi1) Ag
(") =1 ()

Ty[1, 1] Ty[L, 2]
Ty[2,1] Ty[2,2]
fer matrix of the periodic structure consisting of N-layers.

Writing the reflection coefficient R = By/Ao via elements
of the transfer matrix Ty according to the relationship (4),
we obtain

where Ty = ( ) =I9_,TV) — a trans-

(6)

3.3. Example of composing the transfer matrix
using the introduced designations

We compose the transfer matrix Ty for the photon crystal
(Fig. 3) with the dislocated layer as the studied composite:

air p f p f p comp p f p
AN AN AN AN AN AN AN AN
X U8y 21080 98 8Sg 78 6Dg 385 48, 138,

0 dy dy dy dy dy  deomp  dy dy d

f air
X —~ =

g, g, 200y
~ =

dy dp o

For each boundary we write the transfer matrix between
the left layer and the right layer. For example, for the left

p comp

AN |

boundary of the layer of the number 6 — *’S7 |*®Dgs — the
~— [N~~~
dy | deomp

transfer matrix will be written as T(® (z7 —d1, Vps Veomp)s
where the coordinate zg = z7 —dp is calculated as a
coordinate of the left boundary of the seventh layer with
subtraction of the thickness of the seventh layer. By
multiplying the transfer matrices through all the boundaries
of the periodic structure starting from the most left, we
obtain a transfer matrix through all the periodic structure
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consisting of 11 layers:
T =T (211, Yair, ¥p) - T (211 — d1, vy, )
xTO (210 — da. v5. vp) - T® (20 — d1, . )
xTN(zg — da, yr. vp) - T (27 — d1. Vp. Veomp)
XTO (26 — deomps Veomps ¥p) - T (25 — di, v, vy)
xT (24 — da, yr, vp) - TP (23 — dv, pp. )
xTW(z2 — da, yr. vp) - TO (21 — d1. Yy Yair)

=T (11, Yairs vp) - 1TV (2151 — dig, pisrs %'(),)
7
where 211 =20 +6-dy +4-dy+ dmmp.

Substituting (7) into (6), one can determine the reflection
coefficient for a pre-defined frequency of the microwave
(the frequency is included in a final formula through the
expressions (5)). By sorting out the frequencies in a
required range with a certain step, one can construct a
spectrum of the microwave reflection coefficient of the
photon structure.

4. Model of ,many perturbation layers*
(MPL)

A shift of the minimum in the spectrum of the reflection
coefficient of the photon crystal is determined by complex
permittivity of the dislocated layer, which depends on
electrophysical parameters of the inclusions, their geometric
sizes and distribution across a sample volume.

Let us consider the sample of the composite material
of the size 23.00 x 10.00 x 3.95 mm, in which the threads
of an equal thickness d. are oriented in a carrier matrix
parallel to the narrow wall of the waveguide along the
axis ¥ (Fig. 3,a), ie. parallel to the electrical component
of the TEjo-type microwave. The coordinates of the threads
in the plane XZ are pre-defined as per a random uniform
distribution.

We develop a model that allows replacing this kind of the
composites with a multi-layer structure. The parameters
of each layer will be determined using an apparatus of
the perturbation theory. For brevity, the below-described
calculation method will be named by us as a model of
»many perturbation layers® (MPL). It should be noted
that application of the model being developed is difficult
in case of perpendicular orientation of the threads of the
electrical component of the microwave (Fig. 3,c), which
will be discussed with more details below (at the end of
Section 4.2).

4.1. Taking into account a distribution of the
inclusions along the axis Z

In order to take into account a distribution of threads
along the direction of propagation of the microwave (the



76

A.E. Postelga, S.V. Igonin

............................................

dluyer

Wo

X og
Figure 6. Distribution of threads in the plane XZ (the longitudinal
section of the waveguide): dashed squares are threads in the real
composite; dashed horizontal lines are boundaries of the layers of
the multi-layer mode; rectangles marked by solid lines are threads
produced by pre-defining an effective width and used in the model.

axis Z), we divide the composite into equal layers of the

: deomp
width d,. deonp

ceil is an upward rounding function. The vast majority
of the threads (Fig. 6 — the dashed squares) will be at
the boundary (Fig. 6 — the dashed lines) of one of the
layers. We replace a part of the thread volume in the
layer with an inclusion as a parallelepiped of the sample
volume (Fig. 6 — rectangles marked by the solid lines).
Sizes of the parallelepiped along the axes Y and Z coincide
with the respective sizes of the layer (of the height of the
narrow wall of the waveguide b,,, and the thickness of d..).
The parallelepiped of a required volume is obtained by pre-
defining the width d.g; along the axis X, which is calculated
by the formula:

There will be n = ceil ) in total, where

5,

deﬁ°< =
dlayer

; bl

where §; is a width of a thread part d. in the studied layer
of the width di4yer. If de = djayer, then degr, = 6;.

Each layer can be considered as a material of the
matrix with heterogeneities in the waveguide cross section
as extended plates of a various thickness. Some layers
contain one plate, so do some several ones, while some of
them are homogeneous layers of the material of the matrix
without inclusions. With a system of coordinates selected

in Fig. 3 and 6, the TEjo-type electromagnetic wave has a
component of strength of the electric field only along the
axis Y. At the same time, a half-wavelength is fit along
the axis X (the wide wall of the waveguide). Strength
of the electric field is the highest in the middle of the
waveguide cross section and decreases closer to the narrow
wall. Therefore, a nature of the distribution of threads
along the axis X can affect the frequency characteristics
of the composite. The distributions of the threads along
the axis X in the multi-layer model and the real composite
coincide, thereby making it possible to take into account
heterogeneity of filling along the axis X. With reduction
of the thread thickness, the random distribution along
the axis Z in the multi-layer model of the composite is
close to the real composite. Thus, it can be expected
that the multi-layer model will quite accurately describe
interaction of the field with the real material. Attention
should be paid that a ratio d”d—”’ that determines the number
of the layers is generally is not an integer.  Therefore,
the thickness of the last layer dj,5y < d.. Thus, the
multi-layer model of the composite can be represented as
follows:

MPL
MPL !
comp Vn Vi

A —
-~ _ wn wy—1pn—1
S = Sn Ul : (8)
~ O~ ——

drump dln.rf dc

The constants of propagation pyMPL (i =1,2...n) are

calculated for each layer in the required frequency range.

4.2. Taking into account a distribution of the
inclusions along the axis X

When the standard waveguide with the TEj;y wave
is used, twofold orientation of an interface between the
media — the layers is possible: when the interfaces are
parallel to power lines of the electric field and when they
are perpendicular to them. In the first case (Fig. 3,a,b,¢e),
the field in the layers is represented using the TE,,n waves,
in particular, the TE;p waves. When all the boundary
conditions are realized for the electric and magnetic com-
ponents of the electromagnetic wave, a system of consistent
equations is obtained to provide a relation between wave
numbers, ie. a dispersion equation. Whence, it is
possible to determine the constant of propagation along
the axis Z. In this case, one has to calculate high-order
determinants.

The constant of propagation of the microwave pMPL
can be also determined in each layer of the model
using the perturbation theory method as long as the
thread thickness satisfies the conditions d. < (2a,/m) and
delec — 1] < (m/awg)(2/weotto) [20].  These conditions
define a frequency range of electromagnetic waves, in which
use of the model being developed can be applied.

The problem is reduced to calculating the constant of
propagation in the waveguide that has heterogeneity in the
cross section as plates oriented parallel to the narrow wall
of the waveguide (to the axis Y) and extended along the
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Figure 7. Waveguide cross section containing one of the

composite layers.

direction (along the axis Z) of propagation of the microwave
(Fig. 7).

A formula of volume perturbation of the waveguide
is derived [21] directly from the Maxwell equations and
written as follows:

fS"(Ae-En -Eo +Au - H, -Hy)ds
Ty ([Bo x Hyl + [Ex % Hol)ds

Ay =pn —Y0 =@

Ae =&, — &9, Au = U, — o,

where Sy is an area of the waveguide cross section; S, is
an area occupied by the perturbing medium; Eo, Hy is an
electric and a magnetic field of the unperturbed waveguide;
E,, H, is an electric and a magnetic field in the waveguide
with perturbation; &o,u is permittivity and permeability
of the unperturbed waveguide; ¢,,u, permittivity and
permeability of a material acting as perturbation; o is
the constant of propagation in the unperturbed waveguide;
vn 1s the constant of propagation in the waveguide with
perturbation, an upper bar denotes an operation of complex
conjugation.

The numerator is integrated across an inclusion’s section
S,, since outside S, Ae = 0 and Au = 0 everywhere. The
expression (9) is an exact relationship and true for any
perturbation if the fields are known Ey, Hy, E,, H,.

Practical use of the formula (9) shall be preceded by a
problem of determining the fields E,, H,. In case when
the inclusions considered as perturbation of the medium
slightly change the field in the waveguide [20], then it can
be assumed that

E, = Eo, Hy,= 2" H,. (10)

Y0
Within the framework of the considered problem
Yo ="VYms Vn =V
&0 = Em, &n = &,

o =ty =1,
where ¢, and ¢, is complex permittivity of the matrix
and the threads, y, is the constant of propagation in a
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pure matrix without threads, yMP" is a sought constant of
propagation in the layer with perturbation.

Solving an inverse problem of determining the complex
constant of propagation yMPL =9/ +ip/ in one of the
layers of the multi-layer model of the composite for the
frequency y is reduced to solving the following equation:

(Vzl + lyl”) —Vm — @

N -
Z{AS . Em(xk) . Em(xk) : deﬁk ' bwg}
k=1

>< M D E— ! sayl!
;{[Em(xj) x ((1’,:—;7,) 'Hm(xj))}F[Em(xj) XHm(xj)}}'dS
:O’

(11)
where N is a number of inclusions, x; is a coordinate of
the inclusion of the number k, d.s, is an effective width
of the inclusion of the number k, b,, is a width of the
narrow wall of the waveguide (a height of the inclusion).
The denominator is summed over the entire area of the
waveguide with a small step ds.

For each layer and frequency, computer numerical
methods are used to select values (p/, p!’), at which the
function (11) takes a minimal value.

In case when the interfaces are perpendicular to the
electrical component of the microwave in the waveguide
(Fig. 3,c,d), a representation of the field as the TE,j
waves results in inconsistent equations, thereby indicating
an incomplete representation of the field of the propagating
wave. It can be explained physically. The constant of
propagation of the wave shall depend on properties of
all the media that are included in an internal cavity of
the waveguide. Therefore, energies shall be exchanged
between them, which can not happen when a vector of
the electric field of the microwave is perpendicular to
the interfaces, since a Umov-Pointing vector turns out
to be zero. When the wave propagates, a longitudinal
component of the electric field appears, which is absent
in any wave of the TE class [22]. Therefore, the
perturbation theory method and the MPL model are
inapplicable for calculating the threads that are oriented
perpendicular to the electrical component of the microwave.
The field that has longitudinal components shall be de-
scribed using a linear combination of TE- and TM-
waves.

4.3. Writing the transfer matrix for the model of
»many perturbation layers“ (MPL)

The composite pattern (8) is integrated into the photon
crystal (3) as a central layer. A final pattern of the photon
crystal with a dislocation as the composite represented by
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the multi-layer model of n-layers is written as

PN e Y — —
X st‘St s, wn=23g w/x—lUln 1

oo d ‘dz di diast d. 3
deomp
Vp elve  Yair
ZS_d(‘wnpSz Z1H1 200y, <. (12)
d dyldy
.. . . /\ . . .
Writing the periodic groups II in detail, we obtain
~—
Yair Vp Vs Vp Yr Yp
AN SN AN AN
Xip 2811 70819 PSo *Ss 7787
(e A N N NN
oo dl dz dl dz dl
=z7—d MPL
AL g Vi oo ¥ v v
ﬁ\ m AASNASNASN AN
/x—ZGSn 1171U1 ZSSS Z4S4 Z3S3 ZZSZ
diast d. dy dy di dy
6
dcomp
Yp Vair
=0
S TVXy <. (13)
~— ——
dy o)

An associativity property of a matrix product makes it
possible to separately calculate the transfer matrix Typr, via
the multi-layer model of the composite and include it into a
product that calculates the transfer matrix Ty, throughout
the entire photon crystal:

Tiotar = Tiefr - Tip - TvpL - Trp - Trigne (14)

The matrices T;, and T,, are the transfer matrices
through the left and right boundaries of the composite
represented by the multi-layer MPL model (8) with the left
Tier: and right T,;gn parts of the photon crystal. It should
be taken into account that coordinates of the layers in all the
matrices are counted in one system of coordinates, which is
common for the entire photon crystal.

The transfer matrix through the central layer of the
pattern (13), which is a dislocation as the multi-layer MPL
model of the composite, is written as

Taer =T (w,—1, P2, p2°)

XT(wn—l - dc’ yrlLviPIL’ Vrlt\/l—P2L) T

xT(wy — de, p)"™, pM™), (15)
where yMPL are constants of propagation in each layer of the
multi-layer model, which are found using the perturbation
theory from the equation (11), w,—1 = z¢ — djass-

Substituting the matrix Tympr (15) into the expres-
sion (14) results in the following kind of the final transfer
matrix through the photon crystal with a dislocation as the
multi-layer structure:

Toorat =T (211, Yair ¥p) - T (211 — d, ¥y, y5)
xTO (210 = da, 7. vp) - T (29 — d1, Y 1)
xTD (25 — da, . vp) - TO (27 — di, yp, 7))
xTurer - T (26 — deomps Y1, )
xTW(zs —di, yp, ) - T (24 = do, 7, 7p)
xT? (23 —di, yp, ) - T (22 = do, y7, 7))
xTO (21 — di, yp, Yair),
where
Tiesr =T (211, Vairs 1) - T (211 — di, pp, v5)
xT (210 = do, 77, ) - T® (29 — d1, ¥, )
xT() (z8 —d2, Vrs ¥p)s
Trign =T (zs —di, vp, vr) - T<3)(Z4 —d2, 715 Vp)
xT® (23 —di,yp. vs) - T (22 = da. vy, 1)
xTO(zy —dy, yp, Yair),

le = T<6)(Z7 - dl’ ypa yrllleL)9

Trb = T<5)(Zé - dcom,m y%\/[PL’ y[’)‘

By substituting (16) into (6), we calculate the spectrum
of the reflection coefficient Rypr (w) of the photon crystal
with a dislocation as the composite that is represented by
many ,,perturbation layers® (MPL).

5. Lamellar model of the composite
(EPM)

A simpler model is a replacement of the threads with
equally-thick plates that are equidistantly arranged along the
wide wall of the waveguide and extended along the direction
of propagation of the microwave (Fig. 8). We call it the
Equidistant Plates Model (EPM).

A thickness of the plates d,,; and a distance between them
L, are calculated by the formulas

dpl = (Uc X awg)/Npl’

Ly = awg/(Np + 1),

where v, is a volume portion of the inclusions in the
composite, a,, is a size of the wall of the waveguide,
relative to which the plates are perpendicular, N, is a
number of the plates.
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In order to calculate the spectrum of the reflection
coefficient, the EPM model may use the photon crystal:

Vair volyr Yo veem ¥p VS vy Yair
PNy P A A A= /\4 P
X6 ZSHS Z4S4 Z3D3 ZzSz ZIHI ZOX() <, (17)

~— \ A S =
oo dy ‘dz di dL‘mnr/ d dy |d1 0

in which a dislocation D is provided by a waveguide portion
filled with a material of the composite matrix with many
plates. The constant of propagation of the central layer
vepm 1s determined using the perturbation theory from the
equation (11). The spectrum of the reflection coefficient
Repm(p) is calculated by the formula (6) using the transfer
matrix (7), in which the constant of propagation Veomp 18
replaced by yepm.

6. Calculation of effective permittivity

A traditional approach to simulating properties of the
composites consists of using an Effective Medium Theory
(EMT). The formula for calculating effective permittivity
with inclusions as ellipses with axis lengths 2a and 2b is
provided by a Maxwell-Garnett expression [23]:

Ve + (Sc - gm) . Sm/[sm + (Sc - Sm) : N]
+ 1 — Ve - (8c _gm) N/[8m+ (80 _&’Vl) N]’
(18)

where ¢, is permittivity of the matrix, ¢, is permittivity of
inclusions shaped as ellipses, v, is a volume portion of the
inclusions, N is a depolarizing factor.

It will be approximately assumed that the threads are
elongated ellipses (a > b), then

Eeff = Em

b2 a d? bw
Na~— In- = —< [n28,
a? b b,  d

where d. is a width of a thread, b,,, is a length of the thread
(the width of the narrow wall of the waveguide).

The present study proposes to determine effective com-
plex permittivity of the composites with filamentary inclu-
sions by the spectra Rvpr(w) and Repm(w). We replace the
multi-layer MPL structure or the lamellar EPM structure

pl - =pl e

bug

Y

| g
X

Figure 8. Model of five equidistant plates — ,lamellar model“
(EPM).
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with one layer with the effective constant of propagation pes
and the thickness d;opmp:

air YV vy v VI oy,
AT NSNS /\4 ~~

X6 ZSHS Z4S4 13D3 2252 ZIHI Z[)XO’
M~ N N

oo dy |d2 d dmmp d dy Idl ©

(19)

2
Ye(w, €', 0) = \/ T — w?eouoter(€’, 0 e,
eep(w, €, 0)=¢ —i ESL@, Uer — effective permeability
of the composite (uer=1), & is a real part of effective
permittivity of the composite, o is effective electrical
conductance of the composite.

The transfer matrix for the pattern (19) has a form
similar to (7). The formula (6) is used to calculate the
spectrum of the reflection coefficient Reg(w, &', ) of the
photon crystal with a dislocation as a layer with the effective
constant of propagation y.x(¢’, o), which is the studied
composite. The numerical methods are used to select
a pair of the parameters (¢/,0), at which the reflection
coefficient minimum, which is calculated for the photon
crystal (12) (for the MPL model) or (17) (for the EPM
model), coincides with a reflection coefficient minimum of
the photon crystal (19):

where

(Reﬁ(w, gl’ O-)min - RX (('U)min)2
|Rx (@ )min]

(feﬁ(w, e, O')min - fX(()‘))min)2

fX (w)min ’
Ser(e’, 0) =0, (20)

where Reg(®, €', 0 )min and feg(w, €', 0 )min is a frequency
and value of the minimum on the spectrum of the reflection
coefficient of the photon crystal (19), which is calculated
by the formula (6); Rx(@)min and fx(@)min is a value and
frequency of the minimum calculated by the model X. X
should be replaced with the model used (MPL or EPM).

Sex(e', o) =

7. Simulation results and discussion

The present study has calculated the parameters of the
composite using four models (Table 2). It is difficult to
analytically calculate the considered structures accurately,
since electrodynamic simulation using special software
provides good convergence with experimental data [24,25].
Therefore, parameters calculated by the finite element
method (FEM) using the HFSS software are accepted to
be reference values.

The studies composites were an epoxy-resin matrix
(em = 3.2 —0.05i) that contained conductive inclusions as
extended threads with the following parameters: ¢, is a real
part of permittivity, o, is electrical conductance, v, is a
volume portion of the total volume of the composite, which
is occupied by inclusions, K. is a number of inclusions,
Ne = K.:/(dcomp - awg) is a number of inclusions per a unit
area of the composite, [pcs/mm?|.
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Table 2. List of the studied models

Designation

Description

Calculation procedure

FEM

Finite Elements Method. Uniform volume
distribution of threads oriented along the elec-
trical component of the microwave (parallel
to the narrow wall of the waveguide). Finite
element method using the HFSS software

MPL

Many Perturbation Layers. Multi-layer model,
the inclusions are threads with an effective
width along the axis X. Perturbation theory,
in the Mathcad software package.

EPM

Equidistant Plates Model. ,Lamellar model“,
thin extended plates.

EMT

Effective Medium Theory. Maxwell-Garnett
theory of effective permittivity. The threads
are replaced by elongated ellipses [23].

Calculation by the formula (18)

We will investigate a deviation of parameters calculated
using the models MPL, EPL, EMT, from parameters
determined when simulating by the finite element method
(FEM). A deviation measure will be assumed to be a
relative magnitude

(Xk _ XFEM)Z
X FEM

where X is a considered parameter, kK = MPL, EPM, EMT is
a model for which the deviation of the parameter X is
calculated. The parameter X in (21) may be a frequency
fmin Oor a magnitude Rpyin of the reflection coefficient
minimum, permittivity &.,,,, or electrical conductance oo
of the composite.

sx* = -100 %, (21)

7.1. Applicability of the model of many
»perturbation layers“ (MPL) for calculating
the spectrum of the reflection coefficient

The spectra of the microwave reflection coefficient of
the photon crystal with the dislocation as the composite
(Fig. 3,a), which are calculated using the models FEM and
MPL at the small volume portions, coincide with each other
(Fig. 9).

With an increase of the number of the threads N. , a
frequency dependence of the reflection coefficient, which is
calculated using the models of many ,perturbation layers”
(MPL), correlates with results of the calculation according
to the FEM model (Fig. 10). Since the two different
calculation methods result in the same result, it can be
concluded that it is justifiable to use the results of HFSS
simulation as reference ones. The width of the threads with
their small number and the large volume portion increases.
As a result, accuracy of an approximation (10) used in the
perturbation theory decreases and there is an increase of
a divergence of results obtained using the model of many
Hperturbation layers“ (MPL) with results obtained by the
finite element method (FEM).

R,dB

1
é 0 0 02
30 1 fmins I I ]

9.40 9.42 9.44 9.46 9.48
/., GHz

Rmin

9.50

Figure 9. Spectrum of the reflection coefficient of the photon
structure, which is calculated using: / — the FEM method, 2 —
the MPL model. The dislocation is provided by the composite with
the following parameters: N. = 1.6 pcs/mm?, v, = 0.5 %, &, = 50,
6. =5Q 'm™L.

The frequency fmin (Fig. 10,a) and the magnitude
Rmin (Fig. 10,b) of the reflection coefficient minimum
oscillate due to the random distribution of threads. These
oscillations can not be described by the effective medium
models. Therefore, it is proposed to increased accuracy
of calculation of the electrophysical parameters of the
structures containing the oriented threads using the model
being developed.

When the number of the threads exceeds 1.5 pcs/mm?,
the deviation of the frequency of the reflection coefficient
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Figure 10. Dependence of the frequency fmin (@) and the magnitude Rmin (b) of the reflection coefficient minimum on a reciprocal
thickness of the threads (the respective number of the threads is specified above), it was calculated using: / — the finite element method
(FEM), 2 — the model of many ,,perturbation layers® (MPL). The volume portion of the threads in the composite v. = 10 %.
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Figure 11. Deviation of the frequency 8™ (a) and the magnitude SRMFL (b) of the reflection coefficient minimum of the volume
portion of inclusions when the number of the threads N. = 1.6 pcs/mm?.

minimum does not exceed 0.05% (Fig. 11,a), while the
deviation of the magnitude of the minimum does not exceed
1% (Fig. 11, ).

Let us consider the influence of the parameters of
inclusions ¢, and o, on accuracy of the calculations using
the MPL model at the various volume portions of inclusions
V.. The studied composites are selected to be samples
with the number of the threads N, =1.6 pcs/mmz, at
which an error caused by the sizes of the threads is
insignificant.

6 Technical Physics, 2026, Vol. 71, No. 1

The dependence of the deviation of the frequency & fMPE

and the magnitude SRMPL of the reflection coefficient
minimum on a real part of permittivity and electrical
conductance of inclusion is shown in Fig. 12.

The model of many ,perturbation layers* (MPL) when
the volume portions of inclusions v, < 2.5% is a good
approximation for calculating the reflection coefficient of
the composites when the parameters of inclusions ¢, < 100,
0. < 100. The error of determining the reflection coefficient

minimum is §fMEE < 0.2%, SRMPL < 1.0 %.
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Figure 12. Dependence of the deviation of the frequency of the minimum §f ;;,~ on permittivity of inclusions &, (a) and the magnitude

MPL

of the minimum SRMF- on conductivity of inclusions o. (b) when the number of the threads N. = 1.6 pcs/mm” and with the volume
portions of inclusions v.: 1 — 0.5%, 2 — 1.0%, 3 — 5.0%, 4 — 10.0 %.

The increase of the volume portion of the threads
v, results in an increase of the error. However, with
the small values of permittivity and conductivity of the
threads (e, < 40, o, < 10) the calculations made using the
model of ,perturbation layers® (MPL) result in an error
of determining the reflection coefficient minimum, which
does not exceed 1% even at the large volume portions of
inclusions v, = 10 %.

With an increase of electrical conductance of inclusions
o, the Q factor of the structure decreases and resonance
on the frequency dependence is less pronounced. Corre-
spondingly, it is expected that accuracy of determining the
parameters by the experimental spectra will decrease when
values of electrical conductance o, are high. Applicability
of the MPL model can be estimated by Fig. 13, in
which for each volume portion of inclusions their electrical
conductance o,.so is represented, at which the resonance
Q factor decreases in 50 times relative to the pure matrix
without inclusions (the magnitude of the reflection coeffi-
cient minimum increases from —40 to —4 dB). At the same
time, the error of determining complex permittivity of the
composite will not exceed 1 %.

7.2. Determining the electrophysical parameters
of homogeneous composites using the
lamellar EPM model

The calculation by the MPL model requires data about
the exact spatial distribution of inclusions, which can be
difficult to obtain, while the EPM model requires to know
only a number of the plates.

We investigate usability of the lamellar EPM model for
determining the parameters of the composites containing the
equispaced threads. Let us consider the composite that is a
matrix of epoxy resin with the following parameters of the
threads: v, =0.5%, ¢. = 50, 6, = 5Q 'm~!. An inverse
problem of determining the electrophysical parameters of
the composite is solved based on data about the frequency
and value of the reflection coefficient minimum of the
photon structure. The dependence of these magnitudes on
the number of the threads is shown in Fig. 13.

Stochastic oscillations of the frequency fmin (Fig. 14,4,
the curve /) and the magnitude Ry, (Fig. 14,5, the
curve ) of the reflection coefficient minimum, which are
obtained as a result of HFSS simulation, tend to a value
calculated by the lamellar EPM model when the number of
the threads exceeds two hundred (N. > 2pcs/mm?). The
dependences of the frequency and the magnitude of the
reflection coefficient minimum, which are calculated by
the lamellar EPM model (Fig. 14, the curves 2), achieve
saturation when the number of the plates exceeds several
tens.

The real part of effective permittivity of the composite
and its effective electrical conductance were determined as a
result of solving the inverse problem (20). The dependences
of a value of the calculated parameters on the number of the
threads are shown in Fig. 15, a, b. The error of determining
the parameters (21) of the composite, which are found by
the spectrum calculated using the lamellar EPM model, is
shown in Fig. 15,¢,d.

Thus, the error of determining the electrophysical pa-
rameters of the homogeneous composite depends on the
random distribution of the threads, which is difficult to
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Figure 13. Dependence of electrical conductance, at which the
resonance Q factor decreases in 50 times relative to the pure
matrix, on the volume portion of inclusions.

be experimentally determined.The ,lamellar model“ makes
it possible to calculate the real part of permittivity with
a model imperfection error of at most 1% and electrical
conductance with the same of at most 10% (when the
volume portion of inclusions v. = 1% and their number
N. > 1.0 pcs/mm?).

The EPM model made it possible to determine the pa-
rameters of the filamentary inclusions of the real composite,
which are oriented along the axis ¥ , which was dried in
presence of the magnetic field with induction of 130 mT.
Effective complex permittivity of the composite €., Was
calculated using the experimentally-measured spectrum of
the reflection coefficient (Fig. 2,a, the curve 2). The
found value was used when solving the inverse problem
(Fig. 16) for determining complex permittivity ef ™ of the
CNT inclusions using the lamellar EPM model (Fig. 3,5)
(Table 3). The error of determining the parameters relative
to the values of €M, which are calculated by the FEM

cll

model (Fig. 3,a), was 5¢/""™ = 4% and §0FPM = 6 %.

The ,Jamellar model“ is inapplicable in case of perpendic-
ular orientation of the plates (Fig. 3, d) relative to the electric
component of the microwave (Fig. 17). As known [26], it
is possible to find in the waveguide excited to any of the
wave types planes that are in all points normal to electric
power lines and tangent to magnetic power lines. A field of
this wave will not be excited if the waveguide includes thin
ideally conductive surface that coincide with these planes.
As a result, the rectangular waveguide excited to the TEjo-
type wave can be divided into any arbitrarily large number
of waveguides with an invariable size a,, and a reduced
size byg. Judging by the fact that the value of the frequency
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Table 3. Values of the electrophysical parameters of the
composites and the filamentary inclusions, which are determined
by the experimental data

€ e g o, Q7 m™! Figure
Ecomp 323 0.03 0.01 Fig. 2, a, the curve 1
Ecomp|| 351 0.09 0.05 Fig. 2, a, the curve 2
e | 5520 | 1148 6.04 Fig. 3,a
g™ | 530 | 1211 6.4 Fig. 3,b

and the magnitude of the minimum (Fig. 17, the curve 2) is
slightly affected by presence of the plates, one can say that in
case of the lamellar model the electromagnetic field weakly
interacts with the perpendicular-oriented plates. As a result,
the reflection coefficient minimum is slightly different from
the pure matrix without inclusions.

7.3. Comparison of values of the parameters,
which are calculating using the various
models

The effective medium model (EMT) is applied for
calculating complex permittivity of homogeneous media. As
shown above, the dependence of the reflection coefficient
minimum on the number of inclusions exhibits the stochas-
tic oscillations, which tend to a certain average value with
an increase of the number of inclusions. An increase of
the number of the threads results in a significant increase
of the time of calculation by the finite element method
(FEM) when the number of the threads N, > 5.0 pcs/mm?
and their thickness d. < 15um. When the volume portions
are small or the values of permittivity and conductivity
of inclusions are low, the finite element method (FEM)
can be replaced by calculation using the model of many
Hperturbation layers® (MPL).

An error of determining the parameters of the homoge-
neous composite using the model of many ,perturbation
layers® (MPL) will be estimated by a formula of Mean
Relation Percentage Error (MRPE):

n—1 2
- \/(XMPL(Ni, V)= L XI:PL(NHUC)>

i=0 Xmpr (Ni, ve)

1
S0 =1 ,
(22)
where Xypr, is a parameter (¢/ or o), whose error is
calculated, which is calculated using the MPL model with
the volume portion of the threads v. and their number N;,
n is a number of the composites, which are averaged.

The error of determining the parameters using the
lamellar EPM model or by the effective medium method
(EMT) will be estimated using an error of the parameter
found by the MPL method, which is relative to the average
value, since the MPL model well correlates with the FEM
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Figure 14. Dependence of the frequency (a) and the magnitude () of the reflection coefficient minimum of the photon structure with
the dislocated layer as the sample of the studied composite (v. = 0.5%, & = 50, 6. = 52~ 'm~!) on the number of inclusions N,, the
calculations were performed using: / — the finite element method (FEM), 2 — the perturbation theory for the lamellar EPM model.

method:

n—1
ayle X%(Ni,vc)_w N
X (v,) = l |
vg (V ) Z;xzol X (Vo) ( )

n

The dependence d¢,,, and 80,,, on the volume portion
of inclusions is shown in Fig. 18 and Table 4. When
calculating the errors by the formulas (22) and (23), the
number of the threads in the composites N; varied from
1000 to 1500 with the step of 50, i.e. n = 10.

A slight decrease of the average relative error (Fig. 18,
the curve /) with an increase of the volume portion of the
threads is due to reduction of stochastic oscillations of the
frequency and the magnitude of the reflection coefficient
minimum, which is related to the more uniform distribution
of the threads when the large portions are large.

When the volume portions are small v, < 1%, the
effective medium model (EMT) and the ,lamellar EPM
model“ describe the real part of permittivity of the com-
posite with high accuracy, but result in the increased values
when determining electrical conductance. This strange kind
(Fig. 18, b, the curves 2, 3) of the dependence of the error
can be explained by stochastic oscillations (Fig. 10) and
a calculated value of the error will depend on selecting a
range of the number of the threads, which was used when

n—1
calculating a summand M in (23). When the
volume portions are small, the selected range (from 1000
to 1500 threads) results in decreased values of electrical
conductance relative to the value calculated by the EMT

method and in the increased ones when they are high. It

Table 4. Error of determining the electrophysical parameters
using the various models (the parameters of the threads &. = 50,
c=5Q"'m™"

Error, %

Ve Sema | Semve’ | Semve | S0ms” | 50ung” | S0une"
0.5% 0.09 | 4027 | +03 0.01 | +2.60 | +3.76
2.5% 009 | —1.15] —-0.93 | 063 | —2.41| —0.91
5% 055 | —2.51|—-2.02| 132 | -3.30| —1.57

10% 051 | —5.87 | —4.67| 105 | —4.78 | —2.71

may indicate existence of a dependence of values of the
parameters of the composite on the number of the threads
per a unit area with a fixed volume portion, which requires
separate research.

Thus, with the increase of the volume portion of
inclusions there is an increase of divergence of the values of
permittivity and electrical conductance of the composites,
which are determined using the MPL model, from the
values calculating using the lamellar EPM model and the
effective medium model (EMT).

7.4. Calculation of the reflection coefficient of the
heterogeneous composite

Unlike the effective medium model, the MPL model is
applicable for calculating the reflection coefficient of the

Technical Physics, 2026, Vol. 71, No. 1
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Figure 15. Dependence of the real part of effective permittivity ¢’ (a) and electrical conductance o (b) of the composite on the
number of inclusions, which is calculated using the FEM model (the curves /—3) and the EPM model (the curves I'—3’) when the
volume portions of inclusions v, are: 1 — 1%, 2 — 2.5%, 3 — 5%; a deviation of the values of effective permittivity (c) and electrical
conductance (d) of the composite, which are calculated by the EMP model, from the FEM model when the volume portion of inclusions

ve = 1%.

heterogeneous composites (Fig. 3,¢). It is exemplified by
a considered composite, in which the inclusions are shifted
from the narrow walls of the waveguide to a middle of the
wide wall (Fig. 19,a). The following designations are used
in Fig. 19: V, is a total volume of the composite, V4 is
a central portion of the waveguide, in which the threads
are distributed, R, is a reflection coefficient minimum with
heterogeneous filling (the threads are distributed across
the volume V,), Ry is the same with homogeneous filling
(Va = Vo).

Technical Physics, 2026, Vol. 71, No. 1

The closer the threads to the middle, the higher the
reflection coefficient minimum (Fig. 19,5), which is due
to distribution of the electric field in the waveguide, which
takes a maximum value in the middle of the wide wall
Thereby, the MPL model explains an increase of the
minimum of the microwave reflection coefficient (Fig. 2, b)
of the ER-ML-CNT composites, which is experimentally
observed and related to contraction of the ML and CNT
suspension closer to the sample center when the composite
is dried when applying the heterogeneous magnetic field.
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Figure 16. Minimum of a residual function when solving the
inverse problem of determining the parameters of inclusions; the
frequency dependence of the reflection coefficient of the composite
was calculated using the lamellar EPM model.

Conclusion

Thus, we have proposed a model that makes it possible
to reduce a portion of the waveguide filled with a dielectric
with oriented inclusions to the multi-layer structure, i.e. ,the
model of many perturbation” layers (MPL). The reflection
coefficient of this structure can be calculated using the
transfer matrix method, wherein the constant of propagation

9.458 T T T

9.456

9.454

f min» GHZ

9.452

9.450 ' ' '

0.5 1.0 L5 2.0

N,., pes/mm?

of each layer is calculated using the perturbation theory. The
spectra obtained using the MPL model agree with results
of HFSS simulation by the finite element method. The error
of determining the reflection coefficient minimum does not
exceed 1% when the volume portions are small or values of
complex permittivity of inclusions are low. The MPL model
is suitable for calculating structures with a large number
of micron-size threads, whereas other simulation methods
require time consumption by at least an order when the
thickness of the threads is below 15um.

The electrophysical parameters of the composite were cal-
culated by a position of the microwave reflection coefficient
minimum of the photon structure with the dislocation as
the studied sample when solving the inverse problem. At
the same time, the error of determining the parameters of
the composite does not exceed 1%. It is expedient to use
the photon structure when the volume portions are small or
the values of electrical conductance of inclusions are low,
since the resonance Q factor decreases when the values are
high. For example, when o, =25Q " 'm~! and v. = 10%
the error of determining electrical conductance is 2.4 %, and
when o, = 50 Q" 'm~! it is already 8.3 %.

When the volume portions are high (v, > 5%), the
numerical calculation done using the model of many
perturbation layers (MPL) results in an error of determining
complex permittivity that is in five times less than when us-
ing the Maxwell-Garnett effective medium method (EMT)
in an approximation of extended ellipsoids.

We have also considered applicability of the model
of many perturbation layers (MPL) for calculating the
spectrum of the reflection coefficient of the composites

b

-36 T T T

1

2

0....()..0..().0,.0_.@-()..0..0 ....................................... Q
44 1 1 1
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Figure 17. Dependence of the frequency fmin (a) and the magnitude Rmin (b) of the reflection coefficient minimum on the number of
the threads (the curve /) and the plates (the curve 2), which are oriented perpendicular to the electrical component of the microwave
(parallel to the wide wall of the waveguide). It was calculated by the finite element method (FEM).
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Figure 18. Dependence of the error of determining the real part of permittivity (a) and electrical conductance (b) of the composite
with uniformly distributed inclusions on the volume portion of inclusions with the parameters &. = 50, 0. = 5Q " 'm~":  — an average

relative error during calculations when using the MPL model, 2 is a relative deviation of the values of the parameters, which are calculated
using the MPL model, from the EMP model, 3 — from the EMT model.

I

0.8

e o]
|

AR, dB
(@)}
|

1 1
0 500 1000 1500
B, mT

Figure 19. Heterogeneous filling of the waveguide (a), a difference of the reflection coefficient minimums between heterogeneous and
homogeneous filling on a reduced volume (b) (the insert includes a photo of the sample) and an experimental dependence of the difference
of the reflection coefficient minimums AR of the samples dried in presence of/without the magnetic field on the value of induction of the
magnetic field (c). The spectrum was calculated: / — in HFSS, 2 — using the model of many ,perturbation layers” (MPL).
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with a heterogeneous distribution of the oriented threads.
The results well agree with the data obtained during HFSS
simulation.
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