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Abstract: This paper analyzes the influence of the skin effect and the proximity effect on the induc-
tance and impedance of thin conductive layers. The motivation for taking up this topic is the initial
assessment of the possibility of using conductive layers deposited with the PVD technique on textile
materials as strip or planar transmission lines of high-frequency signals (e.g., for transmitting images).
This work pursues two goals. The first of them is to develop and test a numerical procedure for
calculating the electromagnetic field distribution in this type of issue, based on the fundamental
solution method (FSM). The second aim is to examine the impact of the skin phenomenon on the
resistance, inductance and impedance of thin conductive paths. The correctness and effectiveness of
FSM for the analysis of harmonics of electromagnetic fields in systems containing thin conductive
layers were confirmed. Based on the performed simulations, it was found that in the frequency range
above 10 MHz, the dependence of resistance and impedance on frequency is a power function with
an exponent independent of the path width. Moreover, it was found that for paths with a width at
least several times greater than their thickness, the dependence of the phase shift between current
and voltage on frequency practically does not depend on the path width.

Keywords: textronics; wearable electronics; thin films; skin effect; fundamental solution method

1. Introduction

Wearable electronics is currently one of the rapidly developing fields combining
the issues of computer science, electronics, materials science and telecommunications.
Striving to miniaturize electronic components used in this industry, there is a need to
produce thin-film components that act as active or passive components such as capacitors,
resistors, transistors, diodes or photodetectors. Such elements can also be used to transmit
high-frequency signals as a transmission medium that enables data transmission without
interference in telecommunications systems.

One example of the use of thin electrically conductive layers for the transmission of
high-frequency signals is the RFID (Radio Frequency Identification) technology [1,2]. In
this technology, these structures are used as antennae or induction coils that receive and
transmit radio signals to RFID readers. Those types of structures can also be used as the
active part of sensors for pathogens detection [3]. Taking into account the developing 5G
and 6G technology, such structures will also be used for data transmission, e.g., in smart
healthcare and industrial manufacturing [4-6]. According to reports from the Huawei 6G
research team [7], research is being conducted on integrated sensing and communications
with optical wireless (ISAC-OW) technology to develop solutions such as holographic
hospitals and industrial automation.
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Electroconductive thin films can be produced via various methods, such as physical
vacuum deposition (PVD) [8,9], chemical vapor deposition (CVD) [10], electrochemical
deposition [11], spin-coating [12], sol-gel technology [13-15], magnetron sputtering [16],
ink-jet printing [17,18], screen printing [19] or electrospinning [20]. The development of
new applications based on flexible and wearable devices with large surface areas requires
thin-film electronics that can be fabricated using solvent methods. Lin et al. conducted
research on preparing the nanosheet inks and their scalable assembly into van der Waals
thin films and devices [21]. The choice of the method depends on the type of deposited
conductive material, substrate, physical and chemical properties of the thin layer, as well
as the cost and scale of production.

The physical vapor deposition method of creating thin films has several advantages.
It allows for the deposition of high-quality films consisting of metals, alloys, ceramics and
semiconductors with excellent adhesion and uniformity. The process enables the control
of film thickness at an atomic level, resulting in precise and consistent film properties. It
offers the flexibility to create thin films with different compositions and structures, making
it suitable for various applications. Thanks to relatively high deposition rates compared to
other methods, the PVD technique is scalable, allowing for easy upscaling from laboratory-
scale to large-scale production, so it is suitable for large-scale production applications
and reduces processing time. Additionally, it is a dry process that operates in a high-
vacuum environment, minimizing material waste and contamination. It reduces the need
for additional chemical processing and eliminates the use of solvents. Using technological
masks or modifying the shape with the use of a laser beam [22], it is possible to create
patterned thin films or modify the film properties selectively. The quality of the layers
produced can be assessed using optical computed tomography [23] with higher resolution
than another type of tomography [24].

Thin electroconductive layers can be applied to various substrates, such as paper,
plastic, metal or fabric. In the case of fabrics, the thin-film structures produced are char-
acterized by greater flexibility, which allows their use in wearable electronics combined
with clothing.

Considering the use of such structures in alternating current circuits, it is advisable to
analyze the presence of skin and proximity effects in them.

Skin and proximity effects are important for the transmission of high-frequency signals,
such as radio waves, microwaves or fiber optics. According to a well-known theory,
the depth of penetration of a magnetic field or current into a conductor depends on
the current frequency, resistivity and magnetic permeability of the medium [25]. The
higher the frequency, the smaller the penetration depth and the greater the skin effect,
which affects the electrical properties of structures. The proximity effect can affect the
signal quality, frequency response, characteristic impedance and reflection coefficient of
the transmission line. To minimize it, various techniques are used in the design and
construction of transmission lines, such as using transmission lines with a symmetrical
geometry, such as a two-wire line or a symmetrical line, which reduces the interaction
of magnetic fields, or using transmission lines with an asymmetric geometry, such as a
microstrip line or a strip line, which reduces the magnetic field induction by the substrate.
It is also possible to use conductors of small diameter or thickness, which reduces the depth
of magnetic field penetration and increases the homogeneity of the current distribution [26].

In the case of thin textronic electroconductive structures, the thickness of the conductor
layer is less than 0.5 mm. The analysis of those type of effects in conductors is a known
issue; however, the analysis of their occurrence in thin textronic layers is a new issue, which
is undertaken by the authors of this study.

The peculiarity of conductive textronic layers compared to others found in electronic
devices (e.g., printed circuit paths) is that their surfaces are not flat because they take a
shape similar to the texture of a textile material, and they also contain microdefects. It
turns out that these features have a significant impact on the conductive properties of such
layers [8]. For this reason, the assessment of conductive parameters of textronic layers, such
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as resistance, inductance or capacitance, requires the use of quite complex field calculations.
Due to the complex issues of field distribution inside the electroconductive path, one of
the simplifications adopted in this article is the homogeneous structure of the produced
layer. In further work, the authors plan to expand the model and analyze the impact of
occurring defects on its electrical parameters in the case of high-frequency current, similar
to the work on a constant signal [8].

The first goal of this work is to implement and test the fundamental solution method
(FSM), which is rarely used in the analysis of electromagnetic fields, for those type of
problems. Compared to other finite difference and finite element methods most frequently
used in field problems, FSM has several advantages [27]:

e  Asaboundary method, it does not require discretization of the interiors of the areas
considered in the system, but only of their edges, which ultimately leads to significantly
smaller numerical models, as exemplified by the 3D SET simulator described in [28];

e Gives a solution in an analytical form that strictly satisfies a given differential equation;
the approximation concerns only the fulfillment of the boundary conditions;

Does not create additional difficulties when analyzing fields in open areas;
Enables relatively easy estimation of the numerical error of the solution and obtaining
more and more accurate solutions in subsequent iteration steps.

A comparison of the effectiveness of FSM with the finite element method (FEM) imple-
mented using the commercial ANSYS Electromagnetic Suite 18.2 package in electrostatics
issues can be found in [29].

The second goal of the work is to investigate, using field analysis, the impact of the
skin phenomenon on the transport properties of thin conducting paths with sinusoidally
variable current depending on the dimensions of the path and the current frequency.

2. Formulating the Issue

A thin conductive layer can be defined as a conductive path whose thickness is much
smaller than its width. In terms of the skin effect, a thin layer could be defined as one whose
thickness is much smaller than the equivalent field penetration depth, because then the
effects of changes in the electromagnetic field in the direction perpendicular to its surface
and for computational purposes treat it even as infinitely thin. However, such a definition
depends on the field frequency and material parameters of the path (e.g., at a frequency
of 50 Hz, a 1 mm thick copper layer can be treated as thin, but at a frequency of 10 kHz
it cannot).

The subject of consideration is the electromagnetic field generated by a sinusoidally
alternating electric current flowing in an infinitely long, straight path with an oval cross-
section, immersed in a uniform dielectric region. The geometry of the model with the
adopted coordinate system and the symbols used later are illustrated in Figure 1.

V4 =0 g
Q .8

Yy < D
-\-a ;;i:e{) y X

Figure 1. Cross-section of the conductive path (analyzed model). Qf, O"—non-conductive and
conductive areas; i1, €1, I'j—material parameters in the non-conductive area; y,, I';—material
parameters in the conductive area; S—cross-section of the conductive path; r—radius of curvature of
the conductive path; g—thickness of the conductive path; w—width of the conductive path.
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The shape of the side edges of the path in the form of cylindrical surfaces was adopted
for the following reasons:

e  This way, computational complications caused by geometric peculiarities that appear
in the case of a rectangular cross-section path (sharp edges) are avoided;

e Assuming a = 0 in the model in Figure 1, the cross-section of the path becomes a
circle, which makes it possible to verify the correctness of numerical calculations by
comparing them with a known analytical solution;

e Itwas found that due to the very small thickness of the layers sputtered with PVD tech-
nology compared to their other dimensions, this shape should not have a significant
impact on their conductive properties.

The following physical assumptions were made:

1.  Material parameters y, ¢, I' of both areas of the system are constant;

2. The current density vector is parallel to the wire axis (OZ) and varies sinusoidally
in time;

Maxwell shift currents in the conducting area Q' are negligibly small;

4.  There are no unbalanced electric charges in the system.

w

In order to mathematically formulate the problem in both areas, the complex vector
potential A defined by the relations is introduced:

B = rotA,
divA = 0. M)

where B is the complex amplitude of magnetic induction. Knowledge of the vector potential
also allows to determine the complex amplitude of the electric field intensity E:

E = —jwA. )

With the adopted assumptions, the only non-zero component of the vector potential is
the component parallel to the OZ axis, which satisfies the Helmholtz equation [30] in the
areas O, QI

AA =T?A, (3)

where I' = w, /ji1€7 in area Ol and I =, /jwIopp in area ol

According to the classical boundary conditions of electrodynamics, on the surface S,
the tangential components of the electric field strength vectors E and magnetic field H are
continuous, which, in relation to (1) and (2), means that

AI — AH, (4)
oAl 9Al
Mo an ©

where py = pp /iy Al, Al are the limit values of the function A on the surface S, calculated
from the side of the area Q! and O, respectively.

The issue comes down to searching for functions A" and A!! that satisfy Equation (3)
and boundary conditions (4) and (5) on the boundary surface S in the areas Q! and Q.

3. Solution Method

In order to solve the described issue, the fundamental solution method (FSM) was
used. The sought vector potential functions are presented in the following form:

N
Al(x,y) = Ao(x,y) + Y qiF (x,y), (x,y) € O, (6)
i=1
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Al(x,y) Z#EH (xy), (x,y) €, @
where:
AO = primary field potential'
(F \/ +(y—vi) )—fundamental solutions of Equation (3) in the
area QI,

F' = K, <F \/ (x—x)* 4+ (y— yi)2> —fundamental solutions of Equation (3) in the

area QI

H((]2) = Hankel function of the second kind,

Ko = modified Bessel function of the second kind,

g}, g = coefficients of approximation sums determined on the basis of boundary
conditions (4) and (5).

The singular points (x;, ;) of fundamental solutions (“fictional sources”) are deter-
mined outside the area in which a given solution is valid, i.e., for the solution (x;,y;) €
O(x;, y;) € Q! for F! solution and (x;,y;) € Q! for F! solution (Figure 2).

fictional sources for the
solution in the area Q" \

ﬁ*ﬁ{zﬁﬁ‘:}i}‘:}i}fzi}fzf}ﬁﬁ

fictional sources for the /

solution in the area Q'

x:>
o

*\"ﬁ*{%{?"%x"-

Figure 2. Illustration of the fundamental solution method—distribution of fictitious sources and
nodes in the analyzed conductive path model.

The Ay field, which serves as a “zero” approximation of the formulated problem, is
the field originating from the current of constant linear density flowing on the surface Sy
{|x| < a,y = 0} in the direction parallel to the OZ axis. Such a solution can be obtained
by integrating the solution of Equation (3) in the region Q! for an infinitely thin straight
wire. In such a case, the system is characterized by axial symmetry and Equation (3) in
cylindrical coordinates takes the form of a modified Bessel equation, the solution of which
can be written as follows:

AW = B BP (), r =\ x0)t 42 ®)

The vector potential of the field originating from the uniformly distributed current
flowing on the surface Sy is obtained by integrating (8) with respect to x:

Ao(x,y) ,141 o /H ( x—x0)2+y2)dxo. )

The integral occurring in (9) generally requires numerical solution, but in the close zone
(i.e., for I'r << 1,i.e., at a distance significantly smaller than the length of the electromagnetic
wave emitted by the current flowing in the path), the approximation of the Hy function can
be used for small arguments [31]:

H(()z) (Ir) =~ —j%ln(l"r), I'r<< 1. (10)
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In this case, the integral (9) can be calculated analytically and the result is as follows:

,ulzo RiR» x+a xX—a I
Ao(x,y) = ot ( In Rz —aln o y( n—y atan—y )) ,(x, y) e ) (11)

where:
Ry =\/(x —a)* + 12, Ry =/ (x +a)? (12)

The formulae for the derivatives of the Ay potential need to determine the components
of magnetic induction and to calculate the normal derivative occurring in condition (5). In
the general case:

, a
%—'yllof/ ! I'v/ (x —xp) —i—y)dxo, (13)

_ i o (
ox 4 I (x = x0) 2, 2
A o |
940 _ Mt _
5y ) am F/ (F X xo +vy )dxo. (14)

In the case I'r << 1:

aAo ﬂllO In (X — ﬂ)z + yZ (15)
= -,
ox An T (x4a)* + 92
0Ag i xX—a x+a
3y o atan v atan y . (16)

The functions which are defined by Formulae (6) and (7) satisfy Equation (3) exactly.
The coefficients g}, 4! are determined postulating that (6) and (7) satisfy the boundary
conditions (4) and (5) at points (xt, yx), k=1, ..., N on the boundary surface S distributed
approximately evenly (with a possible higher density on parts rounded and in their close
vicinity, where less regularity of function A or its derivatives should be expected). As a
result, this leads to a linear system of equations of order 2N

Z i~ Z gl = —Ag, k=1,...,N, (17)
i=1

Z Gl di— Z Glhgl' = —Gop, k=1,...,N, (18)

where:
FI U= F Mg, i), Aok = Ao(xeyr), (X vk) €S,

oF! oF!
Gix = pr SMW - Sk,yg

4

X=Xk, Y=Yk
aFII aFII
1T
Gl,k = (Skx ay ky ax 7
X=Xk, Y=Yk
dA A,
GO k= (Sk,x 0 _ Sk,y > .
9% 9% /ey, y=ue

Sk,xs Sky—coordinates of the sy vector tangent to the surface S at the point (x, y).

After numerically solving the system (17) and (18) and substituting qZI«, qu into (6)
and (7), the desired solution is obtained.

The components of the electromagnetic field are determined based on the Equa-
tions (1) and (2), from which other interesting quantities can then be calculated:
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Complex current density amplitude:

J=TE (19)
Complex current amplitude:
I = [ Jds; (20)
S

Active and reactive power per unit length of the conductive path:
_ Lo _w 245
P== Sf J12ds, Q = “jsj B|2dS; (1)

And resistance, internal inductive reactance and impedance:

2P 20

R= "1, X = <.
| n? | on?

(22)

The integration area S in Formulae (20) and (21) means the cross-sectional area of
the path.

4. Calculation Results

In order to numerically implement the method described in the previous chapter, the
authors decided to create the new software. The use of Fortran (Intel Parallel Studio XE
Composer Edition for Fortran Windows) or C++ (Dev-C++) allows for effective manage-
ment of available computer hardware resources as well as full control over the accuracy of
the obtained results. It was described in the works [32,33], where the authors have a similar
approach to solving scientific problems, as well as our previous publications [34]. Based on
the presented formulae, a numerical program was prepared to calculate the distribution of
the electromagnetic field and the current density flow field in the conductive path and its
impedance Z.

Example results of calculations of the electric field and magnetic induction components
are shown in Figure 3. These results confirm the correctness of the method in terms of
meeting the boundary conditions regarding the continuity of the appropriate components
of the electromagnetic field on the boundary surface S of areas O, Q. Because these
solutions result from the exact solutions of Equation (3), it means that the results obtained
are also correct solutions to the formulated problem.

Figure 4 shows the current density distributions on the cross-section of a path with
the same parameters as above, at different current frequencies. They illustrate the influence
of the skin effect on the current density distribution in the tested model. At frequencies not
exceeding 10 kHz, the calculated current density distribution for such path parameters is
practically uniform. Above this frequency, a current displacement effect is observed from
the center of the path to its side edges, i.e., in the direction parallel to the path surface (OX).
Up to a frequency of approximately 100 kHz, changes in current density in the direction
perpendicular to the path surface are small. Above this frequency, the effect of current
displacement also becomes more and more visible in the direction perpendicular to the
path surface (OZ). At frequencies exceeding 10 MHz, the current flows practically only in
the thin layer near the surface of the path. However, it should be noted that its density at
the side edges is still clearly higher (in the example described, about five times) than in the
central part of the path.

The graphs presented in Figures 5-8 show the dependencies of the relative resistance,
inductance and internal impedance per unit length on the frequency, calculated for a
path with a thickness g = 0.1 mm and various widths w. The resistance and impedance
modulus are related here to the resistance Ry that is characterized by the path with the
same parameters and unit length carrying direct current (Rg = 1/I'S.), and the inductance
is related to the inductance Ly of a wire with a circular cross-section and unit length with a
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low-frequency current (i.e., in the limit f — 0, Ly = u/8m). For comparison, graphs of these
relationships are also shown for a circular wire with a diameter of 0.1 mm (black lines).
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Figure 3. Example results of calculations of the electric field strength and magnetic induction
components in the analyzed model. Conductive silver path with dimensions 0.2 x 1.0 mm, I =1 A,
f=1MHz.

These relationships show that for paths with such parameters at frequencies lower
than 10 kHz, the skin effect does not play a significant role. As the frequency increases
above this value, the resistance increases rapidly and the internal inductance decreases, but
its effective contribution to the impedance increases, which is reflected in the increase in
the phase shift angle between the current and voltage (see Figure 8). It is worth noting that
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this angle depends very little on the width of the path, if it is at least several times larger
than the thickness.

J Amm’

=100 kHz
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0.00
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-0.10
-0.15

y [mm]

f=1MIIz
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-0.10
-0.15

v [mm]
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¥ [mm]

0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0.0 0.1 02 0.3 04 0.5 0.6 - U
X [mm]

Figure 4. Example results of calculations of the current density distribution in the analyzed model at
different frequencies. Conductive silver path with dimensions 0.2 x 1.0 mm, I =1 A.

J HZ]

Figure 5. Resistance of oval paths with conductivity I' = 63 x 10® S/m (Ag), thickness ¢ = 0.1 mm
and different widths w as a function of frequency.
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Figure 6. Internal inductance of oval paths with conductivity I' = 63 x 10° S/m (Ag), thickness
¢ =0.1 mm and different widths w as a function of frequency.
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Figure 7. Internal impedance modulus of oval paths with conductivity I' = 63 x 10° S/m (Ag),
thickness ¢ = 0.1 mm and different widths w as a function of frequency.
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Figure 8. Internal impedance of oval paths with conductivity I' = 63 x 10° S/m (Ag), thickness

¢ =0.1 mm and different widths w as a function of frequency.

For frequencies above 10 MHz, the relationship between resistance and internal
impedance on a double-logarithmic scale becomes almost linear, and the slope of these
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graphs for paths of different widths is very similar. It means that these relationships can be
well approximated in this range by a power function with a similar exponent. The statistical
analysis shows that it is approximately 0.65 £ 0.5, both for resistance and impedance.
The results presented above are exemplary ones because they concern paths with the
parameters of an arbitrarily selected material (silver) and arbitrarily set thicknesses and
widths. In order to present results of a more universal nature, the graphs presented in
Figures 9-12 were prepared. They show the relationships between the resistance, internal
inductance, modulus and argument of the internal impedance depending on the geometric
dimensions of the path, related to the parameter, taking into account the total frequency
and the equivalent field penetration depth which is the material parameter of the path.

2
5= ol (23)

R/R

2als

Figure 9. Relative resistance of the path per unit length depending on its thickness g and the length
of the flat part 2a (see Figure 1) related to the equivalent field penetration depth 4.

L/L

2als

Figure 10. Relative inductance of the path per unit length depending on its thickness g and the length

of the flat part 2a (see Figure 1) related to the equivalent field penetration depth ¢.



Electronics 2023, 12, 4834

12 of 14

2al6

Figure 11. Relative impedance of the path per unit length depending on its thickness g and the length
of the flat part 2a (see Figure 1) related to the equivalent field penetration depth ¢.

Arg(Z) [degrees]

2al§

Figure 12. Impedance argument of the path depending on its thickness g and the length of the flat

part 2a (see Figure 1) related to the equivalent field penetration depth ¢.

These graphs, combined with Formula (23), allow us to determine the impedance
for a electroconductive path with an oval cross-section in a fairly wide range of current
frequencies and geometric and material parameters.

5. Conclusions

The main goal of the work was to adapt and test the effectiveness of the fundamental
solutions method for calculating the electromagnetic field distribution in the surroundings
and inside of thin electroconductive paths with sinusoidally alternating current in a wide
frequency range. The difficulties that arise in these types of issues are related, on the one
hand, to the specific geometry of the thin path (its thickness is many times smaller than
the other dimensions), and on the other, to the need to take into account skin, proximity
and wave effects in the case of high-frequency currents. The strong skin effect means
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that it is not always possible to ignore changes in the electromagnetic and flow fields in
the direction perpendicular to the surface of the conductive layer, despite its very small
thickness. Moreover, even at lower frequencies, current displacement is observed from the
center of the path to its side edges. Taking into account these effects requires appropriate
discretization of the system areas and their edges, taking into account their high curvature
near the side edges and the variability of the field function in all directions.

The tests and numerical simulations conducted allow us to formulate the follow-
ing conclusions:

e  The correctness and effectiveness of the fundamental solutions method for the analysis
of harmonics of electromagnetic fields in systems containing thin conductive layers
were fully confirmed.

e  The created numerical program allows us to determine all important parameters of the
transmission line determining its conductive properties, such as resistance, inductance
and impedance in a wide frequency range.

e In the high frequency range (above 10 MHz), the dependence of resistance and
impedance on frequency on a double-logarithmic scale is linear, and the slope of
these graphs does not depend (to a noticeable extent) on the path width. It means that
in this range, the dependence of resistance and impedance on frequency can be well
approximated by a power function with a constant exponent.

e  For paths whose width is at least several times greater than their thickness, the
dependence of the shift angle between current and voltage on frequency depends very
little on the path width.
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