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Abstract—In this paper, a 2-dimentional (2-D) axisymmetric
modeling is presented for biomedical circular printed circuit
board (PCB) coils and solenoids in COMSOL Multiphysics.
With this model, the number of required meshes in finite
element method (FEM) based simulations is reduced, which
speeds up the iterative design procedure of inductive links in
biomedical implants. While having a good accuracy, the
presented 2-D axisymmetric modeling reduces the extraction
time of electromagnetic parameters of PCB coils and solenoids
by about 90%, compared to 3-D modeling. In order to
investigate the accuracy of presented 2-D modeling, we have
fabricated a PCB coil and a solenoid with suitable geometries
for implantation in body. The measurement results of
electromagnetic parameters have a good agreement with the 2-
D modeling based simulation results, and they verify each
other. Finally, using the presented 2-D modeling, a
comprehensive parametric simulation has been performed to
study the behavior of coupling coefficient (k) and the maximum
achievable & of PCB coils as a function of geometric
parameters.

Keywords—2-dimentional (2-D) axisymmetric modeling,
circular PCB coil, solenoid, biomedical inductive link,
electromagnetic parameters, COMSOL Multiphysics.

[. INTRODUCTION

Implantable medical devices (IMDs) with the main
purpose of improving the body's organs with unusual
performance have attracted special attention in recent years.
They include cardiac pacemaker [1], brain-machine interface
(BMI) [2], retinal prosthesis [3], cochlear implant [4], etc.
The use of batteries to provide the power in IMDs requires
periodic surgery due to the limited battery life-time.
Meanwhile, wireless power transmission (WPT) provides a
continuous and safe operation of IMDs without the need for
wires passing through the skin that causes infection. As a
result, the wireless operation of IMDs is essential to prevent
infection and human comfortability. Inductive coupling is the
oldest and predominant strategy of wireless transmission that
can provide the power required by most biomedical systems
(from a few milliwatts to several tens of milliwatts) with
high reliability, safety, and efficiency. Circular printed circuit
board (PCB) coils and solenoids play an important role in
inductive links and their geometric parameters have a direct
effect on the link characteristics.

In design of inductive links, in order to achieve the desired
targets, usually an iterative procedure must be performed [5-
12]. A general flow diagram of iterative design procedure in
biomedical inductive links is illustrated in Fig. 1. Every
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1. Applying constraints of a biomedical application.
Parameters: coil size, frequency, load, transmitting range, etc.

v

2. Applying initial geometrical parameters of coils.
Parameters: number of turns, trace/wire width, trace/wire spacing, etc.

¥

3. Extracting electromagnetic parameters of coils.
Parameters: inductance, AC resistance, coupling coefficient, self-resonance frequency, etc.

v

4. Extracting inductive link parameters (targets).
Parameters: PTE, PDL, Zj iy, etc.

NO 5. Are the link

Wacceptable?

YES

Y
| Iterative process is finished |

Fig. 1. A general flow diagram of iterative design procedure in biomedical
inductive links.

biomedical application has its own design constraints and
targets. The design constraints are mainly related to the
working frequency, transmitting range, loading resistance,
coil size, etc. First, using these constraints, initial values are
applied for the geometric parameters of the coils such as
number of turns, outer diameter, trace/wire width, trace/wire
spacing, etc. Then, the electromagnetic parameters of the
coils such as inductance, AC series resistance, parallel
capacitance, coupling coefficient (k), etc., are derived and
finally the parameters of the link performance such as power
delivered to load (PDL) and power transmission efficiency
(PTE) are obtained. If the achieved parameters are not
acceptable in comparison with the design targets, this
procedure should be repeated as far as the desired values are
achieved. One of the factors that slows down this process is
the finite element method (FEM) based simulations in
extracting the electromagnetic parameters of the coils.
Therefore, providing a two-dimensional (2-D) model for the
coils can be an effective solution to this problem, considering
that it converts 3-D volume of the geometry to 2-D domains
and reduces the time required to solve the governing
equations in defined geometry.

In this paper, using axisymmetric tools in COMSOL
Multiphysics 5.5, a 2-D axisymmetric modeling for circular
PCB coils and solenoids is proposed that can be utilized in
most of previously published iterative design procedures of
inductive links [5, 11, 12]. Since this model converts the 3-
D volume of geometry to 2-D domains, FEM based
simulations are performed more quickly, and as a result, the
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required time in iterative procedure of extracting the
electromagnetic parameters and the optimization of the link
performance is significantly reduced. Finally, the proposed
2-D model has been applied and a comprehensive step-by-
step parametric simulation is performed in order to study the
effect of geometric variables of the coils such as outer
diameter, number of turns, trace width and trace spacing on
the behavior of coupling coefficient and the maximum
achievable coupling between the PCB coils.

The rest of the paper is organized as follows. Section II
presents the proposed 2-D axisymmetric modeling of
circular PCB coils and solenoids. In section III, the 2-D
modeling based simulation results and also the measurement
results of the coil parameters are presented. Finally,
conclusion is given in section V.

II. 2-D AXISYMMETRIC MODELING

Fig. 2(a) and Fig. 2(b) illustrate the top view of a circular
PCB coil and a solenoid with their geometric parameters. In
PCB coil, the parameters W, S, n, Douw, and Di, are trace
width, trace spacing, number of turns, outer diameter, and
inner diameter, respectively. In solenoid, the parameters n,
p, I, D, and d are the number of turns, winding pitch,
winding length, winding diameter, and wire diameter,
respectively. The electrical model of PCB coil and solenoid
is shown in Fig. 2(c), which includes the inductance L, AC
series resistance Rs, AC parallel resistance Rp, and the
parallel capacitance Cp. At low frequencies, the parallel
resistance Rp can be ignored, and the self-resonance
frequency and quality factor (Q) of PCB coil and solenoid
are mainly determined by L, Rs, and Cbp.

Fig. 3 shows the 2-D axisymmetric modeling of circular
PCB coil and solenoid, where the rectangular and circular
domains illustrate the cross-section area of conductor turns
in PCB coil and solenoid, respectively. These domains are
defined as a resistive-inductive-capacitive (RLC) coil group.
They consider both in-plane and out-of-plane currents
flowing in equilibrium condition that is required for 2-D
modeling of the coils. The RLC coil group is a combination
of magnetic model of a single-turn coil and a multi-terminal
electrical model of in-plane current [13]. To define the
arrangement for connection of domains, RLC group
employs Bravais network that has two primary vectors a and
b and provides two points r; and r»: ri-r, = mja+m;b, where
my and my are integer numbers. RLC coil group proposes
n+1 electric potentials (Vo, Vi, ..., Va), where Vj is the
reference voltage and » is the number of turns. The potential
difference of the i-th turn is equal to:

v =V Vi (1)
where i = 1, ..., n. The potential difference for any turn gives
the out-of-plane external current density (J.) as follows:

d
ZIm’

o, @)
where e, is the out-of-plane unit vector, o is the
conductivity, and 7 is the vertical separation of the center of
conductor cross-sections and the line » = 0. So, the out-of-
plane current in i-th turn can be expressed by:

(©
Fig. 2. (a) Circular PCB coil, (b) solenoid, (c) electrical model of PCB coil
and solenoid.
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Fig. 3. 2-D axisymmetric modeling of (a) circular PCB coil and (b) solenoid.

1i=[, (3e) 3)

Equilibrium condition between in-plane current and
difference of out-of-plane currents in two neighboring turns
implies [13]:

I; _JBQ, (In)=l =0 i=1,..,n-1

I, _IBQ” (J‘n)_ICOil =0

where n is in-plane unit vector and Icoi is the coil current.
The electric potential is considered to have a constant value
in cross section domain of turns, and therefore, this variable
must be discarded in the mentioned domains by employing
Ampere’s law. The Ampere’s law considers a J.
orthogonally to the domains, and also establishes a voltage
limitation on the boundary of every cross-section domains
of the turns. The magnetization, conduction and dielectric
models needed for Ampere’s law is considered as follows:

B=yuyu,H, J=cE, D=¢g¢E ©)

(4)

i=n

where B, H, D, and E are magnetic flux density, magnetic
field, electric field intensity, and electric flux density,
respectively. Also, L, Lo, &, and g are relative permeability,
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Fig. 4. Meshing of (a, b) rectangular cross-section domain and its boundary
layer in PCB coil, (c, d) circular cross-section domain and its boundary
layer in solenoid.

TABLEI GEOMETRIES OF THE FABRICATED PCB COIL AND SOLENOID.

Parameter Doy [mm] | Dy, [mm] | W [mm] |S [mm]| »n
Circular PCB Coil 25.5 11.1 0.3 0.3 12
Parameter D [mm] | d[mm] |p[mm]|/[mm]| »n
Solenoid 322 0.2 0.22 9.46 | 43

permeability of free space, relative permittivity, and
permittivity of free space, respectively.

The characterization of infinite domains is a common
challenge in FEM simulations. In these simulations,
artificial boundaries are usually used to limit the model to an
area of interest. These boundaries must not influence the
simulations inside the area of interest. In this paper, we have
used infinite element domain (IED). The IED employs
coordinate stretching in a virtual layer around the area of
interest. The stretching function is defined as [14]:

Ag+A
f(g)zﬁAp: 7:Tp

where ¢ is the dimensionless coordinate (0<¢<1), A, is the
pole distance, A is the scaled width of IED, and y is a
number larger than one. As and A, are the primary
parameters for stretching function. f{&) returns a new
stretched position, and therefore, the movement for
stretching is defined as Ax =f; () — Ay &, where Ay, is the
original width of infinite domain as shown in Fig. 3.

(6)

III. SIMULATION AND MEASUREMENT RESULTS

In order to investigate the accuracy of proposed 2-D
axisymmetric modeling, we have fabricated PCB coil and
solenoid with reported geometric parameters in Table I. The
PCB coil is implemented on FR-4 PCB with substrate
thickness (z;) and copper thickness () of 1.6 mm and 0.035
mm, respectively. Also, the magnet copper wire is employed
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Fig. 5. Inductance and AC resistance of (a) circular PCB coil, (b) solenoid.
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Fig. 6. Quality factor of (a) circular PCB coil, (b) solenoid.

for the solenoid. It should be noted that due to insulating
layer of magnet wire in solenoid, p is slightly larger than d.
In simulations, free triangular structure is used as the
meshing of 2-D cross-section domains in geometry (Fig. 4).
Also, boundary layer meshing is used for the boundaries of
the cross-section domains of the turns. This is a meshing
with compressed element distribution and is capable to
estimate the skin effect on boundaries properly.

Fig. 5(a) and Fig. 5(b) depict the measured, simulated,
and calculated inductance and AC series resistance in the
range of 1 MHz to 30 MHz for circular PCB coil and
solenoid, respectively. The measurement results have a good
agreement with the 2-D modeling based simulation results,
and they verify each other. It is worth mentioning that the
measurement results of Fig. 5 have been obtained using the
Wayne Kerr 6550P high frequency LCR meter with 1J1011
fixture connected to the front panel BNC sockets. Also, the
calculations have been extracted by the conventional
equations of PCB coils and solenoids [11, 15, 16].
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Fig. 7. 2-D simulation setup of coupling coefficient for PCB coils.
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Fig. 8. Coupling coefficient of PCB coils with the geometries of Table L.
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Fig. 9. Parametric sweep of coupling(zz)efﬁcient as a function of n, W and
S:(@n=11,(b)n=13,(c)n=15.

Using the calculated, simulated, and measured
inductance and AC series resistance, the calculated,
simulated, and the measured quality factor (Q = wL/R) of
PCB coil and solenoid in the range of 1 MHz to 30 MHz are
extracted and illustrated in Fig. 6(a) and Fig. 6(b),
respectively. The measurement results have a good
agreement with the 2-D modeling based simulation results,
and they verify each other.

The simulation results of coupling coefficient (k) are
based on the 2-D modeling of Fig. 7. Also, the measurement
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Fig. 10. Simulated S-Wi.max lines for maximum coupling coefficient as
function of n (Doye = 35 mm).
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Fig. 11. (a) Region of Ymax and (b) corresponding region of kn. for
different Dqy.

results are based on the measured voltage transfer function
of inductive link with Rigol RSA3015N vector network
analyzer. Fig. 8 illustrates the measured and simulated
coupling coefficient between two circular PCB coils for the
separation of 0.2 mm to 40 mm. The geometric parameters
of both PCB coils are the same as Table I. According to Fig.
8, the measurement result has very good matching with
simulation result and verifies the results of proposed 2-D
model. It is worth mentioning that the simulation duration of
coupling coefficient with 2-D model is only 25 sec, while it
is equal to 350 sec for the conventional 3-D model. It can be
seen that the simulation time has been drastically reduced by
the proposed 2-D model.

In the next part of this section, a step-by-step parametric
simulation is performed by 2-D axisymmetric modeling to
study the behavior of maximum coupling coefficient of
circular PCB coils as a function of geometric parameters
such as Doy, 7, W and S. In these simulations, the separation
of PCB coils is kept as 6 mm. The simulation of Fig. 9
shows the k sweep for Doy = 25 mm and the different values
of W and S. Also, the values of 11, 13, and 15 are selected
for n in Fig. 9(a), Fig. 9(b), and Fig. 9(c), respectively. It
can be observed that with increasing W, k is an increasing
function of W to some extent, and then decreases. It is
important to note that this increasing-decreasing behavior of
k is independent of W, S and n. This behavior of k is also
independent of Doy, which the corresponding results are
reported in the next simulations.

In the next step, for the each S of 0.1 mm, 0.2 mm, 0.3
mm, and 0.4 mm, W is swept with much smaller steps to get
the exact value of maximum £ (kmax) and corresponding W
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(Wi-max). This simulation is performed for Dy,=35 mm and
different n, and the S-Wi-max lines are shown in Fig. 10. Each
S-Wi-max lines corresponds to a specific n. dW; is the value
of the shift between the lines n = i and n = j. According to
Fig. 10, W is approximately equal to:

i
W, ; =W;==W, (7
J
where W; and W; are the Wimax for n = i and n = j,
respectively, and 7 and j can be any number of turns. This
approximation is not limited to Doy = 35 mm and it holds
for the all values of Dou. Also, the S-Wimax lines for a
particular Dy, have almost the same slopes (AS/AW).

In the final step, the parametric simulation of Fig. 10 is
repeated for different values of Doy and the results are
summarized in Fig. 11. Pmax 1S the ratio of Din/Douw Where
the & is maximized. This ratio is a function of coil geometric
parameters such as W, S, n and Do Each of tiny circles in
Fig. 11 corresponds to a specific Dow, W, S and n, where the
k is maximized. The region of Yimax as well as the
corresponding region of kmax are shown in Fig. 11(a) and
Fig. 11(b), respectively. It is observed that as Doy increases,
the Pi.max decreases, meaning that km.x occurs at lower
Din/Doy; ratios.

IV. CONCLUSION

In this paper, using axisymmetric tools in COMSOL
Multiphysics, a 2-D axisymmetric modeling for biomedical
circular PCB coils and solenoids is proposed that converts
the 3-D volume of geometry to 2-D domains. Therefore, the
FEM based simulations are performed more quickly, and as
a result, the required time in iterative procedure of
extracting the electromagnetic parameters and the
optimization of the link performance is significantly
reduced. As a comparison, the simulation of coupling
coefficient with the proposed 2-D model and the
conventional 3-D model is performed in 25 sec and 350 sec,
respectively. The accuracy of 2-D based simulation results
of electromagnetic parameters has been verified with the
measurement results. Finally, the proposed 2-D model has
been applied and a comprehensive step-by-step parametric
simulation is performed in order to study the effect of
geometric variables of the coils such as outer diameter,
number of turns, trace width and trace spacing on the
behavior of coupling coefficient and the maximum
achievable coupling between the PCB coils.
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