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Abstract: For several years, the requirements on miniaturization of electronic implants with
application in functional electrostimulation have been increasing, while functionality and reliability
should not be impaired. One solution concept is to use neither active electronic components nor
sensors or batteries. Instead, the functionalities are ensured by the use of intrinsic nonlinear
properties of the already used components and energy is transferred by inductive coupling. In this
paper, ceramic capacitors are investigated as a first step towards exploiting the nonlinear
characteristics of ferroelectric materials. The ceramic capacitors are characterized by simulation and
measurements. The modeling is carried out in Mathcad Prime 3.1 and ANSYS 2019 R2 Simplorer
and different solvers are compared for exemplary calculations. Finally, a measurement setup is
realized to validate the models. Calculations show that the Trapezoid method with a number of 500
k points in the given solution interval is best suited for ANSYS. In Mathcad, the Adams, Bulirsch-
Stoer, Backward-Differentiation-Formula, Radau5, and fourth order Runge-Kutta method with an
adaptive step width and a resolution of 50 k points are the most suitable. The nonlinear properties
of ferroelectric materials in ceramic capacitors modeled with these methods using ANSYS and
Mathcad show small and equal deviation from the measurements.

Keywords: ferroelectric materials; hysteresis; Mathcad; ANSYS; electronic implants; inductive
coupling.

1. Introduction

In the last few years, there has been a need for miniaturization of implantable systems used in
functional electrostimulation without impairing functionality and reliability. Numerous implantable
systems, such as the retinal implants Argus II (Second Sight Medical Products Inc., Sylmar, CA, USA),
IRIS II (Pixium Vision S.A., Paris, France), Alpha AMS (Retina Implant AG, Reutlingen, Germany)
[1], the vagus nerve stimulators AspireSR and SenTivaTM (LivaNova PLC, London, UK) [2] or the
hypoglossal nerve stimulator from Inspire Medical Systems [3], are nowadays used to treat diseases
such as retinitis pigmentosa, age-related macular degeneration, epilepsy, depression, pain, tinnitus
and obstructive sleep apnea. Due to the myriad of active electronic components, sensors, and bulky
battery units in a majority of today's implantable systems for functional electrostimulation, these
cannot be implanted at the location where the electrical stimulation pulses need to be applied.
Therefore, the electrodes for electrostimulation are connected to the implant electronics by wires
being susceptible to migration and fracture over time [4]. In addition, malfunctions of the highly
engineered implant electronics can also occur and an age-related replacement of the battery may be
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necessary over time [5]. From this point of view, electrical implants consisting only of passive
components would be advantageous in terms of miniaturization and reliability, but the question
arises how functionalities can be achieved without the use of active electronic components. The use
of the intrinsic nonlinear properties of the components to be used anyway in implant electronics
could answer this question. Thus, for example, in the context of functional electrostimulation, the
stimulation current in an implant could be determined using the junction capacitance of a rectifier
diode without having to use sensors or other active electronic components [6]. Another notable
example are the so-called "Neural Dust" sensors. With a length of 3 mm and a cross-section of 1 mm?,
these sensors allow wireless acquisition of neural signals using the intrinsic properties of a piezo
element [7]. The electronic implants considered in this paper contain neither batteries nor sensors or
active electronic components and are consequently not suitable for autonomous operation. An
extracorporeal wearable device is required for powering the implants. Powering is carried out by
means of an inductive power supply at frequencies below 1 MHz. The amount of inductively
transferred energy directly impacts the induced voltage. The sensor functionality of the further
concept of this work is based on the indirect sensing of the induced voltage necessary for the power
supply of the implant electronics by means of a change of its nonlinear electrical capacitance. In order
to realize this sensor functionality, the intrinsic and nonlinear properties of the capacitors used must
first be mastered. The aim of this paper is to establish a model allowing the modeling of nonlinear
properties of ferroelectric materials under consideration of different calculation methods.

2. Methods

The modeling of the nonlinear properties of ferroelectric materials in ceramic capacitors was
implemented in the circuit shown in Figure 1 using the capacitors C2a and C2b. The nonlinear
characteristic of the ceramic capacitors was measured and used in Mathcad Prime 3.1 (PTC, Boston,
MA, USA) and ANSYS 2019 R2 Simplorer (ANSYS, Inc., Canonsburg, PA, USA). The system consists
of an extracorporeal primary side carried by the patient which provides the inductive energy supply
(see Figure 1a) and a secondary side implanted in the patient which converts the inductively received
energy into stimulation pulses (see Figure 1b).
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Figure 1. Representation of the inductively coupled system for energy transmission in ANSYS: (a)
Primary side consisting of an ideal voltage source E1 and a series resonant circuit consisting of a
capacitor C1, an inductance L1 and a loss resistor R1; (b) Secondary side consisting of the implant
electronics, which has a parallel resonant circuit which is composed of the inductance L2, the
nonlinear capacitors C2a and C2b connected in series and the loss resistance R2, a rectifier consisting
of the diode D1 and the capacitor C4 and an ohmic load RL resulting from the biological tissue and
electrode properties. The inductive coupling between the primary and secondary inductances is
represented by the coupling factor k.

The inductively coupled system for energy transfer was described by the first order differential
Equations (1-10).
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With:

J k: inductive coupling factor between the inductances L1 and L2

. Apyp: amplitude of the sinusoidal voltage u, (t, Amp, a))

e w:angular frequency of the sinusoidal voltage u; (¢, App, @)

. ir1(t): electrical current across the primary resonant circuit

. ucs (t): electrical voltage across the capacitor C1

. i, (t): electrical current across inductance L2 and its loss resistance R2

° ic2(t): electrical current across the series-connected capacitors C2a and C2b
® Uy, (t): electrical voltage across the capacitor C2a

. Ucyp (£): electrical voltage across the capacitor C2b

o up4(t): electrical voltage across diode D1

o ip1(up1 (1)) electrical current flowing through the diode D1 as a function of the voltage up,(t)
o ucy(t): electrical voltage across the capacitor C4

° ica(t): electrical current across the capacitor C4

o ir (t): electrical current across the resistive load RL

2.1. Characterization of Nonlinear Capacitors

The hysteresis of the electrical capacitances C2a and C2b resulting from the nonlinear properties
of the ferroelectric materials was measured using the precision impedance analyzer Agilent 4294A
(Agilent Technologies Inc., Malaysia, 4294A R1.11 Mar 25 2013) and the test fixture Agilent 16034E
(Agilent Technologies Inc., Malaysia). The AC component was set to a frequency of 375 kHz with an
amplitude of 5 mV and superimposed with a bias voltage varying in the range from —40 V to +40 V
with a resolution of 801 points. The electrical capacitance was measured 10 times for each bias voltage
and then averaged. The resulting curve of 801 points was averaged 16 times. To determine the
hysteresis, the electrical capacitance of C2a and C2b was measured by varying the bias voltage from
—40 V to +40 V and from +40 V to —40 V. The obtained characteristic curves of the capacitors C2a and
C2b were implemented in the modeling in Mathcad and ANSYS in order to include the voltage-
dependent capacitance change in the calculations (see Figure 2).

2.2. Modeling in Mathcad Prime 3.1

In Mathcad Prime 3.1 the circuit from Figure 1 was modeled with the first order differential
equations (1-10). The numerical solutions of these differential equations were calculated using the
Adams-, Bulirsch-Stoer-, Runge-Kutta method of fourth order for non-stiff systems, and the
Backward-Differentiation-Formula-, Radau5 method for stiff systems. The tolerance of the
calculations was set to 107 and the number of points for a given solution interval was set to 50 k, 500
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k and 5 M. The step width can be constant or varying within a solution interval, depending on the
solver used. The measured hysteresis of the capacitors C2a and C2b were averaged over the entire
bias voltage range, then implemented in Mathcad and interpolated using third-order B-spline
functions. In order to allow different modulation of the electrical capacitance of the capacitors C2a
and C2b, the amplitude of the sinusoidal excitation u, (t,Amp, w) was varied from 1 Vto 30 V at a
coupling factor k of 1%.

2.3. Modeling in ANSYS 2019 R2 Simplorer

In ANSYS 2019 R2 Simplorer the model is represented according to Figure 1. The solvers
provided by ANSYS are based on the Euler, Adaptive Trapezoid-Euler and Trapezoid methods. The
number of points for a given solution interval was set to 50 k, 500 k and 5 M, with a constant and
adaptive step size. For an adaptive step size, the number of points for the given solution interval is
determined by the solver and can vary between 50 k and 5 M. The measured hysteresis of the
capacitors C2a and C2b were averaged over the entire bias voltage range and implemented in ANSYS.
In order to allow different modulations of the electrical capacitance of the capacitors C2a and C2b,
the amplitude of the sinusoidal excitation E1 was varied from 1 V to 30 V at a coupling factor k of 1%.

2.4. Measurement Setup for Model Validation

To validate the model in Mathcad and ANSYS, a measurement setup was realized. The
components L1 and R1 (14.53 pH, 0.4 QQ, Wiirth Elektronik), C1 (12.45 nF, WIMA, FKP1, 2 kV), as well
as L2 and R2 (3.76 pH, 0.3 Q, Wiirth Elektronik) were measured with the precision impedance
analyzer Agilent 4294A and the test fixture HP 1604D (Hewlett Packard, Japan). The electrical
properties of the components D1 (MULTICOMP, 1N4148WS.), C4 (4.7 pF, 50 V) and RL (1 kQ, *1%)
were taken from the datasheets. The nonlinear capacitors C2a and C2b (100 nF, +80%, —20%, Y5V, 25
V, 0608) were determined according to chapter 2.1 (see Figure 2).
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Figure 2. Measured electrical capacitance C of the capacitors C2a and C2b (s. Chapter 2.1): (a) C2a-+
and C2b-+ correspond to the electrical capacitance of C2a and C2b for a change in the bias voltage from
-40 V to +40 V and C2a- and C2b- correspond to the electrical capacitance of C2a and C2b for a change
in the bias voltage from +40 V to —40 V; (b) Curve of the averaged capacitance of C2a+ and C2a- (C2a)
and C2b+ and C2b- (C2b) over the entire bias voltage range.

Different voltages across the capacitors C2a and C2b were set by changing the distance between
the inductance L1 and L2 on the primary and secondary sides. A loose coupling between the
inductances L1 and L2 was ensured, so that the detuning of the resonant circuits on the primary and
secondary side is avoided and a comparison between the calculations and measurements is possible.
For the comparison between the modeling in Mathcad and ANSYS and the measurements, the
voltage Uc2RMS, resulting from the root mean square value over time from the voltage Uc2 across
the capacitors C2a and C2b, and the voltage Uc4Mean, resulting from the mean value over time from
the voltage Uc4 at the load RL, were measured with the digital oscilloscope RIGOL MS04054 (RIGOL
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Technologies USA Inc., China). It should be noted that the calculations are performed on the internal
memory and not on the graphical memory, otherwise the calculated root mean square would be
wrong, due to insufficient resolution. The internal memory was accessed using the UltraSigma and
UltraScope programs (RIGOL Technologies USA Inc.,, China). The calculations refer to a
measurement in a time span of 14 ms and a resolution of 700 k points. Furthermore, a pulsed
inductive energy transfer at a frequency of 375 kHz, a duration of 5 ms and a period of 1 s was
performed, so that the thermal detuning of the capacitors C2a and C2b can be neglected.

3. Results and Discussion

The accuracy of the calculations using Mathcad and ANSYS was determined using equation (11).
B corresponds to the calculated and M to the measured mean value of the voltage Uc4Mean at the
load. The squared difference of M and B was summed over an equal range of the root mean square
voltage Uc2RMS across the capacitors C2a and C2b from 2.5 V to 26.9 V with a step width of 1 mV
and subsequently divided by the number of steps N. For this calculation, M and B were interpolated
piecewise linearly. The solution methods, whose results deviate strongly from the measurements,
show values of Uc2RMS outside the range of 2.5 V to 26.9 V. In this case, it should be noted that the
piecewise linear interpolation in an undefined range continues to interpolate with the last known
slope. As a consequence, Uc4Mean values are generated in ranges of Uc2RMS where none were
originally calculated. To avoid misinterpretations, the piecewise linear interpolation was only
applied to ranges of Uc2RMS in which values of Uc4Mean were calculated, values of Uc4Mean
outside this range were set to 0 V. Results are shown in Table 2.

5= /%Z(M _ By (1)

The values in Table 2 indicate that for the majority of the methods used in Mathcad, with the
exception of the fourth-order Runge-Kutta method with a constant step width and a number of 50 k
points for the given solution interval, the calculations fit very well to the measurements with a
deviation of 0.67 V. On the other hand, it should be noted that the Euler method is not suitable for
modeling nonlinear properties. Good results can be obtained with the Adaptive Trapezoid-Euler
method with constant step width and a resolution of 5M points and with the Trapezoid method with
a resolution of 500 k and 5 M points. However, the Trapezoid and Adaptive Trapezoid-Euler method
with a resolution of 5 M points are very memory-consuming (approx. 390-444 GB).

Table 2. Deviations between the measured und calculated voltage Uc4Mean in a range of Uc2RMS
from25Vto269V.

Method 50 k Points 500 k Points 5 M Points

Adams 0.67V 0.67V 0.67V
Bulirsch-Stoer 0.67V 0.67V 0.67V
Runge-Kutta ! 451V 0.67 V 0.67V
Runge-Kutta 2 0.67V 0.67 V 0.67V

BDF ¢ 0.67V 0.67V 0.67V

Radau5b 0.67V 0.67V 0.67V

Euler! 2222V 2219V 20.47 V

Trapezoid ! 17.37V 0.67V 0.67V
ATE 13 21.90V 287V 0.67V
Euler 2 2222V

Trapezoid 2 0.67 V
ATE 23 14.16 V

! With constant step size; 2 With variable step size; ® Adaptive Trapezoid-Euler; ¢ Backward-Differentiation-
Formula.
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The methods shown in Table 2 with a minimum deviation of 0.67 V provide the same time-
related curve of the voltage Uc4 at the load RL. A comparison between the calculations (with a
deviation of 0.67 V) and measurements is presented in Figure 3. The minimum deviation of 0.67 V is
due to the fact that all components used in this measurement setup contain a certain measurement
error and due to the neglect of the hysteresis losses of the capacitors C2a and C2b. A complete
consistency between measurements and calculations is highly unlikely.

364 @ Measurements
344 @® Calculations
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Figure 3. Representation of the measured (black) and calculated (red) voltage Uc4Mean versus the

voltage Uc2RMS.
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Figure 4. Representation of the measured (black) and calculated voltage Uc4 (ANSYS, blue; Mathcad,
red) at the load RL over time t. The value of Uc2RMS was stepwise increased from (a) to (c) by
reducing the distance between the primary and secondary sides. Even for the smallest distance
between primary and secondary sides (c), the resonant circuits are only weakly coupled.
Representation of Uc4 for Uc2RMS equal to (a) 7.55 V; (b) 9.58 V; (c) 12.12 V.

According to Figure 3, the measured and calculated values show the same tendency. Above a
certain voltage across the capacitors C2a and C2b, the relationship between the voltages Uc4Mean
and Uc2RMS changes. To illustrate this change, the voltage Uc4 at the load RL was represented for
different values of Uc2RMS (see Figure 4). In the range of Uc2RMS greater than approx. 14 V, the
calculated Uc4Mean values are higher than the measured values. A possible explanation for this
would be that the models are based on the mean value of the hysteresis curve of the capacitors C2a
and C2b and thus the associated hysteresis losses are neglected in the calculations. In other words,
the threshold value to be reached by Uc2RMS for triggering the nonlinear behavior on the voltage
Uc4 is lower in the calculations than in the measurements (see Figure 4). This is why the high peak
of the calculated curve visible in Figure 4b occurs in the measured curve only if a higher Uc2RMS
compensating the hysteresis losses is applied (Figure 4c).

4. Conclusion
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In this paper, a model for calculating the nonlinear properties of ferroelectric materials in
ceramic capacitors is presented and validated. Different solvers were used in Mathcad as well as
ANSYS and compared with measured data. For the majority of the solvers available in Mathcad,
except the fourth-order Runge-Kutta method with constant step width, the results are very close to
the measured data with a resolution of 50 k points (deviation of 0.67 V). Furthermore, it is important
to pay attention to the interpolation of the measured data of the capacitors C2a and C2b. In the case
of piecewise linear interpolation, discontinuities were observed in Mathcad at certain modulation
levels of the capacitors C2a and C2b, having considerable negative impact on the computing time
and convergence. For this reason, B-spline functions were chosen for the interpolation of the
measured data. On the basis of the calculations in ANSYS, it turned out that the Euler method is not
suitable for modeling the nonlinear properties of the capacitors C2a and C2b. For the Adaptive
Trapezoid-Euler and the Trapezoid method, results were obtained with the same deviation of 0.67 V
at constant step width and a resolution of 5 M points as with the model in Mathcad. The same results
are also achieved with the Trapezoid method with a resolution at 500k points with constant and
adaptive step size. Due to the high computing time and the memory-consuming calculations (approx.
390444 GB) the Trapezoid method with constant step width and a resolution of 500 k points is
preferable. Based on the established and validated models, the next step is to investigate a meaningful
composition of nonlinear components, such as nonlinear capacitors, in order to allow an indirect
sensing of the induced voltage necessary for the power supply of the implant electronics by means
of a change in the nonlinear electrical capacitance. For this purpose, the current models of capacitance
representation should take into account the hysteresis losses to allow a more detailed consideration
of the nonlinear properties.
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