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Abstract: Currently, a large number of neurostimulators are commercially available for the treatment
of drug-resistant diseases and as an alternative to pharmaceuticals. According to the current state of
the art, such highly engineered electroceuticals require bulky battery units and necessitate the use
of leads and extensions to connect the implantable electronic device to the stimulation electrodes.
The battery life and the use of wired electrodes constrain the long-term use of such implantable
systems. Furthermore, for therapeutic success and patient safety, it is of utmost importance to keep
the stimulation current within a safe range. In this paper, we propose an implantable system design
that consists of a low number of passive electronic components and does not require a battery. The
stimulation parameters and power are transmitted inductively using an extracorporeal wearable
transmitter at frequencies below 1 MHz. A simple circuit design approach is presented to achieve a
closed-loop control of the stimulation current by exploiting the nonlinear properties of ferroelectric
materials in ceramic capacitors. Twenty circuit topologies of series- and/or parallel-connected
ceramic capacitors are investigated by measurement and are modeled in Mathcad. An approximately
linear increase in the stimulation current, a stabilization of the stimulation current and an unstable
state of the system were observed. In contrast to previous results, specific plateau ranges of the
stimulation current can be set by the investigated circuit topologies. For further investigations, the
consistency of the proposed model needs to be improved for higher induced voltage ranges.

Keywords: ferroelectric material; nonlinear capacitor; inductive coupling; implantable electronics;
neurostimulation; electroceuticals; Mathcad

1. Introduction

Currently, the use of electroceuticals is well-established as an alternative to pharma-
ceuticals and for the treatment of drug-resistant diseases, such as epilepsy, depression,
chronic intractable pain and obstructive sleep apnea [1-6]. Referring to the current state of
the literature, electroceuticals are presented as promising candidates for the further devel-
opment of innovative therapies for the treatment of temporomandibular joint disorders,
dysphagia, drug-resistant chronic cluster headaches and inflammatory diseases such as
rheumatoid arthritis or COVID19-related respiratory distress syndrome [7-10].

The highly engineered implantable systems that are emerging due to the increasing
demand for functionality cannot be implanted at the site of stimulation due to their
complex circuitry and bulky battery [11,12]. The use of leads and extensions to connect
the implantable electronic device to the stimulation electrodes and the use of a battery
unit constitute a flaw in the system [13-15]. Increasing the degree of miniaturization
of such implantable electronic devices will be crucial in the coming years to ensure the
development of long-term, reliable and effective therapies.

The development of resource-optimized and application-specific electronics has gained
interest in recent years. Based on the principle of frugal engineering, a mm-sized, battery-
free, untethered neuronal dust sensor emerged [16]. Ultrasonic power transfer is carried
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out by an extracorporeal interrogator. The neural signal is modulated on the reflected
power. Single-channel monophasic and biphasic neurostimulators have also been devel-
oped following this principle, powered inductively by an extracorporeal device [17,18].

Class 1 ceramic capacitors (e.g., COG, U2]) are currently widely used for inductive
power transfer due to their very stable capacitance against temperature, voltage and aging,
compared to ferroelectric class 2 capacitors (e.g., X5R, X7R). However, due to the high
dielectric constant of ferroelectric ceramics for a defined temperature range, a much higher
capacitance density can be achieved. As an example, to obtain a capacitance of 470 nF with
class 1 capacitors, a volume of approximately 24.5 mm? is required [19]. A volume of about
0.016 mm? is sufficient when using class 2 capacitors [20]. Materials such as barium titanate,
calcium titanate, strontium titanate, magnesium titanate, and calcium zirconate, to name
but a few, can be used as dielectric for ferroelectric capacitors. The material composition
and the grain size of the dielectric result in different dielectric constants and temperature
dependencies [21,22]. However, the exact structure of the capacitors and its dielectric
composition are not given by the manufacturer. A typical structure of such capacitors
is shown in Figure 1. Further investigations (e.g., energy-dispersive X-ray spectroscopy,
scanning electron microscopy) are required in this regard [23].

Figure 1. Typical structure of a multilayer ceramic chip capacitor (MLCC) with: (1) ceramic dielectric
layers, (2) inner electrode layers and (3, 4, 5) termination electrodes. The termination electrodes
consist of: (5) a substrate layer for connecting the termination to the inner electrodes, (4) a barrier
layer as thermal protection of the dielectric from soldering and an external layer (3) for soldering
the MLCC.

Since the 1940s, the increasing interest in ferroelectric ceramics has led to the develop-
ment of numerous applications, such as high-dielectric-constant barium titanate capacitors,
medical diagnostic ultrasonic transducers, non-volatile memories, tunable microwave
circuits and the realization of sensor and actuator functionalities in microelectromechani-
cal systems [24,25]. Moreover, the use of ferroelectric capacitors in the field of inductive
power transfer also seems to be of interest. In [26], a novel power control concept for an
inductively coupled system was presented. By applying a DC voltage across a ferroelectric
ceramic capacitor, the resonant frequency of a secondary parallel resonant circuit is tuned
to control the power transfer.

In this paper, we aim to exploit the nonlinear properties of ceramic capacitors in
connection with the field of implantable electronic systems emerging from frugal innova-
tion. In other words, we plan to use the ferroelectric material as smart material to realize
closed-loop control functionalities in simply designed implantable circuits. Compared
to previous publications [27,28], the investigations were expanded to a total of 20 circuit
topologies of series- and / or parallel-connected ferroelectric ceramic capacitors, a frequency
range between 183 kHz to 951 kHz and loads of 300 (2, 680 () and 1000 Q). In addjition, fer-
roelectric capacitors of different capacitance-voltage dependencies were used. The degree
of nonlinearity resulting from the circuit topology of ceramic capacitors and their voltage
dependency were investigated by measurement and modeled in Mathcad. Their suitability
to achieve a closed-loop control of the stimulation current is discussed.
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2. Materials and Methods
2.1. Characterization of Ceramic Capacitors by Measurement

The investigated circuit topologies of ceramic capacitors consist of two different capac-
itors, namely CGA5L1X7T2J473K160AC (47 nF, 630 V, 1206, £10%, X7T, TDK Corporation,
Tokyo, Japan) and GRM022R60G473ME15L (47 nF, 4 V, 01005, £20%, X5R, Murata Manu-
facturing Company, Ltd., Kyoto, Japan). The CGA5SL1X7T2J473K160AC capacitor has a
typical size of 3.2 x 1.6 X 1.6 mm? [29]. According to the manufacturer’s specifications [29],
the dielectric consists of barium titanate and the inner electrodes are made of nickel. The
size of the GRM022R60G473ME15L capacitor is typically 0.4 x 0.2 x 0.2 mm? [20]. An
inner electrode thickness of approximately 0.4 um and a ceramic layer thickness of about
0.5 pm are reported in the manufacturer’s specifications [30]. The inner electrodes are
made of nickel [31].

The capacitors were characterized by measurement using an Agilent 4294A precision
impedance analyzer (Agilent Technologies, Inc., Santa Clara, PA, USA, R1.11) and HP
16047D test fixture (Hewlett-Packard, Palo Alto, CA, USA). The capacitance is measured
with a small signal superimposed with a bias voltage that is first varied from —40 V to
+40 V and then from +40 V to —40 V. The voltage-dependent capacitance results from the
mean value of both measurements.

2.2. Characterization of the Circuit Topologies by Measurement

To characterize the circuit topologies consisting of ceramic capacitors, the measure-
ment setup shown in Figure 2 was realized. The series resonant circuit consisting of the
inductance Ly, loss resistor Ry (760308100110, Wiirth Elektronik eiSos GmbH & Co. KG,
Waldenburg, Germany, without ferrite) and parallel-connected capacitors C; (FKP1, WIMA
GmbH & Co. KG, Mannheim, Germany) is driven through a half-bridge consisting of
two N-MOSFETS (IRFB5615PbF, Infineon Technologies AG, Munich, Germany). The half-
bridge is driven by a signal generator (DG5102, Rigol Technologies, Inc., Suzhou, China)
and a gate driver (UCC27211, Texas Instruments Inc., Dallas, TX, USA). The gate driver
is supplied with a constant voltage of 17 V and the half-bridge with a variable voltage
between 0 V and 30 V using the Agilent US031A power supply.

Power supply
(Agilent U8031A)

17v ov-30Vv

IRFB5615PbF

High-side
output

Channel 1

k
RS i) ioalups(t) D1 isim(t)

Circuit topology of
nonlinear ceramic
capacitors

Half-bridge gate driver
(UCC27211, Texas Instruments)

RL

IRFB5615PbF

R1 Rz

Arbitrary waveform generator
(DG5102, Rigol Technologies)

Low-side
output

Channel 2

Figure 2. Inductively coupled system for power transfer consisting of an extracorporeal transmitter
(left) and an implantable electronic circuit (right). The extracorporeal transmitter consists of a
resonant half-bridge converter, a capacitor Cy, an inductance L1 and a loss resistor R;. The implantable
electronic circuit consists of a parallel resonant circuit, which is composed of the inductance L;, loss
resistor Ry and a circuit topology of ceramic capacitors, a half-wave rectifier consisting of the diode
D; and capacitor C4 and an ohmic load Ry, representing the electrode impedance. The inductive
coupling between the extracorporeal transmitter and the implantable electronic circuit is represented
by the coupling factor k.

The inductive power supply of the implantable electronics is pulsed at a frequency
below 1 MHz (see Figure 3). The duty cycle of the pulsed power supply is less than 1%.



Electron. Mater. 2021, 2

302

Each pulse is converted into a stimulation current via a half-wave rectifier consisting of
the diode D; (LL4148, Vishay Intertechnology, Malvern, PA, USA) and the capacitor Cy
(4.7 uE 50 V, 1206). Inductive power harvesting is achieved using a parallel resonant
circuit consisting of an inductance Ly, a loss resistor R, (760308101104, Wiirth Elektronik,
without ferrite) and a circuit topology of ceramic capacitors. The electrode impedance is
represented by the ohmic load Ry..
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Figure 3. Exemplary representation of the pulsed inductive power supply of the implantable elec-
tronics. Induced voltage uc; (t) (left) and rectified stimulation current igyy, (t) (right) versus time t.

The root mean square of the induced voltage Uc2 across the circuit topology of
ceramic capacitors and the root mean square of the voltage across the load Rp, leading to
the stimulation current Istim, were measured in a time span between 0.4 ms and 0.8 ms
using the Tektronix MDO4104-6 (Tektronix, Inc., Beaverton, OR, USA) oscilloscope and
two TESTEC TT-MF312-2-6 11020-2-6 (TESTEC Elektronik, GmbH, Frankfurt, Germany)
probes. The measurements were recorded at a sample rate of 2.5 GS/s. Depending on
the investigated circuit topology of capacitors, the frequency of the inductively coupled
system was set between 183 kHz and 951 kHz. Accordingly, the pulse duration was set
between 2 ms and 9 ms in order to consider the system in steady state. The distance
between the extracorporeal and the implantable circuit was set to 5 cm, 3 cm and 1 cm,
corresponding to a coupling factor of about 1%, 2% und 11%, respectively. The coupling
factor was calculated by measuring the inductance of the extracorporeal transmitter for
an open- and short-circuit inductance of the implantable circuit using the Agilent 4294A
precision impedance analyzer.

2.3. Modeling in Mathcad

The inductively coupled system shown in Figure 2 is modeled in Mathcad Prime 3.1
(PTC, Boston, MA, USA) with the first order differential Equations (1)—(9):

d. . d.
Ui (t, Amp,w) =1L Elu(t) +Ry-ipg())+k-y/L1-Ly- EZLz(t) +uci(t), @)

ir(t) =Cr - %Ma(t), (2)
Ly- %im(t) + Ry ipp(t)+k-+/L1-Ly- %iu(t) = uca(t), 3)
ico(t) = Co(uca(t)) - %Mcz(t)/ 4)

. d
ica(t) = Cy- Euc4(t)/ (5)
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uco(t) = upy(t) +uca(t), (6)

ia(t) +ica(t) +ip1(up1(t)) =0, (7)

ip1(up1(t)) = ica(t) +isim(t), (8)
, _ uca(t)

istim (1) = =% = ©)

where:

e k: inductive coupling factor between the inductances L; and Ly;

e Aup: amplitude of the sinusoidal voltage uq (t, App, w);

e  w: angular frequency of the sinusoidal voltage 14 (t, Amp, w);

o  irq(t): electrical current across the primary resonant circuit;

o  uci(t): electrical voltage across the capacitor Cq;

e  irp(t): electrical current across inductance L, and its loss resistance Ry;
o icp(#): electrical current across the capacitor Cy;

e ucy(t): electrical voltage across the capacitor Cy;

e  up;(t): electrical voltage across diode Dy;

e ipi(upi(t)): electrical current flowing through the diode D; as a function of the
voltage up1 (f);

e ucy(t): electrical voltage across the capacitor Cy;
e  icy(t): electrical current across the capacitor Cy;
e gy (1): electrical current across the resistive load Ry .

Based on previous investigations and regarding computing time, memory consump-
tion and consistency, the above differential equations are solved using the Adams method
with a calculation tolerance of 107 [27,28]. The frequency and pulse duration of the
inductive power transfer as well as the time span for calculating Uc2 and Istim were set
according to the settings in the measurement setup (see Section 2.2). The number of points
for a given solution interval is obtained by dividing the pulse duration by 10 ns. Thus, the
number of points ranges between 200 k and 900 k. The capacitors were measured at the
frequency of inductive power transfer (see Section 4) and were interpolated in Mathcad
with third-order B-spline functions.

The voltage uc(t) and current i(t) in Equations (1)—(9) are expanded according to the
circuit topologies of ceramic capacitors shown in Figure 4.

ica(t)

ica(t) Car(uca(t)) . ) ica(t)
Y ica(t) Y ' ica(t) ica(t

)
ica3(t) ic2a(t) Car(uca(t))

[ i S S 1T Yicu(t) jcalt) icalt)
—) u u,
EF Calucalt)) - e [Cax(uca®) éc_ﬂ(ucz(t” EC_u(ucz(t)) Calucalt) czs(ucz(t))ég.(ucz(t))
5 Ca3(ucas(t)) r T

E Ca(uc(t))

hczz(t)

IEczs(uczz(t))

ica(t)

Cx(uca(t)) 5

Caa(ucaa(t))

(a) (b) (c) (d) (e) (f)

Figure 4. Circuit topologies of voltage-dependent ceramic capacitors with: (a) one capacitor; (b) two series-connected
capacitors; (c) four series-connected capacitors; (d) two parallel-connected capacitors; (e) four parallel-connected capacitors;
(f) one capacitor connected in series to two parallel-connected capacitors.
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3. Results

Figure 5 shows the measured capacitance versus bias voltage. The capacitors
CGAS5L1X7T2J473K160AC show almost voltage-independent behaviour, whereas the ca-
pacitors GRM022R60G473ME15L are strongly voltage-dependent. In the following, the
capacitors CGA5L1X7T2J473K160AC and GRM022R60G473ME15L are referred to as linear
and nonlinear, respectively.

50
PR e—
® o L L )
40 447 nF, 630V, 1206, +10%, X7T, CGA5L1X7T2J473K160AC, TDK (N=8)
e 0o 00 00 | J
35 /47 nF, 4 V, 01005, +20%, X5R, GRM022R60G473ME15L, Murata (N=8)
N
30
" ]
£ 25+
]
20 1
154
10
57 =
oO4+——T T+ T+ 7T T T T T T T T T T
-40-35-30-256-20-15-10 -5 0 5 10 15 20 25 30 35 40
Bias | VDC
Figure 5. Measured capacitance C according to the bias voltage of the capacitor

CGAS5L1X7T2J473K160AC and GRM022R60G473ME15L at a frequency of 360 kHz and 400 kHz,
respectively (N = 8).

In this section, the results for a total of 20 circuit topologies of linear and nonlinear
capacitors are described. Each circuit topology was characterized by measurement and
modeled in Mathcad. The distance between the extracorporeal transmitter and the im-
plantable electronics was set to 1 cm, 3 cm and 5 cm and the ohmic load Ry, to 300 €2, 680
and 1000 Q). For the sake of illustration, only the results for a distance of 1 cm are shown in
order to characterize Istim over a wide range of Uc2.

3.1. Circuit Topology Consisting of One Capacitor

Linear systems in which the stimulation current Istim increases proportionally to
the induced voltage Uc2 (see Figure 6a) can be modeled very well with the differential
Equations (1)-(9). By introducing a nonlinear capacitor, a stabilization of Istim can be seen
(see Figure 6b). For Uc2 lower than approx. 7.5 VACrms, Istim increases nearly proportion-
ally to Uc2. Above a value of Uc2 of about 10 VACrms, load-specific plateaus of Istim can
be observed. At values of Uc2 above 20 VACrms, the system becomes unstable, causing
Istim to increase sharply. The calculations were not performed over the entire range of Uc2,
as voltage peaks below —40 V occur at higher levels of the induced voltages across the non-
linear capacitor. The measured capacitors were not extrapolated for voltage ranges above
+/—40 V. The consistency between calculations and measurements in Figure 6b is high for
lower values of Uc2, when Istim increases nearly proportionally to Uc2. However, at values
of Uc2 above 5 VACrms, the calculation differs from the measurement, independently of
the load. In addition, we can observe that the limitation of Istim is more pronounced in the
calculation than in the measurement (see Figure 6b).



Electron. Mater. 2021, 2

305

140 140 4

® Measurement RL=300 Q
1204 | ® Measurement RL=680 Q .
Measurement RL=1000 Q .

e Calculation RL=300 Q
Calculation RL=680 Q
Calculation RL=1000

Measurement RL=300 Q
Measurement RL=680 Q
Measurement RL=1000 Q
Calculation RL=300 Q
Calculation RL=680 Q .
Calculation RL=1000 Q

120 o

100 + 100 .

80 80 4 hd

60

Istim | mA
Istim | mA

60 4

40 4

20 +

Uc2 | VACrms

(a)

Uc2 | VACrms

(b)

Figure 6. Stimulation current Istim as a function of the induced voltage Uc2 for a circuit topology consisting of: (a) linear
capacitor; (b) nonlinear capacitor. The measurements (black, red, green) and calculations (blue, cyan, magenta) were
performed for Ry, = 300 (), 680 (2 and 1000 (), respectively.

3.2. Circuit Topology Consisting of Two and Four Series-Connected Capacitors

For series-connected nonlinear capacitors, a poor stabilization of Istim can be observed
(see Figures 7b,c and 8b,c) compared to the circuit topology consisting of one nonlinear
capacitor shown in Figure 6b. The induced voltage is distributed across the series-connected
nonlinear capacitors, hence a higher value of Uc2 is needed to trigger the stabilization of
Istim (see Figures 7c and 8b,c). Furthermore, the series connection attenuates the voltage
dependency of the resulting capacitance and, consequently, the nonlinearity of the circuit
topology. By replacing one linear capacitor with a nonlinear one (see Figure 7b), no
limitation of Istim can be seen at a load of 680 (2 and 1000 Q.

Measurement RL=300 Q
Measurement RL=680 Q
Measurement RL=1000 Q|

Measurement RL=300 Q
Measurement RL=680 Q
Measurement RL=1000 Q|

Measurement RL=300 Q
Measurement RL=680 Q

Measurement RL=1000 Q|
Calculation RL=300 Q
Calculation RL=680 Q
Calculation RL=1000 Q

® Calculation RL=300 Q
Calculation RL=680 Q
Calculation RL=1000 Q

e Calculation RL=300 Q .
Calculation RL=680 Q
Calculation RL=1000 Q

T T T
25 30 35 40 0 5 10 15 20 25 30 35 40
Uc2 | VACrms Uc2 | VACrms

(@) (b) (c)

Figure 7. Stimulation current Istim as a function of the induced voltage Uc2 for a circuit topology of two series-connected:
(a) linear capacitors; (b) linear and nonlinear capacitors; (c) nonlinear capacitors. The measurements (black, red, green) and
calculations (blue, cyan, magenta) were performed for Ry = 300 (), 680 () and 1000 €, respectively.

Uc2 | VACrms

A poor limitation of Istim at a load of 300 (2 can be observed in Figure 7b over a
smaller range of Uc2 compared to the circuit topology consisting of two series-connected
nonlinear capacitors (see Figure 7c). Assuming that even at higher AC voltages the linear
capacitance is larger than the nonlinear capacitance over the entire voltage range (see
Figure 5), a higher induced voltage will drop across the nonlinear capacitance in Figure 7b
as in the case of two series-connected nonlinear capacitors (see Figure 7c).

No significant difference is observed for the circuit topology of four series-connected
capacitors consisting of two linear and two nonlinear capacitors (see Figure 8b) and four non-
linear capacitors (see Figure 8c). For the series-connected capacitors in Figures 7c and 8b,c,
the calculations differs from the measurements for values of Uc2 above about 10 VACrms.
This discrepancy is already apparent at a value of Uc2 above 5 VACrms in the series
connection of a linear and nonlinear capacitor (see Figure 7b).
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Figure 8. Stimulation current Istim as a function of the induced voltage Uc2 for a circuit topology of: (a) four series-connected
linear capacitors; (b) two series-connected linear and two series-connected nonlinear capacitors; (c) four series-connected

nonlinear capacitors. The measurements (black, red, green) and calculations (blue, cyan, magenta) were performed for
Ry, =300 O, 680 Q) and 1000 (), respectively.
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3.3. Circuit Topology Consisting of Two and Four Parallel-Connected Capacitors

In contrast to a circuit topology consisting of one nonlinear capacitor (see Figure 6b),
two parallel-connected nonlinear capacitors (see Figure 9c) lead to a stronger limitation
of Istim, however, over the same range of Uc2. Since the same voltage drops across both

circuit topologies.
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Figure 9. Stimulation current Istim as a function of the induced voltage Uc2 for a circuit topology of two parallel-connected
capacitors consisting of: (a) two linear capacitors; (b) a linear and a nonlinear capacitor; (c) two nonlinear capacitors. The
measurements (black, red, green) and calculations (blue, cyan, magenta) were performed for Ry, = 300 2, 680 (2 and 1000 ),
respectively.

If two further nonlinear capacitors are connected in parallel, the nonlinearity of the
circuit topology is enhanced, leading to a decrease in Istim at a value of Uc2 of approx.
20 VACrms (see Figure 10c). It can also be seen that those higher values of Istim are achieved
and the stabilization of Istim is worse than with the circuit topology of two parallel-
connected nonlinear capacitors (see Figure 9¢). In the case of one linear and one nonlinear
capacitor (see Figure 9b) as well as two linear and two nonlinear capacitors (see Figure 10b)
connected in parallel, the relationship between Istim and Uc2 is mainly determined by the
linear capacitors. A high consistency between measurement and calculation can be noted
in this case. However, for the circuit topologies of parallel-connected nonlinear capacitors
(see 9c and Figure 10c), the calculations differ from the measurements at higher values of
Uc2, as previously described for the circuit topology consisting of one nonlinear capacitor
(see Figure 6b).
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Figure 10. Stimulation current Istim as a function of the induced voltage Uc2 for a circuit topology of four parallel-connected
capacitors consisting of: (a) four linear capacitors; (b) two linear and two nonlinear capacitors; (c) four nonlinear capacitors.
The measurements (black, red, green) and calculations (blue, cyan, magenta) were performed for Ry, = 300 (), 680 Q2 and

1000 Q), respectively.

3.4. Circuit Topology Consisting of One Capacitor Connected in Series to Two Parallel-
Connected Capacitors

As described above, the linear capacitor is dominant in a circuit topology consisting
of a parallel-connected linear and nonlinear capacitor. Consequently, the same behavior
can be observed between a linear capacitor series-connected to a parallel-connected linear
and nonlinear capacitor (see Figure 11b) and two parallel-connected linear capacitors
(see Figure 11a). A linear capacitor series-connected to two parallel-connected nonlinear
capacitors results in a limitation of the stimulation current for values of Uc2 above about
30 VACrms at a load of 300 Q2 and 680 () (see Figure 11c). At a load of 1000 (2, no
stabilization of Istim can be seen; moreover, the system becomes unstable at a value of Uc2
above 35 VACrms.
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Figure 11. Stimulation current Istim as a function of the induced voltage Uc2 for a circuit topology of one linear capacitor
series-connected to two parallel-connected: (a) linear capacitors; (b) linear and nonlinear capacitors; (c) nonlinear capacitors.
The measurements (black, red, green) and calculations (blue, cyan, magenta) were performed for Ry, = 300 (3, 680 () and

1000 ), respectively.

Depending on the combination of parallel-connected linear and/or nonlinear ca-
pacitors series-connected to a nonlinear capacitor, specific plateau ranges can be set (see
Figure 12). The circuit topology consisting of a nonlinear capacitor series-connected to a
parallel-connected linear and nonlinear capacitor (see Figure 12b) stands out from the other
investigated topologies. At a load of 300 (), an increase in Istim close to a linear system
can be obtained at a value of Uc2 below 25 VACrms. Above this threshold a significant
limitation of Istim can be observed. Furthermore, it can be seen that the impact of the load
on the plateau areas varies, depending on the circuit topology shown in Figure 12.
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Figure 12. Stimulation current Istim as a function of the induced voltage Uc2 for a circuit topology of one nonlinear capacitor

series-connected to two parallel-connected: (a) linear capacitors; (b) linear and nonlinear capacitors; (¢) nonlinear capacitors.

The measurements (black, red, green) and calculations (blue, cyan, magenta) were performed for Ry, =300 (3, 680 Q2 and

1000 O, respectively.

4. Discussion

In our previous investigations [27,28], the main focus was on the optimization in
terms of consistency, computing time and memory-consumption of the model introduced
in Mathcad and ANSYS. Circuit topologies consisting of one linear and nonlinear capacitor,
two series-connected and two parallel-connected nonlinear capacitors were investigated at
a constant load of 1 k() and frequency of 375 kHz.

In this paper, the previous investigations are expanded to different loads Ry, (300 ),
680 (2 and 1000 ), frequencies (between 183 kHz and 951 kHz) and 20 circuit topologies
consisting of linear and/or nonlinear capacitors connected in series and/or in parallel. The
resulting nonlinearity of the investigated topologies can be divided into three sections:
(1) an approximately linear increase in the stimulation current, (2) a stabilization of the
stimulation current, and (3) an unstable state of the system.

For the purpose of investigating the effect of the strong nonlinear behavior of the
circuit topologies and the unstable state of the implantable system, the induced volt-
age was set to significantly higher values than the manufacturer’s rated voltage of the
GRMO022R60G473ME15L capacitors. Since the inductive power transfer was pulsed with a
pulse duration between 2 ms and 9 ms and with a duty cycle below 1%, no damage to the
capacitors was observed during the measurements.

By connecting linear and nonlinear capacitors in series or parallel, the nonlinearity
can be attenuated or amplified, respectively. An overly weak nonlinearity leads to a poor
stabilisation of the stimulation current, which only occurs for higher values of the induced
voltage. Furthermore, the stabilization of the stimulation current is impaired by an overly
high nonlinearity, which leads to an overshoot of the stimulation current as described in
the circuit topology of four parallel-connected nonlinear capacitors (see Figure 10c). A
circuit topology of series- and parallel-connected linear and nonlinear capacitors combines
the advantageous properties of the topologies described above in terms of limitation of the
stimulation current and system stability.

For lower values of the induced voltage, an approximately linear increase in the
stimulation current can be observed, specific plateau ranges can be set and the unstable
state of the system occurs for higher values of the induced voltage. In addition, it can
be observed that a lower ohmic resistance Ry, leads to a higher stimulation current and
vice versa for a circuit topology consisting of linear and nonlinear capacitors. It should be
ensured that the stimulation current remains within a safe range for application-specific
electrode impedances.

The resonant circuits of the inductively coupled system were matched for all measure-
ments and calculations for small signals. Due to the voltage-dependent capacitance, the
implantable circuit oscillates at different resonance frequencies depending on the induced
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voltage. It would be conceivable to use the frequency of the inductively coupled system to
control the nonlinear properties of the circuit topologies of capacitors in the implantable
circuit.

However, the investigated topologies of capacitors cannot be used for closed-loop
control of the stimulation current. On one hand, the different plateau ranges are clearly
above the current values used in electrostimulation [12], on the other hand, the circuit
topologies are too unstable. Ideally, the stimulation current should be adjustable linearly
over a small range of induced voltage and limited to a maximum current over a wide range
of the induced voltage.

Designing a suitable circuit topology for the closed-loop control of the stimulation
current by means of experimental characterization is not conceivable, by considering
the numerous commercially available ferroelectric ceramic capacitors and their specific
nonlinear properties. Currently, there are numerous simulation models for modeling
voltage-dependent and ferroelectric capacitors described in the literature [32-34].

Nevertheless, datasheets and commercially available measuring instruments do not
allow a representation of the capacitance over an AC voltage, e.g., +/—40 V and a frequency
between 183 kHz and 951 kHz. In addition, the measurement of a voltage-dependent
capacitance with a small AC voltage superimposed with a high DC bias voltage does not
allow the correct modeling of the nonlinear properties of ferroelectric ceramic capacitors
for higher AC voltages (see Figures 6-12).

A high consistency between calculations and measurements can be achieved for circuit
topologies consisting of almost voltage-independent capacitors. In contrast, for circuit
topologies consisting of strongly voltage-dependent capacitors, the dynamic behavior
of the system cannot be modeled properly for higher AC voltages. In other words, the
measurement of voltage-dependent capacitors in Section does not include the complex
ferroelectric switching dynamics that occur at higher AC voltages and frequencies of
inductive power transfer [35].

In order to design a circuit topology of nonlinear capacitors for the assessed embedded
closed-loop stimulation current control, a model with high consistency for higher AC volt-
ages must be provided. Since models of ferroelectric hysteretic materials exist [36,37], it is
planned to incorporate such models into the model presented in this paper. Thereby, manu-
facturing and age-related parameter drift of ferroelectric materials could also be considered,
which are of great importance for the long-term use and reliability of electroceuticals.

5. Conclusions

Frugal innovation enables the development of low-cost electroceuticals that offer high
potential for further increasing the degree of miniaturization and reliability. The innovative
approach presented in this work to realize a closed-loop control of the stimulation current
by exploiting the nonlinear properties of ferroelectric materials in ceramic capacitors
would allow to implement advanced functionalities in simply designed electroceuticals by
following the principles of frugal engineering.

The results of this paper show that circuit topologies consisting of several capacitors
connected in series and parallel are required to realize the embedded sensor functionality
and closed-loop control of the power to generate the stimulation current. By using a
circuit topology consisting of one capacitor connected in series to two parallel-connected
capacitors and depending on their voltage dependency, the stimulation current can be
stabilized to specific plateaus. It should also be noted that the sensitivity of the plateau
range to a load change is affected by the circuit topology and the voltage dependency of
the capacitors. This is particularly evident in Figure 12a—c.

In addition, the calculations in Mathcad show good agreement with measurements
using circuit topologies consisting of capacitors with almost voltage-independent behavior.
However, this model is not reliable for strong voltage-dependent ferroelectric capacitors
at higher voltage ranges, since the measured differential capacitance does not reflect
the complex electrical properties of the ferroelectric materials. Further investigation is
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needed in order to improve the consistency of the proposed model for higher induced
voltage ranges.
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