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Wireless Power Transfer to Biomedical Implants
Using a Class-E Inverter and a Class-DE Rectifier

Tom P. G. van Nunen
and Hubregt J. Visser

Abstract—In this article, we propose a strategy for the design of
a wireless power transfer system consisting of a class-E inverter,
a half-bridge class-DE rectifier, and two coupled coils. The system
is optimized for maximum power transfer efficiency. The design
is validated via a case study, for which a wireless power transfer
link to a neuroprosthesis was designed. After circuit simulations, a
prototype was realized and measured. There is a good agreement
between the calculated, simulated and measured voltages and cur-
rents. The prototype delivers 80 mW, 7 V to a biomedical implant
at 6.78 MHz, the transfer efficiency is 52 to 68%, depending on
the alignment. The end-to-end efficiency, with the controller and
gate driver also taken into account, is 39 to 57 %. Electromagnetic
and thermal simulations were performed to verify compliance with
relevant safety regulations on specific absorption rate (SAR) levels,
magnetic field strength, and heat generation in the implant, for
separation distances between the coils of 8 to 15 mm, and transverse
misalignment from 0 to 15 mm.

Index Terms—Wireless power transfer, implantable medical
device, bioelectronics, class-E inverter, class-DE rectifier.

I. INTRODUCTION

LOBALLY, over 43 million people are blind, and this
Gnumber is expected to reach 61 million by the year
2050 [1]. In more than 90% of the cases, blindness is caused
by disease, accident, and/or aging, rather than being congenital.
Functional vision could one day be restored using a neuropros-
thesis [2], which is the goal of the NESTOR project [3]. The
neuroprosthesis will consist of an implantable medical device
(IMD) which is connected to 1024 electrodes, implanted in
the visual cortex. When stimulated, each electrode will elicit
a ‘phosphene’, i.e. the perception of a dot of light. Stimulating
multiple electrodes simultaneously may enable to the percep-
tion of shapes, and successive stimulation to the perception of
motion [2]. Ultimately, this visual prosthesis intends to restore
(rudimentary) functional vision in blind people.

Wires penetrating the skin can cause serious infection, and
are thus to be avoided in (semi-)permanent IMDs. For many
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applications, including this one, adding a battery is undesired,
due to the physical size increase of the IMD. Therefore, the IMD
will be powered wirelessly.

Much progress has been made in the field of inductive wireless
power transfer (WPT) in recent years and impressive results have
been achieved [4], [5], [6], [7]. Related work is not directly ap-
plicable to our situation, because in some cases the validation is
performed in air rather than in a representative environment [8],
[9], specific absorption rate (SAR) simulations or measurements
are not performed [8], [9], [10], [11], [12], [13], [14], the reported
power transfer efficiency (PTE) does not include the transmit
and receive electronics [11], [15], [16], the used frequency band
is not allowed for WPT in Europe [8], [12], [16], [17], [18],
or the heat generation in the IMD is too high [19], [20], [21].
This work presents the design and validation of a biomedical
WPT prototype, which can transfer up to 170 mW with ideal
alignment. It can transfer over 80 mW when the misalignment
between the coils is below 15 mm, and the separation distance
between the coils is between 8 and 15 mm. The system operates
at 6.78 MHz, and is designed to achieve maximum power trans-
fer efficiency (MPTE). The prototype is validated in a realistic
environment, simulations show compliance with the relevant
SAR regulations [13], [14], field strength regulations [18], and
thermal regulations [20], [21].

II. DESIGN REQUIREMENTS

The implanted electrodes have an impedance of 50 k €2 [22]
and require a bipolar current with a maximum amplitude of
50 1 A to produce a phosphene. This corresponds to a sym-
metrical power supply voltage of 2.5 V. A headroom of 1 V is
added to each power supply rail to cover the voltage drop over
the amplifiers, resulting in a required voltage at the receiver of
+3.5 V, or 7 V in total. The waveform for each electrode is
200 s positive, 200 ps negative, and has a period of 3 ms. The
efficiency of the amplifiers is assumed to be better than 50%
[23]. When we assume simultaneous activation of at most 20%
of the 1024 electrodes at any given time is sufficient to produce
a useful image in the patient, the maximum power consumption
of the stimulation electronics is 2.4 mW.

The downlink receiver consumes 1 mW, and the uplink trans-
mitter consumes 3—15 mW, depending on the data rate [24].
The power required for neural recording, (un)packing the data
and controlling the implant is still being researched, but from
related work [23], [25], the total power required for the recording
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part is estimated to be 18—35 mW, and the stimulation part is
expected to consume a total of 15 mW. The brain implant is thus
expected to consume up to 50 mW.

In this work, we design the WPT link to deliver 90 mW to the
load, such that we have the possibility to increase the number of
electrodes in the future, or change them for types with a lower
impedance, without having to redesign the entire WPT link. At
Vout = TV, this corresponds to Ry, = 544.4 Q). The inverter will
be powered with V. = 5 V, which is directly available from a
standard USB port.

III. CoiL DESIGN

The design process starts with the selection of the coils.
Pinuela et al. [26] describe an approach for maximizing the
end-to-end efficiency of a WPT system with a class-E inverter. In
particular, they state that, for achieving MPTE, the coils should
be as large as possible, have as many turns as possible, and
have a wire diameter as large as possible. However, part of their
optimization relies on choosing an optimal frequency, whereas
the permitted range of operating frequencies in real applications
is often severely limited [18].

A. Coil Size

Available space for a subcutaneous receiver (Rx) coil is
limited. Consultations with a neurosurgeon made us decide for
an Rx coil diameter below 40 mm and a thickness (including
biocompatible coating) below 3 mm. Increasing the diameter or
adding turns will improve k. Although this will also increase the
equivalent series resistance (ESR) and lower the self-resonance
frequency (SRF), we found that the increase in & outweighs the
increase in ESR. The Rx coil should thus have as much turns as
possible with as thick wire as possible, without exceeding the
size constraints, and whilst making sure the SRF is at least twice
the frequency of operation.

With software like FastHenry [27], inductances, ESRs and
coupling factors can be calculated. With these values, the max-
imum achievable link efficiency - i.e. coils only - can be es-
timated [28]. Inverter and rectifier losses will be added later.
FastHenry cannot calculate the coil’s SRF, and the given ESR
will be too low if the frequency of operation is close to the SRF.
Furthermore, the influence of the surrounding biological tissue
is not taken into account.

Multiple Rx coils with a diameter of 35 mm were manufac-
tured, with a wire thickness of 0.25 and 0.6 mm, having 3 to
10 turns, sealed in a 2 x 125 um thick PET pouch, and their
properties measured in a 0.9% (0.154 M) saline solution [29].
The Rx coil with 7 turns of 0.25 mm wire yields the highest
maximum achievable efficiency. Copper wire cannot be used in
the final product, as copper is a neurotoxin. A 0.25 mm diameter
copper (Cu) wire corresponds to a 0.30 mm diameter gold (Au)
wire, which can be used safely, but is not used in this prototype
for economical reasons.

The transmitter (Tx) coil should be large enough to allow
for a radial misalignment d of up to 15 mm. With the aid of
FastHenry [27], it was found that a flat coil with an inner diameter
of 35 mm is sufficient. A thicker wire than in the Rx coil is

! Rx
h ' :
Tx

Fig. 1.  Separation h and radial misalignment d between the coils.

used, as this reduces the losses, and there is no need for this
coil to be flexible. Using too thick a wire can result in a bulky
coil. A wire diameter of 1.0 mm was chosen. The number of
turns should be as large as possible [26], whilst the SRF is high
enough. A flat Tx coil of 10 turns was chosen, resulting in an
outer diameter of 55 mm, which is considered acceptably small,
while the measured ESR and SRF are acceptable.

The candidate coils were modeled in FastHenry. The Tx coil
has an inductance of 6.9 uH with an ESR of 1.2 €2, whereas the
measured values are 6.8 uH and 3.0 2 (SRF 25.5 MHz). The
increase in ESR is believed to be caused by the fact that the
coil operates relatively close to its SRF, the effects of which
FastHenry is unable to model accurately. The Rx coil has an in-
ductance of 4.9 ©H with an ESR of 2.9 ), whereas the measured
values are 4.5 uH and 3.5 2 (SRF 18.5 MHz). The increase in
ESR is caused by the measured coil being submerged in a 0.9%
saline solution.

B. Coil Alignment

The normal thickness of the human scalp is 2 to 5 mm [30],
[31], [32], although it can be thicker in the days after surgery. To
prevent the risk of skin irritation, the Tx coil will not be placed
directly on the skin. A comfortable headband with a thickness of
4 to 6 mm is assumed to hold the Tx unit. The enclosure of the
Tx unitis chosen to be 2 mm thick, such that it can be 3D-printed
easily. This means that the height h between the external Tx coil
and implanted Rx coil is in the range from 8§ to 15 mm.

The Tx unit will be mounted on a headband, which will be
positioned by the patient. This introduces uncertainty in the exact
location of the Tx coil relative to the Rx coil. Furthermore, the
headband could move slightly over time. It is yet unclear what
values can be expected for the radial misalignment, but for now
we assume choosing the upper bound for the radial misalignment
d at 15 mm will be sufficient. Fig. 1 shows the positioning of
the two coils.

For different values of h and d, see Fig. 1, the mutual
and self inductances M and L and the ESRs of the coils are
measured, as shown in Fig. 2. Next, the expected maximum
theoretical link efficiency 7,4, is calculated [28]. The link
has to operate for 8 < h < 15 mm and 0 < d < 15 mm, which
can be seen to correspond to a range for the coupling factor
k of roughly 0.14 < k < 0.37. The maximum theoretical link
efficiency 7,4, 1S between 86 and 95%.

The value for 7,4, 1s an indicative upper bound only, and will
not be met in practice, because losses in the inverter and rectifier
are present. Furthermore, the load is assumed to be optimized
for each value of k, whereas in practice, only a single value can
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a class-DE rectifier (right). The wireless coupling (k) occurs through coils L
and Lo.

Schematic of the WPT link, consisting of a class-E inverter (left) and

be chosen', and all other cases will implicitly operate with a
load that is (slightly) less optimal.

C. Coupling Factor

Even though the link will be optimized for a single value k¢,
it should be designed such that its performance is acceptable for
the full range of k.

The initial guess for k,,; was 0.25, as this is in the middle
of the required range. The results of the design process were
simulated in LTspice [34], as will be explained in more detail
in Section IV. It was found that the required output voltage
of 7 V could not be reached for the required range of k, and
therefore ko, = 0.25 was rejected. After some iteration, the
value k,,; = 0.20 was chosen, resulting in an output voltage
above 7 V for the required range of k.

IV. INVERTER AND RECTIFIER DESIGN

An inductive WPT system comprises an inverter, two or more
coils, and a rectifier. Inverter and rectifier designs can be divided
into various classes, each with certain characteristic properties,
such as efficiency, susceptibility to load variations, required
control signals, and part count. In biomedical WPT applications,
as well as others, it is beneficial to have a small size, high
efficiency, and limited design complexity. Therefore, the use of a
system consisting of a class-E inverter and a class-DE rectifier is
proposed [35]. The circuit of a typical class-E/DE WPT system
is depicted in Fig. 3.

Kazimierczuk and Czarkowski [36] have presented a set of
equations that can be used to design a class-E inverter. Fukui

!t is possible to design a WPT system for coupling-independent operation,
but this requires a variable frequency of operation [33], which is not desired in
a medical application [18].

TABLE I
CALCULATED AND SIMULATED COMPONENT VALUES
Component Calculated value [ref] Simulated value
C1 82.6 pF [36], [38] 82 pF
Co 166.1 pF [28], [37], [38] 168 pF
Cp 17.0 pF [36], [38] 15 pF
Cs 61.8 pF [36], [38] 22 pF
Cpi,2 63.0 pF [28], [37], [38] 36 pF
Lo 71.7 puH [36], [38] 47 pH (SRF 15.8 MHz)
W NOT-gate(s)
To gate
D Q
13.56 MHz B
Crystal Out o
Oscillator
Fig. 4. 50% duty cycle 6.78 MHz oscillator and gate driver.

and Koizumi [37] have presented a set of equations that can be
used to design a class-DE rectifier. Nagashima et al. [38] used
both to design a WPT system consisting of a class-E inverter
and a class-DE rectifier. However, the design process mentioned
in [38] is not complete. Namely, the maximum efficiency is
determined empirically, instead of analytically: a range of WPT
systems is designed and simulated in a circuit simulator, each
for a different value of the receiver diode duty cycle D, after
which the solution that yields the highest efficiency is chosen.
Secondly, the choice of the input voltage V. is not discussed.
Furthermore, it is unclear how the behavior of the WPT system
changes when the coupling factor k or the load Ry, deviate from
their optimal value.

For the design presented in this work, the input impedance
of the rectifier Z;,,, as seen from the Rx coil, is chosen such
that the conditions for MPTE are satisfied [28] at k = Kopi. A
class-DE rectifier has an input impedance of the form 7, =
R + (jwCin) ! [37]. The duty cycle Dy of the diodes affects
Zin,and can thus be used to tune the input impedance to a desired
value [38]. D, should be chosen such that the resulting R;,, is
equal to the load resistance R, from [28] that achieves MPTE.
The corresponding value for C}, is in series with Cs, which
can be used to bring the receiver in resonance. This is the case
when the imaginary parts of the impedances cancel eachother.
The value for C5 should thus be chosen such that

jwLa + (jJwCs) ™! + (jwCin) ! = 0. (1)

The rest of the component values can be calculated according
to [36], [37], [38]. Table I lists the resulting values.

A. Controller

We choose to operate the switch of the inverter at a duty cycle
of 50%, as this drive signal can be generated with just three basic
components. The circuit in Fig. 4 shows a circuit that creates a
6.78 MHz gate drive signal with D, = 0.5.

A crystal oscillator creates a 13.56 MHz signal. This signal
toggles the output every period of the input signal, effectively
halving the input frequency and creating a square wave with a
50% duty cycle. The output of the flip-flop is fed to 3 parallel
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Fig. 5. Simulated DC output voltage and Tx coil current as a function of k.

NOT-gates, that together can supply the current required to drive
the gate of MOSFET S in the class-E inverter in Fig. 3.

It is possible to add extra safety features to the circuit, such as
a current sensor that measures whether or not the input current
1. is within predefined safety limits, or a temperature sensor.
The output of such a sensor can be connected to the reset pin of
the flip-flop (not shown), such that the gate voltage is zero when
an unsafe condition is detected.

V. PROTOTYPE

The design was simulated in LTspice [34]. Table I lists the
calculated component values, and the ones used in the circuit
simulation. Three simulated values notably differ from their cal-
culated value: C,, Cp1 2, and L. Cs is smaller than calculated
to compensate for the output capacitance of MOSFET S, which
is in the same order of magnitude. L. is smaller than calculated,
because available parts with an inductance larger than 47 uH
are not suitable, since their size is too large, their losses are too
high, or their SRF is too low. The capacitance of the diodes
D, 5 is much lower than Cpy 2, so these do not need to be
compensated for. However, from a sensitivity analysis, it was
found that decreasing their value improves the efficiency and
output voltage. Choosing 36 pF gives the optimal result.

The simulated output voltage is shown as a function of &
in Fig. 5(a). At k = ko, the output voltage is 9.9 V, which
corresponds to an output power of 180 mW. This is higher than
designed, which is believed to be caused by the fact that the
link operates at an input voltage V;. = 5.0 V, being about 35%
higher than the optimal value calculated in [37]. As a result, the
simulated output voltage is about 42% higher than the output
voltage for which the link was designed.

The advantage of this higher output voltage is that the required
7.0 V is achieved for a larger range of values for k, namely
0.12 < k < 0.45, which includes the complete design range for
k, as shown in Fig. 5(a).

The amplitude of the current through the Tx coil I;, at
kopt = 0.20, is calculated to be 69 mA. As can be seen in
Fig. 5(b), circuit simulations show it to be about 81% higher.
This difference can be partly explained by the above-discussed
voltage difference. Further, we expect that the assumptions on
which the models are based [36], [37], [38], might not be
completely valid anymore at the relative low power values that
our WPT system operates on. For sure, the semiconductors will
not operate as ideal switches.

TABLE I
COMPONENTS USED IN THE PROTOTYPE
Component Value Part number
Cy 82 pF 251R14S820JV4T
Ca 168 pF CBRO6C680F5GAC
(100 + 68) 06031A101JAT2A
Cp 15 pF SQCSVAI50JAT1A
Cs 22 pF 251R14S8220JV4T
Cpi,2 36 pF CBRO6C360F5GAC
Ch 2 x 100 nF GRM188R72A104KA35D
Lo 47 pH DS1608C-473MLC
Ry, 544.4 Q
S GaN MOSFET GS-065-004-1-L
D12 Schottky BAS40-04
Oscillator 13.56 MHz X1G004451007312
Flip-flop D-type NC7SZ74K8X
NOT-gate Triple 74LVC3G14DC,125
Voltage regulator 33V MIC5504-3.3YMS5-TR
Decoupling capacitor 100 nF GRM188R72A104KA35D
Decoupling capacitor 1 pF GCM188R71C105KA64D

Fig. 6. Realized transmitter (left) and receiver (right) prototypes. Standard
2 x 1 LEGO brick for size.

A. Selection of Parts

MOSFETS and diodes have parasitic capacitances, which
add to the capacitors that are connected parallel to them. The
MOSFET and diodes should be chosen such that their parasitic
capacitances are (well) below the values of Cs and Cp; o,
respectively. For the diode, a Schottky diode with C; < 3.6 pF
was chosen, and the MOSFET has C,,ss < 50 pF. As these values
are voltage dependent, it requires some fine tuning in LTspice
to find the optimal value for C and Cp; 2. Table II shows the
components used in the final prototype, rounded to the nearest
commercially available value, based on a sensitivity analysis
(not shown). The capacitors have a tolerance of 5% or better.
The oscillator and each of the chips have a decoupling capacitor
connected at the power pins.

The prototype should preferably be as small as possible, yet
the components should not be too small, as they will be soldered
by hand. Therefore, SMD capacitors with a 0603 form factor
were used, and chips with a pitch over 0.5 mm.

Components such as capacitors and inductors are not ideal
in practice. They are chosen such that their self-resonance fre-
quency is at least twice the operating frequency. Furthermore,
they are chosen to have an ESR as low as possible, and a Q-factor
as high as possible.

Fig. 6 shows the finished prototype. A detailed analysis of the
performance under different load conditions is presented in the
next section. The total printed circuit board (PCB) area of the
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TABLE III
THERMAL AND DIELECTRIC TISSUE PROPERTIES AT 6.78 MHz [39], [40]

Parameter Scalp Skull CSF Grey
matter

Relative permittivity &, 478 47.6 109 397
Conductivity o [S/m] 0.147 | 0.0392 | 2.00 | 0.252
Mass density p [kg/m?3] 1010 1810 1007 1039
Specific heat C' [J/kgK] 3500 1300 4096 3680
Thermal conductivity K [W/mK] | 0.420 0.300 0.57 | 0.565
Blood perfusion B [W/m3K] 9100 1000 0 35000
Metabolic rate Ag [W/m3] 1000 0 0 10000

inverter prototype measures 21.0 x 16.0 = 336 mm?, includ-
ing a micro-USB connector for power. The rectifier measures
7.4 x 6.4 = 47.4 mm?. The combined cost of the components,
excluding the PCB and Tx and Rx coils, is less than € 10,- in
bulk manufacture.

B. Safety Limits

A biomedical implant should meet several exposure limits
before it can be considered safe. In particular, tissue should not
heat up too much as a result of generated electromagnetic (EM)
fields [13], [14] and heat generation in the implant [20], [21],
and the transmitted magnetic fields should stay below a certain
limit at a distance [18].

1) Tissue Heating by EM Fields: When EM fields interact
with biological tissue, energy is absorbed in the tissue, which
consequently heats up. The SAR of the tissue can be calculated
by averaging %0’|E |2 over a defined mass. According to [13],
[14], the SAR limit for continuous local exposure of the human
head is 2 W/kg, to be averaged over a 10 g cubic volume.

The coils were simulated in Simulia CST Studio Suite, using
the dielectric properties of Table III [39] for the human tissues
involved. The Rx coil is assumed to be flat. The Tx coil cur-
rent amplitude was obtained through the LTspice simulation
described earlier and depends on the distance h and misalign-
ment d between the coils, as can be deduced from Figs. 2(a)
and 5(b). The corresponding SAR was obtained for a planarly
layered model with a scalp thickness of 2 to 4 mm, a skull
thickness of 6.5 mm, and a cerebro-spinal fluid (CSF) thickness
of 3.2 mm [30], [31], [32]. The worst-case SAR occurs when
the scalp thickness is 2 mm. A total of 40 simulations were
performed, for 8§ < h < 15and 0 < d < 16 mm.

The simulated SAR is between 0.38 and 0.58 W/kg. Hence,
the designed WPT link complies with the standard for the
complete range of h and d, with a fair margin.

2) Magnetic Field Limits: A WPT link operating at
6.78 MHz should not generate magnetic fields are stronger than
42 dBuA/m at a distance of 10 m, according to ETSI EN 303
417 [18]. The Tx coil was simulated in Simulia CST Studio
Suite, driven by a current of 150 mA. The simulation volume is
2x2x2m.

The simulated magnetic field strength at 10 cm is
117.7 dBuA/m, and at 1 m it is 58.6 dBuA/m, a difference of al-
most 60 dB. According to the Biot-Savart law, the magnetic field
on the axis of a circular loop decays with 73, which corresponds

Fig. 7. Thermal simulation of the implanted receiver, generating 14.7 mW,
performed in CST Studio Suite. The temperature ranges from 37.0 (blue) to
38.1°C (red).

to the 60 dB difference mentioned above. The field at 10 m would
thus be —1.4 dBpA/m, hence the prototype complies with ETSI
EN 303 417 [18], even in the worst case.

3) Tissue Heating by Heating of Components: According to
EN-45502-1 [20] and ISO 14708-3 [21], the outer surface of any
implantable neurostimulator should never exceed the surround-
ing body temperature by more than 2 °C.

The heat generated by the implanted receiver is equal to the
dissipated power. For the current design, the computed losses are
14.6 mW for k = k. The volume of the rectifieris 7.4 x 6.4 x
2.0 mm?, with a surface area of 150 mm2. This corresponds to
a maximum heat flux of 9.7 mW/cm?.

A thermal simulation was performed in Simulia CST Studio
Suite, similar to [41], using the thermal properties of human
tissue from [40], listed in Table I1I. The thermal source was a per-
fect thermal conductor (PTC) volume with the same dimensions
as the rectifier. The source is assumed to be on the skull-scalp
boundary. A range of simulations was performed, with the scalp
thickness varying from 2 to 4 mm, the skull thickness varying
from 3 to 6.5 mm, and the CSF layer being 3.2 mm thick [30],
[311, [32].

Fig. 7 shows the resulting temperature distribution for the
worst-case scenario; a skull thickness of 6.5 mm, and a scalp
thickness of 2 mm. The maximum temperature increase, com-
pared to the case without an active thermal source, is 0.86 °C. As
can be seen in the Figure, the scalp is assumed to warp around
the implant, maintaining its thickness. If the outer surface of the
scalp is assumed to stay flat, the resulting maximum temperature
changes less than 0.01 °C.

The simulated receiver can dissipate 36.0 mW before the 2 °C
limit is reached. This implies the prototype complies with ISO
14708-3, even in the worst case. In practice, an enclosure will be
added to the rectifier, enlarging the surface area, hence lowering
the heat flux, meaning that more energy can be dissipated before
the 2 °C limit is reached.

The heat flux of the Rx coil is over 10 times lower than that
of the rectifier. It thus complies with the standard.

VI. RESULTS

The prototype described in the previous Section is validated
for Ry, = 544, 700, and 980 €2, corresponding to 90, 70, and
50 mW received power at V,,,; = 7V, respectively. As the link is
designed to deliver 90 mW, the efficiency will be given at Ry, =
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544 Q). Fig. 8 shows the simulated and measured efficiency 7,
input current 4., and output voltage V,,,; and power P,,,, as a
function of the coupling factor k.

From Fig. 8, it can be observed that the shapes of the
simulation and measurement curves are very similar, but the
peak in output power and input current in the prototype occurs
at a coupling factor around 0.05 lower than the simulations.
Additional measurements have shown that the spice model of
the MOSFET is inaccurate in terms of parasitics, and also that
the parasitics of the three coils L., L1, and Lo are significant
at 6.78 MHz. These observations could explain the shift in
behavior. Furthermore, the coupling factor was measured with
the Rx coil submerged in a 0.9% saline solution, which might
have unintentionally influenced the result.

Fig. 8(c) shows that the prototype is able to deliver at least
80 mW power to the load for 8 < h < 15 mm and 0 < d <
15 mm. The end-to-end efficiency is between 39 and 57%.

In literature, the power consumption of the controller and gate
driver are often ignored in the reported efficiency. The measured
efficiency of the link without oscillator and gate driver, also
referred to as the transfer efficiency, is between 52 and 68%. Up
to 170 mW can be transferred when k = 0.17, with a transfer
efficiency of 65%.

The mismatch in output voltage between the prototype and the
simulation is up to 17%. However, when the measured curve is
shifted by Ak = 0.05, as discussed above, the difference drops
below 4%. In that case, the difference in input current is at most
8%.

VII. CONCLUSION

An approach for the design of a biomedical WPT system
consisting of a class-E inverter, a class-DE rectifier, and two cou-
pled coils, optimized for MPTE, was presented. The design was

validated in a case study; circuit simulations were performed,
and a prototype was manufactured. There is a good agreement
between the simulations and the measurements, when a shift in
coupling factor of Ak = 0.05 is taken into account. In that case,
the difference in output voltage is below 4%, and the difference
in input current is below 8%.

The WPT link designed for the case study can transfer over
80 mW at 7 V to a biomedical brain implant transcutaneously
at 6.78 MHz. The end-to-end efficiency is between 39 and 57%.
The transfer efficiency, where the controller and gate driver
are ignored, is between 52 and 68%. Up to 170 mW can be
transferred when k£ = 0.17, with a transfer efficiency of 65%.

The presented system complies with relevant (medical) stan-
dards IEEE Std C95.1, ICNIRP, ETSIEN 303 417, EN-45502-1,
and ISO 14708-3 for distances between the coils of 8 < h <
15 mm, and misalignment from 0 < d < 15 mm.

VIII. FUTURE WORK

Future work can benefit from MOSFET and diode spice mod-
els that are more accurate at the relatively low power levels under
consideration. Furthermore, the behavior of the Tx and Rx coils
in the vicinity of human tissue should be further investigated.
Additionally, the behavior of the feed inductor L. should be
more accurately determined for this specific application, where
the current flowing through it is a combination of DC and AC.
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