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Abstract—Near-field resonant inductive coupling is the most
mature wireless power transfer (WPT) method for implantable
medical devices. Common commercial WPT components are not
optimized neither to deliver small amounts of power nor to
work with other than small air gaps. In this paper, a closed-
loop control is integrated with commercial off-the-shelf WPT
components to efficiently recharge and power an implantable
device for controlled active drug delivery. The system keeps the
transmitted power stable and reliable, achieving a 26 % transfer
efficiency with delivered power of tens of milliwatts, guaranteeing
an autonomy of 5 days with a 4-hour recharge. Overheating is
kept around the 2 °C safety limit.

Index Terms—Active implantable medical devices (AIMDs),
wireless power transfer (WPT), near-resonant inductive coupling
(NRIC), nanochannel Delivery System (nDS)

I. INTRODUCTION

The operation of active implantable medical devices
(AIMDs) is generally guaranteed by batteries, which occupy
most of the device’s space [1], [2]. In the majority of im-
plantable systems, volume constraints are of utmost impor-
tance in regard to device discreetness and patient acceptabil-
ity [3], [4], much more than for wearable IoT devices. Next-
generation AIMDs aim to minimize the overall size and power
consumption and improve efficacy and safety [5], eventually
including connectivity to allow the exchange of information
and personalize therapy [6], [7]. The need for miniaturization
and the increased power demand required by communication
limit the use of primary batteries. Secondary batteries can
minimize the overall size with the advantage that they can
be recharged periodically. For this purpose, AIMDs must be
equipped with a wireless power transfer (WPT) system [8].
Among WPT methods [1], [9]-[11], near-resonant inductive
coupling (NRIC) systems allow transmitting power from tens
to hundreds of milliwatts, with an operating range of the
order of the skin’s thickness. This technology is mature and
is already used in powering some categories of commercial
AIMDs [12]. This makes it suitable to be integrated into exper-
imental subcutaneous implants to recharge secondary batteries,
using receiving coils with diameter lower than 2 cm. The main
problem of the NRIC system is overheating the coils and
integrated circuits (ICs), especially in the case of commercial
components [13]. European Standard EN45502-1 [14] requires
that the temperature of an implanted device does not exceed
the limit of 2 °C above body temperature. Overheating is due
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Fig. 1. Overview of the system. An external power transmitter delivers
power to the subcutaneous implant via a NRIC link. The implanted battery
is recharged while continuously powering the nDS device. The nDS MCU
measures the received power levels and provides feedback to the transmitter
MCU via BLE. A control circuit is used to regulate the transmitted power
accordingly.

to poor power transfer efficiency (PTE) of the NRIC system
and the low quality factor of coils. The PTE is affected by
load variation, misalignment and detuning of the coils [11],
[15], and is significantly reduced when the transmitted power
decreases [16]. This paper presents a NRIC system for power
transfer management in subcutaneous biomedical implants
(Fig. 1). The system is employed to recharge a secondary
battery and power supply the nanochannel Delivery System
(nDS), a remotely controlled nanofluidic implantable platform
for tunable drug delivery featuring Bluetooth Low Energy
(BLE) connectivity [7], [17]. The NRIC system is made of
commercial off-the-shelf (COTS) WPT components, used be-
yond datasheet recommendations. The aim is to overcome their
limited reliability and efficiency [18] when delivering power
to the load in the order of tens of milliwatts at subcutaneous
tissue distances. A closed-loop is introduced to maximise
efficiency and guarantee continuity of power transfer, limiting
power dissipation and avoiding overheating.

II. MATERIALS AND METHODS

The WPT NRIC system is based on two ICs, an AD
LTC4125 for the transmitter (TX) and an AD LTC4124 for
the receiver (RX). The LTC4124 occupies a minimum area of



4 mm? and requires only two external passive components with
respect to similar solutions. The LC tank of the TX consists
of the coil and two parallel capacitors in series with it. The
coil (Wurth Electronic, 760308101104) has an inductance of
6.8 uH, and a diameter of 20.8 mm. The LC tank of the RX is
composed of a coil and capacitor in parallel. The coil (Wurth
Electronic, 760308101220) has an inductance of 12.6 uH, a
diameter of 17 mm. The resonance frequency of the NRIC
system is tuned at 200 kHz, with the quality factor of TX and
RX coils 60.9 and 25, respectively. All the nominal values
reported are from datasheets. The DC2770A-B evaluation kit
has been used to test the NRIC system.

The TX IC has its control system but does not directly involve
the specific RX. In fact, the LTC4125 works by periodically
performing a stepwise linear ramp of transmitted power to
detect the presence or absence of a valid receiver. The IC
monitors whether there is a voltage increase on the LC tank
above a hardware-set threshold. If not, power transmission
is interrupted. Closed-loop control, split between TX and
RX (each with an MCU connected via BLE, see Fig. 1), is
therefore needed to avoid this problem in critical operating
conditions and better manage power delivery [19]. The MCU
of the nDS (RX) monitors two conditions (1) and (2).

Voo > 3.6V (D)
Vear +300mV < Voo < Var + 700 mV 2)

Vpar is the battery voltage, and V¢ is the rectified output
voltage (not regulated) of the LTC4124. To ensure that a proper
amount of power is delivered during recharge, Vo should
fall in a specific range above Vg 47. The RX sends a periodic
Bluetooth notification advising whether to increase or decrease
the transmitted power if conditions are not met, so to keep
Ve stable as much as possible, with the ultimate goal of
avoiding excessive or insufficient power delivery. Fig. 2 shows
the operation of the power transmission control on the TX.
The voltage on PTH controls the power transmitted by the
LTC4125. The voltage is regulated by discharging or charging
the capacitor via the external pull-down resistor or integrated
pull-up resistor, respectively. The voltage on the capacitor is
kept stable around the threshold value set by the DAC. The
threshold is modified by the DAC with steps of 2.5mV.

First, the system was characterized, tracing transmission
efficiency with varying coil distances and battery voltages,
and compared with the corresponding open-loop system. The
battery under recharge was simulated by connecting a DC
power supply to a Rpar 20 resistor at the battery pin of
the power RX, with voltage swept from 2.8V to 4.1V with a
step size of 100mV.

Battery charging was then set up in two cases, with and
without connection with the nDS. Coin batteries with different
capacity (16 mAh to 40 mAh) and recharge current (10 mA to
25mA), similar size, were used for the tests. The test bench
included the system as shown in Fig. 1, a DC Power supply
to power the TX, and an external MCU connected to RX and
TX modules for real-time data collection. Vi and NTC
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Fig. 2. (top) Representation of the control system’s operation when the Voo
RX voltage increases/decreases (a/b): 1a/b) measurement of Voo RX voltage
and BLE notification; 2a/b) change of threshold T'hr value; 3a/b) control
activation; 4a/b) PT H voltage variation; 5a/b) power transmission variation.
6a/b) Voo voltage returns within the range. (bottom) The simplified electrical
circuit schematic of the TX control system.

voltage for coil temperature were continuously measured on
TX, Vee, Vear, Ipar, and V,,pg (in the second case) on
the RX. Additionally, periodic RX circuit thermal imaging and
readings of the total power supplied to the transmitter Prx
were performed. Overall efficiency is calculated as

N =nrx - Mink - Mrx = (Pear + Pups)/Prx  (3)

with Ppar = Vbar X Ipar the power used to recharge
the battery and P,ps = V.ps X I,ps the regulated power
(through a Buck converter) provided to the nDS (average I,ps
is SmA with the BLE connection active).

III. EXPERIMENTAL RESULTS AND DISCUSSION

Results on transmission efficiency are reported in Fig. 3,
comparing open and closed-loop. In Fig. 3a, the open loop
control shows discontinuous operation; the efficiency is 0 %
for those distances where the TX cannot correctly detect the
receiver and, therefore, no power is transmitted. In closed-loop
(Fig. 3b), power transfer is always successfully performed, and
no fault conditions occur on the TX side. Efficiency values
result to be higher when higher battery voltage is reached,
and show a peak for distances compatible with skin thickness.
Despite a higher coupling coefficient at shorter distances, nrx
and nrx in eq. 3 may indeed maximise the overall n at a
higher Prx, increasing with distance [20]. Inductive coupling
is mildly robust, maintaining efficiencies higher than 15 %
within 2mm of lateral misalignment, corresponding to 20 %
of the TX coil radius, and higher than 10% in the case of
3.5° angular misalignment, both in the case of coil distance
fixed to 6.5 mm (Fig. 4). A slight but not meaningful decrease
in efficiency is shown with biological tissue (chicken breast)
interposed between the coils. The tissue also reduces overheat-
ing in correspondence of both the coils and the receiver IC.



CLOSED LOOP SYSTEM PERFORMANCE DURING LIR2025 CHARGING TESTS AT 10 mA, MEASURED AT DIFFERENT DISTANCES d BETWEEN THE TX AND

TABLE I

THE RX, WITH AND WITHOUT THE DRUG DELIVERY SYSTEM nDS.

d (mm) | nDS | Prx max. (mW) | Prx max. (mW) | navag (%) | Vrar max. (mV) | ATrx max.(°C) | ATrx max.(°C)
2.5 Yes 250 64.9 23.9 279.0 2.5 2.1
6.5 No 160 40.0 21.3 221.0 1.3 2.0
6.5 Yes 210 65.4 26.0 270.7 2.1 1.4
2) 30 TABLE TI
_ 25 = COMPARISON WITH SIMILAR NRIC SOLUTIONS, P7x < 1 W AND 30kHz
s s TO 300 kHz (LF BAND) OPERATING FREQUENCY
5 20 g
B 5 Reference | Prx (mW) | freq. (kHz) | n (%) Application
2 155 [26] 1000 206 25 General
2 103 [27] 810 125 29.9 Neural
5 ] This work 210 200 26.0 | Drug delivery
3 5 8
0
obtained in these tests led to selecting a 25mAh battery
b) 30 (LIR2025) with a charging current of 10 mA as the best com-
’s promise between TX power, overheating, battery size, charging

Overall efficiency (%)
&
Overall efficiency (%)

Fig. 3. Comparison of power transfer efficiency of the NRIC WPT system
without (a) and with (b) the closed-loop. In (a), 0 % efficiency means that the
TX can not find the RX and therefore does not deliver power. Test conducted
in air, charging current 10mA, coil distance 2.5-20 mm, simulated battery.

30 T T T T T T

25 //’_’—”—\\
20 /‘/_\

15 F

Overall efficiency (%)

5+ | =~ Air A2 mm
—— Animal tissue -+ A4 mm

-0 1.5° 1
a3.5°

2.8 3.0 32 34 3.6 3.8 4.0
Battery voltage (V)

Fig. 4. Efficiency in case of lateral and angular misalignment and interposed
animal tissue. Charging current 10 mA, distance 6.5 mm, simulated battery.
Misalignment tests are performed in air to achieve greater accuracy regard
the experimental set-up.

While this behaviour needs to be further investigated, it may
be explained by the thermal capacitance of the water content in
the tissue, and is expected to be further enhanced in presence
of the blood circulation of an an in-vivo environment. Tests
on battery charging evidence a smooth charging process, again
with no occurrence of fault conditions and interruptions, in
line with the theoretical CC-CV charging profile [21]. Data

current, and interval between recharges. Complete battery
charging is achieved within 250 min; results of the continuous
monitoring are summarized in Table I. Tests with nDS show
complete functionality of the drug delivery system during the
whole recharge process. In this case, supplied power increases
according to the power demand of the device; however, the
maximum overheating remains around the safety limits for an
in-vivo application, even not considering the stabilising effect
of the biologic environment on the temperature.

Performance comparison with other low-power WPT sys-
tems operating in the same frequency range is reported in
Table II. Overall efficiency is between 25 % and 30 %, a
good result considering that similar low-power WPT systems
(Table II) exhibit reduced efficiency as well (smaller than the
efficiency reported for higher power related WPT systems,
e.g., [22], [23]). More importantly, measured performance is
consistent across all the recharge process (Fig. 3b) and with
respect to lateral and angular misalignment and the interposed
animal tissue (Fig. 4). Finally, thermal verification of the WPT
system is a critical requirement in biomedical applications,
rarely reported and difficult to meet [18]: in this regard, the
proposed system shows very promising results (Table I).

IV. CONCLUSIONS

A closed-loop wireless power transfer system made of com-
mercial off-the-shelf components was developed and tested
with an experimental AIMD for in-vivo applications. Ex-
perimental results show the stability of power transfer, with
limited overheating and suitable efficiency. The recharge of
a 25mAh battery allows the activity of the drug delivery
system for at least 5 days, based on the previous estimate on
the device presented in [7], that relies on a 90 mAh primary
cell (CR2016). Results are promising in the perspective of a
long-term implant for chronic animal studies [24], [25]. The
chosen battery allows for up to 500 recharge cycles for a total
projected chronic duration of more than 6 years.
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