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Abstract 0

Implantable cardioverter-defibrillators (ICDs) are amon st frequently used internal battery-
powered implantable systems, allowing for the perrrﬂ&'t onitoring of heart signals and inducing

cardiac shocks in the event of heart arrhythmias. ly, a considerable portion of the system's
energy is lost when an electric shock occur stem is prepared to induce an electric shock
(by charging the battery), shortening the IC ice life. Then, the system should be surgically
replaced in a short time. Contrary to the fyrevious works, this study introduces a novel technique
to manage and compensate for the paternmal energy of ICDs and develop complementary energy
channels through optimized i duwwk . Different inductive drivers are analyzed and compared
based on the physical ICD c’@tions to design an efficient auxiliary inductive wireless energy
transfer system. A compa } wireless power transfer scenarios indicated that power transfer
using electromagnetlc induction and coupling coils was optimal. This study also aims to
simultaneously en g coupling factor and quality factor of the coils by employing geometric

logies and

optimization in th, spacing, and number of turns. The analytical and simulation models
were valldat th experimental results demonstrated a maximum WPT efficiency of 51%,
which ou@ s similar works reported in recent literature.
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ectric shock, Defibrillation, Wireless power transfer, Coils.

1. Introduction

Globally, sudden cardiac death (SCD) is a leading cause of death, particularly in Western
countries. The major cause of SCD is excessively high or low heart rates [1]. It is common for an
ICD shock to be unanticipated when ventricular tachycardia (VT) results in a shock from an
implantable cardioverter-defibrillator (ICD) [2]. There are 350,000 sudden cardiac deaths out-of-
hospital each year in the U.S. [3]. In the last few decades, due to the growth of the microelectronics
industry and semiconductor technology, electronic devices have not only become smaller but also



more complex and have played a vital role in human life [4]. The main advantage of these systems
is the elimination of batteries or their minimization, reducing the cost and making them more
suitable for the environment [5]. Advancements in the miniaturization of high-density power
sources, electronic circuits, and communication technologies enabled the construction of
miniaturized electronic devices implanted directly in the heart [6]. It has become increasingly
important to prevent sudden cardiac death by utilizing implantable cardioverter-defibrillators
(ICDs). [7]. By transmitting voltage shocks, an ICD can detect hazardous fibrillation-induceghigh
heart rates and restore a natural heart rate, reducing SDC mortality rates in light of the nt
protection it offers [8]. However, Successful defibrillation by an ICD depends oﬂ'ﬂ@lity to
deliver shocks that exceed the defibrillation threshold [9]. According to the literatureztw®-chamber
ICDs have an average longevity of nearly six years, while three-chamber 2@& five years.

Longevity is often a significant factor associated with battery discharg%

Patient longevity is disproportionate to that of the implantable cardi evices [10]. Recent
advances (2023-2025) in wireless power transfer for impl%ntap&ievices have focused on
improving transfer efficiency, patient safety, and mini \? n. Leading studies have
demonstrated the use of resonant inductive links and ad requency tuning to overcome
positional misalignment and tissue attenuation. Wirel er transmission experiments in
implantable monitoring systems have demonstratedt spiral receiver coils, when optimized
for geometry and resonance, can achieve trans &ﬂciencies up to 60% in simulation and
approximately 60% experimentally throug 'olgal tissue at around the resonant frequency,
even with increased tissue thickness comparcd tofthe model [11], while Buchmeier et al. proposed
an optimized near-field communication (NFC) wireless power transfer system at 13.56 MHz using
rectangular printed spiral coils, demo g stable performance across a defined free-positioning
charging area through combined g tri€ design and circuit-level [12]

nt.

Wireless power transfer (W@ffers an ideal solution that eliminates the need for invasive
surgery and ensures at% fety at the same time [13]. Different energy resources were
evaluated. Research h&b n that the limited power per unit area is the major disadvantage of
energy supply tech s. Therefore, larger systems are required to receive higher output power.
Using coupled r@ coils to transfer energy proved to be the most efficient method [14]. Self-
inductance, @A inductance, and coupling coefficient were calculated for this purpose [15].
leferen@ were analyzed and compared to maximize the coupling and quality factors of the

coil n an efficient remote power link. The coils were geometrically optimized in size,
spacirig, and number of turns

In addition, Detka et al. extensively investigated wireless power transfer schemes for various
implantable medical devices, including cardiac pacemakers and neurostimulators. Their research
emphasized the influence of coil geometry, alignment, and tissue properties on achievable transfer
efficiency. They reported transfer rates of up to 23% using state-of-the-art planar coils for
subcutaneous implants. The present study builds upon these findings, validating the impact of



geometric optimization, but notably surpasses Detka’s reported efficiency by approximately 28%,
thus establishing a new performance benchmark for ICD applications [16].

2. Materials and methods

In this section, we discuss auxiliary power transfer as an effective means of managing energy
within ICDs. ICDs should be replaced when the battery is expired. Low-power electronic devices
are required to lengthen the longevity of an ICD and reduce the number of invasive surgeries. In
addition, patients can benefit from WPT instead of skin-through wires to help them mov?re
easily and to protect their health. WPT circuits have three components in their main blocK diagram:
the power amplifier, inductive link, and a rectifier on the receiver side to convert A age into
DC voltage, as shown in Fig. 1.

The amplifier power circuit is powered by the battery and used as th oidal current or
sinusoidal source. The sinusoidal signals of the power amplifier are’% tted to the second
component of WPT (i.e., inductive link). The inductive link |nduc current from the transmitter
to the receiver. The sinusoidal signals are received from the f omponent generating an
electromagnetic field. A sinusoidal current is induced wi e receiver once the second
component (receiver) is near the electromagnetic field. T@a voltage rectifier on the receiver
side converts the AC signal into DC. As a result, the D ge is received from the battery and
delivered to the consumer. The two coils are posmo& a certain distance from each other, as
shown in Figure 2. The second coil is typicall s@ ue to spatial limitations, and coil spacing
depends on the skin thickness.

WPT system design begins with the in:rmost component and ends with the outermost one.

2.1.  Rectifier m

the rectifier, a key componentathat comverts AC to DC[17]. It is required to find its total equivalent

resistant Rioad.ac, as shown in % to calculate the power loss during optimization in the rectifier,
L2 be the potential difference across the inductor. Then, based on

which is a nonlinear circuj [
the power principle, thesgutput power is given by:

2
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As the diode voltage Vaiode (forward voltage of the diode) and Vieaddc are known, Vi is
obtained and inserted in Eq. (3) to obtain Rioad,ac as:
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Ricad.ac =
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+
Rdc Rdc

Rdcis 280 Q for Vp=1V and V1,2=7 V. Then, the equivalent voltage of Rioad.ac Can be used for
simplification.

2.2 Optimal power transfer frequency O(b
o

The frequency, a crucial factor in implementing efficient WPT, is to maximi W Induced

voltage on the implant side. As the primary side frequency w1 and secondary quency W
operate together, their peaks should be in the same region. In fact, with kr@ Lo, and R, C1
and C> should be at the same frequency to achieve maximum efficie'&( sed on Kirchhoff's

Voltage Law (KVL), the oscillation frequency (W) or its resonanc?&)btained as:

[ J
. = ! = ! &,\ (4)
JLC LG, Q
2.2.  Inductive link °
Figure 4 schematically depicts the induction Mhere Rp1 is the resistance of inductor L
(or parasite resistance). Vreq is the equivalen It@n the inductive link of the primary side. The
equivalent resistivity on the primary side s@be calculated to analyze the induction path. In

this figure, Rrei2 is equivalent to resistan§ in the inductive link of the secondary side, and Vresz is

1= =

equivalent to voltage in the inductive f the secondary side.

Equivalent resistance of inductiye Wk and rectifier:

M., )
Z1= Rrefiz = % (5)
(Lo

a2
(6)

wh js dependent on K1z, L1, and L2, and K reflects the effect of the coupling inductor on the
transiitter and receiver sides, which is dependent on coil spacing and shape. Here, M is found
through K, L1, and L2, obtaining Zr. Hence, Zt can represent the inductive link. A voltage source
is on the primary side, and a voltage is applied to the secondary side. Since there is a load on the
receiver side, Zris applied to the transmitter side. The efficiency of the inductive link is obtained
as the ratio of the output power to input power [18]:

Based on KVL and Kirchh%’s Ci Law (KCL), the observed impedance is given by, Zr = Ryef2

K12 — I\/|12
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As can be seen, Q is higher when Ry is lower. Thus, the efficiency is dependent on Q

affects R. The efficiency also depends on K, which is dependent on the primary,to @ ary
positions, determining a portion of the magnetic field on the receiver side. TheAyIr€ shows
impedance and resistance once it receives a sinusoidal current. The resistance changgs e number
of turns increases, changing L and Q. An increased number of turns would also . The factors

with the largest effect on K are coil spacing and inductor diameter (dout) [%

HoNy (d o ) Npg (d R )7[

M= o (9)
2 (d2 +X2)3 N(b

out.R

This indicates that smaller coil spacing leads to a stro
K. Furthermore, a larger inductor diameter enables hi
inductor diameter is applied, depending on user-deﬁ&

Different coupled coils with optimize@@ical parameters were designed to find the
e

ctromagnetic field and a larger
wer transfer. Thus, the maximum
straints.

optimal location for WPT. Some such para were constrained by coil spacing S, and outer
inductor diameter doyt. The input resistaﬁ‘e of the rectifier circuit is designed by simulation. The

remaining parameters should be set Ily for optimal remote power linking. Table 1 reports
the WPT design parameters. Q

describes the table of fix@&ign parameters determining the maximum magnetic resistance
by the optimal outer diam@ the power transmission coil (dout).

coefficient bein as 0.3 using N and d. The circuit can be designed based on these
parameters. '& ctive is efficiency maximization. Efficiency is dependent on K, L1, L2, Q1,

and Q2 [2&
ek, Q (10)

1172 ,
‘J-WL Q,Q, Ky, Q: +Qr

ink = 1]
It is required to find S, W, and N to calculate din. Once dout and S have been obtained, W, N,
and din are to be found. W is assumed to be 0.5. Then, di, is found for a given N as:

The optim% culated to be 40 mm. Thus, coil spacing equals S=5 mm, with the K-

din = dout — 2N(W+S) (11)



Finally, din and doyt Were obtained to be 10 and 40 mm for the external component, while 7
and 25 mm for the internal component, respectively. Once N, S, W, W, Na. din, and dout have been
found, L2, Rac, Rac, and Q2 are obtained. A total of N scenarios are assumed for the secondary side,
identifying the optimal scenario. Finally, the coil is designed with a certain R1, Rz, L1, and Lo.
However, a coil configuration is required to cover the entire coil. Figure 6 shows the optimized
coupled coils and coil configuration.

2.4 Class-E power amplifier (b

Power inverters are essential converter systems that are characterized by changf @
powers to AC powers [21]. Class-E power amplifiers have good, reliable efficien &
implementation (up to 100% theoretical efficiency) [24]. In addition, they are wés link
stimulators for implantable systems [22, 23]. Class-E amplifiers have a si eé&ucture than
other power amplifiers [24]. A class-E amplifier is a simple oscillating%with low
complexity and reduces power consumption compared to other amplifiers.”Therefore, the present

work adopted a class-E amplifier for WPT. Figure 7 depicts a sthe of a class-E power
amplifier with a wireless power link. &

The maximum output power transferred to the Ianated as follows [25]:

2
2 \ sup

3 * =

However, there are losses in the am%’fier circuit due to non-ideal organic elements, e.g., link

(12)

transistor on-resistance Ron and, suppressor inductor parasite resistance. The measured power
efficiency of the amplifier is neawS % due to the losses in the transmitter and receiver. Let

us evaluate the WPT system uSig Zt or Rreflected @Nd Vreir2 in simulation settings. Figure 8 shows
the WPT system, where V. ref12 Can be calculated as:

Vo= Vo (13

K12
Accordi ig. 9 and Eqgs. (14) and (15), full resonance would not occur. As a result,

imaginar ance jx remains.
i, :%ﬁ(9+(p); 0=ot (14)
VO=CSin(6+(p); 0= ot (15)

The imaginary impedance jx is determined by the capacitance Co or Cy — since Lo has been
found, while Co and C; are unknown. Figure 10 illustrates a completely nonlinear circuit. This
circuit is solved under some assumptions, including:



1) The 100uH inductor has no DC drop,

2) Current ipc flows through the inductor as it is large,

3) Once isinp flows through it, the capacitor is charged by igc-io. Then, the charging of the
capacitor can be written as:

1¢o C . 1 C
Vi) = EI O[l—ﬁ SIn(u +(p)J duzgﬂ+ﬁ(cos(9+(p)— cos((p)) ;:B=0C (16)
L v -0
p—pi > = Ve ‘ (17)

2R R,
v(n)=0 (DJQ(N (18)
v =0 '&'& (19)

Eq. (17) is the fundamental equation of class-E power ampli , Which gives 6, C, and Vo.
Here, Vg is known. Furthermore, V) is sinusoidal, represen the voltage across capacitor C.
The capacitor is charged at igc-io, and the capacitor c equation was written. The first
component of this remote signal is obtained in two ways:

First equation:(jx+R)io=Vo O\

Second equation: the Fourier series of V) i@n, and the first component becomes sinusoidal

Third equation: As it is sinusoidal, no c%e component exists. Then, the cosine component of the

Fourier series is set equal to zero
Fourth equation: Once Vcc arfthan in;uctor exist, no Rqc exists for an ideal inductor, and Vcc drops
to the bottom point. Then, thg@ge Vg is Vce. The system of four equations with four unknowns
is solvable. In the desi d Vr are known based on user-defined data. Here, Co and C> are to
be set to maximize cy. At a frequency of 10 MH, the switch has losses. For a scenario
where the voltag rrent overlap in time when either the voltage is zero, and current is non-

ro, and voltage is non-zero; that is, the product of voltage and current is

zero or the cu )
zero, and no power is consumed. Then,

i x ?’Sé (20)

As a result, battery power is given by:

Battery Power = ix V,, (21)

Then, apart from those four equations, three more equations are included.

First equation:



V(n) =0 (22)
The voltage becomes zero in the middle of the cycle as there is a current. Then, if the frequency

is on for T1 seconds, it is off for T1 seconds, as shown in Fig. 11.

There is a current when the switch is on, and there is no current when the switch is off.
Furthermore, there is a voltage when the switch is off, and there is no voltage when the switch is

on. Then, (b

v(m)=0 (23)
The second equation:

According to Figure 12, voltage slope versus time is important becqxb@g increases as

slope increases.

dv(6)
d(o)
slope is high, while it is low when the slope is low. @Q

Third equation:

It is required that o—, =0 to neutralize the timing (Qe voltage is high when the

2 2
P, =Pi —>C—: Ve (24)
2R R,
The efficiency maximization co of these three equations are added to the four previous
equations. Then, Cy and Co are rel @ 0
Q -
&1.1552Req (26)

Therggg obtained and inserted into Eq. (26) to find C1. As a result, Vcc and VRectifier are

is set to a high value (e.g., 100 m) as lqc is almost constant. As a result, a power of 100-150
mW is applied (higher power is impossible due to limitations). In Fig. 13, Rgs denotes transistor
resistance.

Here, Rgs is added to the inductor resistance. For example, when Ri=5 Q and R4c=4 Q, the
total resistance is 9 Q.

3. Results and Discussion



Table Y summarizes the main WPT design parameters utilized in this study.

As observed in Table X, the present study demonstrates superior experimental efficiency (51%)
compared to prior works (typically below 35%) on similar ICD or implantable WPT systems, due
to advanced coil optimization and improved link circuitry.

The data were introduced to MATLAB software, finding the inductor link to have an efficiency of
80% with Rqc and no rectifier.

In Fig. 14, Vcc =4 and | = 43 mA, leading to a Vmax 0f 15.129 V. Here, VimaxdS the (Qge
across the collector. Figure 15 indicates the simulation circuit in LTSpice for Vcc=3.
égr

Figure 16 shows the steady-state output voltage simulated in LTSpice a% ding initial
transients. The voltage form was sinusoidal, with an amplitude of 13 V, a of 120 mA, and
an efficiency of 81% in the absence of the rectifier and 77% in the pre% the rectifier.

Figure 17 depicts the transistor voltage (blue) and base vol;agq‘Wen).

Figure 18 shows the transistor current (blue) and base cu@green). Furthermore, the blue
current is almost zero when the transistor is off.

Figure 19 represents the experimental results, w e first ammeter 3 mA, corresponds to
the buffer, 41 mA corresponds to the E-class pow: ifier's Vcc = 3.3 V. Here, the oscilloscope
power voltage was 3.3 V. The power volta fm-class power amplifier was 3.3 V, with an
experimental efficiency of 76.25. The efficiency vas obtained to be 70.9% in the presence of the
buffer.

Figure 20 plots the sinusoid t, 5/hereas Figure 21 depicts the base current and voltage.
Here, 131.2 mW of power was,receiVed from the WPT circuit (B, =3.2x41=131.2 mW), and

100.04 mW of power was tr. ed to the load. Efficiency is defined as the ratio of output power
to input power, which i @Iated to be 76%.

Then, B, =Q3=169.6 mW, and 92 mW of power was transferred to the load in the
ctifi

presence of the 7 leading to an efficiency of 54%. The efficiency was found to be 51% in
the presence| of)the buffer. The experimental results confirm that the proposed WPT system
provides @ substantial leap in efficiency compared to prior solutions. Whereas most existing studies
rep iciencies in the range of 10-34%, our configuration achieves 51%, which can extend
devicg lifetime by at least 25-40% assuming typical duty cycles. This improvement is primarily
attributed to geometric optimization of both the transmitter and receiver coils, as well as refining
load matching techniques and adopting a class-E power amplifier. While the system performs
effectively under ideal alignment, sensitivity to coil misalignment and tissue-induced loss remains
a potential challenge, suggesting further exploration of adaptive tuning and closed-loop feedback
in future designs.

3.1 Similar amplifiers



Researchers evaluated the Powering smart wireless implantable medical devices: Toward an
internet of self-powered intra-body things.Traditional medical implants will be replaced by a new
generation of implantable smart, reconfigurable devices endowed with sensing, processing,
communication, and actuation capabilities.Earlier works studied the WPT of a deep brain
stimulator[26].Earlier works studied the WPT of a deep brain stimulator. Their goal was to
optimize the inductive link for recharging the deep brain stimulator's implantable pulse generator.
The experimental data reported a WPT efficiency of 10.62% [27]. Researchers evaluated the
feasibility of using an inductive link for WPT to a rechargeable implant in the chest. A m
was assumed between two flat coils, and its performance was evaluated through sT n and
experimental tests. The maximum measured WPT efficiency was found to be near [28] An
improved variant of the solution proposed in the present study was used in ear rks for WTP
links of rechargeable pacemakers. The proposed link utilized a receive é&ﬂed within the
silicon header of a pacemaker. Based on the definition of the RF- to-% iency, the link was
found to have an efficiency of approximately 23%, based on the measured data. The link proposed
in the present work had an efficiency of nearly 51% [29]. \?b'

X

4. Conclusions 0

The present study aimed to prolong the longevity of smg auxiliary power transfer. A WPT
link was assumed between the two coils, and @ ance was evaluated using simulation and
experimental tests. The inductive link W% ed to transfer the auxiliary power to the
implanted ICD. The optimal transfer frequencyewas set to 10 MHz, and a class-E power amplifier
was designed to achieve the optimumg%clency of the transmitter. Also, the performance and
efficiencies of different parts of link are calculated and reported in detail. this study
demonstrates that by leveraging advanced coil design and class-E amplifier technologies, the
wireless power transfer effici for ICD applications can be improved from the 23-34% range
typical in literature to ov, 0. Such gains could result in up to 40% longer device lifespans
before replacement su s needed, dramatically improving patient quality of life and reducing
healthcare costs. ommend that future work investigate integration with buck-boost DC-DC
converters and eal-time adaptive power tracking in clinical prototypes.
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. WPT parameters.
Unit Value
MHz 10
mm
mum outer mm 25
@ nimum coil spacing pum 150
O Minimum coil width pum 150
O Load resistance Q 500

*Copper coil is used on FR4-PCB

Table Y. Quantitative comparison of state-of-the-art inductive power transfer solutions for ICD
and related implants

Reference Year

Implant/Device Topology/Coil
Type

Frequency
(MHz)

Max Notable
Reported Characteristics
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WPT

Efficiency
(%)
Helalian 2017 Cardiac Planar spiral 15 23 Dual-coill,
et al. Pacemaker bidirectional
link
Leeetal. 2024 Deep Brain Stacked 13.56 34 Miniature
Stim. circular secondary coil
Zhanget 2025 ICD Planar 13.56 29 High-Q
al. mirrored- magnetic
spiral resonance
Detkaet 2023 Cardiac Planar coil — 23 Optimized
al. implants planar coil
This 2024 ICD Optimized 10.00 51 Geometric
work coupled spiral opt., class-E
PA
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