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This paper deals with the intrasystem electromagnetic interference (EMI) in a pacemaker equipped with a wireless power
transfer (WPT) charging system. The WPT application to pacemakers is very new, and no results are yet published on possible
EMI effects produced by the WPT coil currents in the pacemaker pacing leads. To this aim, an efficient and original co-simulation
circuit/field method is proposed to predict the induced voltages on a pacing lead. In the numerical calculation, the pacemaker with
WPT secondary coil and a pacing lead is implanted in a sophisticated human body model. The numerical results are validated by
measurements showing a good agreement. The proposed approach would be a useful tool for pacemaker EMI compliance tests and

safety assessment evaluations.

Index Terms— Coupling, electromagnetic compatibility, leads, pacemakers, transmission line (TL), wireless power transfer.

I. INTRODUCTION

HE usage of wireless power transfer (WPT) to recharge

the battery of pacemakers or active implanted medical
devices has been recently envisaged [1]-[4]. While system
design and electromagnetic field (EMF) safety aspects have
been addressed in [1] and [2], the electromagnetic interfer-
ence (EMI) produced by the WPT system on the pacemaker
itself is hereby considered for the first time. The WPT coil
currents produce a time-varying magnetic field that can induce
current and voltage on the pacing leads, which in turn can
generate interference in the circuitry of the pacemaker itself
and, above all, can inject current in the heart [5], [6]. The main
coupling mechanism between the pacemaker and the magnetic
field generated by the WPT system is due to the loop formed
by the lead system through the human tissues (see Fig. 1). This
loop area depends on the electro-geometrical configuration of
the pacing leads.

Due to the complexity of the configuration composed by the
human body, pacing leads, WPT coils, and pacemaker housing,
a full numerical investigation is not practicable. To overcome
this difficulty, a circuit-field co-simulation tool is proposed
to evaluate the voltage induced at the input port of the
pacemaker. In the proposed approach, the configuration of the
pacemaker with a unipolar lead is modeled by an equivalent
circuit obtained applying the transmission line (TL) theory,
while the software tool COMSOL is used to derive the circuit
parameters. This technique allows a fast calculation of the
induced voltage for several lead types and electro-geometrical
configurations.

II. SYSTEM CONFIGURATION
When a pacemaker is equipped with a WPT charging sys-
tem, the primary coil is located on the body surface, while the
secondary coil is inside the body, i.e., in the pacemaker [1], [2].
The WPT coil currents produce a time-varying magnetic field
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Fig. 1. (a) Pacemaker with a unipolar lead implanted on a realistic anatomical
model. (b) Sketch of current return path and loop area. (c) Lead discretization.

needed to inductively transfer power, but this field can also
induce currents and voltages on the pacing leads with the risk
to generate EMI in the pacemaker circuitry and problems to
the heart [5]-[9].

When considering a pacemaker with a unipolar lead, the
pacemaker has the cathode electrode that lies within the heart
while the anode is the metallic housing of the pacemaker [see
Fig. 1(a)]. The current return path inside the human body is
not clearly defined, as shown in Fig. 1(b). In the proposed
method, the unipolar lead is assumed to be a field-excited
nonuniform TL. Thus, the lead is discretized in a number of
series-connected TL segments as shown in Fig. 1(c), whose
excitation depends mainly on the loop area delimited by the
lead and the current return path.

III. MATHEMATICAL MODEL

A. Equivalent Circuits

After the unipolar lead discretization, the equivalent circuit
of the field excited TL can be modeled by a series cascade
of lumped parameter active two-port networks. The lumped
equivalent circuit of the ith lead section in frequency domain
is shown in Fig. 2(a), where Z;; = R; + jwL;; is the series
impedance, Y;; = G; + jwC;; is the shunt admittance, while
E; and J; are the independent voltage and current sources
due to the external excitation [10]. The controlled voltage
and current sources represent the mutual coupling between
different line segments. For the test case under examination,
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Fig. 2. Field excited circuit. (a) ith lumped circuit element. (b) ith lumped
circuit element at LF when neglecting the transversal parameters.
(c) ith lumped circuit element without controlled sources. (d) Equivalent
circuit of the field excited pacing lead.

the equivalent circuit can be simplified by neglecting the shunt
parameters, i.e., adopting the low-frequency (LF) approxima-
tion, as shown in Fig. 2(b).

This approximation is valid because the operational
frequency (f = 20 kHz) is quite low, the lead is covered by
dielectric insulation (G; =~ 0), and the voltage is very small
(wC;V; = 0, J; = 0), as shown in Section IV. By the LF
approximation, the current is the same in all lead sections
(h=..=1=..=1, =1), and the series cascade of the
circuit sections in Fig. 2(c) can be modeled by the simple
circuit shown in Fig. 2(d). In such network, Vjqcem Tepresents
the voltage at the input port of the pacemaker, Vjeqrs the
voltage in the heart, Z;, the impedance of the current return
path, Z pqcem the impedance at the input port of the pacemaker,
and Zjeqqd = Riead + j®Ljeqaq the impedance of the lead, where

n
Rieaa = Z R;

i=1

n n
Lieaa = ZLii + Z sij Mij .
P # ]

In (1b), L;; is the partial self-inductance of the ith lead
segment, M;; is the partial mutual-inductance between the ith
and jth lead segments, and s;; represents the sign (&) of the
particular partial inductance and depends on the direction of
current flow in the ith and jth conductor segments [11], [12].

The circuit excitation in Fig. 2(d) is given by an electro-

magnetic force modeled as a voltage source E and given
by

(1a)

(1b)

E=—jop @

where ¢ is the magnetic flux produced by the two coils of
the WPT system and linked with the loop area. This flux
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Fig. 3. Equivalent circuit of two WPT coils and an implanted pacemaker.

can be calculated as the surface integral of the magnetic
field produced by the WPT current coils, when the overall
configuration is analyzed by an EMF solver [1]-[3].

A different solution can be obtained by circuit simulation,
when the voltage source E is given by

E = —joMi jeaali — joM> jeaaln 3)

where I; and I are the currents flowing, respectively, in the
primary and in the secondary coils of the WPT system, and
M jeaa and M3 jeqq are the mutual inductances between the
primary coil and the lead, and between the secondary coil
and the lead, respectively. The equivalent circuit is shown in
Fig. 3, where L1 and L; represent the self-inductances of the
WPT coils, M, the coil mutual inductance, and R; and R»
the coil resistances [1]-[3]. For simplicity, the source, loads,
and compensation blocks of the WPT system are not reported
in this figure.

B. Circuit Parameters Calculation

The lead internal wire has a helicoidal shape to increase its
flexibility and mechanical robustness. Nevertheless, this shape
has an impact on the electrical parameters as resistances and
inductances. The self-inductance L;; of any ith TL section into
which the lead is discretized is given by L;; = L;i +L¢;, where
Lfl. is the internal inductance and L{; the external inductance.
The internal inductance L;i and resistance R; are experimen-
tally obtained since the electro-geometrical configuration of
the pacing lead is too complex to be calculated. The external
self-inductances L{; of the ith section are instead calculated
using the expression of partial inductances for a cylindrical
wire in free space. This expression can be assumed valid
also inside the human body since all the biological tissues
are characterized by a magnetic permeability x4 = ug, and,
at the frequency of interest, the power losses are negligible.
Also the mutual inductance M;; between the ith and the
jth TL sections is calculated by the partial inductance theory.
The formulas of the partial self- and mutual-inductances can
be found in [11]-[14].

The mutual inductance between the planar spiral coils of
the WPT system and the lead is obtained imposing a current
lieaa = 0 on the lead and I.,;; # O on the coils. The mutual
inductance between the lead and the coil is given by

Meoil 1ead = imag(vlead/(jCUIcoil)) “)

where Vjeqq is the induced electromagnetic force on the lead.
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Fig. 4. Sketch of the field configuration used to calculate Z;, and adopted
meshes for the pacemaker and lead tip.

The circuit parameters of the WPT system in Fig. 3 can
be numerically extracted or measured [1], [2]. The numerical
extraction can also be successfully used for the calculation of
the lead parameters instead of the use of partial inductances
solving the magneto-quasi-static equations [2].

The calculation of the impedance Zp;, is strongly depen-
dent on several aspects: the form and position of the two
electrodes (pacemaker housing and lead tip in the heart) and
the current path inside the inhomogeneous human body of
complex shape. Since the analytical calculation is not possible,
the impedance is numerically calculated solving the electro-
quasi-static field equations in frequency domain by the finite
element method using the commercial software COMSOL.
The external surfaces of the helix shaped lead tip are made by
perfectly electrical conductor, except for the bottom surface
that is connected to the lead and is assumed to be electrically
insulated in this instance. A voltage Vp = 1 V is imposed on
this electrode, while zero voltage is imposed on the external
surfaces of the pacemaker case, as schematically shown in
Fig. 4. For the 3-D simulations, a tetrahedral mesh with
maximum element size comparable to a fraction of the skin
depth has been adopted (see zoomed-in view of Fig. 4).

The current flowing into the two electrode surfaces (lead tip
and housing) is calculated by postprocessing the field solution

Iip = / J-ds (50)
Stip

Thous = / J-ds (5b)
Shous

where J is the current density vector, and Sip and Spous are
the external conductive surfaces of the electrodes. It is easy to
verify that Iijp = —Ihous = 1, assuming a negligible numerical
error. Thus, the return path impedance in biological tissues is
calculated by

Zpio = Wo/1 (6)

IV. APPLICATIONS

The excitation to the pacing lead is given by the magnetic
field produced by the current coils of the WPT charging
system operating at the frequency fy = 20 kHz [1], [2].
To validate the excitation of the lead in the proposed method,
the simplified setup shown in Fig. 5 has been realized. It is
composed by a lead and a source coil in air. The magnetic
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Fig. 6. Measurement setup configuration. The lead connected with the

pacemaker housing has been immersed in a saline solution.

field excitation is generated by a sinusoidal current (1 A at
20 kHz) flowing into a planar spiral coil with outer
diameter D = 70 mm, wire diameter W = 1 mm, and number
of turns N; = 29. The distance between the coil and the plane
where the lead lies was set to d = 1 cm. For Faraday’s Law,
the time-harmonic magnetic flux in the loop formed by the
curved unipolar pacing lead of 46-cm length gives rise to the
induced voltage E coinciding with the open-ended voltage
Vpacem wWhen Zpgcem = oo. This voltage was measured at
the input port of the pacemaker and calculated. The measured
and computed values were quite similar: Vpacem_meas = 55.0
mV and Vyacem_cai = 52.1 mV.

Then, a suitable setup for in vitro measurement was pre-
pared as shown in Fig. 6. This setup consisted of a pacemaker
housing with unipolar lead immersed in a saline solution
characterized by a concentration of NaCl = 0.9% to simulate
human tissues. The first test was performed to evaluate the
correctness of the LF simplifying assumption (i.e., negligi-
ble transversal parameters in the circuit of Fig. 2(a). Thus,
a 20 kHz current of 100 mA has been injected in a terminal
of the lead while the current at the other lead terminal has been
measured for different lead geometrical configurations. In all
considered tests, the magnitude and phase of the measured
currents at both terminals have revealed to be quite similar as
shown in Fig. 7 confirming the correctness of the adopted LF
approximation.

Finally, the induced voltage Vyqcem due to the magnetic field
produced by an external source coil was evaluated assuming
a source coil having the same characteristics of the previous
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Fig. 7. Input (red) and output (blue) current waveforms on the lead immersed
in a saline solution.
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TABLE I
WPT PARAMETERS AND INDUCED VOLTAGE ON THE LEAD TERMINALS

Calculated Measured
Lead inductance Lj..s (LH) 0.54 -

Mutual inductance M.y jeqa (WH) 0.365 0.34

Lead resistance Rjeqq (€2) - 45
Resistance Ry, (€2) 600 625

Coil inductance L., (WH) 27 30
Coil resistance R, (mQ) 120 118
Induced voltage E (mV) 47.8 422

application. The voltage Vj4cenn Was measured and calculated
by the analysis of the equivalent circuit in Fig. 2(d). To
this aim, first the impedances Zjeud = Riead + j®Liead,
Z pacem» and Zp;, were calculated. The lead inductance Ljeqq
was computed using the partial inductances method [11]-[14],
discretizing the lead into n = 80 line segments. The resistance
Rjeqq was obtained by measurements at the frequency fy = 20
kHz. The computed and measured parameters of the circuit
and the open loop (/;;4 = 0) induced voltage E are shown in
Table I.

At the considered frequency fo, the impedance Zp;, is
mainly resistive (Zpio =~ Rpio) and its value is in the
range 400-600 €, depending mainly on the tip configuration.
Assuming a variable internal resistive impedance (Z pgcem ~
Rpacem) at the input port of the pacemaker (to consider various
pacemaker type and settings), the voltage in the pacing lead
has been calculated for several values of Rpucem = 50 Q,
100 Q, 500 Q, 1 kQ, and 10 kQ.

Then Vy4cem Was measured using a high input impedance
oscilloscope in the setup shown in Fig. 6. The obtained results
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for various values of Rpucem have been reported in Fig. 8.
As can be observed, the numerical results are in satisfactory
agreement with the measurements confirming the validity of
the proposed approach to predict EMI in a very complex
configuration.

V. CONCLUSION

The induced effects produced by the application of a WPT
charging system to a pacemaker with a unipolar pacing
lead has been evaluated for the first time. The proposed
co-simulation approach allows a fast calculation of the induced
voltage on the lead terminals produced by the WPT coil
currents. The numerical results have been compared with
measurements highlighting a satisfactory agreement. In the
future, the obtained induced effects for real pacemaker config-
urations will be compared with standards limits. Furthermore,
the proposed method will be applied to evaluate the EMI in
bipolar leads.
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