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Abstract: Inductive power links are most viable for the long-term powering of cardiac pacemakers.
Designing an inductive power link without surpassing the specific absorption rate (SAR) for modern
leadless cardiac pacemakers (LCPs) remains a challenging task because of its size and implantation
depth. The inductive power link employed in the conventional works is either designed at a high
frequency or based on the size, shape, weight, and implantation depth of conventional cardiac pace-
makers. Here, a 3-coil inductive power transfer link with a circular transmitter coil and solenoidal
receiver coil is designed at 13.56 MHz to provide uninterrupted power to the modern LCPs. Consid-
ering the food and drug administration approved term for implant size of modern LCP, the receiver
coil is designed with 6 mm diameter and 6.5 mm length. The performance of the link has been
verified through simulations and measurements under perfect alignment, lateral and/or angular
misalignments, and distance variation between the coils. At a 50 mm horizontal distance between
transmitter and receiver coils, the transmission coefficient is —30.9 dB. The maximum simulated
average SAR at heterogeneous phantom is 0.30 W /kg, which is lower than the limit set by the Federal
Communications Commission for radiation threshold exposure. Experiments conducted on pork’s
heart verified the reliability of the simulated results. At a 50 mm distance between the coils, the
measured transmission coefficient is —34 dB, and at an input power of 1 W, the power delivered to
the load is 0.7 mW.

Keywords: leadless cardiac pacemaker; 3-coil inductive power transfer link; solenoidal receiver;
transmission coefficient; specific absorption rate

1. Introduction

Millions of patients with cardiac abnormalities rely on a pacemaker every year, as it
delivers electrical impulses to the heart to control abnormal heart rhythms. With continuous
improvements in pacemaker technology, the modern leadless cardiac pacemakers (LCPs),
about the size of a vitamin capsule, are 6 mm in diameter and 42 mm in length based
on food and drug administration (FDA) approved terms for implants [1]. LCP employs
a lithium carbon monofluoride battery [2-4] as a power source for long-term powering,
but it occupies almost 50% of the device, creating a potential demand for wireless power
transmission (WPT). Therefore, integrating the WPT system with a rechargeable small-size
battery helps in reducing the overall size of the LCP.

Designing the WPT system for a cardiac pacemaker poses challenges as the receiver
coil inside the heart has the size, shape, and weight constraints and should be able to
minimize the specific absorption rate (SAR) and maximize power transfer efficiency (PTE)
and power delivered to the load (PDL) simultaneously. Considering the aforementioned
challenges, a significant amount of research works focus on designing a WPT link for
a pacemaker. In [5], Campi et al. adopted wireless power transfer systems based on
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magnetic resonant coupling between the coils to recharge the batteries of the AIMDs. The
systems were designed at 300 kHz and 13.56 MHz considering the EMF safety standards
to compare the WPT system performances and electric and magnetic (EM) field safety
aspects between two industrial, scientific, and medical (ISM) frequencies. The external
diameter of the secondary coil is fixed to 17.65 mm in order to fit the dimensions of a
generic pacemaker. In [6], Xiao et al. developed a LCC-C compensation circuit for wireless
charging system for implantable cardiac pacemakers. Although the designed system at
300 kHz achieves high power transfer through 8 mm pork tissues at high efficiency without
harming the human body, the developed wireless charging system can be applied to the
modern pacemakers only after modifications as the receiver coil is designed by considering
the shape of implantable cardiac pacemaker 44.5 mm x 30.5 mm. In [7], Liu et al. designed
a wireless charging system with a double-sandwiched structure for both transmitter and
receiver at an operating frequency of 160 kHz. This system provides a stable charging
power over 5 W for different types of micro implantable devices and robotics. The prototype
of the design is based on the practical size of the conventional cardiac pacemakers. In [8],
a transcutaneous energy transmission system is designed for artificial hearts adapting to
changing impedance caused by different loading and coupling conditions. The operating
frequency is determined to be 600 kHz and the performance is analyzed at different
malposition of the coils. In [9], a transcutaneous power regulator is designed at 300 kHz for
the artificial heart. The primary and secondary windings of the transcutaneous transformer
are positioned outside and inside the human body, respectively, for energy transfer. Though
the works presented above use low ISM frequency, their proposed coils are based on the
size, shape, weight, and implantation depth of conventional cardiac pacemakers. In [10,11],
a WPT link with a conformal implantable antenna is designed for LCP in the midfield band
(1.45-1.6 GHz), but according to Federal Communications Commission (FCC), the rate
of EM field absorption by tissue of animal/human is high at frequencies above 20 MHz.
Designing an efficient WPT link at low frequency considering the size, implantation depth
and power requirements of modern LCP is a challenging task.

In this paper, we have designed a 3-coil inductive power link with a solenoidal receiver
coil and circular transmitter coil at 13.56 MHz in heterogeneous phantom by considering
the size and shape of modern LCP. The capsule-shaped IMDs are preferred to be designed
close to a prolate spheroid or a cylinder, and therefore the coils are generally designed in the
form of a solenoid [12]. This work adopts a solenoid shape for the receiver coil conforming
to the modern LCP device surface. We have considered planar circular shapes for the
source and the transmitter coil to maximize the power transfer and provide maximum
comfort to the patients in real-time. The heterogeneous phantom is created with layers of
skin, fat, muscle, bone, and heart. The solenoidal receiver coil is placed inside the heart
layer at a distance of 50 mm from the circular transmitter coil placed above the skin layer.
Figure 1 is the schematic representation of our proposed 3-coil inductive power link for
powering the LCP in the right ventricle. The performance of the inductive power link is
analyzed on the basis of PTE and SAR. As the environmental factors and human activities
have a profound impact on the position of the receiver coil, we have also analyzed the
PTE with respect to distance variation, lateral and/or angular misalignments. Since the
thickness of tissue layers varies from person to person, the performance is also validated
under varying tissue compositions.

The remaining sections of the paper are organized as follows: first the proposed 3-coil
inductive power link methodology and optimization procedure for attaining maximum PTE
are discussed in Section 2. Section 3 presents the performance analysis of the 3-coil inductive
power transfer link at heterogeneous phantom under the varying distance between the
coils and different orientations of the receiver coil. The safety aspect of the proposed
3-coil inductive power link at 13.56 MHz is also discussed in this section. Fabrication and
measurement results are presented in Section 4, followed by the conclusion section.
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Figure 1. Schematic overview of 3-coil inductive power link for powering LCP in right ventricle.

2. 3-Coil Inductive Power Link Methodology and Optimization Procedure

A 2-coil inductive power link methodology is the most common and widely used
methodology to power implantable medical devices. The 2-coil inductive power link
achieves a high PTE and PDL only in the near-field regions (=2 cm) [13-15]. For coupling
over long distances (=5 cm), multi-coil inductive power links using 3-coil and 4-coil
topologies are usually optimal choices [16-19]. These links achieve high PTE across larger
coupling distances and provide a higher degree of freedom in optimization. Through
comprehensive analysis of multi-coil link topologies over wirelessly powered implantable
medical devices, 3-coil topology is found to be superior compared with 4-coil topology
in terms of PDL [17]. By weighing the advantages and disadvantages of inductive power
transfer link topologies, a 3-coil inductive power link topology is adopted in this paper.

2.1. Equivalent Circuit Model of a 3-Coil Inductive Power Link

In order to design a 3-coil inductive power link, depending on the application, an
additional coil and capacitor are either added to the transmitter or receiver of a 2-coil
inductive power transfer link [20,21]. The receiver coil used in this work has size and
weight constraints as it is placed inside the heart, and therefore this work has the additional
resonator on the transmitter side. The simplified equivalent circuit model of a 3-coil
inductive power link consisting of source, transmitter, and receiver coils is shown in
Figure 2a. For simplicity and consistency purposes, the source coil, transmitter coil, and
receiver coil are addressed as Li, Ly, and L3, respectively, throughout this work. The
efficiency of the 3-coil inductive power link depends on the mutual inductance between L;
and Ly (Mj2) and Ly and L3 (Mp3) and Q-factor of the coils. The coupling distance between
L; and L; is denoted by D1, and the coupling distance between L, and L3, known as the
implantation depth, is denoted by Dy3. In order to acquire a strong M3, it is important to
achieve a high M, as an increase in M, eventually increases Mp3. Mj, can be maximized
by adjusting D1, and the inner and outer diameter of L; with respect to Ly. Mj; and Mp3
can be calculated as in Equation (1) [22]:

Im(le)/wo; Im(Z23)/wo (1)

where Z and w, = 27tf denote impedance and resonant frequency of the coils, respectively.
The efficiency of the WPT is maximum when L;, L, and L3 are tuned to the resonant
frequency, w, =1/+/L1Cy =1/+/L,Cy = 1/+4/L3Cs, where Cy, Cy, and Cj are tuning capaci-
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tances and L1, Ly, and L3 are self-inductances. Q-factor of L1, L, and L3 can be obtained as
in Equation (2) [23]:

Qi = woL;/R; )

where i = 1, 2, 3; L; and R; are the inductance and resistance of the coil i, respectively.
The efficiency () in terms of the transmission coefficient (S;1) can be expressed as in
Equation (3) [24]:
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Figure 2. (a) Lumped circuit model of the 3-coil inductive power link. (b) The 3-coil inductive power link design procedure.

2.2. Optimization Procedure of the Proposed 3-Coil Inductive Power Link

In order to attain optimal coil geometries, a design procedure as shown in Figure 2b
is adopted, and a High Frequency Structure Simulator (HFSS) is used to simulate and
optimize the L1, Ly, and L3. The steps of the design process are as follows:

Step-1:

Step-2:

Step-3:

Step-4:

Define the design constraints based on the LCP application. A decision has to
be made on the shape and size of the coils. Considering the shape and size of
modern LCPs, we have chosen a solenoidal shape receiver coil with a maximum
diameter of 6 mm. As L and L; lie on the chest, We have considered planar
circular shapes to ensure comfort. L;, Ly, and L3 use copper for winding, and
the operating frequency is chosen to be 13.56 MHz.

The parameters of L1, Ly, and L3 are initialized in this step. The parameters are
number of turns (1), wire width (w), the inner diameter of the coil (d;), pitch (p),
and spacing between the turns (s).

L3 optimization is carried out in this step. Parametric sweep is performed with
respect to w3, n3, and p3 to find optimal geometry for L3. This way a high Q3 and
self-inductance of L3 are achieved. The Q3 can be calculated as in Equation (2).
This step carries out L1 and L; optimization. The parametric sweep of L; and
L, is performed with respect to w1, s1, dj1, n1 and wy, sy, dpp, and ny. This
step finds optimal geometries for L1 and L,. It is important to achieve a strong
Mj; as increase in Mj, eventually increases Mj3.The higher the value of Mjs,
the higher the value of efficiency. Mjp, Q1, and Q; can be calculated as in
Equations (1) and (2).
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Step-5:  Evaluate the efficiency between L, and L3 in air medium. D»j is set to 50 mm.
Rg and Ry, are defined in this step. For a low efficiency, the process is iterated
from Step-3 till a maximum efficiency is achieved. As mentioned above, max-
imum efficiency occurs at the resonance frequency, and therefore, the tuning
capacitances Cq, Cp, and Cs tune the resonance frequency.

Step-6:  To evaluate the efficiency of the inductive power link in a real environment, the
air medium is replaced with a heterogeneous phantom between L, and L3. The
presence of tissue in between the coils shifts the resonance frequency, therefore
C1, G2, and C3 have to be finely tuned. This step also evaluates the safety aspect
of the inductive power link by computing the average SAR.

Step-7:  Finally, the optimal simulated design is experimentally evaluated.

3. Proposed Coil Geometries and Performance Analysis
3.1. External Transmitter Coil and Receiver Coil Geometries

The geometries of L1, Ly, and L3 obtained after the iterative procedure are shown
in Figure 3a,b. As we discussed above, dpjs is set to 6 mm and /3 is varied with respect
to n3, w3, and p3. Initially, n3 is set to 8, and to find optimal turns, it is varied from 8 to
12 with respect to w3 and p3. The maximum Q3 and self-inductance attained with n3 =9
are 102 and 268.4 nH, respectively. The weight of L3 at n3 =9 and w3 = 0.2 mm is 0.05 g.
Since the L3 is lightweight, it perfectly fits the modern LCP device. Though L; and L,
are placed above the chest, it is important to design coils that are compact in size. L1 and
L, are optimized simultaneously to maximize Mj,. The Mj, achieved at D1, = 10 mm is
high when compared to Mj, at D1, = 0 mm. Therefore, the D5 is fixed to 10 mm. The
1y is varied in the range of 7 to 10 and considering dp, of Ly, L1 was initially designed
with two turns, but the resulting M, is low. Hence, 17 is set to 1. The achieved Q, and
self-inductance of L, are 610 and 1867.8 nH. The achieved Q; and self-inductance of L, are
377 and 131.2 nH. Table 1 shows the optimized parameters of L;, Ly, and L3 at 13.56 MHz.

Table 1. 3-Coil inductive power link specifications at 13.56 MHz.

Parameter Symbol Ly L, L3
Inductance (nH) L 131.2 1867.8 268.4
Q-Factor Q 377 610 102
Outer diameter (mm) do 62 53 6
Inner diameter (mm) dr 58 4.2 5.6
Length (mm) l - - 6.5
Number of turns n 1 9 9
Width (mm) w 2 1 0.2
Spacing (mm) s - 1.6 -
Pitch (mm) p - - 0.5
Weight (g) - - - 0.05
Distance (mm) D1, =10 Dy3 =50
Type of wire Copper
Frequency (MHz) 13.56
Mutual Induc- Mip =141.2
tance (nH) M3 = 68.5
S21 (dB) —30.9
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Figure 3. (a) Circular Ly and L;. (b) Solenoidal L3. (c) 3-coil inductive power link in heterogeneous
phantom in simulation study.

3.2. Power Transfer Efficiency in Heterogeneous Phantom

We have characterized the heterogeneous phantom with layers of skin (dry), fat,
muscle, bone (cancellous), and heart to validate the performance of the inductive power
link close to the real-time environment. The heterogeneous phantom is formed with skin,
fat, muscle, bone each of 10 mm thickness, and considering the size of the heart in real-
time [25], the thickness of the heart layer is considered to be 60 mm. Figure 3c shows L1,
Ly, and L3 geometries in heterogeneous phantom used in the simulation study where L,
and L, lie in the air and L3 is inside the heart layer. These layers are considered based on
the relative permittivity (e,), loss tangent (tan §), and conductivity () of the body tissue
at 13.56 MHz as shown in Table 2. L3 is simulated in a substrate made of bio-compatible
polyamide with €, and tan d of 4.3 and 0.004 and thickness of 5.5 mm to provide support
and allow flexible wounding of L3. L3 here is positioned horizontally with respect to L,
and L; inside the heart layer at D3 = 50 mm. The resonant frequency of coils is achieved
at C; =1 pF, C; =105 pF, and C3 =1 pF. The Rg and R across L and L3 are set to 50 (). Sp;
and My3 at Dp3 = 50 mm are —30.9 dB and 68.5 nH, respectively, and are highlighted in
Figure 4a. The black dashed box in Figure 4b represents Sy; with respect to frequency.
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Table 2. Dielectric properties of biological tissues at 13.56 MHz [26].

Tissue Type Relative Loss Conductivity
Permittivity (e,) Tangent tan § (o)
Air 1.0 0.0 0.0
Skin (Dry) 285 1.10 0.23
Skin (Wet) 177 2.87 0.38
Fat 11.8 3.40 0.03
Muscle 138 6.01 0.62
Bone 59.3 2.87 0.12
(cancellous)
Bone 30.5 1.97 0.04
(cortical)
Heart 239 291 0.52
(a) -28 ' 100

-9-S21 (dB)

M23 (nH)

-34 L 40
45 50 55
D23 (mm)
4B A —! ;
(b) ; 1 -30
2304 - . . :13"56,!\_/”_{2 N 'E 35
-354 - D23 =150 caren B

q\.\e"‘o\;

45712 Fre

Figure 4. (a) Sp1 and M3 vs. Da3. (b) S1 vs. Da3 vs. frequency, dashed black box represents Sy; at
resonant frequency of 13.56 MHz where Dy3 = 50 mm.

The changes in the biological environment and breathing pattern can cause variation
in distance between the coils and misalignment of coils. Therefore, in addition to horizontal
alignment, it is important to validate the performance of the inductive power link at varying
distances between the coils and under different misalignment conditions. In our previous
study [27], different types of misalignments and varied distances between coils are clearly
discussed. L3 lies horizontally with respect to L1 and L, as shown in Figure 5a, and to
validate the inductive power link performance for varied Dj3, the L3 is varied from 45 mm
to 55 mm at a step size of 1 mm along the z-axis. The results show that the transmission
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coefficient decreased gradually with an increase in Dy3. When Dj3 = 45 mm and 55 mm,
Sy1 are —28.8 dB and —32.8 dB, respectively. Figure 4a shows Sy; and Mp3 with respect to
Dy3 and it can be observed that Sy; and Mp3 are inversely proportional to D»3. Figure 4b
shows Sy1 with respect to D3 and frequency. Figure 5b,c show L3 under lateral and angular
misalignments. To analyze performance under lateral and angular misalignments, we
have considered two notations, namely, A and &, where A is the displacement and « is
the angular rotation. L3 is laterally displaced along the y-axis from a horizontally aligned
position of 0 mm to 20 mm at a step size of 2.5 mm. Figure 6a shows Sy; with respect
to lateral displacement and frequency and at the lateral displacement of 20 mm, Sy; is
—33.4dB. L3 is rotated through angles 15°, 30°, 45°, and 60° relative to Ly and L; to
investigate the inductive power link under angular rotation. At 60°, the Sy is —34.5 dB
and Figure 6b shows S;; with respect to angular rotation and frequency. Sometimes the
inductive power link suffers from both lateral and angular misalignments, therefore L3
is investigated under a combination of lateral displacements and angular rotations as
shown in Figure 5d. When L3 is rotated through an angle of 60° along with a lateral
displacement of 10 mm, Sy; is —36.6 dB. Figure 6¢ shows Sy; with respect to frequency and
lateral displacements at 60° angular rotation. Figure 6d shows S, with respect to angular
rotations and/or lateral displacements.

2 2

Figure 5. (a) L3 at horizontal alignment. (b) L3 displaced by distance A along y-axis. (c) L3 tilted at
an angle « along negative y-axis. (d) Lz displaced by distance A along y-axis and tilted at an angle «
along negative y-axis.
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-4+ 150 rotation
~4—300 rotation
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15
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10
Lateral displacement (mm)

Figure 6. (a) Sy; vs. lateral displacement vs. frequency. (b) Sy; vs. angular rotation vs. frequency.
(c) Sy vs. lateral displacement vs. frequency at 60°angular rotation. (d) S; vs. combination of lateral
and angular orientations.

The human body is transparent to frequencies below 20 MHz and therefore maximum
permissible exposure limit for frequency is <20 MHz [28,29]. To validate the safety aspects
of the designed link, SAR, a basic fundamental exposure limit imposed by FCC on whole-
body exposure is computed over a mass of 1 g of tissue. SAR is directly proportional to
tissue conductivity (¢) and inversely proportional to the density (o) and can be evaluated
using o|E|?/p [30,31], where E is the electric field. Currently, the FCC in the US imposes a
SAR limit of 1.6 W/kg over 1 g of tissue for the public, and South Korea applies the same
standard as the US [32]. The council of the European Union and Japan recommends a value
of 2.0 W/kg averaged over 10 g of actual tissue. The maximum simulated average SAR at
heterogeneous phantom is 0.302 W /kg and is shown in Figure 7a. The maximum allowable
input power can be found from 1 W x 1.6 (W/kg)/0.302 (W/kg) = 5.3 W. The simulated
efficiency of the 3-coil inductive power link is ~0.1%, which implies that selecting an input
power in the range of 500-700 mW at the external transmitter side efficiently powers the
LCP and only a small fraction of power will be absorbed by the human body.

P Safety threshold ...
iﬁz]ﬁm& - Dry skin and cancellous bone
e -Wet skin and cortical bone

2.04250-001
1.8463¢-001
1.6513e-001
1.4557e-001
1.2601e-001
1.8645e-001
5. 6834e-002

. 734e-c02
I w.7773e-002

—_
(M)
T

282130002
8.65230-003
-1.0907¢-002

Max. SAR (W/kg)
o
oo

o
~
T

Case-1 Case-2 Case-3

Figure 7. (a) The maximum simulated average SAR. (b) SAR values at varied skin and bone types
for case-1, case-2, and case-3.



Energies 2021, 14, 5436

10 of 13

As discussed earlier in Section 1, the tissue thickness varies with people, therefore the
performance of the 3-coil inductive power link on the basis of SAR should be investigated
by varying the tissue thickness. To do so, in addition to case-1, which is skin, fat, muscle,
bone with a thickness of 10 mm each and 60 mm of heart, we have also considered two
other cases. Case-2 is 4 mm of skin, 5 mm of fat, 8 mm of muscle, 10 mm of bone, and
60 mm of heart, and case-3 is 4 mm of skin, 8 mm of fat, 10 mm of muscle, 15 mm of bone,
and 60 mm of heart. The maximum simulated average SAR values of case-2 and case-3 are
0.311 W/kg and 0.309 W /kg, respectively. SAR is also validated for wet skin and cortical
bone as in Table 2. The average SAR values obtained for wet skin and cortical bone in
case-1, case-2, and case-3 are 0.292 W /kg, 0.299 W /kg, and 0.301 W/kg, respectively. The
bar graph in Figure 7b shows the studied SAR under case-1, case-2, and case-3 for different
skin and bone types. The results show that the SAR is less than the limit set by FCC for all
the cases discussed above.

4. Experimental Measurements

The fabrication process is carried out based on the optimized specifications obtained
in the simulation environment. A 3D printer (ENDER 3) is used to print the impressions of
L1, L, and L3 geometries and copper wire is wound tracing the impressions of these coils.
Figure 8a—c show the fabricated L1, Ly, and L3, respectively. A dummy capsule case made
from PLA as shown in Figure 8d is designed based on the size and shape of the modern
LCP device to indicate the area occupied by the L3 in real-time.

(C))

Figure 8. (a) Circular L; with diameter of 62 mm. (b) Circular L, with diameter of 53 mm. (c) Solenoid
Lz with diameter and length of 6 mm x 6.5 mm. (d) L3 enclosed by a transparent dummy 3D
capsule case.

To evaluate the inductive power link performance, we have conducted two types of
experiments. The first experiment measures scattering parameters, S1, using a network
analyzer (Rohde Schwartz, ZVH4, Seoul, Korea). This method measures the PTE of the
inductive link and not PDL. The second experiment uses an RF power generator (PASCAL-
600R2) and oscilloscope (Tektronix, DPO 3032, Seoul, Korea) to measure PDL between the
coils. The first experimental setup with L3 in pork heart immersed with saline solution
is shown in Figure 9a. The pork heart is refrigerated and is kept outside in order to
attain room temperature before the experiment. L; is driven by port-1 of the network
analyzer, whereas L3 is driven by port-2, wherein both the ports have a default impedance
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of 50 (2 and the overall inductive power link acts as a two-port network. The resonance
frequencies of L, Ly, and L3 are tuned by capacitances C;, Cp, and C3, respectively. At
50 mm horizontal distance, the measured Sj; is —34 dB and is highlighted with a dashed
blue box in Figure 9a. The measured Sj; values at 20 mm lateral displacement and 60°
angular rotation are —35.1 dB and —36.2 dB, respectively.

13.56 MHz -34.02dB

Span:  26.92 MHz

Figure 9. (a) Experimental setup for measuring transmission coefficient. (b) Experimental setup for
measuring PDL.

The second experiment as shown in Figure 9b uses an RF power generator to transfer
an input power of 1 W to L; and the PDL at L3 is measured in terms of voltage and
current by an oscilloscope. At Dy3 = 50 mm, the achieved PDL is 0.7 mW. The results of
the proposed 3-coil inductive power link are compared with the state-of-the-art and are
summarized in Table 3. The comparison is made on the basis of the size and shape of
the receiver coil, operating frequency, implantation depth, and efficiency. In [5,6], circular
receiver coils were designed at 300 kHz and 13.56 MHz by considering the size constraints
imposed by conventional cardiac pacemakers (CCP). For powering the leadless pacing
system (LPS), a half-cylindrical receiver coil was designed at 13.56 MHz at an implantation
depth of 40 mm [33]. Though the system designed produced an efficiency of ~0.2%, the
receiver coil dimension is not compatible with modern LCP. While the efficiency of the
designed systems in [10,11] are high when compared to our proposed design, their input
powers are restricted to maintain SAR under prescribed safety levels over 1 gand 10 g
of tissues. As discussed in Section 3, considering the safety aspects, our proposed link at
13.56 MHz allows a maximum input power of 5 W, though the input power required at the
transmitter side for efficient functioning is 500-700 mW.
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Table 3. Comparison with conventional works.

Publication 2016 [5] 2018 [6] 2017 [33] 2015 [10] 2017 [11] This Work
Type of device CCp ccp LPS LCP LCP LCP
Receiver coil Circular Circular Half Solenoid Conformal Solenoid
shape cylindrical spiral
Receiver coil 35.6 44.5 x 30.5 3x15 9 x 20 6 x 40 6 X 6.5
size (mm)
Operating 300 kHz & 300 kHz 13.56 MHz 1.5GHz 1.5 GHz 13.56 MHz
frequency 13.56 MHz
Distance (mm) 10 & 10 10 40 55 55 50
Medium Saline Pork Pig Pork heart Pork heart Pork heart
Efficiency (%) 78 & 89 78.4 ~0.2 0.58 0.3 ~0.1

CCP—conventional cardiac pacemaker, LPS—leadless pacing system, and LCP—Ileadless cardiac pacemaker. The conformal spiral receiver
coil and solenoid receiver coil size are represented in diameter x length.

References

5. Conclusions

We have designed a 3-coil inductive power transfer link at 13.56 MHz for powering
LCPs. Based on FDA approved term for implant size of LCP, the solenoidal receiver coil
is designed with 6 mm diameter and 6.5 mm length. The chosen operating frequency is
safe, as the SAR evaluated is less than 1.6 W/kg, a limit set by FCC. The performance of
the inductive power link is analyzed in a pork heart immersed in saline solution. When
the distance between the coils is 50 mm, the S; and PDL of the 3-coil inductive power
link are —34 dB and 0.7 mW. With an input power of 1 W, the attained PDL is sufficient
for powering the LCPs. The performance of the designed link is analyzed under distance
variation and different orientations of receiver coil and the PTE did not vary drastically
under these conditions. As the lithium carbon monofluoride battery occupies almost 50%
of the total modern LCP device, replacing it with a small rechargeable coin battery and our
proposed inductive power link can minimize almost 35% of the LCP device length. In the
future, in addition to the inductive power link, we intend to design a power receiver chip
for recharging coin batteries.
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