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Chapter

Wireless Power Transmission on
Biomedical Applications

Ting-Wei Wang and Ting-Tse Lin

Abstract

Wireless power transmission (WPT) can provide an alternative for wireless
power in implantable medical devices (IMDs). The WPT in implantable medical
devices will involve many emerging biomedical topics, such as implantable pace-
makers, optogenetic devices, and bio-impedance sensors. To this end, this chapter
comprehensively reviews the recent WPT studies for those mentioned above emerg-
ing biomedical applications. The specific key components are carried out for those
applications. Besides, the operation principle and system design are presented. In
conclusion, this chapter’s significance can help evolve reliable implantable device
development in the future.

Keywords: bio-impedance sensor, electrical field coupling, implantable medical
devices, magnetic field coupling, optogenetic device, pacemaker, resonance circuit

1. Introduction

Wireless power transmission (WPT) is an emerging technology to transmit power
without wires [1, 2]. It is widely studied in various applications such as consumer
electronics charging [3], radio-frequency identification (RFID) system [4], electric
vehicle charging [5], biomedical applications [6], etc. Especially in implantable
devices, the market benefit of global implantable medical devices achieved a value of
US$ 120.5 billion in 2021 by IMARC Group. The market can be expected to reach US$
168.3 billion by 2027, exhibiting at a compound annual growth rate (CAGR) of 5.54%
during 2022-2027. In practice, implantable devices solve today’s problems using
advanced medical technologies such as a well-known pacemaker and capsule endos-
copy [7, 8]. The pacemaker and capsule endoscopy invention brings new perspectives
for cardiovascular disease therapy and direct health diagnosis of the whole small
bowel. Although several miniatured battery systems have been developed to provide
several years of power supply for implantable devices, a battery replacement would
induce patients’ inconvenient and unexpected surgery risks [9, 10]. Recently, the
WPT technique has been widely applied in implantable medical devices that are
expected to power supply issues in the future [11, 12].

WPT technique can be mainly divided into the coupling and radiative approaches
[13, 14], as shown in Figure 1. The WPT coupling can be categorized into magnetic
and electric field methods. The radiative approach can be categorized into
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Figure 1.

WPT classification, including nonvadiative and radiative methods.

electromagnetic waves and optical power transmission. In the radiative method
(far-field), power is transferred by electromagnetic radiation in terms of microwave,
laser, and light. Although radiative techniques can transfer power over longer
distances, the large environmental loss-induced transfer efficiency is considerable due
to poor air medium. The nonradiative method (near field) utilizes magnetic field and
electric field coupling to approach wireless power transfer. The main advantage of
nonradiative techniques is high transfer efficiency; however, its technical limitation is
that the transfer distance is limited.

The nonradiative method is also called coupling-based WPT, which can be
described as the power-transmitting side (primary side) and power-receiving side
(secondary side). The coupling type can be classified as a magnetic field (Figure 2a)
and electrical field coupling (Figure 2b). Both magnetic and electric field coupling
methods can be further categorized as resonance mode, based on LC resonance
(Figure 2c and d).
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Figure 2.
Magnetic and electric field coupling with and without resonant civcuit.

2



Wireless Power Transmission on Biomedical Applications
DOI: http://dx.doi.org/10.5772/intechopen.103029

2. Magnetic field coupling without resonance

The magnetic field coupling without resonance type utilizes the principle of elec-
tromagnetic induction, as shown in Figure 3. According to Ampere’s law as Eq. (1),
the magnetic pulsing (dB/dt) of the primary coil can be generated by time-varying
driving current (dI/dt). Where B, po, ] are magnetic field, permeability, and current
density. The electric field E can be induced on the secondary coil, according to
Faraday’s law as Eq. (2) [9, 15]. Thus, the charge can be stored via a secondary coil.

V x B =] (1)
0B
E= 5 (2)

To understand the principle of magnetic field coupling without resonance, Figure 3
shows the topology of the circuit analysis. The mutual inductance, L, = ky/L1L,,
depends on the distance x between the two coils, where k is the coupling factor (0 < k
< 1) between the primary and the secondary coil. Based on Kirchhoff’s voltage law,
Egs. (3) and (4) can be obtained as below [16]:

j(DL1I1 + 11R1 + j(l)Lmlz = U1 (3)
j(DLzIz -+ Isz -+ IzRL + jO)Lmll =0 (4)

I, can be expressed as Eq. (5), according to Eq. (4).

oL,
boh L)Lz —jRa + RL)] )

The relation between I; and U; can be obtained as Eq. (6), according to Egs. (3)
and (5).

R, + R joL
2 + Ry +jol, 1 . (6)

Il - { A . 2 U
(Ry + joLq)(joLz + Ry + Ry) + 0’Ly

The relation between I; and I, can be expressed as Eq. (7), according to Egs. (5)
and (6).

L, Ricad U,

Figure 3.
Circuit topology of electromagnetic induction.
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joLm
b = — U 7
> (R; +joL1)(joLs + Ry + Ry) + @2Ly?] %

The ratio of I; and I, can be expressed as Eq. (8), according to Egs. (6) and (7).

1_1 . _R2 + RL +j(0L2
L j®Lpm

(8)

To better understand the input impedance and power efficiency of the circuit, a
T-type equivalent circuit is used in Figure 4.

Vime = joLyly (9)

j(,OLm(Rz + RL + j(J)Lz)
(Ry + joLi)(joLy + Ry 4 Ry) + 02Lyy?

Vim2 = Uy (10)

According to Eq. (11), Z;y; can be obtained from Egs. (8) and (9).

VLmZ _ ijmll

Ziny = =Ry + Ry +jol; (11)

) )

Then, Z, can be further obtained, according to Eq. (12).

Vim  joLmls Ly
7, = - - : 12
T L R; 4+ Ry + joL, (12)
Finally, the Z;,; can be acquired, according to Eq. (13).
. . szmz
Zin1 = R1 +joLy +Z; = Ry + joLq + (13)

Rz + RL + jO)Lz

To understand the power efficiency, the energy loss ratio for the primary-side
internal resistance, secondary resistance, and load can be denoted by Pg;, Pry, and Pgy,
as Eq. (14).

Zn1 22 Zmz
I L, —~ i L, I,
B LTI g B A0 7
+ +

U, G\ Vim Lm Vimz and u
/ 2

Figure 4.
T-type equivalent circuit for electromagnetic induction.
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Pg, : P, : PL = [I1]°R; : [LI°R; : |L|*Ry (14)

The square ratio of I, and I; can be expressed as Eq. (15), according to Eq. (8)

2 B szmz (15)
"~ (Ry+Rp)? + 0Ly’

1)
Iy

The power ratio can be rewritten as Eq. (16), according to Egs. (14) and (15).
Pr, i Pr, : PL = { (R + RL)” + 0’Ly? [Re : {0'Ln?} Ry : {0’Ly?}R,  (16)
Finally, the power efficiency can be obtained, according to Eq. (17).

PL Py _ {0’L’ Ry
Pin PR1 + PRZ + PL {(Rz + RL)2 + (l)szz}Rl + {szmz}RZ + {szmz}RL
(17)

3. Magnetic field coupling with resonance

Compared with electromagnetic induction, magnetic resonance coupling utilizes
resonance with the series capacitor in primary and secondary sides to approach high
efficiency and high power (Figure 5). Based on Kirchhoff’s voltage law, Egs. (18) and
(19) can be obtained as below [16]:

1
,—11 + R111 + j(OL111 + j(OLmIZ = U1 (18)
joCq
1
joLrI, + Rolh + —1 + Rl +joLyli = 0 (19)
joCy

I, can be expressed as Eq. (20), according to Eq. (18).

o

A
-
,3

J

$

Iy / . |_<_|2

Rload

U, L, L,

Figure 5.
Circuit topology of magnetic field coupling with resonance.
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—]mL L
](0L2+ oG + Ry + Ry

I = (20)

The relation between I; and U; can be expressed as Eq. (21), according to Egs. (18)
and (20).

R2+RL+j<coL —f)

T [R5 (okn = 28] [Re + Ro (ke — )|+ o7Lr

Uy (21)

The relation between I, and U; can be expressed as Eq. (22), according to Egs. (20)
and (21).

(SR e ) Py

L—_ U ()

The relation between I; and U; can be expressed as Eq. (23), according to Egs. (21)
and (22).

11 R2 + RL + J(,l) <(0L2 — —>

(DCz

When the operating and resonant frequencies are equal on primary and secondary
sides, I; and I, can be expressed as (25) and (26), according to Egs. (21), (22), and (24).

(o—co—co—l—l (24)
PR TULG VG
R, + R
I = 2+ *L U (25)
Rl(Rz -+ RL) + 0?L,
oL
L= - JOm U, (26)

Ri(Ry + Ry) + @?Ly,?

The ratio of I; and I, can be rewritten as Eq. (27), according to Egs. (25) and (26).

L R+Ry
L  joLp

(27)

To further understand the input impedance and power efficiency of the magnetic
field coupling with the resonance circuit, a T-type equivalent circuit is used as
Figure 6.

Vim = ijmll (28)
R, +Rp
Ri(Ry + Ry) + @2Ly,?

Vim = joLny Uy (29)

Zinz can be obtained as Eq. (30), according to Egs. (26) and (29).
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Figure 6.
T-type equivalent circuit for magnetic field coupling with resonance.

Vim joL,I
Zing = ~Lm2 JOm _ po Ry (30)

-, -L

Then, Z, can be further obtained as Eq. (31).

Vimt  joLgyl L2
_ Viml _ J®lmB2 (31)
I I R, + Ry,

Z

Finally, the Z;,; can be acquired, according to Eq. (32).
ZL 2

1 . 1 . 0" Ly
Zint = Ri +—+joL1 +7Z, =Ry + — +joL; + 32
1 1 ]03C1 JoLlg 2 1 chl Jolg R, + R, (32)

To understand the power efficiency, the ratio of energy loss for the primary-side
internal resistance, secondary resistance, and load can be denoted by Pgs, Pry, and Py,

as Eq. (14).
Py, : Pg, : PL = [I1]°R; : |L|*R; : |L|*Ry (33)
The square ratio of I, and I; can be expressed as Eq. (34), according to Eq. (27).

I

2 21 2
LI" __oLn (34)
I

(R +Ry)

The power ratio can be rewritten as Eq. (35), according to Egs. (33) and (34).
PR1 : PR2 :PL = {(Rz + RL)Z}Rl : {(Dszz}Rz : {(Dszz}RL (35)
Finally, the power efficiency can be obtained, according to Eq. (36).

_ P _ PL _ {szmz}RL (36)
Pin Pg, + P, + P {(Rz + RL)2}R1 + {0Lin2 Ry + {0Lin2 IR,
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Efficiency Power at Rjg.q

{0 Lm? }Re
{(Ry+Ry)* +0?Liy? }Ry+{0?Lin? R+ {0?Ln® Ry

Magnetic field coupling without
resonance

joLm
(R1+joLq)(joLy+Ry+Ry ) +? L’

2
U:?Ry,

{0 Lm? }Re
{Ro4R)* JRi+{0?Lin? JRo+{0?Ln? }RL

Magnetic field coupling With
resonance

joLm

2
2
Ry (Ry+R )07 Loy UrRy

Table 1.
Comparison between magnetic field coupling under either no or with resonance.

Table 1 summarizes the results from the previous derivation in terms of the
efficiency and power of the two types of magnetic field coupling circuits. With C; and
C, inserted on the primary and secondary sides, the power efficiency and power at
Rioaq will increase, which is why resonance is important.

4. Electric field coupling

Compared with magnetic field coupling, the electric field coupling without reso-
nance uses a displacement current instead of an electromagnetic induction (Figure 7),
as Eq. (37). Where ¢, E, and D are permittivity, electric field intensity, electric flux
density, respectively [17-19].

oD 7)

I = .S = S—QS 37

> = (37)

In Figure 8, the mutual inductance of C,,, between two capacitances on the
distance x between the two coils can be written as C,, = ky/C;:C,.

The electrical field coupling schematic diagram can be equivalent to n-type
coupling, as shown in Figure 9. Based on the mesh-analysis method, the basic
mathematical expression can be described as a matrix, according to Eq. (38).

Ry +jol, 4+ —— . 0 ]
LT TG — C) j0(C1 — Ca)
Y In
ol 1 LR S 1 1 :
| = jo(C1 — Cn) jo(Ci — C)  j0Cm | jo(Ca — Cum) jo(Ca — Cm) X
12
1 , 1
_ ° " jo(Ca — Ca) R e~ G
(38)
i
C\I)
Load
Figure 7.

Diagram of displacement current.
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Figure 8.
Circuit topology of electric field coupling with resonance.

Cz-Cm Rload
1 Pi ‘
Figure 9.
n-type equivalent circuit for electric field coupling with resonance.
1
Ziny = - 7 (39)
joC, + R ol TR,
1
2y =——— 40
102 CZin “Q
1
Zin = ——— +joL; + R 41
inl jo C1 + le ] 1 1 ( )

To analyze the input impedance, the extended n-type circuit with a separate
capacitance is shown in Figure 10. The input impedance of each stage can be
expressed as Egs. (38), (39), and (40).

When operating frequency is equal to the resonant frequency on the secondary
side, the imaginary part of the Z;,, becomes zero. Then, the resonant frequency can be

acquired as Eq. (42).
_ 1 (Ry+Ry 2 (42)
?2=\1L,G, L,
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Figure 10.
m-type civcuit with a separate capacitance for electric field coupling with resonance.

In the same way, when the operating frequency is equal to the resonant frequency
on the primary side, the imaginary part of the Z;,; becomes zero. The L; can be
obtained as Eq. (43).

Ll::CNR24-RLf-m§{csz2+-RLf-+(ng2}—14}{Lac1—-«hcz-c;)ﬁR24-RLf-+(ngz}}

(D‘f{LzC] — (C1C2 — Crzn) |:(R2 + RL)2 + (®L2)2:| }2 -+ (D%C%(Rz + RL)2
(43)

To understand the power efficiency, the ratio of energy loss for the primary-side
internal resistance, secondary-side internal resistance, and load can be denoted by Pg;,
Pry, and Py, as Eq. (44).

Pg, : Pg, : Pr, = |L|*Ry : |I]°Ry ¢ LRy (44)
The square ratio of I; and I; can be calculated as Eq. (45), according to Eq. (38) [16].

2 0)2C1C2 [(Rz + RL)2 —+ ((x)Lz)z + C%(l — 0)2L2C2)

_ - (45)

I
I

The power ratio can be rewritten as Eq. (46), according to Eqs. (44) and (45).

PR1 : PR2 . PL = {(D2C1C2 [(Rz + RL)2 + ((DL2)2:| + C% (1 — (DZL2C2)}R1 . {Cfn}Rz : {Cfn}RL
(46)

Finally, the power efficiency can be expressed as Eq. (47).
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IR
ne) = Py, Py, +Pr, +Pp
_ {ChRL
{(A)ZC1C2 [(Rz + RL)2 + (O\)Lz)z} + C%(l — 032L2C2)}R1 + {Cfn}Rz + {Cfn}RL

(47)

5. WPT system overview

The basic topology of magnetic field resonant coupling is shown in Figure 11

[16, 20, 21]. The transmitter and receiver sides are coupled through the magnetic

field (Figure 11a) and electric field (Figure 11b). The DC power supply generates the
source power. The inverter is responsible for DC/AC conversion to produce the high-
frequency AC power. The AC power is transferred to the receiver side and converted
from AC to DC power by a rectifier. Then, the power is transferred to the load. In the
WPT operating frequency for implantable devices, the common frequency is a at low
frequency because of the reduction of tissue heating effect [22]. The typical frequency is
13.56 MHz within the license-free industrial, scientific, and medical (ISM) band [23].

Half
i active
Inverter Ly L, rectifier Zioaa

U Inverter Com;.aens.atnon Com;.)ens.atlon Rectifier
circuit circuit Zioad

Figure 11.
System overview for (a) magnetic field coupling and (b) electric field coupling methods.
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The class E power amplifier is commonly applied in MHz-range WPT applications
because of its excellent power efficiency from the properties of zero voltage switching
and zero voltage derivative switching [24]. The class-E power amplifier can be
depicted in Figure 12. In theory, it has a maximum efficiency of 100% [25], according
to Eq. (48). The overall circuit consists of the power supply Vy4., RF-chuck, and
passive load network. The RF-chuck with high reactance ensures DC voltage pass
through the system. The passive load network is responsible for minimizing the
overlap between drain voltage and drain current and further reducing the output
power loss [26].

1
Pdissipation = T_O,[ Ips * Vps dt = 0 (48)
To

Some group has proposed a class E power amplifier-based WPT system for
implantable biomedical in practical applications. Mutashar et al. [27] designed a wire-
less magnetic resonant coupling system using a class-E power amplifier and inductive
power links via two spiral transmitters and receiver coils (Figure 13a). The 13.56 MHz
carrier frequency within the ISM band range was selected to avoid tissue damage. The
proposed class-E power amplifier can reach up to 87.2% power efficiency. The overall
inductive coupling system achieves a power transmission efficiency of 73%. The
compact structure could be implemented in bio-implants in the future. In practical
applications for the electrical field coupling method, Narayanamoorthi ez al. [24]
developed a class-E-based capacitive coupled wireless power transfer system for bio-
medical implants (Figure 13b). They optimize the class E-based capacitive coupling
WPT systems at an operating frequency of 13.56 MHz. Moreover, the matching circuit
consisted of inductive-capacitive-inductive (LCL) impedance was used to improve
the power efficiency of the power amplifier up to 96.34%.

6. WPT in emerging biomedical topics
WPT systems are rapidly evolving for biomedical implants, including emerging

topics of implantable pacemaker devices, implantable optogenetic devices, and
implantable impedance plethysmography (IPG).

vdc

VDS
Lck Ls Cs I
Vps _r\rvw-\__' =
Ips
Vet J-I_ \ — C . R
— L

Time

Figure 12.
Circuit diagram of a class E power amplifier.
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17
L L, g, L, L, y (‘ Skin
I | | }' / |
\ch :: cp : c1 / / RLoad
< A

Class E power amplifier Matching circuit Capacitive coupling
(b)

Figure 13.
WPT system by (a) magnetic field coupling [27] and (b) electric field coupling for implantable applications [24].

6.1 Wireless charge-based implantable pacemaker

Heart failure is one of the most killers worldwide. It occupies one-third of all global
death. Nowadays, the implantable cardioverter pacemaker is a common approach to
directly suppress heart failure [28, 29]. However, the battery life could cause health
risks and patient inconvenience. Parinaz Abiri et al. [30] developed an inductively
powered wireless pacing device to realize remote cardiac stimulation. They designed a
Class E-based magnetic field resonant coupling system with a resonant frequency of
13.56 MHz to pace rhythm on Yucatan miniature pig.

6.2 WPT-based implantable optogenetic device

Optogenetics is an emerging field that provides an alternative for direct electrical
stimulation to modulate membrane voltage. By genetic modification, the ion channels
in the cell can be sensitive to certain wavelengths of light [31]. Nowadays, several
advanced biomedical topics have involved the optogenetic topic in different applica-
tions, including neuroscience to control animal behavior [32, 33] and cardiology to
find out a solution for cardiovascular disease [34, 35]. Yu et al. [36] implement an
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implantable optogenetic device implanted into the dog’s chest. WPT-based
optogenetic modulation of cardiac sympathetic nerve activity can prevent ventricular
arrhythmias.

6.3 WPT-based implantable bio-impedance sensor

Bio-impedance sensing is a noninvasive sensing technology based on Ohm’s law. It
was commonly applied to cell structural depiction, human composition, and physio-
logical measurement [37-40]. The main advantage of bio-impedance sensing is pro-
viding wearable and low-cost applications in biomedical engineering. The bio-
impedance technique commonly uses the two-pair electrodes to detect arterial pulsa-
tion by Ohm’s law. One pair of electrodes is responsible for current excitation in our
body. Furthermore, the other pair electrodes are responsible for sensing voltage sig-
nals. Theodor et al. [41] developed an implantable bio-impedance sensor to measure
the artery activity from the domestic pig for additional cardiovascular parameters
extraction such as pulse rate and blood pressure [42].

7. Conclusion

This chapter has presented the WPT methodology for implantable medical devices.
The common configuration of WPT and its principle were demonstrated, including
magnetic field coupling and electric field coupling. Most of all, the recent emerging
biomedical topics such as wireless-charging pacemakers, implantable optogenetic
devices, and implantable bio-impedance sensors were demonstrated. Overall, this
chapter thoroughly presented the electric principle of WPT and extended it to emerg-
ing biomedical applications.
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