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Analytical Comparision on Inductive Wireless
Power Transfer System for Biomedical Devices

Abstract-This paper presents a comparative analysis for the four basic topologies
of inductive link wireless power transmission, thereby allowing designers to
select the most appropriate topology according to the requirements of the
application. Wireless energy transfer systems applied for diagnostic or
monitoring signals in biomedical devices to eliminate the needs for tethering
wires or implantable batteries. Inductive link studied as main technique in
wireless power transmission for biomedical devices. In various applications, the
maximum delivered power and maximum efficiency of an inductive link system
are two important factors to be considered. The efficiency expression for power
transfer of the four topologies (series — series, parallel — series, parallel —
parallel, series-parallel) has been derived. For biomedical devices, theoretically
the series — series topology has been identified as the most suited due to its
independency on the coupling coefficient however, series-parallel topology is
widely used in practice. The circuits have been simulated using ADS simulator of
keysight technology at a resonant frequency of 13.56 MHz.
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1. Introduction

The transfer of power or electric energy from a
power source to the load without using any
physical connection between them can be defined
as Wireless Power Transfer (Witricity). Depends
on the required amount of the transmitted power,
the distance between the transmitter, the receiver
coils, and the operating frequency, alternative
techniques used in wireless power transmission.
The three main techniques are the inductive
coupling between two separated coils (transmitter
and receiver), the microwave power transmission
and the third type based on the use of laser
technology. Wireless powering for a distance of a
few centimeters utilizes reactive coupling such as
capacitive and inductive techniques at an
operating frequency of several megahertz. As the
names refer, inductive coupling is due to a
magnetic coupling whereas capacitive coupling is
due to electrical coupling. Capacitive coupling is
more sensitive to distance variation and requires a
dielectric medium while inductive coupling
depends on the mutual inductance between two
coupled coils, so it is more preferred for the
powering of the biomedical devices. In inductive
coupling, the power is transformed from DC to
AC and a magnetic field is created around the
transmitter coil. In practice, the number of the
coil turns can be changed depending on coils
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shape and the properties of the wire. A more
practical approach involves measuring the
inductance during construction and odd turns
until the specified inductance is reached [1]. A
part of the alternating magnetic field generated by
the transmitter will be cut by the receiver coil,
where an AC current is induced. The received AC
power is rectified to produce the required output
DC power. Systems based on inductive coupling
have low power transfer efficiency when the
distance between the transmitter and the receiver
coils is increased. As the distance increases, the
receiver coil loses more lines of the magnetic
field of the transmitter, which causes most of the
transmitted power to be wasted. The main
structure of wireless power transfer system is
shown in Figure 1, it consists of a high speed
switching power source, primary impedance
compensating network, two magnetically coupled
coils, a secondary impedance compensating
network, AC- DC rectifier, a voltage regulator
and a load.

The biomedical devices have created two main
difficulties in the design of power and data
transfer capability. Transferring power and data
into the patient’s body is possible by using wires
even though it reduces the quality for long-term
monitoring applications.
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Figure 1: Block Diagram of Inductive Link Wireless Power Transfer System.

Wireless power coupling technique introduces a
flexible solution to avoid surgical operations to
replace old batteries. These implanted biomedical
devices applied for medical applications are
imperative but when they malfunction, it cannot
be repaired because they are difficult to access.

2. Applications of Wireless Power Transfer
System

Recently, wireless power transmission based on
inductive link has a wide range of applications.
Wireless charging devices for laptops and Mobile
phones increases the mobility of these devices
and avert the wiring hazards. Electric toothbrush
is a preferable application for induction coils to
recharge the brush while water makes charging
using electric plug unsafe. Due to the existence of
skin, air and tissue between the transmitter and
the receiver coils, efficiency of inductive power
transmission will be limited for biomedical
devices in medical application such as Cochlear
Implant, Pacemaker, Intraocular, and Bladder
Implant.

3. Advantages and Limitations of Wireless
Power Transfer

The power can be transferred in any direction by
using a magnetic field, which is not harmful to
users. Transferring the power wirelessly will
avoid the wiring hazard, saving the wiring cost;
eliminating mechanical connectors will prevent
corrosion, sparking and increase the mobility of
the devices. In addition, wireless power
transmission enhances the research of biomedical
devices in medical applications. On the other
hand, power transfer becomes inefficient when
the distance between the transmitter and receiver
coils increases because the magnetic coupling
will be reduced. When a ferromagnetic substance
presented between the transmitter and receiver
coil some of the transmitted power will be lost.
There is need for standardization and adaptation
to avoid overheating that occurs because of

different voltages, it requires completely new
hardware, which could become very expensive,
less efficiency compared to traditional charging.

4. Health risks of Implantable Medical
Devices

Despite significant research effort,
microorganism contamination has always been a
problem in implantable medical devices. Bacteria
have the ability to colonize synthetic materials
like synthetic fibers used in fabrications of
catheters, hips and knee implants and many other
devices. Biomedical implantation must meet
several requirements. First of all and most
important requirement is that it must be accepted
by the human body. In other words, it shouldn’t
cause any allergy, inflammation or toxicity either
immediately or after surgery or post-operative. it
should possess mechanical strength to endure the
forces it’s subjected to, so they should have high
resistance to breakage or corrosion in different
body environments and withstand the different
pressure conditions in the human body, apart
from fatigue strength and fracture toughness.
Above all that, biomaterial should remain intact
for a long period of time, which is until the
patient’s death which means a minimum service
period of from 15 to 20 years in older patients
and more than 20 years for younger patients. The
success of biomedical implant depends on several
factors. Firstly the chemical and mechanical
properties of the biomaterial. Secondly
biocompatibility of the implant. Lastly the
recipient’s health condition and the surgeon’s
competency. The currently used materials are
selected based on the criteria above. Even though
they fail to continue to function in the human
body after 12-15 years, which leads to another
surgery to regain the functionality of the system

[2].

5. Compensation Networks
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In order to maximize the transferred power and
reduce losses due to poor coupling between the
transmitter and receiver coils in the system, the
inductance of the coils should be compensated by
adding series or parallel capacitances that
resonate with the coil inductance. Fundamentally,
by adding a series capacitor the real part of the
impedance will not be changed and introduces
only a negative reactance. On the other hand,
adding a parallel capacitor changes both the real
and imaginary parts of the impedance.
Configuration of the compensating network could
be selected depending on the limitations on load,
source impedances and the characteristics of the
application requirements for the wireless
powering devices. In Figure 2, the four typical
compensation networks are shown. Primary and
secondary capacitors (C;, C,) are added either in
series or in parallel to resonate with
corresponding inductors (L;, L,). Addition of
these capacitors will improve the efficiency for
longer distances compared with non-resonant
inductive coupling power transfer. The typical
four topologies of the inductive power transfer
are series — series (SS), parallel — series (PS),
parallel —parallel (PP), and series-parallel
(SP).Many precepts can be provided for choosing
the best compensating topology, according to the
requirements and limitations of the application. In
design methodology, the following rules should
be taken in attention.

e For variable load, the system desires adding a
series primary capacitance, since C; in SS or SP
topologies independent on the load [3].

e For variable magnetic coupling, the system
desires adding series secondary compensation

C1 R1 R2 Cz
AC% |—1§ g L2 | I R_

SS TOPOLOGY

AR1 RZ
=C4 L1§ gl-z Cz == iIR'—

PP TOPOLOGY

AC

Vol. 36, Part A, No. 6,2018

capacitance, since C; and C, in SS are
independent on mutual inductance [4].

e For fixed coupling and load, the more suitable
secondary compensated topology would be
chosen in consonance with the load and
secondary inductance values [5, 6].

e For the system with non-negligible parasitic
parallel capacitance of the inductance, adding
parallel compensated capacitance is the most
suited topology, that is, the parallel capacitance
that resonate with coil can be accounted with
the parasitic capacitance of the coil [7].

e The system will require adding a parallel
compensation, when the real part of the input
impedance is dominated by coil resistance,
because adding a parallel capacitance affects the
real part of the equivalent impedance [8].
Inductive links with a series resonant secondary
have a current output, they only match to small
a.c. load resistors while inductive links with a
parallel- resonant secondary have a voltage
output, they only suitable for large a.c. load
resistors [9].

The series-series topology is adopted widely
because of its simplicity in design and its
independency on the variation of many
parameters such as mutual inductance and the
load. More complicated topologies have been
studied, such as adaptive matching [10, 11], and
additional self-resonant coils [12, 13].

C1 R1
l——‘VV? —VW—
ACF L1 E Lo Co == | IRL
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2
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=C, L4 % g Lo | I R.
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Figure 2: The Four Different Topologies for Inductive Power Transfer.

6. Power Transfer Capability of Wireless
Power Transmission

The power transfer capability of inductive
wireless power transfer system can be derived by
using the same procedure provided in [14].The
secondary load impedance (Zs) can be calculated

as lumped impedance whose value depends on
the secondary compensation as given by:

Z55/7S = jwl, + — + R, + R, (1)
JwCs
SP/PP _ . 1
Zy =jwL, + ijZ+R_1L + R, 2)

The reflected impedance of the secondary load
impedance (Z,) is dependent on the coupling
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factor (K) between the primary and the secondary

coils and the operating frequency as given by:
w?M?

Zy = 3)

Zs

Where (M) is the mutual inductance (M =
K,/L,L ;). Substituting equations (1) and (2) into
(3) the reflected resistance (ReZ,) and reactance

(ImZ,) at resonance frequency can be derived as:
w*Cy2M2(RL+R;)

ReZrSS/PS = 4
(w2CyLy—1)24+w2%Cy 2 (RL+R;)? 4)
RlePP/SP —
w?M?(RL+R; +0?R*R; C3?) 5
2 — 2 2 2 ( )
[R; +Rp(w?C3L;—1)]? +w?(Ly+CaR, R)
IerSP/PP —
—wCRE (w%CyLy—1)-wLy ©)
[Rz +R(w?C3L—1)]2 +w?(Ly+CaR, R )?
32 2
—w M Cy(w*“CyLy—1
ImZrSS/PS = 2(0*CaLy~1) (7

T (W2CLy—1)2+w2C22 (R +Ry)?
If the system is operating at the resonance
frequency given by:

1 1

wo:ﬁ:m ®

To make the two coils resonant some conditions
must be satisfied:

1

JwlLq +E—O 9)
1

]sz +E:0 (10)

Then the reflected resistance and reactance
become the following simple equations:

212
ReZySS/PS — WM (11)
R2+RL
PP/SP _ M2w?(Ry+Ry+w?CZR,RY)
ReZr RZ+w2(Ly +CoRLR,)? (12)
ImZrSS/PS = 0 (13)
ImZyPP/SP — __—@ MLy (14)
R2+w?2(Ly+CyRLR,)?

It can be indicated from above equations that, the
main difference between series and parallel
secondary capacitance that in series capacitance
the reflected reactance is zero, whereas in the
parallel capacitance reflects a capacitive load.

7. Primary capacitance

The input impedance (Z;,) seen by the source for
the series and parallel primary compensated
topologies are given as:

SS/SP 1

Z3P = 7, + Jol, + Ryt (15)
PP/PS 1

2" = @ A R+ L)/ /G (16)
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SS _ w?M? 1
Zyy = Ty +Jwly + R + Tac. (17)
sp _ M2w?(Ry+Ry+w?CERRE)—Jw3M2L,
Zin = RZ+w2(L2+C;RR;)? tjoly +
Ry +— (18)

JwCy

255 = (Bt R+ Joly) [/G)  (19)

R,+Rp,

pp _ (M?w?(Ry+RL+w?CZR,RE)—Jw3M2L,
Zin = ( R3+w?(Ly+CyR1Ry)? R+
1
Joly)//Goz) (20)

The primary capacitance is selected to resonate
with both the primary inductance and the
reactance of the reflected impedance to ensure
zero phase load operating point for the sources.
This is done by applying the following condition:
Im (Ziy) =0 (1)

The primary capacitance for the four topologies is
given as:

S = —— (22)

(L)ZL]_

= 2 (23)

cr = Py (24)
w“M*L
w?|Lq > 2 >
R5+w?(L2+C2R2Ry)
ctr
L w?M?L,
_ 1 RZ4+w?(L,+C,R,R.)?
w2M2(R,+R, +w2CZRZR, )] 2 w2M?2L,
Ry 7 2 +w? (L) —5—
RE+w?(Ly+CyRyR1)? RZ+w?(Ly+CyRyR1)?
(25)

For series primary compensated network, the
capacitance is independent on the load while in
parallel primary compensated network the
capacitance depends on the load value therefore it
should be designed with respect the required
output power because any variation in the load
will affect the value of the capacitance.

8. Power Transfer Capability

The input power (P;,) drawn from the source is
simply the square of the primary current (Ip)
multiplied by the sum of the reflected and
primary resistances can be given by:

Pi, = (ReZ, + R Ip> (26)

e
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Where the primary current as a function of the
supply voltage (V) can be given as:
14

Ip = Ry+ReZr @7)
The power delivered to the load is the square of
the secondary current (I5) multiplied by the load
resistance and can be given as:

P, =

IR, (28)

Expressions of the output power for the four
topologies have been deduced at resonance
frequency:

V2M2w?Ry

ss _

B = RGrrn T (29)
PS _ V2M2w?Ry

= [Ry(Rz+R1+M2w?)]2+w2L5 (Ry+RL)? (30)
pPP

B V2M2w?R, (1 + w?CERZ)[RE + w?(L, + R,R,C,)?]?
~ (R1AB + B?M2w? — w2L,L,A)? + (ABwl, + AwL,R, + M2w3L,)?

G31)

sp _ VPM2w?RLA*(1+w?CERY)
A7 = e wrsy (@ rwrsd) (32)
A =R} + (L + RyR,(,)? (33)
B =R, + Ry + w*CSR{R, (34)

From above equations, for a constant primary
current, the power at the load will vary with
respect to the mutual inductance, resonant
frequency, load value and the internal resistance
of the secondary inductance. Since the internal
resistance of the coil can’t be changed once the
coil is fabricated, the load power will vary
directly with respect to the mutual inductance.

9. Efficiency of Wireless Power Transfer

The efficiency can be defined as the ratio of total
power delivered to the load divided by the total
power that is drawn from the source in one
complete cycle. Some of the transferred power is
dissipated in the primary and secondary
inductances and the rest of the power will deliver
the load. It should be intimated that only the type
of resonance in the secondary network affects the
efficiency regardless of the type of the primary
side. Therefore the efficiency of inductive power
transfer system is given by:

_Pp 2Ry,

" Pin (ReZp+Ry)Ip? (35)
I_s _ oM
Ip  R+Rp (36)
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Substituting the reflected resistance and equation
(36) into (35), the power transfer efficiency of the
four topologies can be given as:

K2L1R {Lz + [(RL::Z)Z -
-1
2o+ )] @

Npp/sp =

Nss/ps = {1 += Ry 2+

{1 +22 4 w2R,R,C,% +

-1

K2LyL,Ry,

Ry {[(1 szzCz)R“RZ] + (L +C;RzR,) }}
(38)

It should be mentioned that the efficiency
depends on the operating frequency and the
physical parameters of the coils while the primary
current and input voltage don’t have any effect on
it. In order to compute an expression for
maximum efficiency at operating frequency,
equations (37) and (38) derived with respect the

secondary capacitance and equating it to zero.
The value of C, is obtained as:

Ss/ps _ 1
CZ - (1.)2L2 (39)
C;P/SP _ 1 (40)

K2wLq , wLy , Ry
CI)R2< R1 + Rz +0)L2

For the parallel compensated topology, the
secondary capacitance that maximizes the
efficiency depends on the coupling coefficient.
This is not suitable for implanted biomedical
devices since it suffers motion artifacts because
of body movements and so the coupling between
the primary and secondary coils will vary. Also
the coupling coefficient varies from one patient to
another. Hence it poses a challenge for the PP/SP
topology to maintain the maximum efficiency and
power transfer for variations in the coupling using
the same hardware. Hence we can conclude that
the SS topology is better than the SP topology for
biomedical implants that suffer motion artifacts
while in operation.

The maximum efficiency for the four topologies
is determined by substituting (39) and (40) into

(37) and (38) as glven by:
max __
Nss/ps = L, R (Rp+Rg) (41)

Ry, K2LjLpw?Ry,

+
Ry, L3w?  K2LjLyRj {wz

L2+ RZRQ]Z}}_l 42)

nSifer = {1 et st

1
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By comparing the maximum efficiency
expression in equations (41) and (42) and by
choosing the same value of primary and
secondary inductances, the cross over frequency
(f.) at which the topologies with parallel and
series secondary compensation have the same
efficiency can be determined as given by:

Ry f _ K2LiR,
fe= 2an< 1 LyRq ) (43)

When the operating frequency is larger than the
cross over frequency, the series compensated
secondary topologies provide a higher efficiency
compared with the parallel compensated
secondary topology. It should be mentioned that
the values of R; and R; are used in equation (43)
are frequency dependent. However the ratio of R,
to Ry does not vary with respect to frequency and
hence the ratio can be evaluated at any operating
frequency and substituted in (43) to find the cross
over frequency. Thus, we can deduce from
equation (43) that series resonant topology is
more suitable for smaller loads and higher
operating frequency whereas parallel resonant
topology is more suitable for larger loads and
lower operating frequency. The operating
frequency for implanted biomedical devices in
medical applications is chosen based on health
hazard and made to be compatible with RFID
standards (13.56 MHz).

A theoretical Compression for the four basic
topologies with respect to the primary
capacitance using the equations derived
previously, the SS topology is the best topology
to be chosen for biomedical devices since the
primary capacitance is independent on both the
load value and the coupling coefficient. The
primary capacitance for the SP topology depends
on the coupling coefficient, while for PS and PP
topologies it is a function of both the load and the
coupling coefficient. In medical applications, the
coupling coefficient is different from a patient to
another and due to the body movements, the
magnetically coupling between the primary and
secondary coils will vary. For these reasons, the
PP/PS/SP topologies are not the preferred choice
for biomedical devices but for many other
applications. An inductively coupled wireless
power transfer system designed for maximum
efficiency. The secondary inductance assumed to
be a squared spiral coil with a value of 9.5nH and
an internal resistance of 5Q, this value is chosen
to be within a range of the spiral coil designed for
biomedical devices in [15]. Then, the value of the
secondary capacitance C, has been calculated by
using equations (39) and (40). Different values
for the primary inductance have been chosen
(10uH and 100uH) to study and the variation of
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the efficiency and power transfer with respect to
the coupling coefficient. The AC voltage source
has been set to 5V at an operating frequency
13.56MHz. The circuit has been simulated using
ADS simulator from Keysight technologies. It
can be mentioned from figures 3 and 4 that for SS
topology, larger value of the primary inductance
provides lower transferred power and higher
efficiency. For a given coupling coefficient value,
power at the load is dropped for larger values of
L, because of the large mutual inductance which
reduces the power drawn from the source.
Therefore, the primary inductance should be
selected to be small enough to deliver the
required power to the load and large enough to
get an accepted efficiency. After choosing the
appropriate value of L; based on the required
power and efficiency, C; is calculated using
equations (22) and (25) to ensure zero-phase
operating point for the source. Figure 5 describes
the wvariation of efficiency with respect to
frequency for different wvalues of coupling
coefficient for SS/PS topologies. The higher
value of the coupling coefficient provides higher
efficiency, as it is can be observed from the
equation (42). For PP/SP topologies, figures 6, 7
and 8 show the variation of the efficiency with
respect to the frequency and coupling coefficient.

$00— = o —
L=100uH
- e —p——a

—~ L;=10uH

EI [ Miciency
] = =

Coupling coefickent {K)

Figure 3: The Variation of Efficiency with Respect
to Coupling Coefficient for SS/PS Topologies.
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Figure 4: The Variation of the Power Delivered to
the Load Verses Coupling Coefficient for SS
Topology
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Figure 5: the Variation of Efficiency Verses
Frequency for Different Values of Coupling
Coefficient for SS/PS Topologies

Figure 6: Efficiency Variation with respect to
Frequency for Different Values of Coupling
Coefficient for PP/SP Topologies
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Figure 7: Efficiency Variation with respect to
Coupling Coefficient for PP/SP Topologies

it
e !

Output power (miW )

1] | I S—
oo 0 07 03 04 05  0E 07 0.8

Coupling cosfficsent (K}

Vol. 36, Part A, No. 6,2018

Figure 8: Power delivered to the load verses
coupling coefficient for SP topology.

For SS/PS topologies, the secondary network
compensated with a series capacitance, the
reflected reactance is zero (Im (Zr) =0) at
resonant frequency, the primary inductance value
is chosen independently on both the mutual
coupling and the load. For PP/SP topologies, the
secondary network compensated with a parallel
capacitance, the reflected reactance is capacitive
and independent on the load at resonant
frequency, and the primary inductance value is
chosen depending only on the mutual coupling.
Although PS topology has resistive reflected
impedance represents the load, the parallel
capacitance in the primary network depends on
both the load and mutual coupling. Therefore, SS
topology theoretically is the best choice for
biomedical applications since the primary
capacitance is independent on both the magnetic
coupling and the load. However, in practice the
SP topology is widely used due to the ability of
the primary circuit (tuned in series resonance) to
provide a low impedance load to drive the
transmitter coil, whereas the secondary circuit
(tuned in parallel resonance) is able to drive a
nonlinear rectifier load. The optimum values of
Cy, C;, and w to achieve the maximum output
power for SP topology has been determined in
[16], optimal efficiency with respect to resonant
frequency and mutual inductance for SS topology
has been determined in [17]. Paper [18] derived
an expression called the critical coupling point;
beyond this point, the system will be unable to

drive the load with maximum efficiency.

10. Conclusion

Wireless power transmission mostly used in
implantable biomedical devices as a solution for
the limited lifetime of batteries. Power loss
caused by heat production is one of the
challenges needed to be overcome in developing
a system of efficient wireless power transfer.
Another challenge that needed to overcome is the
difference in coupling coefficients between the
two separated coils, which may be reduced
because of the presence of air, skin and
movements of the eye. This paper provided the
power transfer capability expression and analyzed
the four topologies (SS_PS PP SP) briefly. The
SS topology has been chosen as the most suited
topology for biomedical implants since primary
capacitance is independent on the magnetic
coupling in contrast to the three other topologies.
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The expressions for the maximized efficiencies
are verified with ADS simulator.
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