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Abstract—Inductive power transfer (IPT) is a commonly em-
ployed technique for wirelessly supplying power to implantable
medical devices. A major limit of this approach is the sensitivity of
the inductive link to coupling factor variations between transmit-
ting and receiving coils. We propose in this paper a new method for
compensating these variations and improving the inductive link ef-
ficiency. The proposed technique is based on a mechatronic module
that dynamically tunes the primary resonant capacitor value in or-
der to maintain the resonance state of the IPT system. The module
is able to maintain resonance state for apparent primary induc-
tance range at least from 0.5 to 5 μH using a high capacitance
resolution of 0.032 pF. Experimentations conducted on a 13.56-
MHz IPT system showed a 65% higher power transfer compared
to a traditional IPT system.

Index Terms—Class E amplifier, feedback circuits, implantable
biomedical devices, inductive power transmission.

I. INTRODUCTION

DURING the last decades, implantable medical devices
(IMDs) changed the landscape of modern medicine. Com-

bining many technologies and employing smart medical devices
within the human body, they allowed a continuous and automatic
management of numerous health issues, such as urinary func-
tion rehabilitation [1], [2]. Due to their continuously increasing
potential, IMDs are getting more complex thus requiring more
energy to operate. These devices are usually powered through
embedded batteries [3]. Since the amount of energy in batter-
ies is limited, a wireless charging technique is used in order to
avoid surgery for battery replacement. Several efforts have been
made to develop reliable wireless powering transfer systems
for IMDs. Many wireless power transfer (WPT) methods were
proposed in the literature including: RF link [4], optical link
[5], [6], ultrasonic [7], [8], capacitive link [9], thermo-electric
power generators [10], permanent magnet coupling [11], and
inductive link [12]. Due to its simplicity, reliability and safety,
the inductive link is the most adopted technique in commercial
IMDs [13]. Although inductive links were originally designed
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for wireless powering, they offer the capability of bidirectional
data transmission.

The principle of a traditional inductive power transfer (IPT)
system (see Fig. 1) is based on two coils positioned in proximity
to each other. When an ac current flows through the primary coil,
an ac magnetic flux is created in its vicinity. This flux is picked-
up by the secondary coil and therefore converted to an ac voltage
across it. The IPT system is composed of an external power
transmitter and a power receiver implanted inside the human
body. The power transmitter is mainly composed of an oscillator
and a power amplifier (PA) that generates an ac current at a
specific frequency and amplitude. A tuning capacitor is placed
upstream of the primary coil with another tuning capacitor in
the receiver located downstream of the secondary coil. Each of
them forms an LC circuit in order to ensure resonance state and
maximize the power efficiency. In the receiver, a rectifier and a
dc–dc converter convert ac power to a regulated dc intended to
supply the load with the needed current. Although the IPT has
been widely deployed in various medical devices for a long time,
it still has some limitations. The inductive link sensitivity to load
and coupling variations is among the major drawbacks. Yet, the
coupling variation impact on efficiency remains significant and
among the most popular research topics in IMDs.

Two classical implementation approaches were employed in
order to reduce the IPT system sensitivity to misalignment and
indirectly to coupling variation [14]. The first method is called
the geometric approach, which consists of using a primary coil
(L1) larger than the secondary one (L2). That way, L2 remains
inside the perimeter of L1 for some degree of coil displacement.
The second technique is called the stagger-tuning approach,
where the resonance frequencies of both circuits (energy emit-
ter external circuit, and receiver implantable one) are intention-
ally separated from each other and the operating frequency is
selected among them. With these two energy transfer methods,
the sensitivity to coupling variation is reduced at the expense of
power transfer efficiency. Both approaches also require a high-
coupling factor of inductive link which is not always the case for
biomedical applications of IPTs due to the presence of harsh en-
vironment (absorption through the numerous body layers such
as skin, fat, etc.) and receiver noncontrolled displacement [15].

More advanced control loops have been proposed to improve
efficiency. Actually, a good efficiency is ensured when the pri-
mary and secondary circuits resonate at the same operating fre-
quency. Nevertheless, the resonance frequencies vary according
to the link parameters in both side of the link. Consequently,
feedback or closed-loop circuits are usually employed on both
sides in order to compensate these variations. These control
circuits and algorithms are usually complex and require a long
tuning delay to achieve a reliable calibration [16]. Furthermore,
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Fig. 1. Typical model of an IPT system for IMDs.

calibration at both sides is not suitable for systems requiring a
small size and a low-power consumption at the receiving side as
is the case of IMDs. Knowing that the resonant primary circuit
is more sensitive to coupling variation [15], it is more practical
and less complex to improve the link efficiency by acting only
on the primary side. To maintain resonance state at primary side,
there are three main control methods as described below.

A. Operating Frequency

This method consists of tracking and controlling the primary
resonant frequency variation [17] [18]. In this case, the operat-
ing frequency may exceed the allocated bandwidth for wireless
network regulation. For example, in the used Industrial, Scien-
tific and Medical (ISM) radio bands of 13.56 MHz, the range
is 13.56 MHz ± 7 kHz [19] which is a narrow bandwidth for
calibration. In addition to these restrictions, the receiver must
resonate at a frequency closer to the operating frequency to
achieve an appropriate power transfer efficiency. This requires
additional control loop in the secondary side rendering the de-
sign complex.

B. Primary Inductance

The second method relies on employing a transductor whose
inductance value is electrically controlled [20], [21]. This
method provides a stable operating frequency but leads to
a bulky system hardware that is inappropriate for portable
devices.

C. Primary Capacitance

This third method consists of controlling the capacitance of
the primary circuit. This capacitance can not be easily tuned
using a varicap diode due to the presence of high-voltage and
high-current variations in the primary resonant circuit [22]. The
dynamic variation of the resonant capacitor can also be achieved
with a bank of switchable capacitors whose value is tuned upon
requests received from the secondary side. In [23], the opti-
mum primary capacitance is determined after a number of incre-
ments/decrements of the capacitor-bank value with a resolution
of 100pF, such that the received and rectified output voltage in
the secondary side is maximized. Note that with this method, the
resolution and the capacitance range can be improved by adding
more capacitors and switching devices, but then it would be at
the expense of the system size and complexity.

Fig. 2. Circuit model of a series-series inductive link topology.

In this paper, we propose a novel concept for compensat-
ing inductive link coupling variations. In proposed method, the
primary resonant frequency calibration is achieved thanks to a
mechatronic module that mainly consists of extending the vari-
ation of the capacitor values between 25 and 500 pF driven by a
miniature and high-resolution stepper motor, along with voltage
detector located in the primary coil allowing real-time measure-
ment of the transmitted power to the implanted device [24]. The
remaining parts of this paper include in Section II the basic
concepts and analyses commonly employed in IPT systems, as
well as the theory and simulations applied to demonstrate the
proposed calibration technique. The description of the circuit
and system parts are the subject of Section III, altogether with
the design considerations and challenges. Experimental results
and measurement procedures will be presented and discussed in
Section IV.

II. IPT FUNDAMENTALS

Based on capacitors and coils arrangement, four main in-
ductive link topologies are used to build the required serial or
parallel resonant circuits, which combine one type of secondary
circuit along with one type of primary circuit. In this study, the
series-series topology, presented in Fig. 2, is adopted for rea-
sons of simplicity and common understanding of the coupling
variation impact on the inductive link performance.

The level of interaction between two mutually coupled coils
may be presented using two parameters: the mutual inductance
M and the coupling factor k. These parameters depend strongly
of the coils geometry (size and shape), relative position (distance
and angle) and material properties. Expressing precisely these
factors is not an easy task. However, Roz and Fuentes have
estimated them by [25]

k = M/
√

L1L2 =
r2
L1r

2
L2cosθ

√
rL1rL2(

√
D2

a + r2
L1)3

(1)

where rL1 and rL2 are the radii of the primary and secondary
coils; Da and θ are the axial distance and the angle between the
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Fig. 3. Link efficiency ηlink versus the normalized angular frequency for different values of (a) coupling factor k (for RL = 100 kΩ), and of (b) secondary
load RL (for k = 0.5).

coils, respectively. Note that (1) is only applied when the radii
of the coils satisfy the condition rL2 ≤ rL1 .

Another important parameter in IPT systems is the quality
factor Q of the coils. The higher it is, the better the link efficiency
is [26]. The quality factor Q represents the ratio between the
reactance and the real part of its impedance

Q1 = ωL1/r1 ;Q2 = ωL2/r2 (2)

where r1 and r2 are, respectively, the internal series resistances
of primary and secondary coils.

Prior to discussing the impact of the coupling variation on
the inductive link efficiency, the resonance-state’s impact on the
link efficiency must be assessed. The link efficiency ηlink can
be calculated in several ways [27]–[29]. However, the approxi-
mate expression of ηlink given by [30] can reveal the resonance-
states impact on the link efficiency by assuming that the res-
onant frequencies are equal to each other (ωr1 = ωr2 = ω0).
A numerical verification under MATLAB of that expression,
for f0 = 13.56 MHz, L1 = L2 = 0.8 μH, r1 = r2 = 0.7 Ω,
clearly shows that regardless of k and RL , the link efficiency
reaches its maximum value when the operating frequency equals
the resonant frequency, and decreases while moving away from
ω0 (see Fig. 3). This ensures that the resonance condition
(ω = ω0) is fundamental to improve the link efficiency [31].

As mentioned previously, the resonant frequencies vary in
response to coupling variation. This phenomenon, known as
splitting frequency, is widely reported in magnetic resonance
WPT system, recently proposed by an MIT research group [32],
[33]. It occurs when the coupling factor k between the transmit-
ter and the receiver is higher than the splitting coupling ksplit .
In this state, two new resonant frequencies appear (which allow
a maximum of power load PRL

) instead of a single one. These
frequencies located on either side of the operating frequency are
designated by the odd and the even splitting frequencies. They
are determined by using the splitting equation

∂PRL
/∂ω = 0 (3)

where the load power PRL
is expressed in (4) [33]

PRL
=

ω2M 2RLV 2
prim

(ω2M 2 + r1R2 − X1X2)2 + (R2X1 + r1X2)2 (4)

Fig. 4. Splitting frequency phenomenon.

with R2 = r2 + RL , X1 = L1ω − 1
C1 ω , and X2 = L2ω −

1
C2 ω .

To solve (3), a symmetrical system is adopted. Thus, the
electrical parameters of the primary and secondary sides are
equal (L1 = L2 = L, C1 = C2 = C, and RL = R). According
to the study reported in [33], the splitting coupling, the odd and
the even splitting frequency take the following expressions:

ksplit = (1/Q)
√

1 − 1/4Q2 (5)

feven
o d d

= f0

√
(2 − Q−2) ±

√
(2 − Q−2)2 − 4(1 − k2)
2(1 − k2)

(6)

with Q = ω0L/R.
We can notice that when k = ksplit , both frequencies con-

verge to the splitting frequency fsplit

fsplit = f0/
√

1 − 1/(2Q2). (7)

It is also noticeable that by increasing the Q factor, the split-
ting frequency fsplit will tend to reach the natural resonant fre-
quency f0 . This frequency splitting phenomenon is illustrated
in Fig. 4, using (6) with f0 = 13.56 MHz, L = 2 μH, andR =
50 Ω. For a coupling factor higher than ksplit(= 0.29), two res-
onant frequencies appear and diverge from each other as the
coupling factor increases. In addition, when the coupling factor
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Fig. 5. Simplified block diagram of the proposed inductive power transmitter.

k is at its maximum value (k → 1), the even splitting frequency
tends to infinity and the odd splitting frequency is defined as
fodd = f0/

√
2. This indicates that the increase of the feven is

much faster than the decrease of the fodd . Therefore, if a splitting
frequency tracking system is used, the odd splitting frequency
fodd must be selected since it has a relatively smaller variation.
On the other hand, if the operating frequency f should be con-
stant, the resonant frequencies can be brought back to the natural
resonant frequency f0 by varying the capacitance or inductance
of the two resonant circuits as previously discussed. We can
observe in Fig. 4 that the splitting frequency is significant when
the coupling factor value is increased. In fact, for k = 0.9, the
odd splitting frequency fodd reaches a frequency of 10 MHz
which is equivalent to a difference of 3.56 MHz compared to
the natural resonant frequency. Therefore, returning back to the
resonant-state, requires a capacitance variation of

ΔC = 1/(4π2Leff1(f0 − fodd)2) = 543 pF (8)

where Leff1 being the total primary effective inductance when
fr1 = fodd and C1 at its original value ( 1

4π 2 L1 f 2 = 68.8 pF)

Leff1 = 1/(4π2C1f
2
odd). (9)

This confirms that the compensation capacitor must reach
large values to cover a wide range of coupling variation. In order
to prevent the hard switching problem that occurs in capacitor
arrays controlled by power transistors, and in order to guarantee
a wide range of capacitance variation with high resolution, we
proposed the use of a tunable capacitor and a calibration mech-
anism based on a high-resolution miniature stepper motor. This
implemented and validated method allowed smooth capacitance
value variation without parasitic ripple.

III. MATERIALS AND METHODS

Fig. 5 illustrates a simplified schematic of the proposed wire-
less power transmitter. It can be split into two main parts; the
first one is the traditional inductive power transmission circuit. It
integrates a gate driver circuit that generates a sinusoidal wave-
form at 13.56 MHz, applied to the transistor forming class E PA.
This PA provides maximum energy when the primary resonant
circuit is tuned to equal the operating frequency. The second
part is the tuned capacitor circuit that is composed of a sensing
circuit, a control unit and a miniature stepper motor. The sensing
circuit measures the positive peak of the primary coil ac voltage.
Following attenuation and conditioning, this acquired signal is

fed into a control unit that controls the high-resolution stepper
motor. The motor shaft is attached to a foil trimmer capacitor
C1 , which is exceptionally small for its maximum capacitance
of 500 pF. Given that, each motor step induces a small capac-
itance variation. More details on each element of the proposed
system will be explained in this section.

A. Implementation of the Inductive Power
Transmission System

1) Gate Driver Circuit and Operating Frequency Selection:
With its oscillator and amplifier, the implemented circuit drives
the PA operating at the desired frequency. Among several types
of oscillators, the quartz crystal-based oscillator was selected
due to its frequency accuracy. It is designed according to the Col-
pitts configuration whose main advantages reside in its simplic-
ity of implementation and its robustness. However, the output
current of the oscillator is not high enough to drive the consider-
able gate capacitance of the power MOSFET at 13.56 MHz fre-
quency. Indeed, at this relatively high frequency, the gate driver
circuit must provide a high-current level during a very short
duration in order to reduce the switching loss. Consequently,
we added to the oscillator a high slew-rate and sufficient out-
put current buffer amplifier. On the other hand, the 13.56 MHz
frequency is selected inside the high frequency part of the ISM
band, which is allocated for medical applications. Operating in
the ISM band gives us the opportunity to transmit the permitted
power budget without requiring special frequency authoriza-
tion from the regulatory authorities [35]. Power transmission
at this frequency is safer than using the ultra-high frequency
band of ISM or the Medical Implant Communication Services
band. At ultra-high frequencies, a wireless link of few meters
can be achieved. However, tissue heating and potential damage
prevents the operation at these frequencies in IPT. This explains
the reason why the frequency used in inductive links is typically
below 30 MHz [36].

Fig. 6(a) shows the limit values of the magnetic field strength
in this range, which are allowed in case of an enclosed, coil area
<30 m2 . Surely, the authorized field strength at low-frequency
is higher than at high-frequency band since the tissue heating
effect at low frequencies is negligible. Nevertheless, the wire-
less transmission range between the coils is relatively short.
From Fig. 6(b), a measurement of the wireless range of an in-
ductively coupled link with the same magnetic field strength
(105 dBμA/m) at different frequencies, shows that the pow-
ering range is maximized around 10 MHz. Besides, given that
a higher frequency allows both smaller coil and resonant ca-
pacitor dimensions on both sides of the link, the frequency of
13.56 MHz is considered the most appropriate since it provides
a good compromise between the three following parameters:
the permitted magnetic field strength, the wireless transmission
range and the system size.

2) Class E PA Design: The PA is the core of the wireless
power transmitter. A dedicated PA is necessary to drive the
primary coil in order to generate the required magnetic field.
There are several types of PA that can be used in IPT systems
[37]. Class D and class E PAs are the most commonly used in
biomedical applications requiring inductive links due to their
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Fig. 6. ISM frequency versus (a) maximum permitted magnetic field (H ) strength measured at a distance of 10 m, and (b) wireless range at the same magnetic
field strength [34].

100% theoretical efficiency. Nevertheless, the class E topology
was chosen because, unlike the class D topology, it has only
one active element instead of two. This feature reduces the gate
driver power dissipation and avoid the simultaneous conduction
of both transistors. The latter event creates a low-resistance path
from the supply to the ground through these transistors, which
induces a large shoot-through current resulting in transistors
heating up and eventually being damaged.

Among the elements to be considered when designing a class
E PA that minimizes power losses is the switching transistor,
the MOSFET is a common choice in high frequency switching
applications. Due to its greater mobility of electrons, n-type
MOSFET has a low drain-source ON-state resistance RDSon

and is therefore better than the p-type for our application. This
ensures a low conduction power loss

Pc = RDSonI2
ds . (10)

However, reduction of RDSon leads normally to an increase
in the gate capacitance and the gate charge Qg . Thus, a high
gate capacitance increases the gate driver power loss

Pg = V 2
gateCgatef (11)

where Cgate is the equivalent input capacitance of the MOSFET
and Vgate is the voltage level applied at the gate.

Parasitic intrinsic elements also induce losses during On-
Off transition states, known as switching losses. These losses
are difficult to avoid especially at high-operating frequencies
(above 2 MHz) due to the dissipation of the charge stored in
the parasitic capacitance or due to inductive energy stored in
the parasitic inductances [38]. Unfortunately, the transistor in-
trinsic elements are highly interdependent and improving one
parameter can degrade indirectly the others. Therefore, a trade-
off between intrinsic components and a suitable choice of the
buffer amplifier must be made. For the proposed implementa-
tion, the SH8K5 transistor from Rohm Semiconductor was used
as the nMOS transistor allowing fast switching and a maximal
drain-source voltage and current of 30 V and 3 A, respectively.
This transistor was selected due to its acceptable tradeoff be-
tween the drain-source ON-state resistance (RDSon = 93 mΩ)
and the typical input capacitance (Cgate = 140 pF). In addition,
the buffer amplifier LM7171 from Texas Instruments was em-
ployed as a gate driver. Its very high slew rate of 4100 V/μs

TABLE I
FEATURES OF THE SELECTED TRIMMER CAPACITOR

Capacitance Breakdown Temperature Dimension Qm in

range (pF ) voltage (V ) stability (ppm/C ) (mm ) (1 MHz )
Min Max

25 500 200 350 L=10 W=12 H=14 300

and output current of 100mA are adequate to efficiently drive
the nMOS transistor at 13.56 MHz.

As shown in Fig. 5, the power nMOS transistor drives an LC
output network integrating a capacitor in parallel also called
shunt capacitor Cshunt , a primary coil (L1) and a series-tuned
capacitor (C1). It has been proven that only C1 has a signifi-
cant impact on the resonant-state of the class E amplifier [23],
where Cshunt and the intrinsic output capacitor of the transis-
tor are mainly used as an alternative current pathway when the
switch is off, in order to reduce power dissipation in transistor.
Other design considerations were adopted such as, the use of a
sufficiently large RF coil choke (RFC=1 mH) to ensure a dc
current source with minimal ripples then the reduction of the
parasitic resistances, by decreasing the PCB tracks length, for
a high quality factor. Indeed, the series-resonant circuit must
have a high quality factor Q to achieve sufficient selectivity al-
lowing only the fundamental component of the gate drive signal
to reach the coil. So typically, to deliver the maximum energy
at a fixed power supply Vcc , the L1C1 circuit should resonate
at the same frequency as the switching frequency. However, a
variation in coupling factor k can modify the resonant frequency
causing an out-of-resonance operation and consequently a low
power transfer efficiency and low induced field.

In order to operate continually in resonance and compensate
this variation, a controlled polyimide trimmer capacitor has been
used. Such dielectric material provides a high-breakdown volt-
age and a good tradeoff between the size and the capacitance
range. The selected capacitor (109 9601 500 from DAU) has a
compact size and provides a maximum capacitance of 500 pF.
Its quality factor and its maximum breakdown voltage are also
suitable for our application. The features of this capacitor are
shown in Table I. The transmitter shows high flexibility for the
primary coil value and high immunity against large coupling
variations. Indeed, thanks to a primary capacitor that is tunable
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Fig. 7. Prototype of the proposed power transmission system.

from 25 to 500 pF, the transmitter is capable of adapting and
maintaining resonance across a wide primary coil inductance
range, roughly from 500 nH to 5 μH. The design and the control
principle of the tuned capacitor circuit are discussed in this next
section.

B. Tuned Capacitor Circuit Design

Fig. 7 shows the schematic of the proposed tuning capacitor
circuit. It is composed of a peak voltage detector, a resistor-
based divider followed by a buffer, a microcontroller integrating
an ADC circuit, a micro stepping driver, and a miniature stepper
motor that drives the series-trimming capacitor.

Laws of physics have already demonstrated that at resonance
state in LC circuit, the peak voltage at the coil’s terminal reaches
its maximum value. Based on this fact, we designed a peak
detector of the primary coil voltage VL1 using the traditional
single-diode half-wave rectifier circuit. The rectified voltage is
then attenuated by a resistor-based voltage divider and applied
to the ADC built-inside the microcontroller via a zener diode
protection and unity gain buffer. The resistance values of the
attenuator were chosen to constantly provide an output voltage
(Vsense) less than the maximum permitted ADC input voltage,
which is equal to 5 V. Aiming at a maximum primary coil
peak voltage up to 75 V, R1 and R2 values are set to 4.7MΩ
and 340kΩ, respectively. On the other hand, the value of the
smoothing capacitor Cs is carefully chosen in order to achieve
accurate detection. Indeed, it is necessary to have a capacitor
through Req (= R1//R2) between two positive half cycles of
VL1 . Also, Vsense must follow the variation of VL1 defined by the
motor stepping frequency fM S that reaches few kHz. Hence,
according to (12), a value of 0.1nF of Cs should be able to
properly track the variation in the primary coil positive peak

1/(13.56 MHz) � τ(ReqCs) � 1/fM S . (12)

After sampling Vsense by its internal ADC, the microcon-
troller controls the stepper motor through a microstepping driver
according to predefined parameters (speed, direction and reso-
lution). It can also inform the user about the system status and
the peak voltage value at the coil’s terminal via an alphanumeric
LCD screen.

The microstepping driver provides the required power to
run the stepper motor and allows splitting each full step into
smaller steps (or microsteps). The adopted DRV8834 from

Fig. 8. Prototype of the proposed power transmission system.

Texas instruments offers six step-modes or resolutions (full,
half, 1/4, 1/8, 1/16, and 1/32 steps). For the stepper motor,
the selection criteria were mainly the size and the resolution.
The motor used (PG20L-D20-HHC0 NMB Technologies Cor-
poration) has a small dimension of �20 mm ×45 mm and a
resolution of 1818 steps per revolution, which corresponds to an
angle of 0.198◦ per step. However, this is just a theoretical value,
because small position error may occur due to the difference in
mechanical precision of the stator and rotor. The used stepper
motor has a step accuracy of±5%(±0.01◦) and this error is non-
cumulative from one step to the next. The error can be neglected
in full-step mode. Nevertheless, increasing resolution decreases
the microsteps accuracy. For example, if the mode 1/32 was
adopted, the angle in each step is 0.006◦ ± 0.01◦ (accuracy is
the same because it depends on the motor mechanical precision).
With a positioning error higher than 100%, this resolution cannot
be used. A good resolution-accuracy tradeoff can be achieved
using eighth-step mode. With this configuration, the motor ro-
tates with an angle of 0.024◦ per step with an error of±0.01◦. To
vary the primary adjustable capacitor, the motor shaft is attached
to the adjustable capacitor by means of a small trimmer tool.
That way, the stepper motor is able to vary the capacitance value
and eventually the primary resonant frequency at each covered
step. In fact, the resulting driver-motor/adjustable capacitor pro-
vides a theoretical capacitance variation of 0.032 pF for each
motor step. Another important aspect tackled in this study is
the motor assembly. Initially, the motor has been mounted ver-
tically. Although this configuration ensures proper operation, it
considerably increases the package volume. To overcome this
problem, we designed an ABS plastic holder that allows us to
mount the motor horizontally as shown in Fig. 8. Moreover, the
motor occupies only 11% of the overall 9.5 × 11.0 cm2 PCB
prototype area. Hence, the prototype can be easily carried or
attached to a belt. As soon as the circuit is activated by the user
through a push button, the stepper motor covers a complete rev-
olution. For each step, the microcontroller compares the current
Vsense value with the maximum voltage (Vsensem a x ) detected in
previous crossed steps. By the end of the revolution, the mi-
crocontroller determines the position of the most suitable com-
pensation capacitance value. Consequently, the microcontroller
drives the motor to reach the digitally saved angular position.
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Fig. 9. Photograph of the experimental setup.

After the first execution, when coils misalignment occurs and
the voltage difference between Vsense and Vsensem a x exceeds a
preconfigured threshold, the same tuning cycle is reexecuted.
That way, the wireless transmission is continuously monitored
and the compensation is automatically performed when needed.
The whole system uses two 4000 mAh rechargeable lithium
batteries assembled in series with an overall output voltage of
7.4 V . These batteries power three-voltage regulators in order
to supply the various circuit parts: two inductor-based switching
regulators with output voltages of 5 V (for the oscillator, micro-
controller, microstepping driver and buffer amplifiers) and 10
V (for the stepper motor), and a linear regulator with adjustable
output voltage Vcc (1 to 2.5 V ) for the class E PA.

IV. MEASUREMENT RESULTS

The transmitter prototype was built (see Fig. 8) and tested.
Fig. 9 shows the used test bench, which was specially designed
in order to determine and fix the axial distance between the two
coils. A common power-recovery stage was also built. It consists
of a parallel resonant circuit L2 − C2 , followed by a half-wave
rectifier and a resistor decade box 1Ω to 1 MΩ range, which
serves as secondary load RL . For all measurements discussed
in this section, the supply voltage Vcc was settled to 2 V and
two identical coils were used on both sides. Their inductances L
(840 nH) and equivalent series resistances (ESR = 266 mΩ)
were measured by an impedance analyzer.

A. Frequency and Sensing Accuracy

Fig. 10 shows an oscilloscope capture of the coil voltage and
current waveforms as well as a table for harmonics measurement
provided by MDO4104-6 oscilloscope. The table, inside Fig. 10,
presents the amplitudes (in percent) of the first ten harmonics
of the current relative to the fundamental and the total harmonic
distortion in reference to the fundamental (THD − F ). This
latter is commonly defined as the ratio of the amplitude of the
harmonic components to the fundamental. Fig. 10 illustrates sig-
nals which are purely sinusoidal forms and the distortion level is

Fig. 10. Output waveforms and harmonics table.

very low (they do not exceed 0.5%). This ensures, at resonance,
a power transfer at a very precise frequency of 13.56 MHz and
also limits the power losses due to unwanted harmonics. Vsense
is also an important parameter since it is the main link between
the analog part and the digital control unit. The precision of the
automatic tuning strongly depends on the accuracy of this sig-
nal, which should present a high signal to noise and interference
ratio. To improve measurement accuracy, it is imperative to keep
the surface loop between the probe tip and the ground alligator
clip as small as possible. The signal Vsense( b ) , seen in Fig. 11(a),
shows that a large surface loop [like in Fig. 11(b)] acts as an
antenna, picking up radiated noise and adds interference to the
measurement. Consequently, the best way is to use a ground
tip that is wrapped right around the probe tip voltage as shown
on Fig. 11(c). Since the ground tip is placed close to probe tip,
the noise is decreased. By using this particular measurement
method, the residual ripple was reduced by more than 95% and
it is in the order of 40 mV peak-to-peak.

B. Capacitor Tuning Impact on Inductive Link Performance

The evaluation of the link efficiency requires an ac power
measurement at the primary and secondary coils terminals. Ob-
viously, an ac power measurement is a point-by-point multi-
plication of voltage and current signals. However, each mea-
surement probe introduces a different delay also called “Skew.”
The difference between these two delays depends mainly on the
length of the measuring cable and the probe circuitry. To cancel
the skew between voltage and current probes, a power measure-
ment deskew fixture (067-1686-00, Tektronix) was used. The
deskewing procedure is very important and must be done care-
fully. Even a small skew difference can cause a significant error
in the measured power value, especially for high-frequency mea-
surements. Unfortunately, despite our numerous efforts, it was
impossible to obtain a repeatable measurement result and this
deskewing method revealed unsuitable for accurate measure-
ment of the link efficiency. Therefore, to accurately evaluate our
proposed system, we focused on the dc load power PRL

(for a
fixed load RL = 10 kΩ) and we analyzed the effect of the axial
distance Da variation on it for each of the following conditions:

1) traditional IPT system: Tuning is done once on both pri-
mary and secondary capacitors for Da = 1.5 cm, referred
as “starting condition;”
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Fig. 11. (a) Residual ripple associated to Vsense signal measured with (b) nonrecommended measurement way, and (c) recommended way.

Fig. 12. Axial distance variation impact on the load power PR L
.

2) manual tuning on both sides: the two capacitors C1 and
C2 are tuned for each distance variation;

3) manual tuning of C1 : C2 tuned only at the starting condi-
tion and C1 tuned manually for each distance variation;

4) the proposed transmitter: C2 tuned only at the starting
condition and C1 tuned automatically for each distance
variation at rotational speed of vr = 0.14 rev/s.

For conditions 1) and 2), the tuning of the two capacitors was
made by observing the voltage at the terminals of the load VRL

.
Both resonant circuits are tuned to resonance state when the
voltage VRL

reaches its maximum value. Whereas, for the two
other conditions, the calibration of C1 was performed by moni-
toring Vsense , in order to evaluate the accuracy of our proposed
system. The measurement results are shown in Fig. 12. Notice
that the operation at resonance in both sides 2) provides a higher
wireless transmission range and higher recovered power PRL

.
In fact, it guarantees an average improvement rate of power
(AIRP ) of 76% compared to a traditional IPT system 1) and of
31.5% compared to 3), where AIRP is defined as the average of
powers differences ΔPR L

= PRL x
− PRL y

between two types
of IPT systems x and y. Noting that ΔPR L

is determined at
several axial distances excluding Da = 0.5 cm and the starting
condition.

However, it is important to note that the calibration of the
two capacitors is a tedious task especially for small separation

distances (strong coupling). A fine manual tuning was unavoid-
able to achieve a maximal voltage of VRL

.
In addition, the calibration on both sides was performed over

several steps and required a lot of time (5 min minimum). There-
fore, if the dual calibration 2) is automated, the control algorithm
will be complex and the system response slower.

Manual tuning of C1 3), does not provide maximum trans-
ferred power, but it achieves a better power transfer compared
to a traditional IPT system 1) (AIRP of 68%), except for an
axial distance of 0.5 cm where a sudden drop in power occurs
[seen also in trace 4)]. At this distance, Vsensem a x was detected at
a primary resonant frequency of 27.12 MHz (second harmonic
of the gate driver signal). Based on the study of the splitting
frequency discussed in Section II, this decrease in power trans-
fer is due to excessive deviations of the resonance frequencies.
The use of capacitance values beyond the preset range of C1
did not improve the performance since the strong coupling has
also detuned the secondary resonant circuit. On the other hand,
the calibration of the two resonant capacitors achieved a good
performance as shown in part (b) of Fig. 12. Notice that this
phenomenon does not occur if C2 is calibrated once, at strong
coupling (for Da = 0.5 cm for example). However, at this con-
dition, the load power becomes smaller (compared to the result
presented in Fig. 12) in case of a weak coupling. In that case,
the following solutions can be adopted:

1) acquire the secondary voltage VRL
instead of Vsense . That

way, a better power recovery can be provided, however,
adding a sensing and feedback communication system in
the secondary side increases certainly the power consump-
tion of the IMD;

2) limit the operating distance range [Dam in,Dam a x ] and cal-
ibrate C2 only once based on this range;

3) calibrate the two resonant capacitors. However, this
method has some limitations as mentioned previously.

Our system reduces considerably the sensitivity of the induc-
tive link to coupling variation. This can be observed in Fig. 12,
and can be proved by the high AIRP of 66.5% obtained by
comparison with the traditional IPT system. The comparison of
the single manual tuning 3) with our proposed automatic tuning
4) shows an AIRP of 4% (5.5% by including the starting condi-
tion). In fact, at a speed of 0.14 rev/s, the accuracy of the stepper
motor tuning seems very close to the manual tuning precision.
At this velocity, the control duration interval is between 7 and
14 s, which is the time required for one to two complete motor
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revolution. However, a misalignment occurring during the tun-
ing procedure can restart the process therefore causing a longer
control duration. By increasing the stepper motor speed, shorter
tuning duration may be achieved, but this dramatically reduces
the angular position accuracy of the motor’s shaft. Indeed, the
higher is the speed of rotation, the lower is the holding torque.
As a result, the probability of missing steps is increased which
affects the system precision. A tradeoff between accuracy and
control duration should be considered in such application. Dur-
ing the sensing process, the amount of power drawn from the PA
output is only in the order of 2% of the measured power across
the primary coil. Compared to the switched capacitor system
reported in [23], our method provides: a smoother variation of
capacitance value, a 16.5% higher transmitted power compared
with a traditional IPT system and a much better capacitance
resolution (0.032 pF against 100 pF). We did not compare our
system with other control systems reported in the literature due
to the different characteristics of each system and the lack of
substantial information for comparison (such as the AIRP , the
control duration, the resolution and the power consumption).

The proposed system in this paper still has some limitations.
It was shown that an erosion of the dielectric paper of the trim-
ming capacitor C1 may occur, then a replacement may be needed
periodically. This erosion may provoke short-circuit across the
capacitor and makes its rotation axis arduous thereby degrading
the precision of the automatic tuning. This confirms that this
type of trimmer capacitor is not designed to be continuously
tuned. A variable air capacitor can be used to improve the trans-
mitter in order to be tuned frequently. However, this robustness
is obtained at the expense of the whole system size since air
capacitors are more bulky compared to dielectric trimmer ca-
pacitors. Designing a robust and miniature trimmer dedicated
to our system may also be a good alternative. Adding a second
feedback loop that dynamically controls the emitted power via
supply voltage Vcc control can be another approach to reduce
power losses in the internal voltage regulators and consequently
in the implemented IMD.

V. CONCLUSION

In this paper, we tackled the limitation of the inductive link
sensitivity to coupling variation in biomedical electronic im-
plants. In order to reduce this sensitivity, we proposed a simple
to implement and efficient capacitor-based tuned circuit operat-
ing at 13.56 MHz in the ISM band. The system is based in a new
technique that controls a small stepper motor to tune the primary
resonant capacitor C1 , and ensures the required primary reso-
nance to maximize coupling efficiency. This approach reached
an AIRP of 66.5% compared to a traditional IPT system and
a high-tuning accuracy for a maximal control duration of 14
s with a capacitance resolution of 0.032 pF. Furthermore, the
adjustable capacitor allows using of a wide inductance range
varying between 0.5 and 5 μH .
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