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Abstract

Telemetry acquisition from rodents is important in biomedical research, where rodent behav-
ior data is used to study disease models. Telemetry devices for such data acquisition require a
long-term powering method. Wireless power transfer (WPT) via magnetic resonant coupling
can provide continuous power to multiple small telemetric devices. Our loosely coupled WPT
(LCWPT) system consists of a stationary primary coil and multiple freely moving secondary
coils. Our previous LCWPT system was designed to transfer reasonable power to secondary
coils at poor orientations but transfers excessively high amounts of power at favorable orien-
tations. Reasonable power is needed for telemetry and radio electronics, but highly induced
voltage on the secondary coil creates excess energy which must be dissipated by previous
devices, and caused problems (localized heat damage and variations in component properties)
leading to drift in operating frequency. To remedy these two problems, a novel scheme is pro-
posed to automatically tune or detune the resonant frequency of the secondary circuit. Our
closed-loop controlled tuning or detuning (CTD) approach can be used to prevent excessive
power transfer by detuning, or to improve power transfer by tuning, depending on the need.
Furthermore, this novel CTD scheme facilitates the use of multiple telemetric devices.

Introduction

Implantable biomedical devices have a significant role in modern medicine and can be used
for variety applications. These applications include: real time monitoring of bio-signals of
the patient/body, generating stimulus signals, bioelectric recording, and communicating
internal vital signs to the outer world. Providing power to these biomedical devices for long-
term operation is a challenging task [1–3]. In our application, the telemetric device would
record the neural electroencephalographic (EEG) activity of a laboratory rodent [3–5].

Traditional approaches to power telemetric devices use batteries. In the case of implantable
telemetric devices, batteries are placed inside the body within the implant, or a transcutaneous
wire-based power supply is used. However, the use of wire links to power implantable devices
in rodents has a number of difficulties: wire breakage, failure of head-mounted connectors,
restriction of normal movement of rodents, the possibility of infection via the wire, and inter-
ference from electrical noise sources [4–6]. In the case of batteries, embedded batteries have
limited energy storage and life span [2]. In order to avoid the aforementioned problems, wire-
less power transfer (WPT) is recommended for applications involving rodents for long dur-
ation experiments [3–5].

A common characteristic of WPT systems for rodent telemetry applications is loose coup-
ling between the primary and secondary coils [3]. These systems are referred to as loosely
coupled WPT (LCWPT), where their coupling coefficient is typically less than 2% [4]. This
can be considered as a low efficiency of power transfer for LCWPT systems. Therefore, nearly
all WPT systems use magnetic resonant coupling between the primary and secondary coils, to
increase WPT efficiency. The magnetic resonant power transfer depends on the frequency
match between the inherent resonant frequency of the primary circuit, and the inherent res-
onant frequency of the secondary circuit [3].

In our application, we use LCWPT to power telemetric devices intended for implant into
freely moving small rodents. Our telemetric device is called the rodent implant device (RID),
which functions as a stimulator and EEG sensor. The RID prototype would be suitable for sub-
cutaneous implantation in a rat, or would be suitable as a head-mounted device for a mouse.
Figure 1 illustrates a freely moving mouse in an animal cage encircled by a primary coil, where
the telemetric device would be placed on a mouse’s head. The volume within the primary coil
is 250 × 120 × 45 mm3 (length × width × height), and the cage volume is 250 × 120 × 150 mm3

(length × width × height). This cage size is needed to meet the minimum animal care stan-
dards for mice [3–5].
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There are some problems that may cause a resonant frequency
mismatch in a WPT system. These problems are: (1) the loading
effect, where McCormick et al. reported the loading effect causes
mismatch of the resonant frequency of the WPT systems [7]. (2)
The temperature effect, where Wang et al. found that highly
induced voltage generates higher temperatures in the implant
that affects the secondary capacitor (Cs) and creates the resonant
frequency mismatch of the LSCS-tank circuit [8]. Also, device
electronics must be protected from excessively highly induced
voltage, which must be dumped as heat via voltage regulators.
This leads to significant localized heat in the implant that may
damage the electronic components of the telemetric devices. (3)
In the case of multiple secondary circuits within the same primary
coil, mutual coupling may develop between the secondary coils.
This mutual coupling will cause mismatch of the resonant fre-
quency of each secondary circuit [9]. (4) The effect of the
reflected impedance from the secondary circuit over the primary
circuit, where the reflected impedance causes a shift in the reson-
ant frequency of the primary circuit [9, 10].

This paper provides a novel scheme to detune (or tune) the
resonant frequency of the secondary tank circuit of the telemetric
device. This is done by using a microcontroller (MCU) located
on-board the telemetric device to monitor its own received
power and to tune or detune its resonant frequency as needed.
Furthermore, this novel scheme allows for the use of multiple tele-
metric devices to operate within a single primary coil, since each
secondary circuit can tune or detune its resonant frequency inde-
pendently of the others. This allows for applications where mul-
tiple rodents (each equipped with a telemetric device) can run
around in a single primary coil, all receiving adequate power to
power their telemetric device regardless of the rodents’ position
or orientation within the cage.

This paper is organized as follows. Section “Introduction” pro-
vides the research motivation of using a WPT system for telemet-
ric devices for rodents and the issues of using multiple secondary
coils in the same primary coil. Section “Literature survey” cites the
literature regarding resonant frequency mismatch in the WPT
systems. Section “Limitations of other approaches in the litera-
ture” explains limitations of previous research. The methodology
of our controllable LCWPT system is described in Section

“Methodology for control of tuning or detuning.” Section “LCWPT
theory” describes LCWPT theory. The design of the proposed con-
trollable LCWPT system is reported in Section “Development and
design of proposed CTD system.” The experimental setup of our con-
trollable LCWPT is shown in Section “Experimental setup of the
CTD LCWPT hardware.” The experimental results of our control-
lable LCWPT are reported in Section “Experimental results with
the CTD LCWPT system.” Section “Conclusion” reports the
experimental results of using multiple RIDs in the same cage (pri-
mary coil). A discussion of the results is provided in Section
“Discussion”, and the conclusion in Section “Conclusion.”

Literature survey

A number of researchers have investigated WPT systems employ-
ing magnetic resonant coupling. These WPT systems were
intended for either large-scale applications (received power higher
than 10W) or small-scale applications (received power lower than
10W). The literature shows that the transferred power can be
controlled by changing the resonant frequency between primary
and secondary coils, or by using power converters in the second-
ary receiver circuits to control the power flow to the application
load [10–12]. There are two main approaches to control the mag-
netic resonant coupling in WPT systems, which are: (1) to control
the resonant frequency of the primary circuit, or (2) to control the
resonant frequency of the secondary circuit.

Given our objective to have multiple rodents with telemetric
devices in a single cage, the control scheme to control the primary
circuit resonance is not suitable. If there are multiple secondary
coils in a single primary coil, each secondary circuit may have a
slightly different resonant frequency that may vary in time due
to various factors. The resonant frequency of each secondary cir-
cuit may shift as a result of the mutual inductance effect between
the coils, and possible heating effects that change capacitance or
inductance properties. The literature shows these limitations of
controlling the primary circuit resonance [13–16]. Hence, by
controlling the resonance of the primary circuit, all the secondary
circuits cannot maintain resonance with it. In contrast, it is pref-
erable to control the resonant frequency of each secondary circuit
and fix the resonant frequency of the primary circuit. Another
limitation of tuning/detuning the primary circuit is the use of
continuous switching, which can cause a large power loss due
to switching, and the resultant surge currents that can damage
the switching devices [10]. This section will focus on the literature
search with regard to controlling the resonant frequency of the
secondary circuit of WPT systems.

With regard to approaches of controlling the secondary coil
resonance: James et al. used a variable inductor circuit within
the secondary LC-tank, which consists of a tuning inductor
(L2), two switches, two diodes, and a compensating capacitor
(C2). The two switches were controlled by a phase lock loop
(PLL) scheme. The variable inductor circuit was connected in par-
allel with the LC-tank, where the current through L2 was balanced
by the current through C2 for normal operation. The PLL con-
trolled the resonance of the secondary circuit, when the current
through L2 changed (increased/decreased). Their variable
inductor circuit kept the resonance of the secondary circuit by
varying the current in the tuning inductor (L2) and the compen-
sating capacitor (C2) [17]. Si et al. designed a tuning/detuning
(DTD) control technique that dynamically changed the tuning/
detuning condition of the secondary circuit with respect to the
required voltage to power the load (application device). This

Fig. 1. WPT concept for a mouse, with primary coil wrapped around a small mouse
housing cage.
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was achieved by deliberately putting a soft switched capacitor (C)
parallel to the secondary capacitor (Cs), as shown in Fig. 2. The
output voltage was used as a feedback signal to determine the
turn on/off time of the soft switch to achieve the required equiva-
lent capacitance. The DTD process was divided into four seg-
ments: initial, discharging, charging, and final. Based on
analytical analysis of each segment, an iterative method was
used to obtain a numerical solution for the detuned operating fre-
quency [18]. There are some challenges with the DTD method, as
follows: the relationship between the tuning capacitance and the
output voltage is bell shaped; therefore, it can result in two pos-
sible operating points with one being in the over-tuning region
and the other in under-tuning region [19]. It is insufficient to
use the DTD method to achieve maximum power transfer,
when the operating frequency shifts to the other region due to cir-
cuit parameter variations. It may track in the wrong direction and
fail to control the output voltage [20]. Covic et al. built a self-
tuning WPT system. They used a binary series of capacitors
(C, 2C, 4C, and 8C ) that were switched via relays wired across
the secondary LC-tank (LSCS), as shown in Fig. 3. The binary ser-
ies capacitors were added to tune the secondary LC-tank. The
equivalent capacitance value from adding the tuning capacitors
is big, in the range of μF which is suitable for high power applica-
tions. Their WPT system was used in material handling applica-
tions that require 500W [21]. Hsu et al. designed a system using
an inductor–capacitor–inductor (LCL) that was based on a mag-
netic amplifier in the secondary circuit, as shown in Fig. 4 [19].
Hsu et al. discovered that their control approach (LCL) was
restrained by the tuning step. A larger step change in the induct-
ance often caused chattering of the output voltage. Although the
chattering effect could be reduced by using a smaller step change
in the inductance, it caused the overall response to be sluggish.
They remedied this problem by designing a fuzzy controller to
make the overall response fast [20].

Huang et al. designed a fast switching control topology to
regulate the power flow by adjusting the equivalent alternating
current (AC) output voltage of the LCL network using two diodes
and two switches (S1 and S2) in the secondary circuit. Their WPT
system was used for vehicle application, where the received power
of the secondary circuit was 2.5 kW. The idea of their topology is
similar to the traditional controlled rectifier to regulate the aver-
age output current through the rectifier, while allowing variance
in mutual coupling. Figure 5 shows their designed secondary cir-
cuit, the series tuning capacitor (Cseries) and CS are used to achieve
the resonance of the secondary circuit, the values of L2 and C2 are
designed to accommodate the extra inductance introduced by the
nonlinear effect of the rectifier to minimize the current in the sec-
ondary coil (LS) [22]. Hsu et al. used the DTD control technique

that was designed by Si et al. in [18], where the switch was con-
nected in series with a tuning/detuning capacitor that are con-
nected in parallel with the secondary LC-tank circuit, as shown
in Fig. 2. The objective of their approach was to control the
power flow of the LC-tank circuit by either increasing or decreas-
ing the tuning/detuning capacitance. The value of the tuning/
detuning capacitor is big, in the μF range. The generated signal
from the controller is denoted as a switching signal that controlled
the effective tuning/detuning capacitance using different values of
the duty cycle. The switch signal controlled the charging and dis-
charging of the capacitor (can either be a unidirectional or bidir-
ectional switch). They used a Proportional-integral (PI) controller
[23], however, the PI controller was incapable of performing con-
trol over a bell-shaped relationship between the tuning/detuning
capacitance and the induced voltage, and the chattering effect,
as explained in [24]. The performance of the controller was
dependent on two major factors: the tuning/detuning step-size
and the sampling frequency. Therefore, they used a fuzzy logic
controller to overcome the limitations of the PI controller and
make the system response fast [21]. The WPT systems designed
by Hsu et al. [19, 20, 23, 24] are used for vehicle applications.

Although the presented research of Hsu et al. was able to over-
come the drawbacks of the previous solutions, some issues

Fig. 2. Schematic of the DTD technique.

Fig. 3. Schematic using relay to tune the secondary circuit.

Fig. 4. Using magnetic amplifier in the secondary circuit.

Fig. 5. Using fast switching in the secondary circuit.
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remain. Namely, the nonlinearity, the slow dynamic, and the bulki-
ness of the magnetic amplifier as the variable inductors are signifi-
cant limitations of the proposed approach. Also, their design
depended on a complicated control algorithm using fuzzy logic
for the selection of a sampling frequency and step size [25].

Petersen designed a tuning WPT for biomedical applications,
with efficiency of 0.7%. He used a switching capacitor circuit
that was switched by metal–oxide–semiconductor field-effect
transistors (MOSFETs) to change the capacitance of the second-
ary circuit, as shown in Fig. 6. The switched capacitors Ca1/Ca2 are
small with respect to un-switched capacitors Cb1/Cb2, while the
effective range of the variability was small, and vice versa. The
controller was used to switch the MOSFETs and control the
timing of the MOSFET switching using different values of duty
cycles. The controlling of the timing on the MOSFET switching
allowed a continuously variable capacitance, where the minimum
capacitance occurs with 50% duty cycle, and the maximum cap-
acitance occurs with 100% duty cycle [26]. Riehl et al. designed a
resonant WPT that used parallel series resonant secondary capa-
citors (Ca and Cb) with an open-circuit impedance (Zoc) adjust-
ment, by a switching capacitor (CD), as shown in Fig. 7. The
capacitor (CD) was switched to adjust the open-circuit (Zoc) to
reduce the induced voltage. The switching capacitor changed
the open-circuit impedance (Zoc) that also changed the reflected
impedance seen by the primary coil, so the switching capacitor
regulated the induced voltage [27].

Another alternative way to control the voltage induced in the
secondary coil circuit is using power electronics. However, in
this approach the heat is still dissipated in the secondary circuit,
since the magnetic resonant coupling remains [10, 11].
Examples of this approach include: Yung-Chih et al. designed
multiple wireless power receivers using a programmable power
path. Their system depended on a linear low dropout regulator
(LDO), where the LDO input voltage (rectified voltage) is con-
trolled very close to the LDO output voltage. The rectifier voltage
can be higher than the regulator output that made the power
transfer very inefficient through the LDO. Therefore, a switching
mode regulator was applied for better efficiency when the voltage
step down ratio is large [28].

Limitations of other approaches in the literature

The control schemes described for tuning/detuning the secondary
circuit in [17, 19–24, 27, 28] are more suitable for WPT systems

for large-scale applications like wireless charging of vehicles. This
is because much higher power transfer levels are involved. In this
case, the needed tuning/detuning inductor occupies a large vol-
ume, and the tuning/detuning capacitor values are large, in the
range of μF. The control schemes of the secondary circuits in
[19, 20] are complicated and have a slow dynamic response
when tuning/detuning secondary circuits, which causes a sluggish
response [25], and would not be suitable for fast application
devices (such as the RID on fast moving rodents). The limitation
of using the DTD method [20] is that any change in the para-
meters of the secondary circuit affects the operation of the four
segments and creates a resonant frequency mismatch. The
designed WPT using relays [21] is not suitable for small-sized
biomedical implant applications, since the relay occupies a large
volume. Also, the relay requires a high operating current to
turn on, which represents a problem for low power applications
such as our RID telemetry devices. Petersen claimed that his
WPT system was used for biomedical applications [26]; however,
the maximum received power of his controlled secondary circuit
(Fig. 6) was 15W, which is considered high power for implant
applications. Also, Petersen’s WPT system was AC–AC, where
the input to the primary circuit was AC power, and the received
power at the secondary circuit was AC power. Since there was no
rectification on their secondary circuit, direct current (DC) power
was not available, which prevented the use of digital electronics
needed for telemetry acquisition, signal processing, and digital
communication. The WPT system of Riehl et al. (Fig. 7) [27]
depended on controlling the reflected impedance of the secondary
circuit seen by the primary circuit. Their WPT system was suit-
able for large WPT applications that have high coupling coeffi-
cient but their WPT system is not suitable for small WPT
applications, such as LCWPT systems for biomedical devices.
This is due to the reflected impedance of the secondary circuit,
which is a function of the coupling coefficient, which can be
neglected in LCWPT systems, as written in equations (1) and
(2). Also, their designed secondary circuit likely has a floating
gate drive problem because of the connection of the switching
capacitor (CD) with the full bridge rectifier, as is explained in
detail in our Section “Development and design of proposed
CTD system.”

Methodology for control of tuning or detuning

In the previous sections, we reviewed two main approaches to
adjust the magnetic resonant coupling between the primary cir-
cuit and the secondary circuit(s) of WPT systems. These are:

Fig. 6. Designed switching capacitors of [26].

Fig. 7. Controlling open circuit impedance of the secondary circuit.

22 Basem M. Badr et al.



(1) controlling the resonance of the primary tank circuit, or (2)
controlling the resonance of the secondary tank circuits. Our pro-
posed LCWPT system is based on the second approach, whereby
the resonant frequency of the secondary circuit(s) is tuned/
detuned in order to match them with the fixed resonant fre-
quency of the primary circuit.

In using the second approach, there are two possible modes: (i)
tuning the secondary circuit to maintain magnetic resonant coup-
ling with the primary circuit, or (ii) detuning the secondary cir-
cuit to reduce the magnetic resonant coupling with the primary
circuit. Tuning the magnetic resonant coupling will be used
when resonant frequency mismatch occurs such as from mutual
coupling effects from multiple RIDs, or from poor orientation
between the secondary coil and primary coil. Detuning the mag-
netic resonant coupling will be used in cases where good orienta-
tion between the secondary coil and the primary coil leads to too
much capture of magnetic flux. Without the proposed closed
loop-controlled tuning or detuning (CTD) system, this excessive
capture of magnetic flux will generate a high voltage in the sec-
ondary circuit, which must be controlled by other means, such
as regulators. This would lead to significant localized heat in
the implant. If the proposed CTD system is employed, the
induced voltage on the RID can be limited to a specified voltage
by design, as shown in Section “Development and design of pro-
posed CTD system” and “Experimental setup of the CTD
LCWPT hardware.”

The CTD LCWPT secondary circuit configuration employs
four ferrite rods placed at the inside corners of the secondary
coil [3]. The diameter and length of the ferrite rods is 1.6 and
8.6 mm, respectively, whereas the secondary coil size is 22mm×
14mm2. This configuration is denoted as 4MF (four medium fer-
rites), which improves the WPT when the secondary circuit plane is
oriented at various angles with respect to the primary coil. We have
used the 4MF configuration in this work, using our new CTD
LSCS-tank circuit, where this system is collectively called the RID.

A number of experiments were done to validate the proposed
RID. One experiment was done to investigate the power transfer
for various orientations of the RID with respect to the primary
coil. Another experiment was done to characterize the quality
curve (received power versus frequency) of the RID, by adding
and removing capacitors within the LSCS-tank circuit. This helped
to establish the relationship between the capacitor values needed
to tune or detune the RID operating (resonant) frequency by spe-
cific amounts. Another experiment was done to determine the
utility of using a MOSFET based switching system within the
LSCS-tank of the RID, while it operates within the primary electro-
magnetic field.

LCWPT theory

Inductive power transfer (IPT) is a popular technique for WPT
over a near-field region (short range). This technique is based
on two fundamental laws: Ampere’s law and Faraday’s law. IPT
is based on the changing magnetic field that is generated due to
alternating currents through a primary coil. The alternating mag-
netic field induces a voltage onto a secondary coil [3–5, 29].

There are four topologies for achieving magnetic resonant
coupling between the primary and the secondary coil. The topolo-
gies are SS, SP, PP, and PS, where the first S or P stands for series
or parallel compensation of the primary winding, and the second
S or P stands for series or parallel compensation of the secondary
winding [3]. For this work, our proposed CTD system uses the SP

topology. It is highly suitable for LCWPT systems, such as bio-
medical applications, because it provides suitable power to the
application load, and reduces the reflected impedance problem
[10, 29]. Figure 8(a) shows the SP topology used in this work.

The loading effect of a secondary coil back onto the primary
circuit is shown in Fig. 8(b), as a reflected impedance Zr. It
depends on the coupling factor and operating frequency, and it
can be written as [10]:

Zr = w2M2 RL

R2
L(w

2CsLs − 1)2 + w2L2s

+ j
−w3M2 [R2

LCs (w2CsLs − 1)+ Ls]

R2
L(w

2CsLs − 1)2 + w2L2s
(1)

where, w is the radian operating frequency, RL is the load resist-
ance, LS is the secondary coil and CS is the secondary capacitor,
M is the mutual inductance between the primary and secondary
coils, and k is the coupling coefficient (value between 0 and 1).

In order to minimize the VA ratings of the power supply and
to achieve magnetic resonant coupling, it is desirable to operate at
the zero-phase angle of the impedance at the resonant frequency
of the load impedance. This zero-phase angle of the impedance at
the resonant frequency must be achieved to ensure maximum
power transfer. The primary capacitance used for SP topology is
obtained by [10]:

CP = 1

w2
LP −M2

LS

( ) (2)

The maximum power received by the secondary occurs when
the load is conjugately matched. At magnetic resonance, the react-
ive components cancel, and the impedance is simply the real
component, which is the resistive loss of the secondary tank
(R). For maximum power transfer to occur, the load resistance
needs to be equal to the resistive loss of the secondary tank.

Development and design of proposed CTD system

The resonant frequency of the secondary circuit in the RID is a
function of the LSCS-tank circuit. The proposed controller tech-
nique tunes/detunes the resonance of the secondary circuit by
adding/removing capacitance in parallel with the secondary cap-
acitor (Cs) to change the overall capacitance value of the
LSCS-tank circuit. Adding/removing capacitance is achieved by
electronic switching MOSFETs connected to physical capacitors
within the LSCS-tank circuit. There are two different modes of
operation achieved by adding/removing capacitance as follows:
(1) small-adjustment mode: by adding/removing (via electronic

Fig. 8. SP topology of primary and secondary coils: (a) SP topology and (b) primary
series compensation.
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switching) small capacitor values in the range of 10–70 pF for fine
tuning the resonant frequency of the secondary circuit. These
small capacitor values help to tune the secondary circuit when
the resonant frequency deviates due to the mutual coupling effect
from the multiple secondary circuits, or due to the heating effect.
(2) Big-adjustment detune mode: by adding/removing (via elec-
tronic switching) large capacitor values in the range of 100–800
pF to detune the RID when excessively highly induced voltage
is gathered by the telemetric device, due to favorable orientation
between the primary and secondary coils. Experiments were
done with different secondary circuit prototypes to determine
the appropriate capacitor values corresponding to appropriate
shifts in resonant frequency, as explained in the next section.
The main features of these capacitors are high Q and low effective
series resistance (ESR), where the dielectric material is ideally
independent of temperature and its voltage coefficient is constant
over different applied voltages.

We designed our secondary coil (LS) with a high quality factor
(Q), which is shown by the peak curve as shown in Fig. 13(b). The
high Q coil gives a narrow frequency band which makes the sec-
ondary circuit sensitive to the operating frequency of the primary
circuit. The resonant frequency (wres) and the quality factor (QS)
of the secondary circuit, using parallel compensation, are defined
as [30]:

wres = 1������
LSCS

√ (3)

QS = RAC

wresLS
= wresCSRAC (4)

where RAC is the equivalent resistance that corresponds to the real
power delivered to the secondary application load. The secondary
application load is the collection of all application circuits (i.e.
MCU, radio, etc.) on the secondary that consume power. The

increasing heat may affect the capacitance CS of the LSCS-tank
depending on the dielectric material of the capacitors [31, 32],
leading to resonant frequency shift.

Initial designs

As we carried out this work, we tried a few different secondary
circuit configurations to tune/detune the resonance of the RID
in a controllable manner. Some of these initial configurations
do not work well, and we have decided to describe them here
briefly as a point of reference to explain why they don’t work.

As explained in the methodology, we want to be able to add or
remove capacitance within the LSCS-tank, upon command. We
used MOSFETs to switch open/close a set of capacitors (CD1)
that are in parallel to CS, as shown in Fig. 9. Our initial (non-
working) configuration contains the LSCS-tank, the switching ele-
ments (MOSFETS), a set of capacitors, a full-wave rectifier bridge,
the secondary application load, and a tuning/detuning controller
(an on-board MCU with code and a circuit that measures the rec-
tified voltage (Vrec) and controls the switching elements). We used
a Nordic MCU (nRF24LE1-F16Q24) that is suitable for ultra-low
power applications [33].

The configuration shown in Fig. 9 does not work, because it
has a floating gate drive, where the LSCS-tank is AC (Vind sinus-
oidal), while the MCU and application load are DC. Note the
MOSFET is connected in series with the tuning/detuning capaci-
tor (CD1), where both are connected in parallel with CS. The prob-
lem occurs because we cannot connect the DC logic signal of the
MCU, to the AC conditions present at the source of the MOSFET.
Under these conditions, the voltage at the source of the MOSFET
is sinusoidal and therefore VGS will be floating with respect to the
gate threshold voltage (VGS(th)). This creates a floating gate prob-
lem, causing erratic operation of the MOSFETs. In order to over-
come this problem, we designed the working solution shown in
Fig. 10. Here we decided to use a voltage doubler rectifier circuit
between the AC side and the DC side of the secondary circuit,
which provides a common ground for both sides. Using a voltage
doubler rectifier is very unusual for the rectification of AC power,
since it has a lower efficiency than full-wave bridge rectifiers, and
nearly all other systems do not use it. The voltage doubler rectifier
consists of two diodes, a coupling capacitor (CC = 0.1 μF), and a
smoothing capacitor (Csmooth = 0.1 μF). This configuration avoids
the floating gate problem, whereby the tuning/detuning capacitors
are connected to the drain of MOSFETs, as described in the next
section.

An alternative way to eliminate the floating gate drive problem
is to use isolating gate drives. However, isolated gate drives need a
separate power source, and they will occupy more size on the sec-
ondary circuit. In our application, the PCB of the RID is limited
in size because of the application constraint for use with rodents
and for implantable medical applications. Another possible alter-
native is to use an integrated circuit (IC) array of capacitors for
increased resolution for tuning/detuning. However, most IC cap-
acitor arrays are CMOS and cannot handle voltages above 18 V,
and may have high switching losses [10].

Working design of CTD system

For the working CTD system, we use MOSFETs to switch open/
close capacitors (CD1, CD2, and CD*) that are in parallel to CS, as
shown in Fig. 10. The source of the MOSFETs is connected to the
common ground, which assures the source voltage (VS) is zero,

Fig. 9. Initial switching capacitor technique (non-working).

Fig. 10. Switching capacitor technique using a voltage doubler rectifier, whereby the
source of the MOSFET is grounded on a common ground.
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allowing the control signal (gate voltage, VG) from the MCU to
effectively switch the MOSFET on/off. This is not intuitive,
since it must use the voltage doubler rectifier between the AC
and DC side of the circuit, to operate the MOSFETs via a logic
control signal from the MCU, since a common ground exists.

The theory of operation of our proposed working system is
now described: for achieving maximum power transfer, the reson-
ant frequency of the secondary circuit (telemetric device) must
equal the operating frequency of the primary circuit (1 MHz in
our application). As previously explained, the resonant frequency
of the secondary circuit may increase because of the heating effect
[8, 31], which causes the secondary capacitor (CS) value to drop.
In addition, the resonant frequency of the secondary circuit may
decrease when the secondary inductance (LS) increases because of
the mutual coupling of multiple secondary circuits [8, 34, 35]
within the primary field. In the case of the inductance change,
the increasing inductance can be denoted as ΔL, where the
equivalent secondary inductance (Leq) due to the multiple second-
ary coils, is given as:

Leq = DL+ LS (5)

As result of the multiple secondary circuits/RIDs, the total
reflected impedance (Zrtot) from the multiple RIDs is given as
[35]:

Zrtot =
∑n
i=1

Zri = n
W2M2

Zs
(6)

where n is the number of the RIDs in the cage. The equivalent
mutual inductance and coupling coefficient of the multiple
RIDs are [35]:

Mn =
��
n

√
M, kn =

��
n

√
k (7)

In order to compensate the ΔL, the secondary capacitance
should be:

CS = 1
w2(LS + DL)

(8)

Therefore, equation (8) provides a theoretical way to determine
the amount of corrective capacitance needed to account for an
inductive change of ΔL. Since there may be various operational
scenarios, the required value of Cs to maintain resonance will
be different for various scenarios. Therefore, in our proposed
technique, we employ multiple capacitors (CD1, CD2, and CD*)
to tune or detune the resonant frequency of the RID for various
scenarios. From experimental testing with our working RID
described here, the received power of the secondary circuit versus
frequency (see Fig. 13(a)) is represented by a bell-shaped curve.
Consider the peak in Fig. 13(a), along with the region to the
right and to the left of the peak. The right region represents an
over tuning region where the secondary circuit has a frequency
higher than the resonant frequency (1MHz). The left region
represents an under tuning region where the secondary circuit
has a frequency lower than the resonant frequency (1MHz).
For the CTD system, the LSCS-tank has been designed to startup
(begin operation) in the over tuning region. Recall that if startup
occurs in an ideal orientation (secondary coil plane and primary
coil plane are parallel), and also if our telemetric device frequency

is tuned exactly to the primary circuit frequency, too much power
will be transferred causing excessive heat and possibly damage.
As a result, the telemetric device starts up out of tune in the
over tuning region. If the MCU senses that more power transfer
is needed, it will begin to drop the total tank capacitance Cs, by
adding capacitors in parallel to Cs, and thereby better tune the
secondary frequency to the primary frequency. In the poor orien-
tations, the control system will try to exactly match the secondary
circuit frequency to the primary circuit frequency. More informa-
tion about the process to tune and detune the secondary circuits
by adding/removing capacitors (CD1, CD2, and CD) is described in
Section “Experimental results with the CTD LCWPT system.”
While switching on and off between the capacitors (CD*) we
must keep the value of the RAC almost the same, to achieve the
matched impedance (RL) and avoid the reflected impedance prob-
lem that may detune the resonance of the primary circuit, as
reported in [28]. The resistance, RAC, should maintain its value
during switching as [25, 35–37]:

RAC ≈ RP
p2

8
(9)

where RP is the equivalent parallel resistance of the secondary coil,
and is measured using a LCR meter [33–35]. Control of the RID
telemetry device is based upon a system on chip (SoC) from a
Nordic Semiconductor (nRF24LE1). This SoC includes a 2.4
GHz RF transceiver core, embedded Flash memory (16 kB), and
a set of on-chip analog and digital peripherals which provides a
flexible, single chip solution for our application [33]. The rectified
voltage (Vrec) is measured by the 12-bit analog to digital converter
(ADC) of the SoC. The 2.4 GHz radio provides a wireless link to
the base station which passes the transmitted data on to the lap-
top for view/saving the data. The lack of memory precludes stor-
age of parameters such as sample frequency, gain settings, and
stimulation parameters. The sampling frequency of the CTD sys-
tem is selected based on the settling time (tS). The settling time
can be written as [32]:

ts = RACCD∗ (10)

The sampling time of the controller must be higher than tS,
otherwise the controller response will be sluggish with high values
of the RAC and CD* [32]. The power requirements for the RID
telemetric device increase linearly with the frequency of sampling
of biological data. The time constant of our system is based on the
sampling rate/number of samples per packet. We set the sampling
frequency of our RID at 409 Hz and 14 samples per packet, so the
data is transmitted at 29.2 Hz or 34.2 ms per point.

Experimental setup of the CTD LCWPT hardware

Our complete CTD LCWPT system is described as two circuits,
namely the primary circuit and the secondary circuit, as illu-
strated in Fig. 11. The SP topology is used to achieve magnetic
resonant coupling between the primary circuit and the secondary
circuits as described in Section “LCWPT theory.” A DC power
supply (VCC) is used to power the primary circuit. A signal gen-
erator (Agilent 33250A) provides a square signal wave (VG, duty
cycle 0.5) at 1 MHz to a gate driver (MIC4421) [38] to drive a
MOSFET (IRF840) [39] in a Class-E power amplifier. The
Class-E amplifier is used to generate a sinusoidal current (IP) to
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the primary coil (LP). This primary current (IP) in turn creates an
oscillating electromagnetic field. The alternating magnetic field
induces a sinusoidal voltage (Vind) in the secondary coil (LS).
This induced voltage is rectified within the RID telemetry device
into a DC voltage (Vrec) by the voltage doubler circuit. The MCU
measures Vrec and makes a control decision depending on the
measured value Vrec and the desired set point voltage value.
Using its digital output ports, the MCU switches the MOSFETs
on or off as needed for controlling the resonant frequency. This
control scheme is closed loop and occurs locally on the telemetric
device, with no outside intervention needed. For testing purposes
only, we also added a wireless measurement system (WMS), to
measure and verify the Vrec of any telemetry device under test.
The WMS allows us to monitor performance, and it overcomes
many problems reported when using corded oscilloscope probes
[3–5, 40]. A 2.4 GHz radio communication is built into the
WMS platform and uses a proprietary handshaking network
protocol to transfer the measured data of the telemetry device
to a base station. The WMS is not needed for operation of the
RID telemetric device and is only used for testing purposes.

The primary circuit consists of a Class-E amplifier that uses a
series compensation topology. The Class-E amplifier can deliver a
maximum sinusoidal current (peak-to-peak) of 6 A through the
primary coil, however, we use only up to 2 A in this work. The
MOSFET (IRF840) used in the amplifier was selected due to its
relatively low output capacitance (Coss) at high VDS (drain source
voltage of the MODFET) [39]. It is important to note that the Coss

is effectively absorbed by Cpar [3]. Sokal et al. demonstrated the
operational characteristics of a zero-voltage-switching (ZVS)
inverter of the Class-E power amplifier. The ZVS approach is
used to identify ideal voltage and current waveforms that minim-
ize switching losses [41–43].

The RID (secondary circuit) contains a LSCS-tank, uses ferrite
arranged as the 4MF configuration [3], the MOSFETs, the capa-
citors, the voltage doubler rectifier, the secondary application
load, and the SoC (tuning/detuning controller system), as
shown in Fig. 14. Two N-channel MOSFETs were used for the
switching elements in this design. The properties of these
MOSFETs are high power handling (VDS up to 60 V), nanosecond
switching (15 ns) capabilities, and low on-resistance (1.4Ω) that
should not damp the coupling factor of the LSCS-tank. To build
the voltage doubler rectifier, we used diodes which have small
reverse current (100 nA) and short reverse recovery time (3 ns).

To achieve high quality factors, inductors with low ESR are
required for high frequency operation, due to the coil skin effect
and proximity effect. Our desired operational frequency is 1MHz,
to avoid losses due to tissue absorption [3]. To reduce the ESR,

multistrand Litz wires are used in our design, and highly recom-
mended [3, 4]. The secondary coil was wrapped around a PCB
with 44 AWG Litz wire, and the total coil size is 13.25 ×
20.25 × 1.6 mm3 (length × width × height). The parameters (RP,
Q, and Ls) of primary and secondary coils are measured using a
HP 4285A LCR meter and listed in Table 1. The LSCS-tank is cre-
ated by using a 1313 pF capacitor (Cs) to sharply resonate the RID
at 1MHz. A HP 4193AVector Impedance Meter is used to meas-
ure the resonant frequency and impedance of the LSCS-tank of
the RID, where the measured impedance (RLC) at the resonant
frequency was 7.04 kΩ.

The impedance matching within the RIDs has been designed
appropriately to avoid internally reflected power loss from the sec-
ondary load RL to the LSCS-tank and the primary circuit via the
reflected impedance (Zrtot). The maximum power transfer occurs
when the resistive component of the load RL is conjugately
matched [1]. Our experimental measurements make use of a con-
jugately matched load RL to ensure the maximum power transfer
for the overall system. The RP of the secondary coil (LS) is 8.2 kΩ,
so the RAC is recommended to be kept around 10.2 kΩ, while
switching capacitors (CD*). The used match impedance (RL) for
the experimental measurements is 10 kΩ.

For our controllable LCWPT experiments, the primary coil is
wound around a rodent cage (Fig. 1). Figure 12 illustrates the
experimental setup of the complete CTD LCWPT system. The
output voltage of the Class-E power amplifier is measured by a
high voltage probe and the primary current (IP) is measured by
a current probe (Agilent N2893A).

In order to determine the required capacitance values for the
switching capacitors to tune/detune the RID, a prior experiment

Fig. 11. Block diagram of our CTD LCWPT system.

Fig. 12. Experimental setup of our controllable LCWPT system.

Table 1. Parameters of the primary and the secondary coils

Configuration AWG RP (kΩ) Q L (μH)

Primary coil (LP) 22 49.5 165 38.5

Secondary coil (LS) 44 8.2 55 19.3
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was done to create a received power versus capacitance curve (red
curve of Fig. 13(b)). We also used different values of capacitors to
alter the total secondary capacitance (CS), to obtain the curve of the
received power versus the frequency/CS, as shown in Fig. 13(a)/13
(b). The curve has a peak received power of 180mW at the resonant
frequency of 1MHz when using CS = 1313 pF.

We also did experiments to determine the effect of using
MOSFETs within the LSCS-tank circuit. For reference, the red
colored curve of Fig. 13(b) shows the experiments with capaci-
tors only, and no MOSFETs within the LSCS-tank. By adding
the MOSFETs within the LSCS-tank, we noticed there is a differ-
ence between the received power versus capacitance, as shown in
the blue curve of Fig. 13(b). This difference is due to the stray
capacitance of the MOSFET that changes in the electromagnetic
field.

We noticed the impedance value of the RID change when we
switched with different values of capacitors (CD*). Therefore, we
used a combination of switched capacitors (CD*), which achieves
a constant impedance value of the RID. Moreover, the value of
secondary capacitor (CS) is chosen as lower than 1313 pF, so
that upon startup the secondary circuit will be in the over tuning
region. Adding/removing capacitance will give us the ability to
move the secondary resonance to the operating point and the
under-tuning region, or to remain resonant in the over-tuning
region.

Experimental results with the CTD LCWPT system

The CTD LCWPT system was constructed and two main experi-
ments were conducted to test its performance. In the first experi-
ment, we simulated the mutual coupling effect by using two RID
telemetric devices within the same primary coil (cage). In the
second experiment, we tested the performance of the CTD control
system to regulate the received power of the RID, as the RID
rotates within the primary coil and automatically switches
between different capacitor states based on its orientation. In all
of the experiments, the performance of the CTD depends on
four parameters: (1) the current applied to the primary coil, (2)
the internal matched impedance (RL) of the secondary circuit
(RID), (3) the secondary coil orientation with respect to the
x–y plane of the primary coil, and (4) the position of secondary
coil inside the primary coil. For parameter (1) we applied a cur-
rent (IP) of 2 A (sinusoidal, peak-to-peak) to the primary coil
for all experiments. For parameter (2) we used a secondary
load RL value of 10 kΩ for all experiments. For parameter (3),
orientation was varied in both experiments by different
means, as described in the following sections. For parameter
(4) we placed the RID at the middle of the primary cage,
because it represents the region of least electromagnetic flux
density. For a rectangular primary coil, such as shown in
Fig. 1, we have shown in previous work [3] that the flux density
is highest in the corners, higher close to the edges, and is least
density at the center of the cage.

We measured the power received by the RID using the WMS,
where the WMS is only used for testing purposes. Since the
WMS must provide reliable measurements over time, it is inde-
pendently powered by a small lithium-polymer battery to make
its operation independent of the secondary circuit performance
[3–5, 40], as shown in Fig. 12. We used the WMS to measure the
Vrec of the RID, and then we calculated the received power at the
various orientations [3, 40]. The maximum power transferred
was 180 mW when the RID is centered in the primary coil,
and oriented parallel (0°) to the primary coil. The received
power decreases as the orientation increases [3], where the
received power at 30, 60, and 90° are 127, 38.2, and 3.5 mW,
respectively.

Fig. 13. Received power versus frequency/capacitance: (a) power versus frequency
and (b) power versus capacitance with and without MOSFET.

Fig. 14. WPT using multiple rodents in the same primary coil.
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Experimental results using multiple RIDs

To characterize the effect of mutual coupling between RIDs, an
experiment with multiple RIDs in the same primary coil was con-
ducted, as shown in Fig. 14. This helps to verify the capacitance
needed to compensate for ΔL due to the mutual coupling between
multiple RIDs. We used two RIDs within the primary coil, as
shown in Fig. 14, which were attached to fixtures to mimic the
positions and orientation of two mice. One RID denoted as
RID-A was held stationary at 0° orientation at the center of the
primary coil, while the other was moved by some distance with
respect to it. The received power was measured on the stationary
RID-A. The other moveable RID denoted as RID-B is placed at
different positions away from the center, distance D, and is
rotated by an angle α of 0, 30, 60, and 90°. The received power
is a function of the orientation and distance between the two
RIDs where the received power is calculated as V2

rec/RL (Vrec is
measured when the IP is 2 A, and RL is 10 kΩ). Tables 2 and 3
list the values of measured Vrec and the calculated received
power of RID-A. The maximum power variation is 7.5% when
the moving RID-B is at the same orientation (0°) and 0 cm
away (their edges touch each other) from the fixed RID-A, as
shown in Table 2.

We measured the secondary inductance (Leqv) using the HP
4285A LCR meter, when the two RIDs are at the same orientation
and their edges touch each other. We found the ΔL equals to 1.2
μH. In order to tune the RID due to the ΔL, we used equation (8)
to find the capacitance to be added/removed. This tuning capaci-
tance is ∼64 pF and could be used to compensate for the dropped
power as a result of mutual coupling between multiple RIDs. In
addition, the primary circuit needed adjusting for the variable
capacitor (Cpar) in the Class-E power amplifier, when the multiple
RIDs are in the same cage (primary coil). The Cpar was decreased/
increased by a value of 3–8 pF. This small decrement/increment of
the Cpar was accomplished by a variable capacitor to achieve the
magnetic resonant coupling between the primary circuit and the
multiple RIDs (secondary circuits).

Experimental results of the CTD system at variable
orientations

To test the performance of the CTD control system to regulate the
received power of the RID, an experiment was done varying the
RID orientation within the primary coil, allowing for observation
of how the CTD system automatically switches between different

capacitor states to vary its resonant frequency. We used a motor-
ized system to vary the orientation of the RID, where the RID was
mounted on a long plastic rod that protruded into the middle of
the rodent cage (primary coil), with the other rod end connected
to a programmable stepper motor. The motion profile for the
orientation was developed to approximate a few typical orienta-
tions of a rodent’s head during different activities and is illustrated
in Fig. 15. Note that an orientation of 0° corresponds to the sec-
ondary coil in the RID being parallel to the x–y plane of the pri-
mary coil. For example, segment a to b corresponds to the RID
rotating from 0 to +45°, segment e to f is rotation from 0 to
−60°***, and segment g to h is rotation from −60 to +80°. The
speed of the rotation was not observed to affect performance.

For this experiment, the RID was configured with two capaci-
tors (CD1 and CD2) for switching, allowing it to achieve four dif-
ferent values for total capacitance (CD1 + CD2 + CS), as listed in
Table 4. This gives the RID four distinct operation states: 0, 1,
2, and 3 based on the on/off states of CD1 and CD2. Each state
is associated with a specific resonant frequency of the RID,
where state 3 represents a resonant frequency of 1 MHz, which
matches the 1MHz resonant frequency of the primary coil. In
state 3, the maximum received voltage Vrec of 38.7 V is obtained
when the RID is at 0° orientation.

For the purposes of this experiment, the MCU on board the
RID was programmed to maintain received voltage Vrec within
a range between 8 and 14 V. In practice, any voltage range can
be designed for use, by selection of values of CD1 and CD2, and
the threshold values programmed in software. It is generally desir-
able to keep the received voltage Vrec on the DC side of the RID
circuit within a voltage range that is suitable for application elec-
tronics. For example, CMOS logic devices are generally not suit-
able for voltages above 15–18 V, where in previous work voltage
regulators were used to keep voltages at rated values, such as
10 V. However, a voltage regulator will dissipate excess voltage
above its rated value as heat. In the current device, Fig. 16 illus-
trates how the received voltage Vrec varies for each of the 4 states
of Table 4, as the orientation of the RID varies from 0 to 90°.
Consider the situation when the RID is in state 3, which produces
the strongest resonant coupling, and results in the maximum
power transfer when the RID is oriented at 0°. If the RID remains
at state 3 at 0° orientation, maximum Vrec will be ∼38.7 V with a
transferred power of 150 mW. As described in previous sections
(Introduction) and (Methodology for control of tuning or detun-
ing), the excess power must be dissipated which will result in very
significant heating of the RID. However, if the RID could be in

Table 2. Measurements of Vrec and received power for fixed RID-A, for
orientations 0 and 30° of RID-B

Dist. D (cm)

RID-B at 0° RID-B at 30°

RID-A Vrec (V) P (mW) RID-A Vrec (V) P (mW)

0 40.9 167 41.6 173

1 41.2 170 41.9 176

2 41.8 175 42.3 179

3 42.1 177 42.4 180

4 42.3 179 42.4 180

5 42.4 180 42.4 180

6 42.4 180 42.4 180

Table 3. Measurements of Vrec and received power for fixed RID-A, for
orientations 60 and 90° of RID-B

Dist. D (cm)

RID-B at 60° RID-B at 90°

RID-A Vrec (V) P (mW) RID-A Vrec (V) P (mW)

0 41.9 176 42.2 178

1 42.2 178 42.4 180

2 42.4 180 42.4 180

3 42.4 180 42.4 180

4 42.4 180 42.4 180

5 42.4 180 42.4 180

6 42.4 180 42.4 180
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state 0 when it is oriented at 0°, the maximum Vrec would be
∼13.5 V with a transferred power of 18 mW. If the application
electronics only needs 10 V, this small excess voltage can be dis-
sipated with very little excess heat. Therefore, when the RID is
at ∼0° orientation, it is desirable for it to be in the untuned
state 0. As another example, consider the situation when the
RID is in state 3 at a high rotation to the horizontal plane, of

perhaps 65 to 80°. We can see from Fig. 16 that the state 3
received voltage at 65 to 80° will be ∼15 to 5 V, which is a reason-
able range for the application electronics. However, if the RID was
in state 0 while oriented from 65 to 80°, its received voltage will be
∼5 to 0 V, which is insufficient power for the application electron-
ics. Therefore, when the RID is at 65 to 80° orientation, it should
be in the best tuned state 3. It is the job of the CTD system to
automatically switch between states 0, 1, 2, and 3, depending on
the measured value of Vrec, to keep it in the range between 8
and 14 V.

The software code to control the on/off switching of capacitors
CD1 and CD2 is illustrated as a flow chart in Fig. 17. The RID
monitors Vrec every 40 ms and executes the decision logic
shown. Upon power up of the RID, the CTD begins at the furthest
untuned state, state 0 and enters the main loop, where it measures
Vrec. If the system measures Vrec to be below Vlow (i.e. 7.5 V), more
power is needed to operate, so it will switch to state 1 by switching
on capacitor CD1, as shown in Table 4. Conversely, if it measures
Vrec to be above Vlow, it will remain in state 0, since it has adequate
power to operate. The CTD system constantly keeps track of
which state it is currently in, and whether or not it is within
the desired voltage range (in this example between 7.5 and 14 V).

The performance of the CTD system was evaluated by running
the RID through the motion profile illustrated in Fig. 15. The abil-
ity of the CTD to maintain the received voltage Vrec is illustrated
in Fig. 18. Points a through l are noted, corresponding to the posi-
tions of the motion profile. The solid black line shows Vrec as the
RID moves through the full profile, and it can be observed that it
stays within the target range of 8 to 14 V, with the exception of the
segment h–i. The RID begins at state 0 at 0° at point a, and then
rotates to +45°, holds for 1 s, and then rotates back −45° to return
to 0°, and holds for 1 s to reach point e. During this motion seg-
ment a–e, Vrec stays within 8 to 14 V, and hence no state change is
triggered by the CTD. From point e, the RID then rotates to −60°
and as it approaches point f, Vrec drops below 8 V and the CTD
commands a state change to state 1, by turning on CD1. This bet-
ter tunes the RID to the primary coil, as shown by the Vrec values
of Fig. 16 for state 1. Now being on the state 1 curve correspond-
ing to 60° orientation, the Vrec value is constant while the motion
profile pauses for 1 s, to reach point g. From points g to h, the RID
rotates +140° in a continuous rotation. Soon thereafter, as it
moves from −60° to ∼−55°, the Vrec value is measured to exceed
14 V, and the state is bumped down to state 0. As it proceeds to
rotate, it eventually reaches 0° at state 0, as seen by the small
hump, and continues with positive rotation. Figure 19 shows a
close-up view in the vicinity of segment h–i. As the RID rotates
it reaches +55° orientation, where Vrec drops below 8 V and it
switches to state 1. Shortly thereafter, as the RID reaches +70°
orientation, Vrec again drops below 8 V and it switches to state
2. Shortly thereafter, the RID reaches +75° orientation, and Vrec

again drops below 8 V and it switches to state 3 (the best coupling
state). Very soon thereafter, the orientation of the RID becomes
80° (point h), however it is already at its best coupling state 3
and Vrec drops to about 4 V.

On the return path, starting at point i, the RID beings a −45°
rotation. Being in state 3, as it reaches +75° orientation, and Vrec

increases to beyond 14 V, and it switches to state 2. Shortly there-
after, the RID reaches +70° orientation, Vrec increases to beyond
14 V, and it switches to state 1. With further rotation it reaches
+55° orientation, Vrec increases beyond 14 V, and it switches to
state 0. It remains in state 0 until it reaches +35° orientation at
point j. The motion profile is completed with a final rotation to

Fig. 15. Plot of RID orientation with respect to time, to simulate angles of rat’s head.

Table 4. Capacitor values for CTD switching experiment

RID
state

CS
320 pF

CD1
100 pF

CD2
150 pF Vrec

a (V) Pa (mW)

3 – On On 38.7 150

1 – On Off 23.5 55

2 – Off On 33.5 112

0 – Off Off 13.5 18

aValues of Vrec and power correspond to 0° orientation of RID.

Fig. 16. Four operational states of RID showing Vrec versus orientation.
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0° orientation at point l, as shown in Fig. 18. All the recorded data
shown in Figs 16, 18 and 19 was collected by the WMS, which
communicates wirelessly via a radio link to the base station,
which is in turn connected to a laptop that collects the data
live. There is no data storage onboard the RID for these
experiments.

Discussion

In the mutual coupling experiment, we observed that mutual
coupling occurs between multiple secondary coils, however, the
effect was minor. The mutual coupling can detune the resonant
frequency of the secondary circuit by 5–20 kHz. As a result of
this resonant frequency mismatch, the received power by the sec-
ondary circuit drops slightly [8]. For example, the maximum

reduction of the received power is 7.5% when the edges of the
two secondary circuits touch each other at the same orientation,
as shown in Tables 2 and 3. Also, it was noted that the resonance
of the primary circuit detunes by 10 kHz, when multiple (two)
secondary circuits are used in the same primary coil.

In the experiment to evaluate the CTD system switching per-
formance, we observed good performance of the system. By using
two different capacitors CD1 and CD2 for on/off switching along
with CS, the system was able to achieve four different states (i.e.
four different resonant frequencies of the secondary circuit),
where one of those states (state 3) matched the resonant frequency
of the primary circuit. The performance of each state is shown in
Fig. 16, and ideally each state curve should be spaced evenly from
adjacent curves. However, given the system complexity (all com-
ponent values work together to influence the resonant frequency)

Fig. 17. Flow chart of control code for the CTD
algorithm.
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and capacitor availability, the curves as shown were able to dem-
onstrate the CTD switching concept.

In future, temperature sensors (thermistors) could be used and
connected with the free ADC channels of the MCU to measure
and monitor the temperature of the RIDs. Moreover, a system
with four different capacitors, could achieve 16 possible states,
for much finer tuning and detuning of the secondary circuit
from the primary. Hence, our CTD scheme can be considered
as a coarse tuning/detuning of the resonance of the secondary cir-
cuit, which has an advantage point of a low switching loss from
the MOSFETs. To sum up, the CTD can regulate the induced
voltage/received power of the RID, without high power voltage
regulators or power electronics and thereby avoid significant
on-board generation of heat which may damage the implant.

Conclusion

This paper reported reasons that cause resonant frequency mis-
match between the primary circuit and multiple secondary cir-
cuits in WPT systems. A literature review shows how various
researchers address the resonant frequency mismatch in WPT sys-
tems. Researchers used two schemes to control magnetic resonant
coupling of WPT systems, which are controlling the resonance of
the primary coil or the secondary coils. Controlling the primary
circuit is not suitable for our application, which requires powering
of multiple secondary coils (RIDs). For the use of freely moving
multiple secondary coils (RIDs) within the same stationary pri-
mary coil, controlling the resonance of the secondary circuits is
a suitable technique. Different initial schematics of controllable
RID were built to tune/detune its resonance, and initial versions

did not work properly because of the floating gate drive problem
in the LSCS-tank circuit. This gate drive problem was solved using
the voltage doubler circuit, shown in Fig. 10. The resonance of the
secondary circuit was controlled by adding a bank of capacitors
(CD*) that are on/off switchable, into the LSCS-tank circuit.
Switching of the capacitors was achieved using MOSFETs, directly
connected to the on-board MCU. The on-board MCU runs a
control program (Fig. 17) and is actively measuring Vrec. An
experimental setup with two secondary circuits (RIDs) was con-
ducted to investigate the mutual coupling effect between the
RIDs. The experimental results showed that the maximum drop
of the received power is 7.5%, when the edges of the two RIDs
touch each other, which does not present a problem for powering
the RID. A second experiment to evaluate the performance of the
new CTD system was done. The purpose was to actively tune/
detune the RID to prevent on-board temperature rise due to
excessive transferred power when the RID is strongly coupled
to the primary circuit. The results showed good performance of
the CTD system. The CTD was able to detune the resonance of
the secondary circuit, when secondary coil voltage is higher
than a defined limit or tune the resonance of the secondary
when voltage is lower than a defined limit.
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