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Abstract: A number of medical and research
applications require implantable devices to
locally stimulate internal organs and
communicate the internal vital signals to the
outer world. Wireless power transfer (WPT)
technique is used to supply power to these
devices. The power is transferred wirelessly from
a stationary primary coil to a movable secondary
coil. The secondary device is implanted in a
rodent, which moves freely inside a cage around
which the primary is wrapped. However, the
continuously changing orientation of the rodent
leads to coupling loss/problems between the
primary and secondary coils. We propose
configurations of the secondary coil employing
different size of ferrite rods placed at specific
locations within the coil. Three dimensional
finite element analysis (FEA) using COMSOL
software, is used to find the magnetic flux
density distribution surrounding these secondary
configurations. The simulation results show a
significant increase of flux through the coil using
the ferrite arrangement, with improved coupling
at most orientations. The secondary coil
configurations were constructed and experiments
were conducted to test their performance.
Measurements show that ferrite rods improved
power transfer, where the long ferrite (4LF)
configuration is highest received power.
Experiments show the maximum power
collected by 4LF was 127 mW when parallel to
the primary coil.

Keywords: Wireless power transfer, Magnetic
resonance, Biomedical device, Finite element
analysis, Implants.

1. Introduction

Implantable biomedical telemetry devices have
gained much attention for a variety of
applications including generating stimulus
signals, monitoring the body, and

communicating internal vital signs to the outer
world. Providing power to these devices for long
term is a challenging task [1]. Traditionally,
implantable batteries and percutaneous link
power supply systems are used. However, the
batteries have limited energy storage and life
span, and the percutaneous links across the skin
impose infection risks [2]. For applications
involving rodents, battery size and weight is
more problematic for long duration experiments
(1 or more days). In some cases, implants use
rechargeable batteries, where those systems
employ wireless recharging [1].

The use of animal models for human disease
processes plays a vital role in biomedical
research. A vast majority of the research on
neural mechanisms of therapies is currently
conducted using rodent models. Implantable
biotelemetry systems are effective tools for
clinical medicine and also in animal research,
because they allow for the acquisition of
otherwise unavailable physiological data [1].
Rodents are important animals used for
biomedical applications, and are widely used to
study various disease models [3]. When studying
the behavior of rodents and gathering biological
data from them, miniature sensors and telemetry
devices are needed. These devices must provide
continuous monitoring without limiting rodents
mobility or behavior. This work motivates to
power these sensors and devices.

This work proposes the use of a wireless power
transfer (WPT) system to continuously power a
rodent telemetric device. It was found that a
number of researchers are investigating WPT for
rodents, as mentioned in [1, 4]. The proposed
application is for a rodent implant device (RID)
that can act as a stimulator and sensor, for a
freely moving small rodent. The current RID
prototype is suitable for  subcutaneous
implantation in a rat, and is suitable as a head-
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mounted device for a mouse. Figure 1 illustrates
the mouse-based concept for telemetry
acquisition, where the telemetric device is
located on the head of a freely moving mouse.
The mouse moves within a stationary primary
coil wrapped around a small mouse housing cage
sized 250 x 120 x 150 mm (length x width x
height). This cage size is needed to meet the
minimum animal care standards for mice.

A common characteristic of WPT applications
for rodent telemetry acquisition is loose coupling
between the primary and secondary coils. The
coupling coefficient of loosely coupled WPT
(LCWPT) systems is between 1-10%, which
greatly limits power transfer [1, 4-5]. To
compensate for loose coupling, the use of
magnetic resonant systems is employed, to create
boosted voltage/current levels at the secondary
coil and minimize the losses at the primary
section [1]. Such resonant power transfer is
dependent on factors such as the frequency
match between the inherent resonant frequency
of the primary circuit, and the inherent resonant
frequency of the secondary circuit [1, 4].
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Figure 1. Small Rodent WPT concept.

The LCWPT systems have restrictions on the
loop diameters of the secondary coils, the weight
of the implanted/mounted devices, and the
separation of the primary coil and the secondary
coil. The secondary coil exhibits low coupling
with the primary coil when the air core coil
plane is at high orientations [1, 4]. For our rodent
telemetry application (RID), as illustrated in Fig.
1, the rodent moves freely within the cage.
Hence, its orientation is constantly changing,
which results in variable coupling. Therefore, the
main focus of this paper is improving the mutual

inductance (coupling coefficient) between the
primary and secondary coils, by inserting ferrite
rods located at specific locations within the
secondary coil. To show the effect of using
ferrites, four configurations are used in this
work, which are called the air core, 4SF (short
ferrite), 4MF (medium ferrite) and 4LF (long
ferrite) configurations. The three configurations
use the same diameter (1.6 mm) of ferrite rods
and with different ferrite length.

This paper is organized as follows. Section I
provides the research motivation for the
proposed WPT system. Section Il describes
WPT theory. Section 111 describes the simulation
work done using finite element analysis (FEA)
with COMSOL software. Experimental works
are presented and discussed in Section IV.
Finally, the conclusion is in Section V.

2. WPT Theory

Electromagnetic inductive power transfer (IPT)
is a popular technique for WPT over a near field
coupling. 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 created due to alternating currents through
a primary coil that induce a voltage onto a
secondary coil [1]. The current flows through the
primary coil, a magnetic field (H) and a
corresponding magnetic flux (¢) are generated.
The secondary coil captures a portion of the flux
generated by the primary coil, a mutual
inductance results that can be denoted as [6]:

Msp = P 1)

Ip

where Ip is the current applied to the primary
coil, and ysp is the total flux captured by the
secondary coil due to the current Ip flowing
through the primary coil. The total capture flux
by the secondary coil can be written as [6]:

wsp = Ho X H(Ip) X Ng X Ag )

where, H(lp) are the flux density and magnetic
field strength due to the applying primary current
Ip, Wo is the permeability of free space, and As is
the area enclosed by secondary coil. The
resulting magnetic field strength at the secondary
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coil can be obtained by integrating Biot-Savart’s
law around the primary coil [1]:

_ IpNprp? @A)
2(frp?+ 123

where, Np is the number of primary turns, r is the
transmission distance, and rp is the primary coil
radius. The mutual inductance of air core can be
obtained by combining the equations (1, 2 and
3), itis given as:

2 2
Mgp = Mo Nprp“Ngrs“m (4)

2(Jrp?+r)?

where rs is the radius of the secondary coil.
When the coils are merely angularly misaligned
the approximation mutual inductance
(Mspxcosd) can be applied, where 6 is the angle
between the axis of the two coils. When a
ferromagnetic material is inserted within the
coils, the mutual inductance increases due to an
increase in  permeability and thus an
enhancement of the magnetic flux through the
secondary coil. The aim of using ferrite rods in
inductively coupled systems is to improve the
power transfer between the primary and
secondary coils.

The best ferrite utilization occurs when the
ferrite rods are made as long as possible. The
gradient of the ferrite length curve is the highest
which is as expected since longer rods permit the
longest flux paths in air above each bar [1, 7].
The magnetic flux is not constant throughout the
volume of the ferrite rod, as the ferrite rods are
cylindrical in shape. The maximum pulling
magnetic flux occurs at the center of the rod,
however, the magnetic flux reaches to the
minimum at the ends [1, 6]. The magnetic flux
density at the center of the ferrite rod is given as

[6]:

_ HolrHc

¢ 14Df(ur-1) ®)
where, Hc is the magnetic field strength at the
center of the ferrite rod, Dy is a demagnetizing
factor, it can be defined as [6]:

H

where, Jc is the magnetic polarization of the
ferrite at the center, Hp is the magnetizing field.
The mutual inductance was calculated for the
case of the radius of the ferrite rod (rs) is less
than the radius of the secondary coil (rs), and the
length of the ferrite rod (lf) is higher than the
length of the secondary coil (Is). The mutual
inductance of this configuration is approximated
as [6]:

_ Mo Nprp?Nsrs®nm _ ﬁ
[ z|t

Mse = ooy s
3 l_f Hr ﬁ

where, Ds is the cylindrical demagnetizing
factor, it is calculated as [6]:

ch = Dfe (0755]/013) (8)
Dre=—tt—M({)-2] (@
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e= /1 - (2%)2 (10)

where, vy is the ratio of the length to diameter.

3. Use of COMSOL Multiphysics

A simulation using 3-D FEA with COMSOL
software is done to determine the magnetic field
distribution surrounding the various secondary
configurations. COMSOL is used to understand
how the primary magnetic field interacts with the
ferrite rods in the secondary coil, when the
secondary is oriented with respect to the primary
field. Also, to correlate the total flux captured by
the secondary coil to the ferrite rod size and
location within the secondary. A Frequency
Domain Study is used to investigate the WPT
model at an applied frequency, corresponding to
the system’s resonant frequency. A simulated
current of 2.5 A (peak-to-peak) is applied
through the primary coil windings. The
secondary coil is modeled as a simplified one
wire loop. The simulations are done for the 4SF,
AMF and 4LF  configurations,  these
configurations use four pieces of ferrite rod (FR)
placed within the corners of the secondary air
core coil (SC), as shown in Figure 2. The 4SF,
4MF and 4LF configurations have same diameter
(1.6 mm) of the ferrite rods, but have different
length that are 3.2 mm, 6.4 mm and 10 mm
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respectively. The type of ferrite rod used in this
work is 4B1, which is suitable for the operating
frequency of our WPT system. Its material
specifications [8] are configured in COMSOL,
including the B-H curve and permeability as a
function of frequency.

The parts of each configuration are meshed
using different elements, with different mesh
settings. The sphere domain and the ferrite rods
are modeled with tetrahedral elements, using the
Finer and the Extremely Fine meshing settings,
respectively. Figure 2 illustrates the meshing of
the four configurations. The internal COMSOL
mesh quality was found to be of high quality.

H ‘ 1 L 1 : v
\Figure 2. Meshing of secondary: (a) air core, (b) 4SF,
(c) 4AMF and (d) 4LF.

The magnetic field is locally attracted by the
ferrite, which improves the coupling between the
primary and secondary coils. Figure 3 shows an
x-y plane plot of the magnetic flux density
distribution produced by the primary coil, at the
middle of the cage. Note line AB shown in
Figure 3 (b, ¢ and d), which passes through two
ferrites on the x-y plane, is used to plot the
magnetic flux density. The magnitude of the flux
density crossing the secondary coil, along line
AB is then determined, and is plotted in Figure
4. Using the plotted information of Figure 4, the
total flux ygp passing perpendicularly through
the inside of the secondary coil x-y plane is
computed, as listed in Table 1.

4. Experimental Works

The four configurations have been physically
prototyped and are tested using our designed
WPT system. Figure 5 shows schematic diagram
of our WPT system that can be divided into two

parts, namely the primary and secondary
sections. The parallel-parallel (PP) configuration
is used to achieve magnetic resonance between
primary and secondary sections. The magnetic
resonant coupling is accomplished by tuning the
primary section such that both sections resonate
at the same frequency.
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Figure 3. Plot of the m:;ghetic flux density: (a) pldfféd
on the x-y plane within and around the primary coil,
(b) 4SF, (c) 4MF and (d) 4LF configuration.
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Figure 4. Waterfall plot of the magnetic flux density
within the ferrite rods and the air space around them;
(@) 4SF, (b) 4MF and (c) 4LF.
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Table 1: Simulation results of secondary coil
configurations

Flux Flux Total Flux
through Density Psp in
Configuration Coil . - Config
in Ferrite
x 1078 x 1078
Air core, 0° 2.95 0 2.95
Air core, 30° 2.56 0 2.56
Air core, 60° 1.48 0 1.48
Air core, 90° 0 0 0
4SF, 0° 2.37 1.15E-03 3.29
4SF, 30° 2.32 8E-04 2.84
4SF, 60° 161 3.5E-04 1.89
4SF, 90° 0 6E-5 0.048
4MF, 0° 2.37 2.20E-03 4.14
4MF, 30° 2.32 1.60E-03 3.61
4MF, 60° 1.61 7E-04 2.17
4MF, 90° 0 1.5E-4 0.12
4LF, 0° 2.37 3.70E-03 5.34
4LF, 30° 2.32 2.80E-03 4,58
4LF, 60° 1.61 1.90E-03 3.14
4LF, 90° 0 1.90E-04 0.153

Primary section

Secondary section

base
[\ station
Figure 5. Schematic diagram of proposed WPT.

A Class-E power amplifier is designed to
convert the DC supply to AC sinusoidal voltage
and current. The AC sinusoidal current (lp) is
applied to the primary coil (Lp), and generates an
oscillating electromagnetic field. The alternating
electromagnetic field induces a sinusoidal
voltage in the secondary coil (Ls) of the
secondary implant prototype (SIP). The induced
DC voltage is measured across the load (Rv),
using a custom wireless measurement system
(WMS) that we have designed. The WMS is
powered by battery and communicates via radio
to a remote base station connected to a laptop.
The WMS helps our WPT measurements, since
it overcomes many problems when using

oscilloscope probes, to measure the induced
voltage of the secondary circuit [1].

A pulse train (Vg, duty cycle 0.5) is applied at
the NMOSFET gate. The Cpar preserves the
switch from high current amplitudes, and Ceer
shields the switch MOSFET from the high
voltage over the primary Lp. The choke inductor
Lcnoke blocks the ac current from the supply [9].
The parallel capacitance normally present in a
Class-E amplifier has been replaced here by a
diode where the diode allows for suboptimum
operation meets the power specifications [1].

The SIP consists of a LC-tank (different for
each of the four configurations) and a full bridge
rectifier. The used resonant capacitor (Cs) is 235
pF for the four configurations. Figure 6 shows
the cross section of the air core, 4SF, 4MF and
4LF configurations. All four configurations of
the secondary coil employ 48 AWG Litz wire,
where the number of turns used is 28 turns. The
secondary coil (Ls) was wrapped around a PCB,
the dimension the PCB is 20.25x13.25X2 mm
(lengthxwidthxheight).

4MF 4LF ‘
Figure 6. SIP of air core, 4SF, 4MF and 4LF.

A working prototype of the WPT system has
been built, which employs a primary coil
wrapped around an animal cage of
250%x120x150 mm (length x width x high) in
size. To mimic the orientation of a mouse, four
experimental fixtures were constructed to hold
the SIP at various orientations, to test WPT
coupling. These orientations are 0°, 30°, 60° and
90°, with respect to the x-y plane. Figure 7
shows the experimental setup of the WPT
system, as well as the fixtures used for the
orientations. Table 2 shows the parameters of the
secondary coils, which are measured by LCR
meter. The measured resonant frequencies of the
air core, 4SF, 4MF and 4LF configurations are
2.3,2.22,2.05 and 1.92 MHz, respectively.
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Table 2: Parameters of the secondary coils

Configuration Q L (uH)
Air core 36 224
4SF 41 25.2
4MF 44 295
4LF 48 34.3

statl)n igh amplifier
N ™

voltage

3

Figure 7. Experimental setup of WPT.

A series of applied sinusoidal currents (lp) are
supplied to the primary, with values of: 1, 1.5, 2
and 2.5 A (peak-to-peak). The resulting power
induced in the secondary is measured and
recorded. Figure 8 shows the power transferred
to the air core configuration at the middle of the
cage with different orientations. The air core
uses a R. value of 5 kQ, to achieve impedance
matching within the SIP. The maximum power
received of air core configuration is 58 mWw,
which occurs at the 0° orientation with a primary
coil current (Ip) of 2.5 A.

1.0 1.5 2.0 2.5
Primary current (A), peak-to-peak

Figure 8. Power received of air core configuration
with a 5 KQ load RL.

Received power (mW)

Figure 9 shows a plot of the power transferred
to the 4SF configuration at the middle of the

primary cage. 4SF uses a R. value of 5 kQ to
achieve impedance matching within the SIP. The
maximum power received of 4SF is 67 mW.
Figure 10 shows a plot of the power transferred
to the 4MF configuration at the middle of the
primary cage. The 4MF configuration uses a R.
value of 10 kQ to achieve impedance matching
within the SIP. The maximum power received of
4MF is 86 mW. Figure 11 shows a plot of the
power transferred to the 4LF configuration at the
middle of the primary cage. The 4LF
configuration uses a R. value of 10 kQ to
achieve impedance matching within the SIP. The
maximum power received of 4LF is 127 mW.

Received power (mW)

1.0 1.5 2.0 2.5
Primary current (A), peak-to-peak

Figure 9. Power received of 4SF configuration with a
5 KQ load RL.

1.0 1.5 20 25
Primary current (A), peak-to-peak

Received power (mW)

Figure 10. Power received of 4MF configuration with
a 10 KQ load RL.

1.0 1.5 2.0 2.5
Primary current (A), peak-to-peak

Figure 11. Power received of 4LF configuration with
a 10 KQ load Ry.

Received power (mW)

The results of Figures 8-11 are expected and
match the theory. The induced voltage (Ving) of
the four configurations with applying 2.5 A, are
recorded in Table 3. The ability of the air core
coil to harvest magnetic flux is directly
proportional to the coil area through which the
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primary field passes, which defines the induced
voltage (Ving) in the secondary coil. Addition of
ferrites draws more flux into the coil, resulting in
improved coupling and hence power transfer.

Some comparisons can be made between the
simulation results and the experimental results,
in relation to induced voltage improvements
from the addition of ferrite rods. Note that the
simulation results are non-resonant [1], while the
experimental results are resonant, hence, only
comparisons of normalized trends can be made.
Table 3 shows the total flux isp calculated from
the simulation results (from Table 1), and the
induced voltage (Ving) measured from
experiment. Also included is the normalized
percent variation (NPV), defined as: gp/
(Ysp at 0°), and Vi,q/(Ving at 0°) for simulation
and experiment, respectively. It can be seen that
the NPV for the simulation matches the NPV for
the experiment quite well.

Table 3: Comparison between simulation and
experimental results of secondary coil configurations

Simulation Experiment

focpe MV | Volage NPV
Configuration | (Wb (%) (Ving) (%)

x 1078
Air Core, 0° 2.95 100 17.1 100
Air Core, 30° 2.56 87 14.6 85
Air Core, 60° 1.48 50 9.1 53
Air Core, 90° 0 0 0.14 1
4SF, 0° 3.29 100 18.2 100
4SF, 30° 2.84 86.3 15.7 86.17
4SF, 60° 1.89 57.4 9.4 51.78
4SF, 90° 0 1.47 0.18 1.00
4MF, 0° 4.14 100 29.36 100
4MF, 30° 3.61 87.2 23.49 80.1
4MF, 607 217 525 13.1 44.7
4MF, 907 0 2.9 0.3 1.08
4LF, 0° 5.34 100 356 100
4LF, 307 4.58 85.6 29.15 81.8
4LF, 607 3.14 58.7 18.7 52.5
4LF, 90° 0.153 28 0.89 25

5. Conclusions

This paper has investigated a WPT system
suitable for transmitting power to a telemetric
device located on a freely moving rodent. Using
ferrite rods placed within the secondary coil

improves the coupling coefficient, so the power
transfer increases. FEA simulation finds the
longer the ferrite rods pulls more flux, as the
most attraction flux is done by 4LF
configuration. The 4LF configuration was shown
to provide up to 127 mwW of power when
oriented at 0° to the primary field. For any WPT
system, some form of application circuit will
reside on a PCB to perform a function. In such a
case, the secondary coil winding can be wrapped
around the perimeter of the PCB, with four
ferrites to be placed in the corners inside the coil.
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