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Abstract—This study proposes a novel brain-stimulated mouse
experiment system which is insensitive to the variations in the po-
sition and orientation of a mouse. This is achieved by the proposed
novel crown-type dual coil system for magnetically coupled reso-
nant wireless power transfer (MCR-WPT). In the detailed system
architecture, the transmitter coil consists of a crown-type outer coil
and a solenoid-type inner coil. The crown-type coil was constructed
by repeating the rising and falling at an angle of 15◦ for each
side which creates the H-field diverse direction. The solenoid-type
inner coil creates a magnetic field distributed uniformly along
the location. Therefore, despite using two coils for the Tx system,
the system generates the H-field insensitive to the variations in the
position and angle of the receiver system. The receiver is comprised
of the receiving coil, rectifier, divider, LED indicator, and the MMIC
that generates the microwave signal for stimulating the brain of the
mouse. The system resonating at 2.84 MHz was simplified to easy
fabrication by constructing 2 transmitter coils and 1 receiver coil.
A peak PTE of 19.6% and a PDL of 1.93 W were achieved, and
the system also achieved an operation time ratio of 89.55% in vivo
experiments. As a result, it is confirmed that experiments could
proceed for approximately 7 times longer through the proposed
system compared to the conventional dual coil system.
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I. INTRODUCTION

W IRELESS power transfer (WPT) techniques, transfer-
ring electric power without any cables and contacts,

have long been researched for contactless battery charging for
smart phones and biomedical implants [1], [2], [3], [4], [5], [6].
Especially, WPT is an attractive candidate to operate biomedical
implant devices without any surgery [7], [8], [9], [10]. Gener-
ally, WPT can be divided into 3 types based on the effective
transfer distance: far-field energy transfer [11], near-field induc-
tively coupled power transfer (ICPT) [12], and near-field power
transfer with magnetically coupled resonant (MCR-WPT) [13],
[14]. The far field radiation effect of electromagnetic waves can
transfer energy over a long distance due to a low atmospheric
loss. However, this type of WPT has a limitation in biomedical
applications because of the power efficiency problems and fatal
damage to living organisms. ICPT based on the magnetic cou-
pling is the most commercialized WPT method at present, such
as in battery charging and industrial heaters. However, ICPT also
has a critical drawback concerning its range. With this method, it
can only transfer electrical power up to a few cm. Interestingly,
in the case of MCR-WPT, it not only transfers power over a
few meters but also has high efficiency and power transmission.
For these reasons, much research has progressed on MCR-WPT
in the biomedical area compared to the other types due to the
advantages of its transfer distance and efficiency [15], [16], [17],
[18], [19], [20].

Generally, brain stimulation techniques can be divided into in-
vasive types and non-invasive types. Especially, the non-invasive
types of brain stimulation, such as transcranial direct current
stimulation (tDCS), transcranial magnetic stimulation (TMS),
and microwave brain stimulation (MBS), do not require any sur-
gical operations; thus, the non-invasive type is becoming more
preferred. Before a new stimulation method could be applied
to humans, reliable animal experiments are essential to validate
the effect of the stimulation and its safety [21], [22], [23], [24],
[25]. To increase the accuracy of the experimental results during
these experiments, various behaviors such as locomotion, sleep,
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and feeding behaviors should not be obstructed. Moreover, it
is important to minimize the stress on the animal during the
experiment. However, if power for the stimulator, a device used
to stimulate the brain, is supplied with cables; the behavior of
the animals is constrained. Behavioral constraints could act as
a stress factor for animals and interfere with the interpretation
of the brain stimulation effects. In regard to reducing the stress
on the animal by removing the cable, WPT has been suggested
as one way to solve this problem. However, in most cases, the
system driven by WPT is bulky and heavy for operating the
implementer; therefore, the system still limits the movable radius
of the animals. Furthermore, when the animal behaves freely, the
amount of power transferred through WPT changes extremely
with the free movements of the animal, and the device might
not even work. Therefore, it is essential to develop a system that
can ensure the free behavior of animals and transfer power con-
stantly. In other words, the transmit power should be independent
of the position and orientation of the receiving system. Various
topologies for implementing WPT systems have been proposed
to overcome these problems [26], [27], [28], [29], [30], [31],
[32], [33], [34], [35], [36], [37], [38], [39], [40], [41], [42], [43].
The first topology is to arrange the multiple transmitter (Tx) coils
in the omnidirectional [26], [27], [28], [29], [30], [31], [32], [33].
In this case, irrespective of the position and orientation of the
receiver (Rx), almost uniform power can be delivered from the
Tx. However, the size of the Tx coils should be increased, and
the system function based on the mutual inductance of multiple
coils. Due to the multiple coils in the Tx system; thus, the system
complexity is increased, and the system performance relies on
the fabrication experiment results. Moreover, the input power
is divided into each coil; thus, the efficiency of the system
is decreased, and the system is not suitable for a high-power
transfer system. In the second topology, the Rx coil can be
arranged omnidirectionally with a single Tx coil [34], [35],
[36], [37], [38], [39]. If the system design generates a sufficient
magnetic field for WPT, the transmission power is insensitive
to changes in the angle of the Rx. Nevertheless, the weight and
volume of the Rx are essentially expanded because the amount
of the coil is increased, and an additional structure is needed
to fix the Rx coil. Thus, the behavior of the animals is limited
by the heavy weight. The last method is to utilize embedded
coils, such as bowl type, butterfly type, and anchor type [40],
[41], [42], [43]. This method can generate a uniform magnetic
field regardless of the Rx position and rotation. However, the
embedded coils have the issue that it is hard to fabricate due to
the unique coil design.

In this study, we proposed an embedded coil MCR-WPT
system that is insensitive to variations in position and can transfer
power even if the alignment of the Tx and Rx coil is tilted. The
proposed embedded coil, a crown-type dual coil, is designed to
be less affected by the movement of the Rx system and enables
the transmission of power with high efficiency. Moreover, the
Tx coil is constructed with just 2 coils; thus, so the complexity of
the Tx system is minimized and easy to fabricate. The Rx used
a single coil to reduce the weight and decrease the stress on a
mouse. For accurate measurement, the contactless measurement

Fig. 1. The WPT system design view for small animal experiment (a) The
diagram of the conventional WPT system (b) The diagram of the proposed WPT
system.

method has been proposed, and based on this, the performance
of the WPT system can be evaluated accurately.

II. DESIGN OF THE ASYMMETRIC DUAL COIL

A. The Conventional Type of WPT Coil Design

Fig. 1(a) shows the coil design view of a conventional brain
stimulation system based on the WPT. This system structure
was designed based on a magnetic resonance imaging (MRI)
machine configuration. An internal coil exists inside a large
external coil, called an outer coil. The Rx part consists of an
Rx coil for receiving the power and an Rx system to generate
a stimulation signal on the back of the mouse. On the other
hand, the proposed crown-type dual coil system is composed of
a crown-type outer coil as shown in Fig. 1(b). Moreover, the Rx
part consists of a mouse coil, printed circuit board (PCB) for
placing components such as a rectifier, resistive voltage divider,
MMIC, SMP connector, and applicator for stimulation by a
generated signal from the chip. To begin with, to create a free
behavior area, the diameter of the outer coil should be larger
than 250 mm. Based on the outer coil design, the mouse coil is
fabricated. The diameter of the mouse coil is 2.5 cm, and the
number of turns is 10. The spacing of each turn is minimized.
To prevent interference from the small animal, the Rx system
must be not contacted and damaged by mouse movement. Due
to the Rx system module size, the receiving coil is hard to attach
laterally to the Rx system to prevent damage from the mouse
moving. Thus, the receiving coil is fabricated to surround the
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Fig. 2. Dual coil system added to the inner coil type of a WPT coil design;
3D design view.

receiving system. Furthermore, MMIC also can be damaged due
to mouse movement, so the receiving coil protects the MMIC
by surrounding the receiving system.Moreover, the Rx system is
designed to weigh less than 7 g so as not to affect the movement
of the mouse. Because the Rx can attach to the head of small
animals, the Rx part is located about 3 cm above the ground in
the simulation. Next, the diameter, height, and spacing between
each turn are established by the design parameters used to make
the outer coil. Because the system uses a resonance type of WPT,
the mouse coil and the outer coil should resonance at the same
frequency. However, the capacitors used have 10 % tolerance and
their effect has a very large effect on changing the resonance of
the outer coil compared to the mouse coil. Because of this reason,
the outer coil inductance has a dominant influence in setting the
resonance condition.

The 3D layout of the conventional dual coil system is shown in
Fig. 2. In this design, the auxiliary coil, which is called an inner
coil, is added inside the outer coil, and this inner coil is connected
in parallel with the outer coil. Thus, the inner coil can make an
additional magnetic field in the center of the outer coil, and this
magnetic field can secure the power transfer area, which was an
issue for the single outer coil. Moreover, the total inductance and
resistance of the Tx in the dual coil types are smaller than the
conventional type due to the parallel connection. For this reason,
it makes it much easier to match the Tx and Rx resonance.

In the dual coil fabrication, the analysis of the H-field is
calculated based on the elliptic integral using the MATLAB
2021a Program [44], [45]. The inner coil can be wound in the
same way as the outer coil, or in the opposite direction. In the
opposite case, the magnetic field is combined with the outer coil
magnetic field of outside the inner coil and subtracted from the
two fields inside the inner coil. Because of the cancellation of the
magnetic fields of the outer and inner coils, a forbidden area is
generated where the summation of the magnetic fields becomes
close to 0 in the inner coil area. In contrast to the opposite case,
when the inner coil is wound in the same direction as the outer
coil, the sum of the magnetic field is observed inside of the inner
coil, and the deduction of the field is generated from outside the
inner coil. Although the cancellation of the magnetic field occurs
outside the inner coil, the strength of the outer coil magnetic
field is increased toward the edge; thus, the forbidden area can
be eliminated.

Fig. 3. Comparison of the magnetic field of a single coil, same direction dual
coil, and opposite direction dual coil.

Fig. 3. shows the comparison results of the H-field simulation
of a single outer coil and dual coil wound in the same direction
and the opposite case. In the opposite case, the strength of the
magnetic field became very weak around the 60 mm point due
to the cancellation of the magnetic field from the outer coil and
inner coil. However, on the edge of the outer coil, it was verified
that the strength of the magnetic field becomes stronger due to
the summation of the inner coil magnetic field. In contrast, the H-
field is weaker at the edge of the outer coil, and the magnetic field
is stronger at the center in the same direction case. Therefore, to
form a uniform magnetic field distribution based on the above
analysis results, the inner coil in the same direction is adopted.

To fabricate the Tx system, 3 parameters which are a ra-
dius, spacing, and turns of the outer coil and the inner coil
were established. These two coils are connected in parallel and
optimized to generate a uniform magnetic field. Each type of
self-inductance and mutual inductance was investigated using
the Q3D Extractor in ANSYS, and most tissues of a mouse
are modeled to be non-magnetic tissues biologically, so the
permeability of the mouse can be regarded to μ0 [46]. Based on
the extracted parameters, it implements a full circuit simulation
taking into consideration the signal generation chip utilized in
the ADS simulator in Agilent.

By optimization, the dual coil is fabricated such that the
diameter of the outer coil is 250 mm, the spacing is 6 mm and the
number of turns is 15. Moreover, the diameter of the inner coil
is fixed to 120 mm and 15 turns when the mouse coil diameter is
3.5 cm, and the number of turns is 20 with minimized spacing. By
utilizing the optimized inductance, one of the WPT efficiency
parameters, kQ-product, is calculated to check the efficiency
variation along with the Rx coil movements [47], [48], [49].
The total WPT system diagram and the equivalent circuit of the
proposed system are illustrated in Fig. 4. When the Rx system
is changed in its position and angle, the self inductance and
its resistance are almost constant, but the mutual inductance is
dominantly changed. Moreover, the input impedance, Zin, is
related to the transferred power from the Tx system due to the
fact that the consumption current of the chip is defined along the
applied voltage. Therefore, the WPT system can be simplified
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Fig. 4. The simplified schematic of the proposed WPT system (a) The diagram
of the proposed WPT system (b) The simplified schematic of the proposed WPT
system.

with dominant parameters, and the equivalent circuit is shown
in Fig. 4(b). In Fig. 4(b), the Lmouse, Min−mouse, Mout−mouse,
and Zin of the Rx system are divided into 2 because the middle
of the Rx system designed in differential structure can be set the
virtual ground. Using these parameters, Kirchhoff’s current law
to nodes A, B, C, and D and Kirchhoff’s voltage law are applied
to the circuit model. The resulting equation is shown as a matrix.⎛
⎝jwL1 +R1 jwM12 jwM13

jwM12 jwL2 +R2 jwM23

jwM13 jwM23 jwL3 +R3

⎞
⎠
⎛
⎝i1
i2
i3

⎞
⎠=

⎛
⎝ Vt

Vt

Vm

⎞
⎠

(1)

(Vin − Vt) /

(
1

jwCTx

)
= i1 + i2 (2)

Vin +

(
1

jwCRx
+ Zl

)
× i3 = 0 (3)

Furthermore, the resonance angular frequencies are calculated
with the below equation [48].

w0 =
1√

(L1||L2)× CTx

=
1√

L3CRx

(4)

Moreover, the Q-factor of the coils and coupling factors can
be expressed as the self inductance, self resistance, and angular
frequency. Based on the above equations, the input power, output
power, and efficiency of the system are expressed as the kQ-
product and calculated as the below formulas.

Pin = Vin × (i1 + i2) (5)

Pout =

(
Zl

Zl +
1

jwoCr

)
× Vm ×−i3 (6)

Fig. 5. The graph of the mutual inductance and efficiency along the Rx coil
position.

Fig. 6. The graph of the mutual inductance and efficiency along the Rx coil
rotation at the 90 mm position.

efficiency =
Pout

Pin
(7)

The mutual inductance of the dual coil system and the effi-
ciency based on the kQ-product is shown in Fig. 5. The maxi-
mum value of the mutual inductance induced from the inner coil
is shown in the center of the inner coil and tends to decrease as it
goes to the edge of the outer coil. The measurement point is 3 cm
above from the inner coil for which the position is the same as
the Rx system height when the Rx module is combined with the
mouse. Moreover, the mouse coil is constructed with a 3.5 cm
diameter, so the mutual inductance represents the average of the
magnetic fields in the mouse coil. Based on these constructions,
the summation of the mutual inductance from the outer coil
and inner coil to the Rx coil is maintained around 4 uH and
the efficiency of the dual coil system is kept at about 30 %.
Moreover, it can be confirmed that the total mutual inductance
and efficiency have a flat in a 100 mm range or less value along
with the variation of the Rx coil position. In other words, the
power delivered to the mouse coil can be maintained almost
constantly in the dual coil system. However, the dual coil system
has a critical problem with Rx tilting.

Fig. 6. shows the mutual inductance of the outer coil to the
mouse coil and the inner coil to the mouse coil and the efficiency

Authorized licensed use limited to: Seoul National University. Downloaded on October 10,2023 at 08:31:46 UTC from IEEE Xplore.  Restrictions apply. 



366 IEEE TRANSACTIONS ON BIOMEDICAL CIRCUITS AND SYSTEMS, VOL. 17, NO. 2, APRIL 2023

Fig. 7. The crown-type dual coil system used in the proposed WPT coil design:
3D design front view.

Fig. 8. Simple modeling diagram of the single closed loop coil which is part
of the crown-type dual coil.

based on the kQ-product at the point with a radius of 90 mm, and
the mouse coil is rotated from −90◦ to 90◦ with a 10◦ step size.
The mutual inductance of the outer coil to the mouse coil and
efficiency are extremely reduced along the tilting angle. When
the mouse coil is rotated about 50◦, the efficiency is reduced by
half. It means that this dual coil system cannot guarantee proper
power transfer about the variation angle of the mouse coil. Thus,
a solution for the angle issue is still needed.

B. WPT Coil Design Using a Crown-Type Dual Coil

To solve the mouse coil tilting issue due to the movement of
small animals, the design of the outer coil is changed from a
circle to a crown, and the crown-type dual coil system is shown
in Fig. 7. The figure shows that the crown-type dual coil has the
same radius, height, and number of turns as the previous dual
coil, but the coil is wound up and down by 15◦. To show that the
proposed structure is more advantageous for the tilt issue due to
small animal movements, the magnetic field of the crown-type
coil was calculated by Matlab. For the analysis of the crown-type
coil system, some parts of the design were simplified. First, the
crown-type coil was modeled as a stacked straight line is shown
in Fig. 8. Moreover, it is assumed that the conductor resistance
of the coil is neglected; thus, the same current flows through
each side, and each side is composed of a straight line.

Fig. 9. Diagram of the crown-type dual coil formed by side 1 and Point A.

The magnetic field applied to the arbitrary point A from side
1 was calculated first. Fig. 9 shows the triangle formed by point
A and side 1, and the coordinates of the origin O are indicated.
From the Biot-Savart laws, the magnetic field induced from a
finite wire is defined by (8) as follows.

−−→
B(r) =

μ0I

4π

∫
d�s× r̂

r2
(8)

From the cross product, the numerator can be calculated to
give (9), and the direction of the �k is the negative z-axis.

d�s× r̂ = |d�s| sin(φ)�k (9)

The range of the theta is from θ2 to θ1; thus, (8) an be
transformed as follows based on the cross product.

−−→
B(r) =

μ0I

4πh

∫ θ2

−θ1

cos(θ)dθk̂

=
μ0I

4πh
|�s| × [sin(θ2) + sin(θ1)] �uk (10)

This (10) can be applied to the other sides, and the summation
result is calculated in MATLAB.

Fig. 10 shows the results of the normalized magnetic field
analysis by MATLAB. Same as the dual coil system, most
magnetic fields are formed in the negative z-axis direction. Fur-
thermore, it was confirmed that the magnetic field is generated
not only in the negative z-axis but also in the x and y axes
direction following the winding direction of the crown-type coil
as it approaches the edge of the coil. In Fig. 10(b) and (c), the
magnetic field generated along the x and y axis affects the mouse
coil when the mouse coil and the outer cage coil are misaligned
due to the movement of the mouse. In other words, the tilting
problem caused by the behavior of the mouse can be solved
considerably due to the induced magnetic field.

In Fig. 11, the normalized mutual inductance of the dual coil
and the crown-type coil is compared at 60 and 80 mm along
with the rotation of the mouse coil. As shown in the figure, the
difference between the dual coil and crown-type coil mutual
inductance is increased when the Rx coil is positioned close
to the outer coil. When the Rx coil rotated about 15◦ which
angle is that the mouse head down angle, the crown-up case
is larger than the dual coil case and the difference between the
crown-up case and the dual coil case is bigger than the difference
of the crown-down case and the dual coil case about the 60
and 80 mm both cases. Furthermore, the mouse is ensured free
behavior, so the crown-up and the crown-down cases can affect
the Rx coil alternately and this phenomenon can increase the
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Fig. 10. The normalized magnetic field analysis result of the crown-type coil
(a) Total magnetic field profile (b) Magnetic field profile at the x-y plane (c)
Magnetic field profile at the y-z plane.

average mutual inductance of the crown-type coil. Based on this
reason, the crown-type coil is designed to solve the misalignment
issue; thus, when the Rx coil is moved close to the outer coil,
the variation of the mutual inductance is insensitive to the Rx
orientation. One of the characteristics of the mouse behavior is
that the mouse prefers to stay close to the wall; therefore, it was

Fig. 11. The normalized mutual inductance comparison results of the dual coil
and crown-type coil graph at 60 mm and 80 mm.

Fig. 12. Block diagram of the proposed WPT system.

confirmed that the crown-type outer coil is more robust to the
orientation of the Rx system [50], [51], [52].

III. DESIGN OF THE WPT SYSTEM

The WPT system can be separated into two parts, the Tx and
Rx parts. Fig. 12 shows a diagram of the WPT system. The
Tx part consists of a signal generator for making the input AC
signal and a power amplifier for amplifying the signal. The AC
signal generates the magnetic field, and power is transferred
to the Rx by a near-field magnetic resonance type of WPT
system. To implement an efficient WPT system, the capacitors
are attached to each coil so that the resonance occurs at a single
target frequency of, 2.84 MHz. Then, the power transferred
from the Tx is converted to DC power by the rectifier for the
operation of the chip, which generates the microwave for mouse
stimulation. The rectifier is constructed with 8 diodes in parallel
using an applied bridge rectifier design to prevent a breakdown.
The Schottky barrier diode is utilized because the diode used in
the proposed system must be able to rectify a high frequency
signal and yield a large current to operate the chip. The DC
power is divided and supplied to the chip using a resistor voltage
dividing technique for the proper driving of the chip. The resistor
divider is connected with a smoothing capacitor in parallel for
reducing the fluctuation of the DC voltage. The LED has the
role of an indicator. It is designed to turn on the LED when
the chip drives properly by connecting with the voltage divider
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Fig. 13. The SAR simulation result of the proposed system.

taking into consideration the voltage limitation of the LED. Due
to mouse movement, the LED light is sometimes blocked by
the Rx coil. For this reason, the current consumption of the
power amplifier is also measured to check the chip operation
as well as the LED light’s intensity. The mutual inductance and
the amount of power transferred change by the movement of the
mouse; thus, the output impedance of the amplifier also varies
along the motion of the mouse. In other words, the amplifier
consumes the current depending on the mouse behavior, and
the operation of the chip can be checked. The chip consists
of a voltage-controlled oscillator (VCO) and a power amplifier
(PA) [53]. A 6.5 GHz microwave signal that stimulates the mouse
is generated from the VCO, and it is amplified at PA. The chip
is operated over the minimum voltage of 2.8 V, and the current
is consumed at about 300 mA. For this reason, the minimum
power transferred to the Rx by the WPT for operating the chip
is set to 0.85 W.

It is important that the electromagnetic wave should not affects
to the mouse tissues or brain. To clarify the safety of the proposed
system, a specific absorption rate (SAR) simulation was done
in the CST Microwave studio software. The optimized resonate
capacitors are connected to the coils by lumped elements. The
ICNIRP guideline states that the localized SAR values are
limited to 2 W/Kg to ensure its safety. In Fig. 13, the maximum
SAR value is 0.58 W/kg which is about a quarter of the guideline
value, so the proposed system is confirmed to be safe from the
electro-magnetic field.

IV. MEASUREMENT

A. Manual Experiment Using the WPT System

The experiment setup consisted of the Tx cage system and
the Rx mouse system. The details of the Tx coils are shown in
Fig. 14, and the Rx part is shown in Fig. 15. The input signal was
generated by an E4438 C vector signal generator in Keysight and
amplified by the ZHL-10W-202-S+ amplifier in Mini-circuit.
An E3634 A power supply in Keysight supplied the voltage
for operating the amplifier, and the current value was saved by
the Keysight VEE program. Before attaching the Rx system to
the mouse, the chip operation was verified by measuring the DC
voltage using an RTO1044 oscilloscope from Rohde & Schwarz.

The Tx crown-type dual coil was wound along an acrylic
cylinder with a permeability close to 1 and a diameter, height,
and spacing of 250, 90, and 6 mm, respectively. The specification

Fig. 14. Photograph of the proposed crown-type dual coil system.

Fig. 15. Photograph of the mouse coil and the Rx parts (a) Side view of the
mouse coil (b) Inside view of the Rx system.

TABLE I
SPECIFICATION OF THE COILS IN THE CROWN-TYPE DULA COIL SYSTEM

of the fabricated coils is shown in Table I. The disc shaped
acrylic was placed 20 mm above the inner coil to prevent damage
from the mouse. The outer coil was fixed to the 6 sidewalls
attached to the acrylic cylinder. The outer coil was connected in
series with the resonator capacitor (38 pF). The Tx coils and Rx
coils were fabricated by UEW (Polyurethane Enamelled Copper
Wire) and the diameter of the wire is 0.51 mm. The proposed Rx
design was fabricated on a 2-Layer FR-4 substrate PCB shown
in Fig. 15(b). The mouse coil was connected to the capacitor in
series on the PCB, and the capacitance was 164 pF. The rectifier
consisted of the RB162MM-40 Schottky barrier diode in the
ROHM Semiconductor, and the LED used was the 19-21/R6C-
AP1Q2/3 T from the Everlight Electronics corporation.

Before proceeding with the in vivo experiment, measurements
were performed to verify the performance of the system. The
Rx position and rotation were changed manually, and the Rx
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Fig. 16. The simulation and measurement results of WPT efficiency graph
of the dual coil system and the crown-type system (a) The comparison graph
of the WPT efficiency of the two systems along with the Rx position (b) The
comparison graph of the WPT efficiency of the two systems along with the
Rx angle (c) The kQ-product efficiency graph along the Rx coil orientation at
80 mm.

was positioned at 6 points and rotated from 0◦ to 90◦ with a
step size of 15◦. Fig. 16(a) shows that the WPT efficiency of
the dual coil and the crown-type coil system along the Rx coil
position. Based on the ADS and Q3D extractor simulation, the
resonating capacitor is optimized but the fabrication error of the

coil and the capacitor caused a decrease in the efficiency. To
measure the Rx output power, an oscilloscope was used with
the probe contacting the Rx system. Because of these effects,
the efficiency of all systems was slightly decreased compared
to the simulation results. The efficiency of the dual coil and
crown-type dual coil is about 17 %. However, the minimum
efficiency to operate the stimulation chip is about 8 %. Therefore,
even if considering the above errors, the dual coil system, and
the crown-type coil system are able to supply efficient power
constantly, for operating the chip in most of the cage range.

The WPT efficiency related to the Rx system angle is shown
in Fig. 16(b). The angle variation was measured at the 90 mm
point where the mouse mainly stayed. As aforementioned, the
crown-type outer coil has 2 different cases, one that goes up
15◦ and the other case that goes down 15◦. The mouse is
ensured free behavior, so the two cases affect the mouse coil
alternatively. Therefore, the efficiency of the crown-type outer
coil is measured for each case, and the average efficiency is
calculated. As shown in Fig. 16(b), the efficiency of the two cases
is decreased along the angle variation. However, the efficiency
of the proposed system has less sensitivity to the Rx angle orien-
tation than that of the conventional dual coil system. Especially,
when the orientation angle is over the 45◦, the sensitivity of the
crown-type system is slightly decreased, but that of the dual coil
system is extremely decreased. Based on this fact, the proposed
system has an advantage in that it is more insensitive to the Rx
angle variation.

The crown-type coil system was constructed for 2 cases, and in
one case, it dominantly affects the Rx system and in the opposite
case, it has a limited effect. Because of this reason, in one case,
the efficiency was calculated mainly when it affects, and the
result is shown in Fig. 16(c). When the Rx system is rotated,
the efficiency of the three cases, the dual coil system, crown-
type coil system that goes up 15◦, and crown-type coil system
that goes down 15◦, decrease simultaneously. Nevertheless, the
crown-up case can maintain its efficiency highly compared to the
others. And the power transfer can be maximized when the Rx is
tilted 20◦, and it decreases along the tilting angle. Moreover, even
if the efficiency of the crown-down case is lower than the dual
case, the gap between the efficiency of the dual case and crown-
down is smaller than the efficiency difference of the crown-up
case and the dual case. Thus, the average efficiency of the crown-
type system can be maintained higher than that of the dual coil
system along with the Rx system orientation. Therefore, the
results confirmed that the proposed crown-type dual coil is more
effective to solve the issue of the orientation in the angle.

The application of this system is for an untethered mouse, and
it tries to maximize the free behavior of the mouse. Therefore,
when an experiment is performed, the crown-up and crown-
down cases can be repeated while the mouse moves. Thus,
the smoothing capacitor in the Rx system can be charged and
discharged with the movement of the mouse. On the other hand,
due to the RC time constant of the Rx system, the voltage will not
be able to be discharged completely. For this reason, in the real
stimulation experiment, the average efficiency of the crown-type
dual coil system will be increased.
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Fig. 17. Experimental setup of the mouse behavior experiments. (a) Overview
of the mouse behavior experiments setup (b) Photograph of the crown-type dual
coil experiments setup.

B. Mouse Behavior Experiments Using the WPT System

Fig. 17 shows the experimental setup of the mouse behav-
ior experiment. All experiments were approved and conducted
according to Catholic University’s Institutional Animal Care
and Use Committee (IACUC) guidelines of Incheon St. Mary’s
Hospital (protocol numbers: CIMH-2017-003 and CIMH-2018-
003). F1 hybrid male mice from C57BL/6J ×129/SvJae were
used in the experiment. The mice were housed individually and
maintained at a constant temperature (23 ± 1 ◦C) and humidity
(50 ± 5%). All mice were housed in group cages with access to
food and water ad libitum, alternating 12-hour dark-light cycles.
In all experiments, all the mice were initially housed in the
group cages but individually caged after the applicator surgery to
protect the applicator. For the stimulation with free behavior, the
applicator, which was used for matching from the brain of the
mouse to the chip and transmitting the signal, was implanted
into the mice. Mice older than 12 weeks were used for the
WPT applicator implantation. Mice anesthetized with isoflurane
(Kent Scientific, SomnoSuite) were connected to a stereotactic
instrument (David Kopf Instruments, USA) for the Rx system
implantation. The applicator was placed in the Bregma, and the
applicator was fixed to the skull with self-tapping stainless-steel
screws and dental cement (Vertex). The mice recovered for 7
days after the surgery before the experiment.

V. RESULT

The experiment was performed with the dual coil system
and the crown-type coil system with six mice for the dual coil
and four mice for the crown-type coil for about 10 minutes.
Fig. 18(a) compares the WPT transmitting results of the dual
coil and the crown-type coil. To compare the WPT performance
of each coil during the experiment, the time when the MMIC was
successfully operated was analyzed for each system. In the 10-
minute behavioral experiment, the dual coil system operated for
13% of the experiment time, while the crown-type coil received
power for about 90% of the experiment time (Mann-Whitney U
test, p-value = 0.0105). The Rx system of the crown-type coil
weighed about 0.8 grams higher than the Rx of the dual coil
system due to the fabrication issues. To figure out the effect of
the weight difference, the average velocity were also analyzed,
and the result is shown in Fig. 18(b).

Fig. 18. Graphs showing a comparison of the WPT transmitting time and mice
behavior of the two types of coils (a) Graph of the WPT operation time for the
10 minutes (b) Graph showing the average velocity of the mice.

Fig. 19. The current consumed by the DC supply during the behavior ex-
periment (a) Current consumption of the dual coil for each mouse (b) Current
consumption of the crown-type coil for each mouse.

As shown in Fig. 18(b), there are no statistical differences in
the average velocity between the dual coil and crown-type coil
systems. Based on these results, the weight difference between
the two Rx systems can be concluded to have no significant effect
on the mouse behavior. In this paper, the current consumed by
the DC power supply was proposed to be one way to measure
the WPT performance. Through the preliminary manual test, it
can be confirmed that the threshold current when the chip is
operated is set to be greater than 10 mA above the minimum
current. Therefore, the WPT performance can be analyzed over
time, and the details are shown in Fig. 19. The graph shows
the details of the current consumption of the DC power supply
of each mouse over time. In the dual coil cases, the average
execution time of the WPT was about 80 seconds. On the other
hand, the average power transmitting time of the crown-type
cases was about 530 seconds. This result shows that both the
dual coil system and the crown-type coil system can transmit
the power. However, the transmit time is very high in the case
of the crown-type coil system compared to the dual coil system.

Based on the current consumption, Fig. 20 shows the stim-
ulation power which can be calculated along the premeasured
chip operation [54]. In the case of the conventional dual coil
system, the transmitted power can drive the stimulation signal
generation chip. However, the power of the stimulation signal is
about 4 dBm and it is too small to get effective brain stimulation
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TABLE II
PERFORMANCE SUMMARY AND COMPARISON WITH OTHER SYSTEM

Fig. 20. Comparison graph of the stimulation power between conventional
coil and crown-type coil system based on the current consumption.

experiment results due to the misalignment issue of the system.
On the other hand, the proposed crown-type dual coil system can
generate twice higher power, 9 dBm, as the conventional system
because the embedded coil can generate an insensitive magnetic
field along the angular variation. Thus, it can be concluded
that the proposed system is more practical for the free behavior
animal experiment based on the WPT.

The Rx coil position in the video was tracked by DeepLabCut
(DLC) for each case. The Rx coil position was trained using 60
frames from 10 randomly selected videos for 510000 iterations,
and the data generated by DLC were processed using MATLAB.
The Rx position data were synchronized with the consumption
current, and the WPT map was plotted as the number of visits
divided by the number of WPT successes for each pixel. Outlier
coordinates were removed from the data, which had a difference
smaller than 20 pixels per frame. The velocity and distance
moved were analyzed using Ethovision X12 (Noldus), and the
WPT map is shown in Fig. 21.

ηtime =
top
texp

(11)

The proposed system is targeted as a free behavior experiment
system for mice so the system operating time also can be one
parameter to evaluate this system. The time efficiency shown in
(11) is calculated by dividing the total experimental time into
the system operating time. Based on this parameter, the WPT

Fig. 21. The WPT performance comparison over the Rx position in the cage
(a) Operation points along the Rx coil in the dual coil case (b) Operation points
along the Rx coil in the crown-type coil case.

performance over the Rx coil position in the cage was analyzed
to compare the WPT time efficiency. According to the analysis
results of the WPT execution of the two coils by location, both
cases transmitted from all locations in the cage. However, the
WPT time efficiency of the conventional dual coil system was not
suitable due to angular issues caused by the behavioral character-
istics of free movement. In contrast, the WPT time performance
of the crown-type coil showed a very high efficiency because
the wireless power was well transmitted to all positions in the
chamber. Moreover, the WPT showed high performance during
the experiment regardless of the behavioral characteristics of the
free movement by the mice. In the mice experiments, the dual
coil system operated for 13% of the experiment time, while the
crown-type coil received power for about 90% of the experi-
ment time. Thus, the experiment time of the proposed system
is 7 times longer than the conventional system. Finally, the
crown-type dual coil system solved the tilting issue shown by its
high WPT performance compared to the conventional dual coil
system.

VI. CONCLUSION

In this article, a highly efficient WPT system was designed
to resolve the misalignment issue due to the freely moving Rx
system and verified the system performance by mouse brain
stimulation experiments. The system utilized MCR-WPT at the
resonant frequency of 2.84 MHz and consisted of the embedded
dual coil Tx system and the miniaturized Rx system.

In the Tx system, the embedded outer cage coil that looks like a
crown and the solenoid type inner coil are connected in parallel.
The crown-type outer cage coil is designed by repeating the
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rising and falling at an angle of 15◦ for each side. The crown-type
outer coil creates the H-field insensitive to the change in the mice
orientation, and the inner coil generates a magnetic field so that
the H-field is distributed uniformly along the various locations.
In the Rx system, the electromagnetic power transferred by the
WPT is supplied to the chip, which generates the microwave
signal for the brain stimulation, by the rectifier and voltage
divider. The experiments confirmed that the proposed system can
operate the chip within the cage radius of 250 mm, and the chip is
able to be driven during most of the experiment time and generate
the stimulation signal even if the mice move freely. There-
fore, the results verify that the system proposed in this paper
ensures the free behavior of mice and enables more accurate
animal experiments with its simple design. In Table II, the
performance of the proposed WPT system is summarized and
compared with that of other published work. The proposed
system exhibits a high-power transfer efficiency (PTE) by using
a small number of Tx and Rx coils. Furthermore, the system
was verified for the stability of the mice experiment by SAR
simulation, and then, mice experiments were done. As a result,
the proposed system was validated showing that it is capable of
a longer stimulation time during the same experiment with the
small number of coils compared with the conventional system.
Additionally, the proposed system will not only be applicable
to various animal experiments requiring free movement but
will also contribute to the development of WPT significantly.
Especially, the proposed coil design can be utilized in the
WPT applications which have misalignment problems and a
free-positioned Rx system. In the future, the system will help
to increase the efficiency of various WPT applications such as
portable wireless charging, and biomedical implants and help
future research on diverse animals like rats by optimizing the
design of the coils.
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