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Abstract— A system for wireless power transfer of microsystems in-vivo implantable in small animals is presented.
The described solution uses a servo-controlled transmitter moved
under the animal moving space. The solution minimizes the
power irradiation while enabling animal speeds up to 30 cm/s.
An x- y movable magnetic coil transmits the required power with
a level able to keep constant the received energy. A permanent
magnet on board of the implantable micro-system and an array
of magnetic sensors form a coil tracking system capable of an
alignment accuracy as good as 1 cm. The power is transferred
over the optimized remote powering link at 13.56 MHz. The
received ac signal is converted to dc voltage with a passive fullwave integrated rectifier and the voltage regulator supplies 1.8 V
for the implantable sensor system. Experimental measurement
on a complete prototype verifies the system performance.
Index Terms— Remote powering, wireless power transfer,
implantable electronics, multi-sensor system, monitoring system, implantable micro-system, servo-controlled power transfer,
x-y rails, biomedical implant, system for freely moving animal,
remotely powered sensor systems, in-vivo implantable system.

I. I NTRODUCTION

F

ABRICATION of electrochemical sensors directly on
a silicon surface allows miniaturization of bio-sensor
systems [1]. Especially, electrochemical sensors and electronic
circuits are merged by growing carbon nanotubes on integrated
circuit [2]. Therefore, this miniaturization step is essential to
become widespread. These platforms help to monitor continuously different chemical and/or biological vital parameters
as continuous monitoring is crucial for understanding the
progression or regression trend of illness and applying correct
treatments on the patient.
The rodents are commonly used animals for developing new
treatments and research applications [3]–[7]. The size of these
animals allow to stock larger number of animals in a certain
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space compared to other animals. In addition, the life span
of the rodents is shorter hence they become adult quickly
[8], [9]. Finally, the most essential feature of these animals
is suitable for modification on their DNA sequence which
permits to create DNA sequence similar to human genome
[10]. However, since the size of mice are notably small, the
implantable system has to be extremely small and light-weight.
This forces the design of batteryless system to enable overall
small size and weight.
Since the living condition has significant effects on credibility of measurement results, animals should be in a stressless
and comfortable living area and move freely. Additionally, the
animal must be in conscious in order to get reliable data from
the measurements [11].
The major problems of remotely powered batteryless sensor
systems are the size of the implantable platform and the continuity of the measurements without interruption. The overall
size of the implantable device limits the size of the implant
antenna or coil which influences the received power at the
implantable device. Moreover, the distance between external
antenna and implantable system changes the power transfer
efficiency. Both issues determine the choice of the most
efficient power transfer method. Our analysis concluded that
the magnetically coupled inductive link is suitable for wireless
power transfer accounting for the distance between the base
station and the implantable devices and also the allowed device
sizes [12], [13]. The magnetically coupled remote powering
system is composed of an external and an internal units.
The external unit is composed of power amplifier, supply
controller, receiver and powering coil. The internal unit has
implant coil, rectifier, voltage regulator, voltage level detector,
transmitter and sensors.
The medium where the electrochemical sensors are placed
need to be stabilized according to the applied reference voltage
before the sensing is started [14]. Accordingly, this process
needs to be powered without interruption. Otherwise, the
medium is not biased properly and the measurement result
will be wrong. In addition, the implantable system is placed
inside a freely moving animal which increases the difficulties
of continuous power transfer. The power transfer efficiency
from the powering coil to the implant coil decreases when
the implantable system moves from the center to the edges
of the powering coil. Therefore, the received power of the
implantable system is limited and non-uniform. In order to
solve these issues, an Intelligent Remote Powering (IRPower)
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Fig. 2.
Fig. 1.

Conceptual design of batteryless implantable multi-sensor system.

3-D model of IRPower system.

system is essential to track the freely moving animal and transfer the power continuously and uniformly [15]. Fig. 1 demonstrates the 3-D model of the IRPower system. The IRPower
system can pursue an animal inside a living space and transmit
the power wirelessly to the implantable unit thanks to the X
and Y rails. The animal tracking is performed by the magnetic
field sensors which follow the permanent magnet inside the
animal.
This paper proposes the IRPower system which is based
on tracking of freely moving animal and the power is
transmitted dynamically to an implantable batteryless sensor
system. Section II gives overview about the remotely powered implantable batteryless multi-sensor system. Section III
presents the remote powering circuits and the optimized powering link. Section IV describes the IRPower system and how
to track a moving animal in a living space. Section V presents
a case study on IRPower system for freely moving rodents
which includes the measured results. Section VI discusses
about the important challenges of the IRPower system. Finally,
Section VII concludes the paper.
II. R EMOTELY P OWERED I MPLANTABLE M ULTI -S ENSOR
S YSTEM
The multiple sensor systems allow to sense different chemical compounds as well as vital signals on the same platform. Additionally, the use of multiple sensors on the same
implantable system gives less invasion and optimizes the
processing operations. Fig. 2 illustrates the conceptual design
of the batteryless implantable multi-sensor system. The sensors
are placed on the top of the 3-stage platform to create a
good contact with the body. The electrochemical sensors detect
the different types of compounds and chemical parameters.
The targeted materials are mainly different drugs, and glucose.
The temperature and pH of the implanted medium play a significant role on detection capability of the sensors. Therefore,
the pH and temperature sensors are also placed on the top of
the platform to obtain reliable measurement results by taking
account of the effect of temperature and pH of the medium on
sensors during the post-processing of the sensor data. The middle stage houses the electronic components, with integrated
circuits used for power management, communication and sensor interface. Moreover, in the middle stage there is a storage
capacitor, used to guarantee the longevity of the measurement.
Finally, the implant coil is placed in the bottom of the platform
in order to induce current from available magnetic field.

Fig. 3. Block diagram of implantable remotely-powered multi-sensor system.

The electronics of the implantable sensor system includes
the pre-processing and data conversion needed by specific
sensors and has in common service section for power
management and data communication. Fig. 3 shows the block
diagram of the standard sections of the implantable remotelypowered multi-sensor system. A power amplifier which drives
a powering coil is followed by an optimized remote powering
link [16]. The received AC signal is converted to DC voltage
supply for the sensor system by efficient integrated circuits.
The measured parameters in the animal body are transmitted
by a low-power transmitter at 869 MHz frequency to external
unit [17].
III. W IRELESS P OWER T RANSFER
The wireless power transfer distance can range from few
mm up to dm for the system implanted in a freely moving
animal [3], [6], [18]. Moreover, the magnetic field strength
is inversely proportional to the cube of the distance (1/d3)
between the powering and the implant coils [19]. Accordingly,
a weakly coupled coils needs to be optimized to achieve
maximum power transfer efficiency which is dominated by
the limited efficiency of the remote powering link. The remote
powering link is optimized for 30 mm wireless power transfer
distance by the equations are given in [16]. The power transfer
efficiency is proportional to the coupling coefficient square and
the quality factors of the coils (k2 Q pow Qimp ). Therefore, the
main goal of the optimization is to maximize these terms.
The coils have several geometric parameters such as outer
diameter, inner diameter, spacing between the conductors, the
width and height of the conductors, number of turns, etc.,
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Fig. 4.

Wireless power transfer over remote powering link.

which correspond to different coupling coefficient and quality
factors value in the link. The proposed optimization method
in [16] finds the optimal coil geometries and verifies the
remote powering link by a 3-D Finite Element Model (FEM)
simulator. The optimal size for the powering and the implant
coils are found as 80 × 80 and 12 × 12 mm2 , respectively.
Fig. 4 shows the power amplifier and the remote powering
link. The powering coil is driven by a class-E power amplifier
due to its high drain efficiency. The power is transferred over
the optimized remote powering link at 13.56 MHz which is a
specialized band for inductive applications. The induced AC
voltage on the implant coil is converted to DC voltage by a
passive full-wave rectifier. The forward voltage drop across a
diode-connected transistor is high which decreases the power
efficiency of the rectifier. In order to decrease the voltage
drop, the high-threshold transistor can be replaced by a low
or zero threshold transistor. However, the leakage current is
increased due to the non-disabled transistor. Therefore, the
rectifier, in this paper, uses the charge-storage technique which
decreases the forward voltage drop on the diode connected
high-threshold transistor [17]. This technique reduces the gatesource voltage (VG S ) of the transistor and allows to achieve
the power efficiency of 80% with a passive rectifier. Furthermore, the ripples at the rectifier output are suppressed by a
high-speed voltage regulator. A single-stage OTA is used to
suppress the ripples at the remote powering frequency and a
clean 1.8 V supply voltage is created.
IV. IRP OWER S YSTEM
In a previous study, the optimum outer dimension of the
powering coil was found to be 80 mm [16]. A possible
solution which enables us to cover the base of the living
space, is to use an array of coils are placed under the living
space as shown in Fig. 5. A tracking system allows delivering
the optimum power to the implant by turning on the most
appropriate powering coil [20]. A permanent magnet is placed
in the middle of the implant coil; the magnetic field sensors
detect the DC magnetic field of the magnet and give a voltage
response to corresponding magnetic strength. Consequently,
the analog output voltages of the sensors monitor the position
of the animal. Accordingly, the appropriate coils are turned
on and irrelevant coils are turned off. Additionally, the power
amplifier supply can be adjusted for optimum power transfer.
However, there are still dead zones where the power cannot
be effectively transferred to the implantable system. Moreover,
the power transfer efficiency fluctuates and it is not always in
the most efficient point. In addition, some studies present that

Fig. 5. Scenario for magnetically coupled remote powering system for freely
moving animal.

Fig. 6.

IRPower system for freely moving animal.

the multi-coil remote powering links reduce the effect of coil
misalignment effect and achieve good power transfer efficiency
[21]. However, these multi-coil structures compensate the efficiency drop until a certain misalignment point. After this point,
the power transfer efficiency decreases drastically. In remotely
powered system for freely moving animal, the wireless power
transfer should be continued for any position of animal without
disturbing the animal. If the animal stays in the edge of
the powering coil, the power transfer efficiency decreases to
less than 1% and the transferred power level needs to be
increased to continue the remote powering. The high power
also increases the temperature of the living space and disturbs
the animal. Accordingly, the power transfer efficiency should
be kept always maximum level not to disturb the animal.
In order to fix aforementioned limits, the IRPower system is
proposed. Fig. 6 shows the IRPower system for freely moving
animal. Two rails (X and Y rails) are installed under the cage
to move the powering coil. In addition, the cage is stabilized
with a cage dock as illustrated in Fig. 1. The system defines the
relative position of the implantable multi-sensor system with
a permanent magnet. A magnetic field sensor placed on the
powering coil detects the DC component of the magnetic field.
The IRPower system follows the DC magnetic field strength
and moves the powering coil under the base of the living space
to track the position of the freely moving animal. Therefore,
power is always optimally delivered with high efficiency to
the implantable system.
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Fig. 8.
Fig. 7.

Simplified flowchart of IRPower algorithm.

Fig. 6 explains the operation of the IRPower system. The
main goal of the system is to keep the animal in the center of
the powering coil. Accordingly, several magnetic field sensors
are placed around the powering coil. Suppose that the animal
moves from point A to point B. When the animal is at the
point A, the sensor S1 which is located in the center of the
powering coil has the maximum output voltage compared to
the other sensors on the edges of the powering coil. When
the animal moves from point A to point B, the output voltage
of the sensor S1 will decrease and the sensors S2 and S3
will increase. Accordingly, the IRPower system moves the
powering coil to north-east direction until the output of the
sensor S1 is again maximized compared to other sensors.
As an additional information, IRPower system monitors the
movements of the animal which can be recorded and used
to analyze the status and attitude of the animal. The data
shows how much the animal runs, walks, pauses, and where
the animal stays mostly in the living space. In addition, it can
be used to estimate the energy consumption of the animal.
Fig. 7 shows the simplified flowchart of the IRPower
algorithm. The IRPower system starts with initialization of
the system. The initialization phase resets all memories which
store the tracking data and puts the powering coil to the
origin point which is reference point, defined by the user,
for tracking the animal. The detection phase follows the
initialization phase. The IRPower system starts to search for
the animal in the cage. The X and Y rails help the magnetic
field sensors sweep all the base of the living space until the
sensors detect the magnet implanted inside the animal. The
X and Y rails move the powering coil in the position that
maximizes the output of sensor S1 after the magnet is detected.
The wireless power transfer is turned on after the powering coil
is cocentered with the implant coil. If the sensors cannot detect
the magnet after sweeping all the base of the living space, the
system returns to initialization step. The IRPower system starts
tracking the magnetic field sensors output for any movement
of animal. When the animal moves, the outputs of the sensors
change accordingly. This allows the system to compute the

Block diagram of IRPower system.

necessary movement of the powering coil, updated after each
movement is computed.
Calculation of the animal position by a microcontroller is
difficult since many complex mathematical equations should
be calculated such as integrals. In order to reduce the computation time, a Look-Up Table (LUT) is created by averaging
20 samples taken from each sensor for a certain vertical
distance between the animal and the sensors. Each magnet
position on the powering coil has a corresponding sensors
outputs value as shown in Fig. 12 which is stored in the
LUT. Therefore, the position of the animal is computed by
comparing the sensors outputs with the LUT. In addition, the
movement and the next position are stored on memories for
tracking of the animal. Obviously, the move order sent to
motor controller activates the X and Y rails. The IRPower system returns “Read sensor ” step to sense the new movement.
The rodent animal can stand up on its hind legs and explore
the area. This action takes around 5 s according to the several
videos which are recorded in laboratory environment. The
IRPower system can understand that the animal stands up
as the value of the sensor S1 will decrease and none of the
other sensors will change their outputs. If this case is detected
during “Read sensor ” phase, the system awaits for 5 s to
guarantee the animal returned from its stand up position to
normal position. If the delays of 5 s elapsed and the value
of sensor S1 does not change back to its maximum level, it
means the animal stands down but not the same place where it
stood up. Accordingly, the IRPower system starts to relocate
the mouse by checking nearby the latest known position. In
case the IRPower system cannot find the magnet in the nearby
region, the IRPower system returns to the initialization phase.
The IRPower system consists of 5 main blocks. Fig. 8
represents the block diagram of the IRPower system. An
FPGA (Arria II GX) [22] realizes the controller. A PCB houses
both the linear output magnetic field sensors (AD22151) and
the powering coil, as Fig. 9 shows [23]. The output of the
sensors is an analog voltage ranging between 0 and 5 V
depending on the magnetic field strength and the pole of
the magnet. The sensors drive an analog to digital converter
(ADC) board through a cable. The ADC (ADC128S102) is a
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Fig. 10. Test setup for proposed wireless power transfer and animal tracking
system.

Fig. 9.

Optimized remote powering link with magnetic field sensors.

low-power, 8-channels, and 12-bits converter with sample rate
up to 1 MS/s [24]. A serial peripheral interface (SPI) bus links
the ADC and the FPGA.
Two motor controller drive the X and Y rails (RS106-C1-N)
[25]. The motor controllers are connected to the FPGA. The
FPGA runs with 2.7 V logic voltage, it is also compatible
with 3.3 V. The FPGA communicates with motor controller
over SPI bus. However, two motor controllers operate with
24 V logic voltage and have 16 bits parallel input and
output. A voltage level translator board ensures compatibility
between the FPGA and the motor controllers. The translator
board is composed of 16 bits I/O expanders (MCP23S18) and
high-voltage optocouplers (FODM8801C) [26], [27]. The I/O
expanders have bidirectional input-output pins which handle
the serial to parallel and parallel to serial data conversions
between the FPGA and the motor controllers. In addition, the
optocouplers provide an isolation between the I/O expanders
and motor controllers and a translation between the different
voltage levels.
The IRPower system can sweep all the bottom of the cage
(with size of 18×34 cm) in less than 75 seconds. The system
obtains 20 samples from each sensor and computes the average
values of these samples in order to reduce the effect of noise.
The acquired values are transmitted to the FPGA in 16-bit
packets. Therefore, the “Read sensor ” step takes 308 μs to
transmit 2240 bits (7 sensors, 20 samples, 16-bit packet) and
compute the average values. Although the FPGA has a system
clock rate of 150 MHz, the ADCs are limited with 10 MHz
clock rate. Therefore, the duration of the reading phase is
dominated by the clock of the ADCs.
The IRPower system determines the next movement and
records the new position on the memories in 1.5 μs. The
command is transmitted to rails in 5 ms due to requirement
of the motor controllers. The movement of the rails can
be adapted due to the animal movement. The speed and
acceleration/deceleration of the rails and the distance to move
can be adjusted.
V. C ASE S TUDY: IRP OWER S YSTEM FOR F REELY
M OVING RODENTS
The rodents are very active animals. For example, the mice
can easily reach speed of 4 m/min [10]. This defines the

speed of rails in our system, rails chosen with maximum of
18 m/min, much faster than the animal. The total length of
X and Y rails are 200 and 350 mm respectively as shown
in Fig. 1. In addition, the rails have 255 positioning points.
Therefore, the minimum step size of the X and Y rails are
0.78 mm and 1.37 mm respectively.
Fig. 9 shows the optimized remote powering link with the
magnetic field sensors. The permanent magnet is placed in
the middle of the implant coil. A neodymium (NdFeB) type
of magnet maximizes the DC magnetic field which has the
N52 magnetization grade [28]. The magnetic flux density (B R )
value of the magnet is 1.42−1.47 T and the energy product
(B×H) is 380−422 MGOe. The diameter of the magnet is
5 mm with 2 mm height.
The test setup shown in Fig. 10 validates the operation
and analyze the performance of the system. The FPGA,
translator, ADC boards and motor controllers are shown in
Fig. 10. Moreover, the implementation of X and Y rails with
sensor board is outlined. The implant coil is placed 30 mm
away (vertically) from the powering coil to simulate the cage
environment where the distance between the powering and
the implant coils is increased due to the housing condition of
animal.
Fig. 11 shows the sensor board and 7 magnetic field sensors.
The number of the sensors is 7 (6 sensors on the edges and
1 sensor in the center as shown in Fig. 11). Compared to
Fig. 9 the arrangement increases the overall sensitivity of the
sensor board and the shared sensible area of the sensors. The
need of a small implanted magnet gives rise to a range of
sensitivity which is maximum under the sensors and goes to
zero in some region of the in the 2-D area. The sensor board
is divided into small sensing regions as shown in Fig. 11 to
create the sensitivity map of the entire board. Each red square
(5×5 mm) shows one sensing region. Accordingly, the magnet
is placed on each of these regions and the output channels of
the ADC are measured by the FPGA for each sensing region.
The ADC is chosen as 12-bit resolution since the magnetic
field sensors have 0.4 mV/G internal sensitivity. The output
of the ADC changes between 0 and 4095 digital levels which
corresponds to 0 and 5 V of the magnetic field sensor output,
respectively. In order to compare easily, the outputs of the
sensors are also presented in digital coded levels. Fig. 12
shows the 2-D sensitivity map of the entire sensor board for
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Fig. 14. Power transfer efficiency distribution on powering coil including
power amplifier, remote powering link, and rectifier efficiencies.
Fig. 11.

Sensor board and 7 magnetic field sensors.

2-D sensitivity map of sensor board for different magnet position.

Fig. 15. Worst case scenario for power transfer efficiency decrease due to
IRPower system delay.

Fig. 13. Magnetic field sensors 1-D response while magnet moving from
north to south.

converted with DC supply voltage by the full-wave rectifier.
The power efficiency of the rectifier is measured as 77.5% for
1.7 mW load power. The power supply rejection of the voltage
regulator is measured as 60 dB for the line regulation and
at the remote powering frequency. The implantable circuits
for remote powering are fabricated in 0.18 CMOS process.
Fig. 14 shows the power transfer efficiency distribution on
the powering coil including the power amplifier, the remote
powering link, and the rectifier efficiencies. The efficiency
decreases from 17% to less than 1% for 1.7 mW of load power
when the implantable system moves from the center of the coil
to the edges, respectively.
Assuming that the animal moves at speed of 7 cm/s and the
rails move at speed of 30 cm/s with 400 cm/s2 acceleration.
Fig. 15 shows the power transfer efficiency change due to
the animal move and the system delay. In the worst case
scenario, even if IRPower system detects the animal close
to edge where the efficiency drops to 4.7%, there is only
5.4 ms mechanical delay after the animal is detected which
corresponds to decrease the efficiency less than 0.5% and
the system is repositioned in less than 250 ms. However,
the system delay can be reduced and IRPower system can

Fig. 12.

different magnet position. Additionally, the magnet is swept
from north sensor to south sensor as illustrated in blue grid
in Fig. 11. Fig. 13 shows the sensors output in detail due to
position of the magnet. The motion of the magnet is detected
by following the sensors outputs from north to south as in
Fig. 13.
The power is transferred over the optimized remote powering link as shown in Fig. 9. The received AC signal is
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Fig. 18.
Fig. 16.

Scenario for multi-cage monitoring.

Wireless power transfer with power feedback loop.

Fig. 17. Remote powering signals (rectifier, regulator voltages) and power
feedback data.

be improved by increasing the size of the implanted magnet
which makes the animal more detectable. Also, increasing the
speed of the rails helps to reduce the re-positioning delay.
Therefore, the power transfer efficiency is kept at always
maximum level.
Many studies show that the rodents spend most of the time
in a horizontal position (on their four feet) [10], [29]. Accordingly, assuming that the implant coil moves parallel to the
powering coil, the power transfer efficiency changes during the
movement, hence the received power level by the implantable
system also changes. In order to guarantee the continuous
operation and deliver the sufficient power to the implantable
system, the power feedback loop is proposed. Fig. 16
shows the wireless power transfer with power feedback loop.
The power feedback loop adjusts the transferred power level
according to demand of the implantable system. The power
level of implant is monitored and the power feedback data
is transmitted to the external receiver. The system manager
controls the transferred power level by changing the supply
of the power amplifier. Fig. 17 shows the remote powering
signals (rectifier, regulator voltages) and the power feedback
data. The received AC signal is rectified and the rectifier output
is compared with a reference voltage. The comparison result,
power feedback data, is transmitted to the external receiver and
the supply voltage of the power amplifier is adjusted according
to this data. If the power level in the implantable system is
insufficient, the power amplifier increases the output power.
On the contrary, if the power is more than necessary level,
the power amplifier reduces the output power not to damage
the implant. In order not to damage the PA circuit, the output

power level is limited. Therefore, the rectifier output drops
under 2.2 V when the implant coil moves further but the
regulator output is not perturbed.
The animal can stand up and the implant coil rotates and
changes its orientation. This angular misalignment reduces
the coupling between the coils and the power transfer efficiency. The decrease can be compensated by also rotating the
powering coil to be same orientation with the implant coil.
However, the animal moves on four feet most of the time.
Therefore, the powering coil is placed close to the bottom of
the living space of the animal to minimize the vertical distance
and increase the coupling between the coils. Accordingly,
it is impossible to rotate the powering coil to change the
magnetic field orientation. Unless the implantable system is
perpendicular to the powering coil where the magnetic field
strength is zero and the power transfer is almost impossible,
the power feedback loop keeps the rectifier voltage at sufficient
level to create 1.8 V supply voltage without perturbation.
The electrochemical sensors which will be powered by
IRPower system needs 200 s to complete a cyclic-voltammetry
measurement for detecting the compound [30]. Although
IRPower system relocates the implantable system in less than
75 s, if the wireless power transfer is perturbed, a 200 mF,
3.3 V storage capacitor [31] can guarantee 200 s duration to
complete the measurement for 1 mA load current.
(3.3 − 2.2) · 0.2
V · C
= 220 s
(1)
=
i load
0.001
The storage capacitor would also increase the overall size
and weight of the implant. On the other hand, using a storage
capacitor allows to achieve stand-alone implants and multicage monitoring. Fig. 18 illustrates a scenario for multi-cage
monitoring. Each animal is detected in the cage and the
implant is charged by IRPower system [15]. When the implant
is charged, the implant transmits information about the charge
is completed and IRPower moves next cage to detect animal
and charge the implant. IRPower returns first cage when all
cage is finished. The data transmitted from the implants are
received by the multi-channel receiver. The number of the cage
can be increased according to the storage capacitor size and
the charging time of the each implant.
Fig. 19 presents the proof of concept of the IRPower system
for a freely moving animal. In order to simulate freely moving
animal, a freely moving robot is used and a permanent magnet
is attached to the bottom of the robot. The IRPower system
can track the freely moving robot easily and the X and Y
rails are adapted according to the movement of the robot.
t =
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Fig. 21.

Fig. 19.

Remote powering effect on magnetic field sensors.

Proof of concept of IRPower system for freely moving animal.

Fig. 22.

Fig. 20.

Magnetic field sensors response without magnet.

The background sound levels in the rodent housing rooms are
around 80 dB [32]. The sound pressure level of the rails is
70 dB when the rails move at maximum speed [25] which
is comparable with other electrical devices in the housing
rooms [33].
VI. D ISCUSSION
The performance of IRPower system depends on the offset
and noise of the magnetic field sensors. Fig. 20 shows the
magnetic field sensors responses without magnet, not placed
on the sensor board. The sensors have different noise levels.
Indeed, the outputs of the north-east sensor and the middle
sensor change from 523 to 962 and from 479 to 692, respectively. More important than noise is the offset values of the
sensors. All the sensors have different offset values. In the
specific case, the south sensor and the south-east sensor have
the lowest offset and the highest offset values among the
sensors, respectively. Therefore, the threshold values to sense
the presence of the magnet and the maximum output value
of the sensors when the magnet is above the sensor change
from sensor to sensor as shown in Fig. 13. Additionally, the
threshold values should be defined individually for all the
sensors. Accordingly, IRPower system needs to be calibrated
during the initialization phase due to the different offset values

Real-time parallel processing time schedule.

and also the changing vertical distance between the magnet
and sensors.
In some applications, the implantable system demands
more power. Therefore, the transferred power needs to be
increased. Although the magnetic field sensors have low frequency response (cut-off frequency of 5.7 kHz), the magnetic
field sensors saturate after a certain transferred power level
(200 mW) and do not detect the implanted magnet. Fig. 21
shows the remote powering effect on the magnetic fields
sensors. The magnetic field sensors are able to detect the
presence of the magnet properly when the powering coil does
not generate any magnetic field. When the remote powering
is turned on and the powering coil starts to generate larger
magnetic field than the implanted magnet (after 100th measurement in Fig. 21), all the sensors are affected from magnetic
field generated by the powering coil and the outputs of the
sensors are saturated. Therefore, the sensors does not follow
the magnet any more. In such case, one of the solutions is
to increase the magnet size which generates higher magnetic
field. However, this solution is inconvenient for implantable
systems for small animals. Second solution is to perform the
tracking and the remote powering asynchronously.
The remote powering affects the tracking system drastically. Therefore, the tracking system and the remote powering
system do not work simultaneously. The remote powering
must stop while the tracking system acquires data from the
magnetic field sensors. Therefore, all the processes should
be performed in parallel. Fig. 22 shows the real-time parallel
processing time schedule. The remote powering and the data
acquisition processes are not performed simultaneously. When
the remote powering is stopped for the data acquisition process
(around 300 μs), the implantable system can still continue
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to its operation by using the energy stored on the storage
capacitor. The previous study presented in [34] shows that
if a signal frequency is more than 10 Hz, this signal is able
to track the animal movement. Accordingly, the frequency of
the data acquisition is not critical. The data acquisition can
also be applied while the rails move. In opposite to sequential
processing in Fig. 7, the data acquisition does not need to
wait to end of the movement of the rails. Therefore, the data
from the sensors is acquired more frequently (around 400 Hz)
which helps to track the freely moving animal more easily.
VII. C ONCLUSION
This paper presents a system for wireless power transfer of
micro-systems in-vivo implantable in freely moving animals.
The batteryless implantable micro-system is able to monitor
the organic compounds, pH and temperature continuously
for long-term duration. Therefore, the batteryless implantable
micro-system needs to be powered continuously. This paper
proposes a servo-controlled transmitter moved under the animal moving space. The X-Y rails are used to place the
powering coil to achieve maximum coupling with the microsystem. A permanent magnet on board of the implantable
micro-system and an array of magnetic sensors form a coil
tracking system capable of an alignment accuracy as good as
1 cm. The powering coil is controlled by a suitable algorithm
which locates the animal in the living space and adapts the rails
according to the animal movement. Additionally, the tracking
system is also capable of recording all the movement of the
animal in order to analyze the animal behavior. The complete
prototype confirms that the tracking system, enables the animal
speeding up to 30 cm/s, is fast enough to track the freely
moving animal easily.
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