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Abstract—An implantable system for monitoring vital parameters via bio-sensors inside freely moving laboratory animals
and its powering system are presented. The required 2 mW are
harvested by the magnetic coupling with an external coil placed
under the living space of the animal. The servo X-Y rails move the
external coil and track the animal. Dynamic power-adaptation
keeps the harvested power level constant against misalignments
of transmitting coil and moving animal. Entire system and
basic blocks integrated using a 0.18 um CMOS technology are
presented. Experimental results show the effectiveness of the
powering system.

I. I NTRODUCTION
More and more electronic systems implanted in small animals for investigating new treatments need effective powering
methods [1]. Especially, the small animals are used in research
efforts for developing new drugs [2]. The requirement for the
implanted system are typically small volume, data communication, and multiple sensing interfaces. Moreover, it is necessary
to power the system externally because available batteries in
the market do not allow a suitable autonomy.
Another important request is that the living conditions of
animals must be natural so that the measured result are not
biased. This means that the animal must be in a comfortable
environment and capable to move freely [3]. However, delivering power to a freely moving animal is an important design
challenge: the efficiency of the remote powering system must
be high and almost independent on the animal position. These
constraints motivate this research work that involves the design
of a suitable powering system with an effective level of both
transmitted power and data.
The requirement of harvesting an almost constant amount
of power can be met by modulating the transmitted power, by
using multiple power sources and activating the source which
is closer to the target or moving the power source, as discussed
here, by a servo tracking system. Moreover, the form of energy
used for the transmission is important for achieving uniformity
and efficiency.
II. C HOICE OF T HE P OWERING S YSTEM
There are several methods for remote powering. The power
can be delivered via electro-magnetic waves, ultrasound, or
magnetic field transmission. The choice depends on the tradeoffs between many parameters: the level of power needed, the
distance between the power source and the target, the power
transmission environment.
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For electro-magnetic transmission power decreases as the
square of the distance. A frequency range in between few
hundred MHz to GHz is used to have a small antenna size.
In order to have a received power of 2 mW according to the
Friis transmission equation:
2

λ
(1)
Pr = Pt Gt Gr
4πd
where Pr , Pt , Gt , Gr , λ, and d present the received power
level, the transmitted power level, the transmitter antenna
gain, the receiver antenna gain, the wavelength of the electromagnetic wave and the distance between the two antennas,
respectively. It is necessary to have Pt more than 1 W for
12 cm distance at 2.42 GHz [4]. The value is close to Specific
Absorption Rate (SAR) limit which is defined by regulations.
Ultrasound is also a solution for wireless power transmission for deeply implanted systems. The equation 2 defines the
received power level for ultrasound [5].
Pr = ηAE IAC SA

(2)

where Pr , IAC , SA represent the received power from the
ultrasound link, acoustic intensity and surface area of the
transducer, respectively. Additionally, ηAE defines the acoustoelectric efficiency. According to the study in [5], the power
transmission efficiency is very good in water. In order to obtain
Pr = 2 mW, 20 mW of source power is enough at 11 cm
distance. Unfortunately, ηAE is very low in the air and this
would require to transmit a power level that is perceived by the
animal. This power level disturbs the comfort of the animal.
The received power on a magnetically coupled coils is
defined in [6];
Pr = Pt

µ20 π 2 Nt2 Nr2 rt4 rr4 ω 2
16Rt Rr (rt2 + d2 )3

(3)

where µ0 is the permeability of free space. Pr , and Pt are
the received and the transmitted power levels. Ni , ri , Ri
represent the number of turns of the coils, the radius of the
coils, the resistance of the coils, respectively. d is distance
between the coils. For the same received power (2 mW),
20 mW transmitted power is needed at 10 cm distance for
magnetically coupled coils given in [6]. The studies in [7],
and [8] also show that the optimal choice is using magnetic
field transmission for short-range remotely powered systems.
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B. Data Communication
Even for this method there are possible problems associated
to the need of generating an almost uniform magnetic signal
in the area of freely moving animal. There are two possible
solutions. First, to use an array of coils, possibly acting by
detecting the position of the animal [9] or to use a single
coil whose position is servo-controlled. The study of the two
solution leads to the choice of the servo-controlled method
because it ensures an optimal uniform magnetic power.
III. S YSTEM D ESCRIPTION
Fig. 1 illustrates the overall view of the entire system. It
consists of an external unit and implanted unit. The external
unit has the powering coil which is controlled by servocontrolled rails to deliver optimum power to the implanted
unit. In addition, some commands are transmitted to setup
the sensors and the data is received by the external unit. The
implanted unit is a remotely powered multi-sensor system. The
unit has a 3-layer platform as shown in Fig. 1. On the top,
the sensors are placed to have a contact with the body. The
sensors are used to measure the glucose and the drug level
of the vicinity of the implanted system. Additionally, pH and
temperature of the same area is also needed to calibrate the
sensors. In order to activate the sensors and transmit the data,
electronic circuits are located in the middle layer. In addition,
a permanent magnet is also added to detect the place of the
implanted unit. In the bottom, the implanted coil is placed to
generate a supply from the available magnetic field. Fig. 2
shows the block diagram of both units.
A. Power Transmission
The power is transferred over an optimized inductive link
at 13.56 MHz which is specialized for inductive application
band. The power activates batteryless implanted system and
measures vital parameters in the body. The sizes of the powering and the implanted coils are 80x80 mm and 12x12 mm
respectively. The minimum distance between the powering coil
and the implanted coil is 30 mm when two coils are concentric.

The data collected from sensors are transmitted by an
integrated transmitter to the external unit at 869 MHz. This
band is an ISM band for data communications. This high
frequency band is chosen for the high data rate communication
and not to create interference between the powering and
communication channels. In addition, the data is received by
a custom designed receiver at the external side. In order to
calibrate the sensors and establish the measurement, some
commands are transmitted together with power at the cost of a
limited reduction of power efficiency [10]. The commands are
received by an Amplitude Shift Keying (ASK) demodulator.
IV. B UILDING B LOCKS
The system described in the previous section includes some
relevant building blocks. They are described in more details
in the following section.
A. Magnetic Power Transmitter
Fig. 3 shows the simple scheme used for the power transmission. The power is transferred via magnetically coupled
coils L2 , and L3 . The capacitors C2 , and C3 are also used
to tune the coils to same operation frequency (13.56 MHz)
to increase the power efficiency. The scheme includes a sine
wave generator followed by a class-E power amplifier. L1 is
a RF-choke inductor to bias the transistor and C1 is a shuntcapacitor to sustain the current for the inductive link. The
values of L1 and C1 are optimized for maximizing power
transmission efficiency. The sine wave signal is amplified
by this amplifier and the magnetic field is generated on the
powering coil.
The supply voltage of the amplifier (Vsup ) is controlled by a
power feedback control. When the power at the implanted unit
is insufficient, the Power Feedback Data (PFD) is transmitted
as “0” which increases the Vsup voltage by charging the Csup
capacitor and as well as the transmitted power level. On the
contrary, if the power level at the implanted unit is high, the
PFD is transmitted as “1” and the Vsup voltage decreases.
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B. Magnetic Power Receiver
This block [11] is made by an implanted coil, a full-wave
rectifier, and a voltage regulator as illustrated in Fig. 2. The
generated magnetic field induces the current on the implanted
coil. The passive full-wave rectifier charges a storage capacitor
which is also used to provide supply voltage (Vrect ) to the
implanted system when the wireless power transmission is
interrupted. The high-speed voltage regulator suppresses the
ripples on Vrect voltage and generates a clean and stable
supply voltage (Vreg ) for the sensor system. The power level
at the implanted unit is controlled by following Vrect voltage
and it is compared to a reference voltage and the PFD is
transmitted to the external unit to adjust Vsup voltage of the
amplifier.
C. Data Transmitters
The measurement data is transmitted with on-off keying
(OOK) modulated signals by an integrated low-power transmitter as shown in Fig. 2. The transmitter is made by a freerunning LC oscillator which is composed of two NMOS and
two PMOS cross-coupled transistors. The external inductance
of LC tank is also used as a transmitter antenna which allows
short-range communication without using extra components.
The commands are transmitted from the external unit to the
implanted unit by modulating the amplitude of the powering
signal.
D. Data Receivers
In order to reduce the overall power consumption of the
implanted unit the data is transferred by a low-power transmitter. However, the free-running oscillator has a large frequency
deviation. Therefore, a custom design receiver is needed. The
receiver is designed in order to operate under the frequency
shift of the transmitter. The commands are received by an
integrated ASK demodulator in the implanted unit.
E. Servo Control of External Powering Coil
The power transmission efficiency changes drastically when
the implanted coil moves from the center to the edges of the
powering coil. Moreover, the power transmission stops when
the implanted coil stays on the edge of the powering coil.
Therefore, an Intelligent Remote Powering (IR-Power) system
is needed to always deliver the power efficiently [12]. Fig. 4
shows the implementation of the IR-Power system for freely
moving animals.

Fig. 4.

Implementation of IR-Power system for freely moving animals

The IR-Power system has X and Y rails and the powering
coil is moved on the X and Y axes by using two rails. The
position of the animals is detected by a static magnetic field
of a permanent magnet implanted in the animal. A suitable
control algorithm determines the driving signal of the X and
Y rails. The key of the algorithm is to ensure a high alignment
accuracy of 1.5 cm as verified by the experimental results
presented in next section.
The permanent magnet is detected by the magnetic field
sensors as illustrated in Fig. 1. The output voltage of magnetic
field sensor changes according to the available static magnetic
field strength. Assuming 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. However, the output of
the sensor S1 starts to decrease when the animal moves from
the point A to the point B. Additionally, the outputs of the
sensors S2 and S3 increase correspondingly. Accordingly,
the IR-Power system moves the powering coil to north-east
direction until the output of the sensor S1 is again maximized.
Therefore, the remote powering is achieved efficiently without
any interruption.
V. M EASUREMENT R ESULTS
The testbench of IR-Power system shown in Fig. 4 emulates
the real environment. The measurement of the power transmission efficiency of the inductive link leads to the result of Fig. 5.
The variable d is the distance between the centers of the two
coils. h is the gap between powering coil and implanted coil.
h accounts for the gap between moving coil, the wooded floor
of the living space, and the height of the implanted part in
the animal (2 mm). Its value is 3 cm. In addition, m is the
lateral misalignment of the implanted coil according to center
of the powering coil. The powering coil size is 8x8 cm and d
changes from 3 cm to 5 cm (when the implanted coil is on the
edge of the powering coil). The power transmission efficiency
of the inductive link decreases with distance and goes almost
to zero when d = 5 cm. Indeed, the IR-Power system, which
tracks the freely moving animal in the living space, has some
delay to place the powering coil under the animal. Although,
the maximum speed of the rails is higher than the animal, the
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IR-Power system has a delay to activate the mechanical part.
The delay gives rise to a maximum distance of d = 4.2 cm.
Moreover, the measurement quantifies the required range of
dynamic power-adaptation. It results from the accuracy of
coil alignment that, in the worst case leads to a maximum
value of d = 4.2 cm. For that value the harvested power drops
by 66% with respect to the perfect coil alignment. Since the
power transmission efficiency drops from 16.89% to 5.7%, the
dynamic power-adaptation must response accordingly to keep
the harvested power at the required 2 mW level.
Fig. 6 shows experimental results of dynamic poweradaptation technique. The dynamic power-adaptation is tested
by changing the coupling between the powering and the
implanted coils. When the coupling between the coils is
increased, Vrect voltage also increases. After Vrect exceeds
2.31 V, the comparator output changes to “1” as shown in
Fig. 6. The PFD = 1 means that the power in the implanted
unit is high, hence Vsup voltage reduces. On the contrary,
the comparator output gives to “0” when Vrect drops under
2.23 V and results with increase on Vsup voltage. Vrect voltage
has a hysteresis loop and the average is 2.27 V. Moreover,
Vreg is regulated supply voltage of the sensor system and
has an average value of 1.808 V. The PFD is transmitted by
the integrated transmitter to the custom designed receiver to
adjust Vsup voltage according to the implanted unit request as
illustrated in Fig. 6. Accordingly, the power drop due to the
IR-Power system is also compensated by the dynamic poweradaptation and the required power is received constantly.
VI. C ONCLUSION
This paper presents a batteryless remotely-powered implantable multi-sensor system and servo-controlled remote
powering system for freely moving laboratory animals. The
implanted system demands continuous 2 mW of received
power via the optimized inductive link. The powering coil
is moved with a suitable control algorithm by the IR-Power
system under the living space of the animal. Additionally, the
IR-Power system tracks the animal movements and records
the data. The harvested power level in the implanted system
is kept constant by the dynamic power-adaptation against
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misalignments of the powering coil and the freely moving
animal. The entire system and main blocks are fabricated in
0.18 um CMOS technology. The experimental results show
that Vrect voltage varies between 2.23 V and 2.31 V. Moreover,
the average of Vreg voltage is 1.808 V.
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