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A Tissue-Channel Transcutaneous Power Transfer
Technique for Implantable Devices
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Abstract—For implantable devices, miniaturization is a key de-
sign consideration, which facilitates keyhole surgery and relieves
the surgical pain. Wireless power transfer is a commonly used way
for implants, and a high power transfer efficiency (PTE) could
help to minimize or even remove the battery inside the human
body. Conventionally, the required power is delivered transcuta-
neously to a medical implant by inductive coupling or capacitive
coupling, but the PTE is extremely low when targeting at a very
small implant through a thick tissue layer. In this paper, we pro-
pose a new technique by utilizing the body tissue as the power
transfer channel, where a pair of medical electrodes are attached
on the body surface to supply power to a miniaturized implant
with a differential input. The PTE is remarkably improved by the
current loop through the body tissue without violating the IEEE
specific absorption rate standard. Measurement results show that
the tissue-channel technique achieves 0.39% PTE for a 1-mm-sized
implant locating 5 cm deep inside the tissue.

Index Terms—Implantable device, miniaturization, power
transfer efficiency (PTE), specific absorption rate (SAR), tissue
channel, transcutaneous power transfer.

I. INTRODUCTION

W IRELESS power transfer (WPT) is a conventional way
to deliver power to implanted devices. The use of tran-

scutaneous wires to power an implant causes discomfort to the
patient and increases the risk of infection, whereas the battery-
only solution leads to a large size of implant and requires a
surgical procedure for device insertion or replacement [1]. The
commonly used WPT methods are based on inductive coupling
or capacitive coupling [2]–[6]. The inductive coupling [2], [3],
[7]–[11] drives the transmitting (Tx) coil outside the human
body to power an implant with a receiving (Rx) coil, where
the energy is transferred wirelessly through the mutual coupling
between the two coils. The capacitive coupling WPT [5], [6]
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adopts two capacitors, where one plate of each capacitor is im-
planted into the body, and the power is transferred through the
two capacitors. The inductive/capacitive coupling WPT either
directly provides energy for the implant or charges the battery
to extend the lifespan.

The power transfer efficiency (PTE) of the conventional WPT
schemes is significantly limited by both the dimension and in-
sertion depth of the implant. For inductive coupling, the implant
should be implemented with a 2-D or 3-D Rx coil for power har-
vesting [12]–[15]. Targeting at a relative large implant coil of
4.5 mm × 4.5 mm [16], the inductive power link demonstrated
a 4.3% PTE at an insertion depth of 1.2 cm. Coil segmentation
with resonant capacitors was used to eliminate the dielectric
loss to improve the PTE to 75% [4], [17], while the insertion
depth of 10.7 cm was achieved by enlarging the implant coil to
be 5.3 cm in diameter. As the size of implant was reduced to
1 mm, a 2-D antenna in [14] showed a reduced PTE of 0.56% at
the same insertion depth as [16], while the PTE was increased to
0.93% at a depth of 3 cm by employing a 3-D antenna [15]. By
load optimization, the PTE reached 1.4% for a 1-mm implant
coil locating 1 cm below the skin [12]. However, the insertion
depths in all the reported works [12], [14]–[16] were limited to
less than 3 cm. Although the power transfer distance was ex-
tended to 5 cm for a 2 mm × 2 mm Rx antenna [13], it led to a
much lower PTE of 0.025%. To obtain a sufficient PTE beyond
5 cm, the implant had to include a large coil, e.g., 25 mm ×
10 mm in [2], 10 mm × 10 mm in [9] and [11], and 40-mm di-
ameter in [10]. Even worse, capacitive coupling [5], [18], [19] is
generally limited to subcutaneous devices at a millimeter-level
insertion depth. For example, [5] and [18] employed capacitive
coupling for 3- and 5-mm insertion depths, respectively. More-
over, the dimensions of implanted capacitor plates were much
larger, i.e., 200 and 380 mm2 , in [5] and [18]. Ultrasonic power
transfer can realize a higher PTE, but it needs a piezoelectric
sensor, which results in much higher cost [20]–[24].

In the applications of cardiac care or endoscopy, it is necessary
to deliver power to a tiny implant locating deeply inside the
body. For an insertion depth of 5 cm, the state-of-the-art WPT
systems achieve a maximal PTE of 0.025% for a 2 mm ×
2 mm implant [13]. In this paper, we propose a new power
transfer technique to improve the transcutaneous PTE. Instead of
conventional inductive-coupling and capacitive-coupling WPT
methods, the body tissue is utilized as the power transfer medium
without violating the specific absorption rate (SAR) standard.
A prototype is implemented by a 1-mm-sized implant inside a
block of pork, and the experiment results show the PTE can be
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Fig. 1. Tissue-channel power transfer.

remarkably improved by the proposed technique, compared to
the conventional capacitive coupling [5], [18], [19], inductive
coupling [2], [9]–[11], [13], and ultrasonic [20]–[24].

The rest of this paper is organized as follows. Section II
describes the theoretical analysis, and Section III displays the
experiment setup. The measured results are presented and ana-
lyzed in Section IV. Finally, the conclusion remarks are drawn
in Section V.

II. THEORETICAL ANALYSIS

The proposed transcutaneous power transfer technique is to
use the body tissue as the power-delivery channel to reduce
the transmission loss. As illustrated in Fig. 1, the implanted
device at the Rx side has a differential port in contact with the
internal body tissue. Outside the body, two medical electrodes
are attached on the body surface, driven by a differential Tx
power source. The positive Tx electrode on the body surface
injects a current into the body, which goes through the body
tissue and then flows into the positive electrode of the implant.
Subsequently, the current goes through the implant and gets out
from the negative Rx electrode and then returns to the negative
Tx electrode through the body tissue. This way, a current loop
is formed to deliver power from Tx electrodes to the implanted
Rx device. The Tx input is matched to 50 Ω by an L-matching
network, making it easy to be driven by any commercial 50-Ω
power source.

The current density in the body tissue is analyzed by electro-
magnetic (EM) simulation. A tissue block with a dimension of
27 cm × 9 cm × 6.3 cm, a skin layer of 0.5 cm, a fat layer of
0.8 cm, and a muscle layer of 5.0 cm is modeled by the HFSS
tool to study the current distribution. According to [25], we set
the dielectric properties of skin fat and muscle layer in the HFSS
environment. As simulated in Fig. 2, the current below the two
attached Tx electrodes shows the maximal density. In addition,
the current density in the fat layer is smaller than the muscle
layer, and the maximal density appears in the skin layer. There-
fore, the Rx device is implanted straightly below the Tx port, as
illustrated in Fig. 1.

The electric field generated by Tx electrodes with different
shapes is observed to study the impact to PTE. Three kinds
of Tx electrodes are adopted, i.e., circular, square, and triangle,
while the areas are kept to be the same to make a fair comparison.
The simulation results are shown in Fig. 3, indicating that the
shape of the Tx electrode has a little impact on the electric field
at the location of the Rx implant.

Fig. 2. Current distribution.

Fig. 3. Impact of electrode shapes: (a) Square, (b) round, and (c) triangle.
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Fig. 4. Experimental setup.

Fig. 5. Measured S-parameters.

The S-parameters of the Tx port and the Rx port are analyzed
by measurement. We pick up a piece of pork belly with the same
dimension and thickness as the model in the HFSS platform, and
the measurement is set up in Fig. 4. The two ports of the pork
tissue are corresponding to the two ports in Fig. 1, where port#1
is the Tx input on the body surface and port#2 is the Rx port
implanted in the tissue. The Agilent vector network analyzer
E5071C is used to measure all S-parameters of the two-port
network. A group of typical S-parameters are shown in Fig. 5
with a 5-cm insertion depth, a 2-cm separation distance between
the two differential Tx electrodes (named “Tx length”), and a
5-mm separation distance between the two Rx terminals (named
“Rx length”).

With the S-parameters of port#1 and port#2, the maximal
power gain can be calculated. The power delivered to the load
will reach the peak when the output impedance of port#2
matches conjugately with the load impedance. The maximal
power gain Gmax is defined as the ratio of available power at
the Rx port (port#2) over the injected power at the Tx port
(port#1) [26]:

Gmax =
V 2

pp

32Re(Z22)Pin
(1)

where Pin is the input power of port#1, Vpp is the open-circuit
voltage (peak to peak) of port#2, and Re(Z22) is the real part of
the port#2 impedance. The maximal power gain Gmax versus
the working frequency is plotted in Fig. 6, with an insertion
depth of 5 cm, a Tx length of 2 cm, and an Rx length of 5 mm.
It can be seen that Gmax is close to −22 dB for the frequency
below 20 MHz. This is consistent with the results in [27], which
showed more power is absorbed by the body tissue at a frequency
higher than 20 MHz.

Fig. 6. Maximal power gain versus frequency.

Fig. 7. (a) Z11 versus Tx length. (b) Z22 versus Rx length.

We investigate the influence of the Tx length and the Rx
length on the input/output impedance of the power transfer sys-
tem. Both the input impedance of port#1 (Z11) and the output
impedance of port#2 (Z22) can be obtained by the measured
S-parameters. As shown in Fig. 7, neither the Tx length nor
the Rx length has an obvious impact on Z11 and Z22 . This is
because both Z11 and Z22 are mainly dominated by the contact
impedance between the electrodes and the body tissue. The self-
resonance frequency of port#2 stays close to 13.9 MHz when
the Rx length changes from 1 to 50 mm, as shown in Fig. 8. The
real part of Z22 is about 310 Ω at the self-resonance frequency
of port#2, where Z11 is 360 + j70 Ω.

The power transfer system is reconfigured to study the chang-
ing of the maximal power gain Gmax versus the Rx length, the
Tx length, and the insertion depth. We sweep the Rx length from
0.1 to 5 cm, the TX length from 2 to 5 cm, and the insertion
depth from 1 to 5 cm to observe the maximal power gain curves
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Fig. 8. Self-resonance frequency versus Rx length.

Fig. 9. (a) Power gain versus Rx length. (b) Power gain versus Tx length.
(c) Power gain versus insertion depth.

in Fig. 9. At an insertion depth of 5 cm and a Tx length of
2 cm, Gmax initially rises with the increasing of the Rx length
and then goes down at an Rx length beyond 3 cm, as shown in
Fig. 9(a). Fig. 9(b) illustrates the decreasing of Gmax versus the
Tx length, with an insertion depth of 5 cm and an Rx length of
5 mm. This is because the electric field at the implant becomes
weaker as the two Tx electrodes move away from each other. At
a Tx length of 2 cm and an Rx length of 5 mm, Gmax decreases

Fig. 10. Relative angles between Tx port and Rx port.

Fig. 11. (a) Maximal power gain versus Tx–Rx angle. (b) Maximal power
gain versus Tx–Rx lateral shift.

as the insertion depth increases from 2 cm in Fig. 9(c). Note
that the efficiency at an insertion depth of 1 cm is even smaller
than the 2-cm-depth case due to the fat layer. Compared with
the muscle layer, the fat layer locates at 1 cm below the skin
surface, which has a much smaller electrical conductivity and a
much higher contact resistance with the Rx implant.

The relative angle between the Tx port and the Rx port is
analyzed in Fig. 10. With an insertion depth of 5 cm, a Tx length
of 2 cm, and an Rx length of 5 mm, the maximal power gain
versus the relative angle is plotted in Fig. 11(a), indicating that
the relative angle has a little impact on the maximal power gain.
In addition, the effect of the lateral shift is shown in Fig. 11(b),
where a larger lateral shift results in a smaller power gain.

III. EXPERIMENT SETUP

An experiment is set up to validate the PTE performance of
the proposed tissue-channel technique. The equivalent circuit
is shown in Fig. 12, where an L-shape matching is designed
to match the Tx port to 50 Ω, making it easy to be driven by
a 50-Ω standard power source. At the Rx side, the rectifier is
implemented by the diodes of SMS7630-079LF (SKYWORKS)
with a small parasitic capacitance of 0.3 pF [28]. A 500-Ω
resistor is adopted as the load of the rectifier, in parallel with
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Fig. 12. Equivalent circuit of proposed power transfer system.

Fig. 13. Rectifier input impedance versus signal amplitude.

Fig. 14. Optimization of operating frequency.

a decoupling capacitor of 10 nF. The PTE is defined by the dc
power achieved at the Rx load over the power generated by the
power source.

The operation frequency is optimized for the maximal PTE.
The input impedance of the rectifier is simulated in Fig. 13,
where the reactance part turns to be very small at an input
amplitude larger than 0.3 V due to the diodes. According to
the equivalent circuit in Fig. 12, the output power of the signal
source is set to 20 dBm, while the L and C in the matching
network are adjusted for different frequencies to conjugately
match the input impedance (Z11) of the tissue in Fig. 7(a). The
harvested dc power of the rectifier is simulated by using the
Harmonic-Balance tool in Cadence. As a result, the PTE at
different frequencies is obtained by the harvested dc power over
the 20-dBm source power, as shown in Fig. 14. It can be seen
that the PTE reaches the peak value at 13.9 MHz.

The SAR must be considered to ensure the safety of the
human exposed to RF EM fields. The peak spatial average SAR
value is 2 W/kg for uncontrolled environments according to
IEEE Standard C95.1-2005 [29], as shown in Table I. A specific

current limit is also presented in [29] for the devices in contact
with human body, where the current limit is 16.7 mA time-
averaged over either 6 or 30 min [29]. In our case, the input
impedance of port#1 is 360 + j70 Ω at 13.9 MHz, which results
in 20-dBm power with an input current of 16.7 mA. Considering
the loss of the L-shape matching network, a 13.9-MHz 20-dBm
sinusoidal signal can be adopted to drive the Tx port, which is
safe for the body tissue.

A three-layer tissue model with a 0.5-cm skin layer, a 0.8-cm
fat layer, and a 5.0-cm muscle layer is established by the CST
tool to simulate the average SAR over a 10-g tissue, as shown in
Fig. 15. With an input current of 16.7 mA at 13.9 MHz, the SAR
is below 0.861 W/kg, which is 43% of the 2-W/kg SAR limit.
If only a small part of the electrode is conducting, the contact
resistance will increase. As the output power of the Tx source
is fixed, the input current will decrease with the increasing of
the contact resistance, which keeps the SAR below the standard
limit. This way, we can make sure that the 13.9-MHz 20-dBm
input Tx power will not be harmful to the human body.

IV. MEASUREMENT RESULTS

The proposed technique is validated by the prototype shown
in Fig. 16. The rectifier is implemented on a printed circuit board
(PCB), where two metal lines serve as the differential port of
Rx (port#2). A 13.9-MHz sinusoidal power signal is fed to
the input of the L-shape matching network by Agilent E4438C
signal generator (50-Ω output resistance), and a VC9801A+
digital multimeter is used to measure the dc voltage (power)
harvested at the output of the Rx rectifier.

The harvested dc voltage at the Rx side is measured for dif-
ferent Rx lengths, Tx lengths, and insertion depths, as shown
in Fig 17. For different Rx lengths, the insertion depth and the
Tx length are fixed to 5 and 2 cm, respectively. As shown in
Fig 17(a), the peak value of the output voltage is achieved at an
Rx length of 5 mm, which is close to 0.505 V. This is because
the Tx electrodes with a 2-cm separation distance generate the
maximal current density in the 5-mm zone of the Rx location.
Even if the Rx length is reduced to 1 mm, we can still harvest a
dc voltage of 0.44 V.

The relationship between the harvested dc voltage and the
Tx length is also studied by measurement in Fig 17(b). With an
Rx length of 5 mm and an insertion depth of 5 cm, a larger Tx
length generates a weaker electric field in the tissue, leading to
a smaller harvested dc voltage.

The harvested dc output voltage is measured for different
insertion depths, as illustrated in Fig. 17(c). With an Rx length
of 5 mm and a Tx length of 2 cm, the harvested dc voltage
reaches the peak (0.64 V) at an insertion depth of 2 cm. These
measured results are consistent with the results calculated by
S-parameters in Fig. 9.

The maximal power delivery is limited by the SAR standard.
According to the result in Fig. 15, the SAR is 0.861 W/kg
corresponding to an output power of 0.51 mW at an Rx length
of 5 mm, a Tx length of 2 cm, and an insertion depth of 5 cm
as shown in Fig. 18. So, the maximum power will be 1.18 mW
when the SAR reaches the standard value of 2 W/kg.
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TABLE I
SAR LIMITS FOR FREQUENCIES BETWEEN 100 KHZ AND 3 GHZ [29]

Action level Persons in controlled
SARa (W/kg) environments SARa (W/kg)

Whole-body exposure Whole-body average 0.08 0.4
Localized exposure Localized (peak spatial average) 2 10
Localized exposure Extremities and pinnae 4 20

aAverage value over any 10-g part of the tissue (defined as a tissue volume in the shape of a cube).

Fig. 15. SAR simulation.

Fig. 16. (a) Tx driver and Rx circuit. (b) Rx PCBs with different Rx lengths.

The influence of the Tx electrodes’ shapes is studied by mea-
surement. We use copper electrodes in different shapes to study
the impact on the PTE, as shown in Fig. 20. To make a fair com-
parison, all the Tx electrodes are designed to be with the same
area. We set up the prototype with typical parameters, i.e., an
Rx length of 5 mm, a Tx length of 2 cm, and an insertion depth
of 5 cm. Measured results show that the PTE is 0.44%, 0.45%,
and 0.44% for circular, square, and triangle, respectively.

The harvested dc voltage is also measured versus the different
relative angles and lateral shift between the Tx port and the Rx

Fig. 17. (a) Harvested DC voltage versus Rx length. (b) Harvested DC voltage
versus Tx length. (c) Harvested DC voltage versus insertion depth.
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Fig. 18. (a) Harvested power versus Rx length. (b) Harvested power versus
Tx length. (c) Harvested power versus insertion depth.

port, as shown in Fig. 21(a) and (b). At an insertion depth of
5 cm, a Tx length of 2 cm, and an Rx length of 5 mm, the result
matches well with Fig. 11. The relative angle induces a little
impact on the PTE, while a lateral shift results in a lower PTE.

The harvested dc voltage versus the apart distance between
Rx electrodes and the tissue is shown in Fig. 21(c). The mea-
surement is carried out with an Rx length of 5 mm, a Tx length
of 2 cm, and an insertion depth of 5 cm. The harvested dc volt-
age in the noncontact case (apart distance >0) is much smaller
than that of the in-contact case (apart distance = 0). As a result,
the power transfer is mainly conducted by the tissue channel
instead of the capacitive coupling.

Table II summarizes the performance of the proposed tech-
nique in comparison to other related works. The proposed tech-
nique shows an improved PTE with the smallest implant at an
insertion depth of 5 cm. The figure of merit (FoM) in [30] only
included the surface area of implant without the Tx size. In
our case, the Tx electrodes are commercial ECG electrodes,
whereas the Rx electrodes are two metal tips in contact with the

Fig. 19. (a) PTE versus Rx length. (b) PTE versus Tx length. (c) PTE versus
insertion depth.

Fig. 20. Different shapes of Tx electrodes.

internal tissue. The cross section of the metal tips affects the
contact impedance, while the metal length does not affect the
PTE. Considering that the implant size is more important than
the Tx size, we set the index of the Rx size to be two times of
the Tx size. So, the FoM is defined as

FoM =
d2 × PTE

Rx Size2/3 × Tx Size1/3 . (2)

In our designs, the Rx implant is about 0.3 mm × 1.3 mm,
where the diameter of metal tips is as small as 0.3 mm. It can be
seen that the proposed technique achieves the second best FoM
among the state-of-the-art works. Compared to the 5-cm-range
power transfer in [2] and [13], our system achieves a >2 times
higher PTE, although the implanted device is much smaller.
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TABLE II
PERFORMANCE COMPARISON

References Rx size Tx size Insertion Frequency PTE Method Medium FoM CMOS
depth compatible

[5], 2016 10 × 20 mm2 40 × 40 mm2 0.3 cm 402 MHz 35% Capacitive Tissue 0.0079 Y
[18], 2013 380 mm2 380 mm2 0.5 cm 402 MHz 67% Capacitive Gel 0.044 Y
[19], 2014 50 mm2 50 mm2 0.9 cm 5 MHz 3.13% Capacitive Tissue 0.051 Y
[12], 2016 1-mm diameter 28-mm diameter 1 cm 20 MHz 1.4% Inductive Tissue 0.19 Y
[14], 2016 1-mm diameter 6-mm diameter 1.2 cm 200 MHz 0.56% Inductive Tissue 0.31 Y
[16], 2013 4.5 × 4.5 mm2 20 × 20 mm2 1.2 cm 6.5 MHz 4.3% Inductive Tissue 0.11 Y
[15], 2013 1 mm3 N/A 3 cm 400 MHz 0.93% Inductive Tissue N/A Y
[24], 2017 1.1-mm diameter 15.9-mm diameter 3 cm 1.1 MHz 0.65% Ultrasonic Oil 1.04 N
[31], 2015 1 mm 2 12.7-mm diameter 3 cm 1 MHz N/A Ultrasonic Tissue N/A N
[32], 2015 0.127 × 0.127 mm2 6.35-mm diameter 3 cm 5 MHz 0.002% Ultrasonic Water 0.09 N
[13], 2012 2 × 2 mm2 40 × 40 mm2 5 cm 1.86 GHz 0.025% Inductive Water 0.021 Y
[2], 2013 25 × 10 mm2 67 × 27 mm2 5 cm 13.56 MHz 0.16% Inductive Tissue 0.008 Y
[23], 2015 5 mm 2 20-mm diameter 20 cm 2.3 MHz 0.4% Ultrasonic Water 8.05 N
This work 0.3 × 1.3 mm2 8 × 28 mm2 5 cm 13.9 MHz 0.39% Tissue-channel Tissue 3.01 Y

Fig. 21. (a) PTE versus Tx–Rx relative angle. (b) PTE versus Tx–Rx lateral
shift. (c) Harvested DC voltage versus apart distance.

V. CONCLUSION

A new power transfer technique is proposed to replace
the conventional inductive/capacitive WPT in transcutaneous
power-delivery applications. The proposed technique utilizes

the body tissue as the power transmission medium to improve
the PTE without violating the IEEE SAR standard, especially
when targeting at a miniaturized implanted device deeply inside
the body. The measurement result shows that a PTE of 0.39%
can be achieved for a 0.3 mm × 1.3 mm implant locating at
a 5-cm insertion depth inside the pork tissue. Compared with
the reported 5-cm-range power transfer systems, the proposed
technique achieves a PTE of >2 times higher even though the
implant is much smaller.

The drawback of the proposed method is that the implants
should be in contact with the tissue, limiting the application
scope. In addition, encapsulation of the implant could be a dif-
ficulty, which will be studied in our future work.
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