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Abstract—Capacitive coupling intra-body power transfer (CC-
IBPT) is a promising technique for powering implantable medical
devices (IMDs) due to its flexible transmitter (TX) placement.
However, several frequency-dependent capacitive impedances in-
crease the path loss. Traditional methods have only compensated
for partial path loss at the initially measured optimal frequency,
which limits power transfer efficiency (PTE) enhancement. To
address this issue, this article investigates the effect of full-band
loss compensation (FBLC) on the transmission characteristics,
both through theoretical analysis and implantation experiments to
achieve maximum PTE at a system level. In the vector network
analyzer-based simulation and measurement, FBLC achieves a
higher path gain of 6.6 dB than conventional methods. Further-
more, we establish an implantable CC-IBPT prototype system to
demonstrate the effects of FBLC on end-to-end power gain and
PTE enhancement. The measured results indicate that with a 1
mm2 square electrode implanted 4.6 cm deep in the pork tissue and
positioned 15 cm away from the TX electrode, FBLC enhances PTE
to 2.06%, an improvement of 3.55 times compared to 0.58% using
conventional methods. This work demonstrates that FBLC achieves
a higher PTE than traditional methods and validates the capability
of CC-IBPT to achieve a relatively elevated PTE in long-distance
wireless power supplies for IMDs.

Index Terms—Capacitive coupled intra-body power transfer
(CC-IBPT), full-band loss compensation (FBLC), implantable
medical devices (IMDs).

I. INTRODUCTION

IMPLANTABLE medical devices (IMDs) are widespread for
patient treatment and recovery, such as neural stimulators [1],

cardiac pacemakers [2], and retinal prosthesis [3]. However,
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Fig. 1. Block diagram of the implantable CC-IBPT system.

the long-term power supply for IMDs remains a fundamental
challenge. Compared to the battery-powered method, wireless
power transfer (WPT) eliminates the need for frequent surgi-
cal operations and holds great potential to enable long-term
implantation of miniaturized IMDs [4], [5]. The commonly
used WPT techniques have unique features and advantages,
such as superior power transfer efficiency (PTE) in near-field
inductive coupling [6], [7], high delivered power in capacitive
coupling [8], [9] and extended transfer distance in ultrasonic,
mid-field, or far-field technologies [10], [11], [12]. However,
strict device alignment and restricted transmission range will
hinder the free activities of users.

Recently, the intra-body power transfer (IBPT) technology,
which uses biological tissue as the medium has been investigated
to power implantable bioelectronics. According to the funda-
mental theory, the IBPT technique can be categorized into two
types, i.e., Galvanic coupled IBPT (GC-IBPT) and Capacitive
coupled IBPT (CC-IBPT). In GC-IBPT, the power is delivered
in the form of a loop current through two pairs of transmitter
and receiver electrodes in contact with body tissue [13], [14].
However, the injection of a large current can be harmful to the
human body, thus, the transmitter’s location is limited to a close
range of the implant in order to ensure enough power levels are
received. In the case of CC-IBPT, there is no direct current loop
to ensure human safety. The conceptual block diagram of CC-
IBPT powering implantable devices is illustrated in Fig. 1. Only
transmitter and receiver signal electrodes (TXSE andRXSE) are
in contact with body tissue, forming the conductive forward body
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path. The backward path is established via capacitive coupling
between the earth ground and ground electrodes of TX and
RX (TXGE and RXGE), which are insulated from bio-tissue.
In this way, the TX electrode can be placed anywhere on the
body surface and the RX electrode is implanted within tissue
to power IMDs like brain–machine interface. Consequently,
CC-IBPT provides users greater freedom of movement without
the need for device alignment, and the transmission range can
be expanded to cover the entire body.

To further enhance the end-to-end PTE of the CC-IBPT
system, path loss compensation is required. Path loss refers
to the power consumed along the transmission path from the
transmitter to the receiver front-end, which is composed of
forward path transmission loss and dual port capacitive loss.
Due to the higher conductivity of body tissue compared to
air, the forward path transmission loss is relatively low. The
dual port capacitive loss represents the port return loss of the
two-port network between TX and RX electrode positions,
which is primarily caused by large electrode-related and forward
network ports’ capacitive impedance. Several studies have been
conducted to reduce the path loss of CC-IBPT. For instance, the
proposed CC-IBPT system in [15] inserts a series inductor at the
transmitter’s output port to resonate with the backward coupling
capacitance. In addition, the effect of capacitive impedance is re-
duced by increasing the transmitted voltage through impedance
matching [16]. However, these works lack a comprehensive
analysis of the entire path loss and only compensate for a
portion of the dual port capacitive loss. Furthermore, the loss
compensation is only performed at the originally measured
optimal frequency, which cannot guarantee that the enhanced
PTE reaches its maximum value. Since the dual port capacitive
loss is frequency-dependent, it is possible to achieve a higher
PTE by compensating for the loss at other frequency points.
Therefore, existing loss compensation methods have limitations
in further increasing the PTE of CC-IBPT.

In this article, we present an investigation of implantable CC-
IBPT based on full-band loss compensation (FBLC) to achieve
maximum end-to-end efficiency at a system level. Initially, we
develop a lumped circuit model to analyze the factors that
influence the total path loss and the impact of FBLC on the
frequency characteristics of enhanced power gain. Then, we
use a vector network analyzer (VNA) to measure CC-IBPT’s
transmission characteristics and confirm FBLC’s enhancement
effect on the path gain. In addition, a prototype system is built
to assess the wireless power supply performance of implantable
CC-IBPT in scenarios where the user can move freely, based
on which the enhanced end-to-end PTE achieved by FBLC is
validated. This can help identify the optimal operating frequency
and then provide guidance for the practical system design and
optimization to achieve high efficiency.

The rest of this article is organized as follows. In Section II,
we conduct a theoretical analysis of the coupling mechanism
and FBLC using the CC-IBPT model. Section III verifies the
effectiveness of FBLC in improving path gain through a VNA.
In Section IV, we present experimental results and comparisons
of power gain in an implantable CC-IBPT prototype system with
and without FBLC. Finally, Section V concludes this article.

Fig. 2. Basic coupling mechanism scheme of CC-IBPT.

II. THEORETICAL ANALYSIS

A. System Model of CC-IBPT

The basic coupling mechanism of CC-IBPT is depicted in
Fig. 2. The conductive forward path can be perceived as a series
of several π circuits, which encompasses the RC network of
biological tissue and leakage capacitanceCleak between the body
and the earth ground. The backward capacitive coupling exists at
both the transmitter (TX) and receiver (RX) sides. As described
in [17], the backward path capacitance Crback coupled from the
implanted RX to the ground plane is a series connection of body
capacitance, which implies the leakage capacitance Cleak here,
and the parasitic capacitance Cimp which is coupled between
RXGE and the surrounding body tissue. Moreover, the RX
backward path impedance is dominated by Cimp. The backward
path from the earth ground to the ground electrode of TX is
established through their direct coupling capacitance, as denoted
as Ctback. In addition, the usage of the electrode introduces
additional capacitive impedances, including the self-coupling
capacitance of TX and RX electrodes, which are represented by
Ctx andCrx respectively. The contact impedances represented by
Zct1 and Zct2 are also considered, which signify the interface
properties between the TX and RX signal electrode and the
bio-tissue, respectively.

To facilitate path gain analysis, we built a circuit model of
the implantable CC-IBPT system. First, the forward path is
depicted as a two-port network to express body transmission
properties. The conventional models for the body channel pri-
marily consist of analytical models [18], finite element method
(FEM) models [19], and circuit models [15], [17], [20], [21]. The
equation-based analytical models make it hard to consider indi-
vidual differences and adapt to the implantable CC-IBPT [18].
FEM models require long simulation times and repeated sim-
ulations for complex and diverse subjects [19]. As for circuit
models, previous studies have simplified the forward path as
a parallel circuit combination of R and C, treating the body as
one node [15], [17]. However, this simplification is only suitable
for low-frequency transmission scenarios (below 10 MHz with
whole-body). The aforementioned models generally encounter
limitations in their ability to adapt to diverse scenarios. The
selected two-port network-based circuit model can incorporate
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Fig. 3. Diagram of the forward network with Z-parameters.

Fig. 4. Equivalent circuit of a general CC-IBPT system. (a) Established with
a forward network. (b) Simplified with two parts. (c) Observed at the RX side.

various body channel properties including physiological charac-
teristics, frequency-dependent dielectric properties, individual
variations, etc., thus encapsulating the transmission characteris-
tics comprehensively [20], [21]. The forward network diagram
is shown in Fig. 3. The input (output) port 1-1’ (2-2’) is located
between the tissue position of TXSE (RXSE) and the earth
ground. The symbols I1 (I2) and U1 (U2) represent the current
and voltage at the 1-1’ (2-2’) port, respectively. An impedance
matrix denoted as ZF is employed to characterize the forward
transmission properties, defined as follows:[

U1

U2

]
=

[
Z11 Z12

Z21 Z22

] [
I1
I2

]
. (1)

Based on the two-port network of the forward path, the overall
equivalent circuit model of the implantable CC-IBPT system
can be built, as presented in Fig. 4(a). The circuit includes a TX
power source, an equivalent RX termination, a forward network,
and the major parasitic impedances mentioned earlier. The other

circuit components associated with the electrodes connect the
forward network with the power source and RX termination. The
symbols of IFin and IFout denote the actual current flowing into
and out of the forward network, respectively. Zin, ZFin, ZFout,
and Zout shown in Fig. 4(a) represent the input impedance of
the remaining circuit as viewed from the indicated position. The
circuit between the TX electrode and the RX electrode is referred
to as a body-electrode network in this article for presentation
purposes.

B. Path Gain Analysis

In a CC-IBPT system, the path gain is among the most
significant performance factors. To provide a more intuitive
analysis of the path gain (Gp) of the primary CC-IBPT sys-
tem in Fig. 4(a), we derive a mathematical formula for Gp.
In practical measurements, the TX port reflection coefficient
S11 is minimally affected by the existence of the RX electrode
(similarly for the RX port). Consequently, we divide the system
circuit into two parts at the forward network position, as depicted
in Fig. 4(b). The left circuit of the forward network can be
analyzed independently, and its characteristics are then reflected
into the right circuit through theZ21 parameter. In the left circuit,
the current flowing into the forward network IFin is expressed
using (2). Here, the input impedance of forward network ZFin

approximately equals Z11. In addition, for ease of validating
path gain through experimentation, the source impedance Zs

and the input impedance of RX termination ZIN_RX are set to
match the typical input impedance of the VNA, which is 50 Ω.
As a result,Zs is negligible when compared toZin, which allows
for further simplification of IFin according to

IFin =
Zin

Zin + Zs
× Vs

ZFin + Zct1 + Ztback

≈ Vs

Z11 + Zct1 + Ztback
. (2)

Upon analyzing the left circuit of the forward network, the
complex model illustrated in Fig. 4(b) can be simplified to the
configuration displayed in Fig. 4(c). V2 denotes the open-circuit
voltage at the output port of the forward network and can be
expressed as the product of IFin and Z21. The output impedance
of the forward network ZFout is the series impedance, which
is approximately equal to Z22. The expression of RX voltage,
VIN_RX, is given in (3), where IFout represents the current flowing
out of the forward network andZrx denotes the impedance ofCrx.
SinceZIN_RX is set to 50Ω, the parallel impedance ofZIN_RX and
Zrx is determined by ZIN_RX and is negligible when compared to
the sum of other series impedances in the circuit. Thus, VIN_RX is
further simplified. Subsequently, the path gain of the CC-IBPT’s
system can be derived in (4), by combining (2) and (3)

|VIN_RX| = |IFout × (Zrx//ZIN_RX)|

=

∣∣∣∣∣ V2 × Zrx//ZIN_RX

Z22 + Zct2 + Zrback + Zrx//ZIN_RX

∣∣∣∣∣
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≈
∣∣∣∣∣IFin × Z21 × ZIN_RX

Z22 + Zct2 + Zrback

∣∣∣∣∣ (3)

Gp=

(∣∣∣∣∣ 2

Z22 + Zct2 + Zrback

∣∣∣∣∣×
∣∣∣∣∣ Z21 × ZIN_RX

Z11 + Zct1 + Ztback

∣∣∣∣∣
)2

.

(4)

The analysis of the path loss for the CC-IBPT system can be
based on (4). The path loss is categorized into two types, i.e.,
forward path transmission loss and dual port capacitive loss.
First, Z21 determines the forward path transmission loss, which
is influenced by human body properties and transmission path.
On the other hand, dual port capacitive loss refers to the power
lost at both ports of the body-electrode network, which includes
forward network port loss, contact loss, and backward path loss.
The forward network port loss occurs due to the capacitive
component presented in Z11 and Z22 that restrain active power
transfer. In addition, contact loss occurs at the interface between
the signal electrode and biological tissue. The electrode–tissue
contact impedance (Zct1 and Zct2) can be modeled as a parallel
connection of a constant resistance and a capacitance [22]. It
is mainly dominated by the electrode–body contact tightness
and ensuring tight contact can reduce the loss to a minimum
level. Furthermore, the remaining power loss is contributed by
the backward coupling capacitance (Ztback and Zrback), which
is affected by ground electrode size and human body shielding
in the backward path. Although the specific value may vary
under different experimental conditions, the components of
Gp exhibit capacitive characteristics. Hence, the transmission
frequency significantly impacts Gp, while its overall frequency
trend remains consistent under various scenarios.

A quantitative analysis is performed to observe the frequency
characteristics of Gp based on (4). It can be seen that the
impedance Z21 results in a decline of Gp as the frequency in-
creases. However, the product of the two capacitive impedances
in the denominator decreases at a faster rate with frequency.
ZIN_RX remains a constant value of 50 Ω. Therefore, Gp exhibits
an upward trend as the frequency increases, while the rate of
increase falls until Gp reaches its peak at an optimal frequency
fp.

C. Full-Band Loss Compensation

The loss compensation method is studied to enhance the path
gain of CC-IBPT. The above theoretical analysis indicates that
the forward path transmission loss remains unchanged in a given
scenario, while the port capacitive loss can be compensated at
both TX and RX sides. On the TX side, increasing the current
flowing into the forward network (IFin) can enhance V2 and
further improve the path gain. It can be observed from (2) that IFin

is primarily limited by the capacitive components presented in
Z11, Zct1, and Ztback. However, this limitation can be eliminated
by adding an L-matching circuit between the transmitter and
TX electrode, which ensures that IFin is solely influenced by
the active resistance in Zct1 and Z11. Consequently, the TX
port capacitive loss can be compensated. When the available
active power is obtained at the input port of the body–electrode

network, the flow-in current IFin reaches its maximum. Similarly,
at the RX side, the maximum VIN_RXmax can be achieved when all
available power is transferred to the RX termination by conduct-
ing conjugate impedance matching between the RX electrode
and RX termination. Unless specifically requested otherwise,
FBLC is conducted at both the TX and RX sides to minimize
the capacitive loss.

To achieve the highest path gain of CC-IBPT over the entire
frequency band, the enhanced path gain is analyzed. By applying
the maximum power transfer theorem, the maximum flow-in
current IFinmax is derived in (5). Since the self-capacitance of
RX electrode Crx in parallel with the RX termination con-
sumes no active energy, the maximum power obtained at the
RX electrode front-end is the same as that obtained by the
RX termination. Thus, the maximum RX termination voltage
VIN_RXmax can be derived by considering the real part impedance
of the body–electrode network as viewed from the RX electrode
front-end, as shown in (6). These values are then utilized to
obtain a mathematical expression for the maximum path gain,
as shown in (7). Compared Go with Gp, it can be observed that
loss compensation has a significant impact on the properties
of the enhanced path gain. First, the compensation for the loss
caused by both electrode-associated and forward network ports’
capacitive impedances results in the maximum available power
transferred to the RX termination. Second, the frequency charac-
teristics no longer emerge as an overall upward trend. Although
all components in (7) decrease with frequency, the numerator
and denominator obtain the same order, and Z21 includes an
additional capacitive impedance. Thus, the enhanced path gain
Go reflects more properties of Z21 and the peak point fo will
shift to a lower frequency than fp where Z21 begin to dominate
the declining trend

IFinmax =
Vs

2
√
Zs ×Re(Zct1 + Z11)

(5)

VIN_RXmax =
IFinmax × Z21

2
×
√

ZIN_RX

Re(Zct2 + Z22)
(6)

Go =

∣∣∣∣∣ Z2
21

4Re(Zct1 + Z11)×Re(Zct2 + Z22)

∣∣∣∣∣. (7)

D. End-to-end PTE Analysis

In a wireless power supply system, the end-to-end PTE plays
a significant role in evaluating wireless performance. PTE is
defined as the percentage ratio of the power received by the load
(RX load power)PL to the transmitted power (TX source power)
PS . As depicted in Fig. 5, a CC-IBPT RX (ac–dc converter) is
commonly utilized to output dc power to the load RL. The input
impedance of the CC-IBPT RX corresponds to the RX termina-
tion impedance ZIN_RX shown in Fig. 4(a). Since the maximum
power received by RX with FBLC PIN_RXmax is independent of
ZIN_RX, the end-to-end PTE can be expressed by the products
of maximum path gain Go and the ac–dc conversion efficiency
ηac–dc, as derived in (8). The positive correlation between ac–dc
conversion efficiency and the RX input power suggests that
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Fig. 5. Equivalent circuit at the receiver with FBLC.

Fig. 6. (a) Electrode and L-matching circuit used in the experiment.
(b) Diagram of the electrode.

the frequency characteristics trend of PTE largely keeps with
the maximum path gain Go, where the lower frequency band
behaves better. Furthermore, to align the expression format with
the path gain measured by VNA, PTE can also be represented
in decibel (dB) form as the power gain Gload indicated in (9)

PTE(FBLC) =
PL

PS
× 100% = Go × ηac–dc

=

∣∣∣∣∣ Z2
21

4Re(Zct1 + Z11)× Re(Zct2 + Z22)

∣∣∣∣∣
× V 2

rl

PIN_RXmax ×RL
× 100% (8)

Gload = 10 lg
PL

PS
. (9)

III. VERIFICATION OF PATH GAIN ENHANCEMENT

A. VNA-Based Measurement Setup

In consideration of both convenient and effective experimen-
tal verification, a specialized electrode and L-matching circuit
are implemented. Fig. 6 displays the copper electrodes of TX
and RX, which are designed based on the electrode configura-
tion proposed in [23]. They are implemented in a double-layer
printed-circuit-board (PCB) fabricated with 1.6 mm thick FR-4
material. The bare copper layer serves as the signal electrode in
contact with the bio-tissue, while the other copper layer coated
by an insulating layer is utilized as the ground electrode. In
addition, the L-matching circuit is integrated with the electrode.
To perform tunable impedance matching throughout a wide
frequency range and to accomplish the compensation exper-
iment conveniently, several discrete inductors and capacitors
controlled by the jumper cap are used to form the L-matching
network. Although the size of the L-matching circuit used in

Fig. 7. Measurement setup for path gain.

our experiment is large, the backward path is not affected since
the actual ground electrode size remains unchanged with the
matching circuit being not designed with PCB Ground Plane.
Therefore, the results of this verification experiment are still
valid in the case of using a miniaturized L-matching circuit in
the actual application.

To quickly obtain the path characteristics versus frequency,
the S parameters of the body–electrode network are measured
using a Keysight E5071C VNA, as displayed in Fig. 7. The
experiment is carried out on a piece of pork with the dimension
of 24 cm × 11 cm × 7.6 cm at room temperature. And the pork
is positioned at a height of 70 cm from the earth ground. The
pork is composed of three tissue layers including skin, fat, and
muscle, with respective thicknesses of 0.1 cm, 2.5 cm, and 5 cm.
A 3 cm × 3 cm TX electrode is affixed to the skin surface of
the pork, while a square RX electrode with a length of 1 mm
is implanted in the muscle layer at an insertion depth of 4.6 cm
from the skin surface of the pork.

The lateral distance between the centers of TX and RX
electrodes is maintained at 15 cm. To facilitate parameter ad-
justments for the L-matching circuit across multiple frequencies,
the adjustable L-matching circuit is not implanted along with the
RX electrode in this verification experiment. However, once the
carrier frequency is determined in the actual application, a fixed
miniaturized L-matching circuit can be implanted into bio-tissue
along with the RX electrode. The VNA’s frequency range is
configured to span 1–60 MHz to encompass the transmission
frequency adopted in previous related works [15], [16], [24].
In addition, the VNA’s output power is set to 0 dBm. As illus-
trated in Section II-A, the backward path is formed by ground
electrodes, so the isolation between the instrument ground and
ground electrode has to be taken into account. To prevent a
direct connection of the TX and RX ground electrodes through
the common power line, a pair of baluns (FTB-1-1 from Mini-
Circuits) is adopted to isolate them from the earth ground. The
utilized balun operates within the frequency range of 0.2–500
MHz [25]. It has a smaller interwinding capacitance, which can
reduce parasitic effects. The balun is directly fixed to the VNA to
get rid of long cables. A total of 50 Ω-matched coaxial cable and
SMA connector are employed to complete the connection. The
cable length is kept as short as possible to prevent undesired
attenuation. Besides, upon removal of the pork, the channel
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Fig. 8. Measured S11 and S22 without FBLC in the VNA measurement.

gain contributed by the TX and RX cable/electrode coupling
is measured to be less than −60 dB in the frequency band (1
MHz–60 MHz) and transmission range (≥ 5 cm). It indicates the
effect of TX and RX cable/electrode coupling on the power gain
measurement of CC-IBPT is negligible. To eliminate the para-
sitic effects of baluns and cables, the calibration is performed
carefully before each measurement.

FBLC can be achieved through theoretical simulation and
practical experiments. The simulation setup is conducted in
the Advanced Design System (ADS) software. The simulated
frequency spans from 1 to 60 MHz, with a step size of 1 MHz.
The S2P instance is filled with the measured S-parameter file
that represents the path loss characteristics of CC-IBPT. Both
the TX and RX ports are configured to the VNA’s port impedance
of 50 Ω. And the maximum path gain can be directly simulated.
In practical experiments, it is complicated to implement loss
compensation at every frequency point through the circuit. Thus,
the L-matching circuit is only performed at several frequency
points within the band to demonstrate the overall frequency trend
of the minimum path loss. Since the TX and RX loss compen-
sation are independent of each other, the TX (RX) L-matching
parameters are adjusted to match the input (output) impedance
of the body–electrode network to compensate for the TX (RX)
port capacitive loss.

B. Path Loss Compensation Results

The measured characteristics of the body–electrode network
are analyzed first. Fig. 8 illustrates the two-port power reflection
characteristics of Fig. 4(a). The reflection coefficients ofS11 and
S22 behave badly, with both exceeding−1 dB. This indicates that
the majority of available power is not transferred to the forward
network and RX load. It also corresponds to the theoretical
analysis that a large part of power is lost due to some capacitive
coupling. Moreover, both S11 and S22 parameters undergo a
linear decline with frequency. However, it can be observed from
Fig. 9 that the rising rate of the measured power gain without
FBLC versus frequency gradually slows down. To be specific,
from 1 to 10 MHz, the power gain exhibits an increase of
almost 20 dB, followed by a mere improvement of 12 dB from
10 to 60 MHz. Thus, it can be inferred that the power gain

Fig. 9. Simulated and measured path gain of the body–electrode network.

Fig. 10. Measured S11 with TX loss compensation.

in lower frequency bands may be more prominent after loss
compensation.

Fig. 9 also exhibits the power gain versus frequency, both
simulated and measured with FBLC. The simulated enhanced
power gain shows a sharp rise trend in the low-frequency range,
followed by a gradual decline as frequency increases. Further-
more, it can be observed that the power gain is increased by
nearly 20 dB on average, and exceeds 35 dB at lower frequencies,
which demonstrates the remarkable effect of loss compensation.
In addition, the optimal frequency point shifts from 60 to 5 MHz.
Compared to the simulated result, the fitted frequency charac-
teristics of power gain obtained from the FBLC experiment are
consistent in the variation trend and optimal frequency (5 MHz).
As for the compensation effect, the measured power gain is
almost 2–3 dB lower than the simulated value in the whole
frequency band, which may be attributed to the inherent losses
in inductors and capacitors of the L-matching circuit. Besides,
as shown in Figs. 10 and 11, the S11 and S22 parameters
compensated by L-matching circuits have been almost below
−10 dB at the selected frequency point to ensure minimal ports’
reflection losses.

Compared with conventional methods, which conduct loss
compensation only at the originally measured optimal fre-
quency, the proposed FBLC method for CC-IBPT can obtain
a higher path gain. The maximum path gain through FBLC
reaches −10.5 dB at 5 MHz, while the enhanced path gain at the
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Fig. 11. Measured S22 with RX loss compensation.

Fig. 12. Block diagram of the transmitter board.

originally measured optimal frequency of 60 MHz is −17.1 dB.
Thus, the path gain is further enhanced by 6.6 dB through FBLC.

IV. IMPLANTABLE CC-IBPT PROTOTYPE SYSTEM

To investigate the end-to-end performance of CC-IBPT in
powering implants, we establish a prototype system that incor-
porates the FBLC method. Furthermore, the proposed prototype
system can mitigate the parasitic capacitance introduced by the
balun in VNA measurements, ensuring a more accurate power
gain.

A. Design of CC-IBPT

The CC-IBPT system includes a battery-powered transmitter
and a rectifying receiver. The transmitter serves as the signal
generator and is connected to an LC array circuit and the TX
electrode. The block diagram of the TX board is depicted in
Fig. 12. A low drop regulator (LDO) (ADM7154) supplies 3.3 V
for other modules. A programmable phase-locked loop module
(FS7140) is adopted to provide a differential clock signal. A
balun converts the differential clock signals into a single-ended
signal as the transmitting voltage Vts with an open-circuit am-
plitude of 6.6 Vpp. The microcontroller (STM32F103C8T6)
receives commands from the Bluetooth module and adjusts the
transmission frequency. The operating frequency is set from 2
to 60 MHz at 2 MHz per step. The output impedance of the
transmitter Zts is measured to be 60 Ω.

The receiver board is designed with the RX electrode, an
L-matching circuit, and a voltage-doubler (VD) rectifier, as
illustrated in Fig. 13. Although the full-wave rectifier obtains
higher power conversion efficiency than the VD rectifier, the

Fig. 13. Block diagram of the receiver board.

TABLE I
L-MATCHING CIRCUIT CONFIGURATION

accurate input impedance measurement of the full-wave rectifier
requires a true differential stimulus signal provided by a specific
type and function of VNA [26]. However, the input impedance of
the VD rectifier can be conveniently measured by a single-ended
VNA. Thus, the VD rectifier is adopted in the prototype system
to validate FBLC’s effect on the enhancement of power gain. The
rectifier circuit consists of two commercial diodes of SMS7630-
079LF (SKYWORKS) and two capacitances Cc of 10 nF. The
selected diode has a small forward voltage drop and a small
junction capacitance of 0.3 pF, which can result in improved
power conversion performance [27]. 1 kΩ resistor is chosen
as the load RL. The adjustable impedance matching circuit is
inserted between the implanted RX electrode and the rectifier to
optimize the received power. Moreover, the TX and RX electrode
sizes remain the same as those in VNA measurements. The
parameters of L-matching circuits for each measured frequency
are summarized in Table I, which are adjusted through discrete
inductors and capacitors soldered on the replaceable TX and RX
boards.

B. Verification Setup

The verification setup is shown in Fig. 14, which is based on
the designed CC-IBPT system. The experiment conditions re-
main consistent with those used in the experiment of measuring
path properties. The recovered dc voltage at the RX load (Vrl)
is measured by the multimeter.
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Fig. 14. Measurement setup for WPT performance.

To achieve FBLC during practical experiments, L-matching
circuits’ parameters are adjusted to match the output impedance
of the transmitter (Zts) and the measured input impedance of
the VD rectifier (Zrec) with Zin and Zout, respectively. Due
to the nonlinear impedance characteristics of the rectifier, we
conducted a series of measurements on its input impedance with
frequency by sweeping the power level output by VNA. Simulta-
neously, the recovered dc voltage is recorded. When the rectified
load voltages measured in the CC-IBPT system and VNA are
the same, the corresponding Zrec can be determined. Since
Zrec varies with the rectifier’s input power, FBLC is conducted
sequentially to enhance the power gain. Specifically, the FBLC at
the TX side (FBLC-TX) is first conducted. The RX L-matching
circuit parameter is then adjusted based on Zrec (FBLC-TX)
to compensate for the RX impedance mismatch. Moreover, the
measured results indicate that there is no significant variation in
the rectifier’s input impedance following the adoption of the RX
L-matching circuit. Thus, the RX L-matching circuit parameters
based onZrec (FBLC-TX) can ensure a well-matched impedance
state at the RX port and achieve optimal performance.

C. Measured Results

The impact of FBLC on the frequency characteristics of end-
to-end power gain for the CC-IBPT prototype system is studied.
The measured results are shown in Fig. 15. The end-to-end power
gain Gload of the CC-IBPT system is calculated according to

Gload = 10 lg
PL

PS
= 10 lg

V 2
rl

RL
× V 2

ts

16Zts
. (10)

The measured power gain of Gload without FBLC exhibits an
initial rise followed by slight fluctuations. The maximum power
gain is observed at 50 MHz. The implementation of FBLC-TX
leads to a minimum increase of 9 dB in Gload and the dual-port
FBLC further enhances RX load power by over 12 dB while
causing significant changes in curve trends. When utilizing
FBLC to reduce capacitive impedance’s effect, the optimal fre-
quency range shifts from 30 MHz–60 MHz to 8 MHz–20 MHz.
In addition, the frequency response trend ofGload measured with
FBLC is analogous to the simulated maximum power gain of the
path curve illustrated in Fig. 9.

Fig. 15. Measured power gain versus frequency of the CC-IBPT prototype
system.

TABLE II
MEASURED POWER GAIN VERSUS LATERAL DISTANCE AT THE INSERTION

DEPTH OF 4.6 CM

Moreover, a maximum end-to-end power gain of −16.9 dB is
achieved at the optimal frequency point of 8 MHz determined
by FBLC, which is 5.5 dB higher than the enhanced power gain
at the originally measured optimal frequency of 50 MHz. The
enhanced PTE of 2.06% at 8 MHz is improved by 3.55 times
more than that of 0.58% at 50 MHz. It can be inferred that FBLC
significantly enhances RX load power to the maximum and shifts
the optimal frequency towards lower frequencies.

To investigate the impact of transmission distance on the
power gain of implantable CC-IBPT, we conducted measure-
ments at various lateral distances and insertion depths while
maintaining the optimal frequency determined by FBLC. First,
the lateral distance is adjusted from 5 to 15 cm in 5 cm incre-
ments, while the RX insertion depth is fixed at 4.6 cm. The mea-
sured results are presented in Table II. It shows that the power
gain decreases slightly when the lateral distance increases. This
may be caused by the higher power loss in the forward network.
Specifically, since the unchanged TX and RX electrodes are at-
tached to the skin or implanted tightly in the same muscle tissue,
the capacitive coupling and electrode-tissue interface conditions
remain consistent. Consequently, all circuit components in the
model depicted in Fig. 4(a) remain unchanged, except for the
forward network. Since biological tissue has high conductivity
and the forward network increases within the short range, the
power gain is slightly reduced by about 1–2 dB. In addition, we
explored the impact of insertion depth by implanting the RX
electrode at depths of 3.6, 4.6, and 5.6 cm beneath the pork skin
surface while maintaining a constant lateral distance of 15 cm.
As shown in Table III, there is a slight decrease in the power
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Fig. 16. Temperature measured by the thermal camera. (a) Before power transfer. (b)–(g) Images captured every 10 min during power transfer. (h) After power
transfer (“Max” represents the highest temperature around TX electrode; “P1” and “P2” are random temperature observation points).

TABLE III
MEASURED POWER GAIN VERSUS INSERTION DEPTH AT THE LATERAL

DISTANCE OF 15 CM

gain as the insertion depth increases. Similarly, this is because
the increased insertion depth causes higher power loss in the
forward network. Due to the high conductivity of biological
tissue and the centimeter-range increase in implantation depths,
the decrease in power gain is less than 1.5 dB.

D. Safety Analysis

To ensure the safety of the human body, the temperature
rise during power transfer and specific absorption rate (SAR)
must be taken into consideration. Due to the highest transmitted
power, the temperature around TX electrode is measured using
a thermal camera (FOTRIC 321Q). Simultaneously, the PTE of
the CC-IBPT system remains 2.06% at 8 MHz. Fig. 16 depicts
the thermal images captured at 10-min intervals, as well as the
stable period before and after power transfer. The measured
results indicate that the maximum temperature rise within 60
min is 0.5 ◦C (from 20.0 ◦C at 0 min to 20.5 ◦C at 60 min),
which is confirmed to be below the recommended upper limit
for temperature rise (2 ◦C) [28]. Therefore, the temperature rise
of CC-IBPT can ensure the human body’s safety.

SAR simulation is conducted in the CST STUDIO SUITE
software based on a tissue block with the same configuration
as that used in the practical experiment above. The input power

Fig. 17. Simulated SAR results.

without reflection losses is adjusted to 45.38 mW, which cor-
responds to the situation of ideal impedance matching at the
prototype system’s TX side. The operation frequency is set at the
measured optimal frequency of 8 MHz in the above experiment.
The simulated result of the localized SAR over a 10 g tissue
is shown in Fig. 17, where the maximum localized SAR value
is 0.925 W/kg. This value falls below the partial-body exposed
SAR safety limitation of 2 W/kg for persons in the unrestricted
environment, as listed in Table IV [29]. Therefore, it can be
concluded that the proposed CC-IBPT method for IMDs does
not pose harm to human health.

E. Comparison With State-of-the-art

In order to comprehensively evaluate the performance of
WPT, a figure of merit (FoM) is presented to balance key
indicators. FoM takes three factors into account, which are PTE,
transmission distance (d), and the implanted RX electrode/coil
size (RXsize), as shown in (11). The transmission distance d is
calculated based on the lateral distance (Ld) and the insertion
depth (Dd)

FoM =
d× PTE√

RXsize

d =
√

(Ld)2 + (Dd)2. (11)
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TABLE IV
SAR LIMITS WITH FREQUENCIES FROM 100 KHZ TO 6 GHZ [29]

TABLE V
PERFORMANCE SUMMARY AND COMPARISON

The proposed CC-IBPT system’s performance is compared
with the state-of-the-art wireless powering techniques for IMDs
in Table V. The PTE can reach 2.06% at a transmission distance
of 15.69 cm when using a 1 mm2-sized electrode implanted
in the pork tissue. Although inductive, magnetic resonance and
capacitive coupling based near field WPT methods in [30], [31],
[32] can achieve higher PTE, our system achieves a transmission
distance that is more than 25 times longer and an implanted
electrode size that is at least 400 times smaller. In contrast, the
other WPT methods listed in Table V perform relatively better in
terms of transmission distance, which can be extended to a few
centimeters. However, they exhibit relatively poor performance
in PTE, at least 3.7 times lower than our system. The implanted
CC-IBPT system proposed in [24] obtains a higher PTE due to
the employment of an earth-grounded signal generator as the
power source, which shortens the TX path and significantly re-
duces the power loss. However, our prototype system’s portable
and miniaturized transmitter design provides a more convenient
and flexible application than that in [24]. Overall, the proposed

CC-IBPT system exhibits superior FoM with flexible application
among the recently reported works.

V. CONCLUSION

This article investigates the FBLC method to maximize the
efficiency of the implantable CC-IBPT system. A circuit model
of the implantable CC-IBPT is established to analyze the factors
influencing transmission path losses and the necessity of FBLC
in minimizing dual port capacitive loss in theory. Results from
both simulations and experimental measurements using a VNA
confirm the superior effect of FBLC in achieving a higher
path gain, with a significant improvement of 6.6 dB compared
to the traditional method which compensates for loss at the
initially measured frequency. Furthermore, the FBLC causes
the optimal frequency to shift to a lower frequency point and
reflects more frequency characteristics of the forward transmis-
sion path. To demonstrate the WPT performance with FBLC, a
battery-powered CC-IBPT prototype system is developed. The
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TABLE VI
NOMINAL VALUE RANGES FOR EACH COMPONENT IN FIG. 2

measured results prove that the highest PTE can reach 2.06% at
a new optimal frequency for a 1 mm2 RX electrode implanted
4.6 cm deep in pork tissue, with a lateral distance of 15 cm.
Moreover, FBLC enhances the end-to-end power gain by an ad-
ditional 5.5 dB than traditional compensation. After determining
the optimal frequency using the FBLC method, the adjustable
L-matching circuits can be replaced by fixed compensation
circuits of smaller sizes. Furthermore, the transmitter will be
affixed to the user’s body surface for power transmission, while
the prototype receiver will be optimized and integrated with a
power management circuit and other medical device modules
on a chip to achieve miniaturized implantation applications.

Based on the FBLC method, this study verifies that the im-
planted CC-IBPT technique can achieve a relatively high PTE,
while simultaneously maintaining a long transmission distance,
user convenience, small electrode size, etc. Therefore, CC-IBPT
is expected to be one of the best candidates for powering IMDs
in diverse application scenarios, such as wirelessly powering
a brain-machine interface chip implanted in freely behaving
animals.

APPENDIX

The nominal value ranges for each component in Fig. 2 are
listed in Table VI, which are determined based on the experi-
mental setup and relevant prior research. To be specific, both TX
and RX electrodes can be considered as parallel plate capacitors,
with self-coupling capacitances Ctx and Crx calculated using the
formula C = εS/d, where ε represents the permittivity, S de-
notes the electrode area, and d is the distance between the signal
and ground electrodes. According to the investigation in [22],
the contact impedances Zct1 and Zct2 can be specified within the
ranges of hundreds of pF // hundreds of ohms. The TX backward
capacitance Ctback can be calculated as 1.5 pF using the formula
presented in [34]. Besides, the RX backward capacitance Crback

which is dominated by the parasitic capacitance Cimp is cited as
< 1 pF [17]. In addition, the value ofCleak mainly depends on the
modeling segments of the body tissue. To make the model error
converge to the minimum with increasing segment numbers,
Cleak is set to be < 1 pF. The value range has also been utilized
in numerous simulation studies [21], [35].
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