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Abstract

Implantable medical devices present several technological challenges, one of the most
critical being how to provide power supply and communication capabilities to a device her-
metically sealed within the body. Using a battery as a power source represents a potential
harm for the individual’s health because of possible toxic chemical release or overheating,
and it requires periodic surgery for replacement. This paper proposes a batteryless im-
plantable device powered by an inductive link and equipped with bidirectional wireless
communication channels. The device, designed in a 180 nm CMOS process, is based on
two different pairs of mutually coupled inductors that provide, respectively, power and a
low-bitrate bidirectional communication link and a separate, high-bitrate, one-directional
upstream connection. The main link is based on a 13.56 MHz carrier and allows power
transmission and a half-duplex two-way communication at 106 kbps (downlink) and
30 kbps (uplink). The secondary link is based on a 27 MHz carrier, which provides one-way
communication at 2.25 Mbps only in uplink. The low-bitrate links are needed to send com-
mands and monitor the implanted system, while the high-bitrate link is required to receive
a continuous stream of information from the implanted sensing devices. The microchip
acts as a hub for power and data wireless transmission capable of managing up to four
different neural recording and stimulation front ends, making the device employable in a
complex, distributed, bidirectional neural prosthetic system.

Keywords: wireless power transfer; implantable electronics; neural interface

1. Introduction
The implementation of implantable medical devices currently presents many chal-

lenges that vary depending on the approach [1,2]. Among the various biomedical applica-
tions that require implanted devices, neural interfaces are among the most relevant, as they
are fundamental to the development of brain–machine interfaces in patients with limb loss
or neurodegenerative diseases [3]. The neural interface requires a proper power supply to
operate the electronic devices and the capability to send and receive data to the implanted
electrodes that actually interface with the neural system. In closed-loop systems, such as
neural prostheses, data transmission should be bidirectional, meaning that data must be
transmitted from the external unit to the implanted device (downlink) and in the opposite
direction (uplink) while also transmitting power [4]. The uplink is needed to acquire
biosignals that can be used to decode the patient’s intention and control the prosthesis,
while the downlink is needed to provide sensory feedback by injecting electrical stimuli
that will eventually reach the patient’s brain to generate a sensation. In [5], different types

J. Sens. Actuator Netw. 2025, 14, 92 https://doi.org/10.3390/jsan14050092

https://doi.org/10.3390/jsan14050092
https://doi.org/10.3390/jsan14050092
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jsan
https://www.mdpi.com
https://orcid.org/0000-0001-7895-5956
https://orcid.org/0009-0009-0528-4480
https://orcid.org/0000-0002-9449-3680
https://orcid.org/0000-0001-6136-7664
https://doi.org/10.3390/jsan14050092
https://www.mdpi.com/article/10.3390/jsan14050092?type=check_update&version=1


J. Sens. Actuator Netw. 2025, 14, 92 2 of 16

of neural implants are discussed, including osseointegrated implants, fully implantable
systems, and transcutaneous or wireless implants.

Osseointegrated implants use a single centralized stimulation unit connected to the
electrodes through an implant-integrated channel [6], compared with transcutaneous
implants, where the stimulation unit is placed outside the body and connected to the
implanted electrodes by transcutaneous wires. This latter solution, while effective for
short-term studies, exposes the patient to infections and also leads to possible implant
failure due to a broken wire [7]. If fully implantable systems are considered, an anatomical
space large enough to accommodate the device is required [5], as documented in [8], which
describes the use of such devices for epidural implants in individuals with spinal cord
injuries. Integrating a battery inside the implantable device exposes the subject to different
risk factors and to further surgical operations to replace the battery, which loses its func-
tionality over time [9]. Moreover, the size of the implantable unit is significantly increased
when a battery must be integrated [10]. In this regard, wireless technology can effectively
transfer power and data, therefore eliminating the need for transdermal wires and im-
plantable batteries. While overcoming the previously mentioned obstacles, the introduction
of wireless implants also implies different problems related to the power supply of the im-
plantable units [7–11]. Wireless powering can be provided using electromagnetic antennas,
ultrasound transducers, magnetic coils, and also light [12–16]. Ultrasound technology has
been used for years in clinical imaging, but following the development of Neural Dust
and StimDust, it has gained an important role also in power transfer [17–22]. Using light
is an interesting method to implement wireless power transfer [23,24]. This technology
transmits power and data, typically using laser or LED technology, while the receiver is
implemented using a photovoltaic cell. Electromagnetic (EM) wireless power transfer for
implantable medical devices is based on far-field electromagnetic waves transmitted from
an external antenna to a miniature, implanted receiving antenna, conveying energy. Due to
tissue absorbance, far-field transmission is typically more suitable for data transmission
than power transfer.

Inductive power transfer is currently the most established and widespread wireless
power transfer mechanism. Demonstrated and patented by Nikola Tesla [25], inductive
power transfer is widely used in several implantable medical devices (IMDs) on the market,
particularly in cochlear prostheses [26,27], as well as in commercial devices such as smart-
watches and smartphones. This technology uses two coupled inductive coils, one acting
as a transmitter and the other as a receiver. Power transmission occurs through inductive
fields generated at frequencies between approximately 100 kHz and 20 MHz, a range that
is particularly suitable for use in implantable devices due to their low absorption levels and
excellent ability to penetrate biological tissues. Habibagahi et al. developed an implantable
neurostimulator for the vagus nerve powered via inductive coupling [28]. The stimulator
was developed in TSMC 180 nm CMOS technology and is composed of a rectifier, a voltage
regulator, and a stimulation unit with an average power consumption of 6.2 µW. Lyu et al.
developed an inductive-powered pacemaker with a static consumption of 3 µW, based on
two independent inductive links [29] with 13.56 MHz and 40.68 MHz carriers, employed
for powering and data transmission.

This paper proposes a wireless system composed of an implantable and an external
unit, both of which are designed in a 180 nm High-Voltage CMOS process. The batteryless
implanted unit is inductively powered and provides two wireless links to enable bidirec-
tional communication at different bit rates. One link is based on a 13.56 MHz carrier and
provides power transmission and half-duplex two-way communication at 106 kbps for
the downlink and 30 kbps for the uplink. The other is based on a 27 MHz carrier and
injects stimuli, and a high bitrate, which only allows one-way communication at 2.25 MHz
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in the uplink direction. The device acts as an implanted power and communication hub,
able to receive and convert the inductive power and to make it available to up to four
different neural distributed front ends. At the same time, it provides a low-bitrate, bidi-
rectional, half-duplex data link to send commands, receive feedback, and inject stimuli,
and a high-bitrate, mono-directional upstreaming link to acquire the biosignals from the
implanted peripherals. The implanted hub is therefore suitable for use in a bidirectional
neural prosthetic system or in a distributed bioelectronic system for healthcare applications.

2. Materials and Methods
The proposed system consists of a unit located outside the body (transmitter) and a unit

hermetically sealed and implanted in the body (receiver), as shown in Figure 1. Power and
data transmission between implantable and external units is managed through two different
inductive channels and is bidirectional. The external device supplies power through an
inductive link provided by a 13.56 MHz carrier; a half-duplex communication channel
is also established through such a link, ensuring the transmission of commands in the
direction of the implanted peripherals (inbound) and the acquisition of status information at
a low data rate (outbound). A separate one-way high-data-rate communication is provided
on an independent channel with a 27 MHz carrier; it is used to send outside the data
collected from up to four implanted analog front ends, which have a wired connection to
the implanted power/data hub. In the following paragraphs, the main modules of the
systems are presented and described.

Figure 1. Representation of the proposed bidirectional communication system, which consists of
two main parts: an external unit and an implantable unit. The external unit will be mounted on a
PCB and equipped with two inductive links for power transmission and communication with the
implantable device, which will be surgically placed in a body site such as the chest. The implantable
unit connects to neural front ends in the body via medical cables to acquire biopotentials and stimulate
peripheral nerves.

2.1. Implantable Unit

The batteryless implantable power/data hub harvests power from the main inductive
link and rectifies and regulates the resulting supply voltage and makes it available to
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power up to four other implanted devices necessary for the acquisition of neural signals
(recording) and electrical stimulation of the nerves. The central implanted unit manages
data collection and transmission to/from the front ends and controls and powers the
devices properly, forwarding commands from the external unit. The implantable device
has two coils needed for data communication and power transfer. The coil for power
transfer and low-data-rate communication is a circular coil with 6 turns and an external
diameter of 22 mm. The coil for high-data-rate transfer is an 8-shaped coil with 4 turns
and the same 22 mm external diameter. Using coils with two different geometries, it is
possible to guarantee a low interference between them. By creating controlled asymmetries
in the data coil geometry, undesired cross-coupling can be reduced through the balancing
of the induced forces. The device is also designed to interface with four separate front ends
for biopotential acquisition and neural electrical stimulation. Communication takes place
via medical cables consisting of four independent wires. This system allows two pairs of
wires to be dedicated to each communication, ensuring both electrical safety and secure
communication [30]. The maximum distance between the hub and the front ends depends
on wire resistivity and connector impedance. For roughly 50 cm of cable, the estimated
impedance is 150 ohms, leading to a potential drop of about 300 mV at a current of 2 mA,
which is the estimated consumption for the front ends.

2.1.1. Power Line and Tuning

The power line architecture, shown in Figure 2, consists of a rectifier, a track and latch
comparator, a linear regulator, and a tunable capacitor, together with digital modules to
implement an algorithm required for the automatic tuning mechanism.

The tuning mechanism allows for maximizing the power transmission efficiency,
which depends on the coupling between the two resonant LC pairs, to achieve resonance
at the carrier frequency. Finite tolerances of the inductive (L) and capacitive (C) elements
used to set the resonant frequency, and a slight misalignment of the coupled coils, may
reduce the power transmission efficiency of the link. To compensate for such imperfections,
the capacitance needed to set the resonance was actually subdivided into two separate
capacitors, Cout and Ctuning. Cout is a fixed-value, discrete, external component soldered
directly on the PCB, while Ctuning is a programmable device integrated on chip. The tuning
algorithm is based on a Successive Approximations approach (SA), which increases or
decreases the value of the tuning capacitor, step by step, until the maximum efficiency
is obtained. Since the power delivered to the load is proportional to the square of the
rectified voltage, which depends on the LC tank capacitor, the tuning algorithm is based
on maximizing the rectified voltage to maximize the transmitted power. The tuning
capacitor Ctuning is realized with several unit capacitors that can be connected in parallel
or disconnected with a digital control signal. Starting from a default value, the number of
parallel capacitors is increased at each step of the algorithm, and the resulting variation
of the rectified voltage is monitored using a track-and-latch comparator. If the voltage
increases, the additional parallel capacitor is kept; otherwise, it is disconnected. The digital
control module proceeds until all unit parallel capacitors are tested and the optimal value
of Ctuning is obtained [31,32].
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Figure 2. Proposed architecture of the external and implantable units. The external circuit is used to
generate the wireless carrier, transmit power, and demodulate the data given by the implantable unit.
The implantable unit has to convert power via a rectifier and linear regulator and communicate with
the external unit.

The power supply voltage is obtained by the rectifier shown in Figure 2. This module
converts the sine voltage waveform induced on the coil into a DC voltage, making it available
as a power supply for the rest of the circuit. The active rectifier is based on two cross-coupled
PMOS transistors (M12, M13) and two active diodes formed by two comparator-controlled
NMOS transistors (M14, M15). When one of the voltages at the ends of the inductive link
varies so that the voltage at either node CoilN or CoilP decreases, the voltage on the opposite
node (CoilP or CoilN) increases. Consequently, when the threshold voltage of the PMOS is
reached, M13 or M12 is turned on and Vrec is shorted to VcoilP or VcoilN. The node Vrec is
charged simultaneously because when the voltage decreases, one of the comparators (CMP)
turns on M14 or M15, thus creating a current path through the inductive link. This results in a
decrease in the voltage at the node that previously increased toward positive voltages and an
increase in the voltage on the opposite node.

Once the rectified voltage is obtained, a linear regulator is necessary to maintain
a stable and reliable output. The implemented circuit, shown in Figure 2, consists of
a power transistor (MP) controlled by an error amplifier obtained from an operational
transconductance amplifier (OTA) and a voltage reference of 1.2 V generated by a bandgap
circuit. The linear regulator adjusts the voltage difference between the rectified voltage and
the output (Vrec–Vreg) through MP, obtaining a fixed output voltage of 2.7 V.

2.1.2. Wireless Data Transfer

The implanted and the external units communicate via two different inductive links.
The main link is optimized for power transfer and has a carrier of 13.56 MHz; it is used for
low-data-rate, half-duplex, bidirectional communication. The secondary link is optimized
for speed and has a 27 MHz carrier; it is used for high-data-rate unidirectional uplink
communication from the implantable to the external device.
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Data modulation in both uplink channels (low and high bitrate) is based on Load Shift
Keying (LSK). A resistive load in the secondary circuit is modified at each bit transmission,
causing a detectable change in the primary circuit [33]. The resistive load is switched between
open circuit (very high resistance) and short circuit (very low resistance), thanks to a switch
implemented with an NMOS high-voltage transistor. Manchester coding is used to represent
each bit since it combines the data stream with a clock, making demodulation simpler. Each
transmitted symbol requires a full transition of the signal from 0 to 1 and back to 0, ‘0’ and ‘1’
symbols being encoded in the direction of the mid-period transition (rising or falling edge).
The serial clock frequency must be twice the data rate. Such a clock is digitally obtained by
dividing the 13.56 MHz system clock, which is recovered from the carrier’s frequency (see
Figure 2). The encoded data are generated by XORing the data and the serial clock.

The downlink stream on the 13.56 MHz carrier is Manchester-encoded and amplitude-
modulated. Demodulation requires detection of the maximum (associated with 1 s) and
minimum (associated with 0 s) envelope of the carrier. It is performed by the custom, low-
power demodulator shown in Figure 2. As long as the gate of transistor M5 (driven by digital
signal nStart) is high, the circuit is in idle mode; the bias current of transistor M0 is mirrored
and amplified by transistors M1 and M4, which have the source connected to the rectified
voltage Vrec instead of the regulated voltage Vreg. The resulting current I0 is mirrored back
into M2, and the sampling capacitor C1 stores the gate voltage associated with such resting
current, which is dependent on the maximum rectified voltage. When signal nStart goes low,
demodulation starts; sample capacitor C1 is isolated and holds the gate voltage associated
with I0, while transistor M2 stores the resting current I0, which is mirrored by transistors M8

and M11. The current of M8 is mirrored into M9 with a gain factor equal to m/n, where m is
the multiplicity of M9 and n the multiplicity of M7. Such current is added to the current of M10

and I1 and sunk by M11. However, current I1 follows the variations in the rectified voltage Vrec

induced by the carrier’s modulation. When the envelope of the carrier reaches its minimum
value, I1 will reach its minimum as well. Transistors M9, M10, and M11, together with the
following inverters, act as a current comparator: node Current_Comp will be high when the
current of the PMOS exceeds the current of the NMOS and will be low otherwise. Thus,
output voltage DataDec will track the digital value of the transmitted symbol. In particular,
writing the equation for the current comparator, DataDec is HIGH if

IM9 + IM10 > IM11 (1)
m
n

I0 + I1 > I0 (2)

I1

I0
>

n − m
n

(3)

where m and n are respectively the multiplicity of transistors M9 and M10, I0 is the resting
current, and I1 is the modulated current. By properly setting m and n, the comparator
will switch between HIGH and LOW as long as the modulated current changes by at
least 20% in either direction. This demodulation mechanism is therefore extremely robust,
as it depends only on the percentage variations of the modulating signal. The output bit
DataDec is then supplied to the digital logic for decoding. Since communication always
starts transmitting a 0, digital decoding is activated upon recognition of the first low–high
transition after demodulation starts. A counter will count for a time period Tdata ± δ in
which Tdata is equal to 1/ f data, i.e., the inverse of the data rate, while δ is a confidence
interval chosen to compensate for possible delays. If a logical variation occurs during this
period, the bit is evaluated; otherwise, the communication is interrupted and reset.
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2.2. External Unit

The external device has two coils required for data communication and power transfer.
The coil used for power transfer and low-data-rate communication is a circular coil with
8 turns and an external diameter of 35 mm. The coil for high-data-rate transfer is a figure
8 coil with 7 turns and a 27 mm external diameter. The external unit plays the role of the
master in a master–slave communication. All transactions are started by the master, which
drives the inductive links to send commands and receive data. It generates the primary
13.56 MHz carrier and the secondary 27 MHz carrier, modulates the primary carrier to send
downlink data, and decodes the LSK modulation on both carriers to receive low-data-rate
and high-data-rate input streams.

To obtain the two clocks at 13.56 MHz and 27 MHz, a 108.48 MHz external clock
is used. The clocks are obtained by appropriately dividing the external reference clock.
The derived clocks pass through a non-overlapping buffer to create the clocks and their
inverted versions, which are needed to drive a Class-D power amplifier (PA) for data
and power transmission. The power stage of the Class-D power amplifier comprises
non-overlapping logic, a gate-drive buffer, and two power switches [34]. The typical
implementation of a Class-D PA is simple, thus representing a good choice for wireless
power transfer [35], even if it is commonly used for audio signal amplification [36,37].
The external unit comprises two Class-D power amplifiers, each serving one of the two
inductive links. In the case of the 13.56 MHz clock, optimized for power and not for
speed, a high voltage supply of 16 V is used to increase power transfer, thus requiring the
use of a level shifter for digital signals and realizing the amplifier with DMOS transistors.
The duty cycle of the primary clock is modulated to vary the power amplifier’s transmission
efficiency to send data. More specifically, for downlink modulation, the duty cycle of the
clock changes from 50% to 25%, causing a reduction in the voltage across the inductor,
which modulates the amplitude of the voltage induced on the secondary circuit. Symbol 1
is encoded with the duty cycle 50%, while symbol 0 is obtained with the modulated clock
at 25%. The 27 MHz link is optimized for speed and uses a 3.3 V power supply and 3.3 V
compatible transistors, but the circuit architecture is the same.

Two different circuits were implemented for demodulation of input data stream: one
for low-data-rate communication and one for high-data-rate communication. In the low-
data-rate demodulator, the envelope signal is large and a capacitive voltage divider is
needed to bring it down to the 0–3.3 V range. Capacitors C1e and C2e and transistors M1e,
M2e, and M3e implement the divider, according to the following Equation (4):

toEnvLV =
C1

C1 + C2
toEnvHV (4)

where toEnvLV represents the envelope in the voltage range 3.3 V, while toEnvHV represents
the high-voltage envelope.

The low-pass filter implemented by transistor M4e, capacitor C4e, and resistor R1e

extracts the envelope, which is further filtered using the R2e-C3e filter to obtain the average
value. By comparing the envelope and the average, the input bit is decoded. The circuit
implemented to demodulate the high-data-rate uplink communication is the same as
previously explained for the downlink decoding in the implantable unit.

3. Results
Electromagnetic safety was evaluated through the simulation of the Specific Absorp-

tion Rate (SAR). SAR was estimated using Ansys HFSS by simulating the link’s effect
on a phantom layer of skin, muscle, and fat. The implantable antenna was positioned
between the muscle and the skin layer, while the external antenna was positioned outside
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the phantom at 1 cm from the implantable pair. The maximum SAR was estimated at
1.43 × 10−4 W/Kg, far below the safety limits. Each circuital block was implemented, laid
out, and simulated. The simulations were conducted considering the case in which all
front ends are active, with an estimated maximum current demand of 2 mA per front end.
To account for this condition, we modeled the system with a load of 10 mA: 8 mA allocated
to the four front ends and 2 mA reserved for the implantable communication circuit. This
section shows the results and the achieved performances.

3.1. Active Rectifier

The rectifier behavior was simulated by applying a sinusoidal generator at the circuit
input. The load was modeled as a 10 mA current generator to represent the absorption
of each front end, estimated at 2 mA per FE, and 2 mA for the implantable communica-
tion chip.

The efficiency of the active rectifier implemented in the implantable unit was calculated
according to the following Equation (5):

η =
PLoad

PLoss + PLoad
(5)

where PLoad is the power delivered to the circuit, while PLoss is the power wasted by the
rectifier. The load was modeled with a current load of 10 mA, achieving an efficiency of
about 95.1%. The rectifier behavior is shown in Figure 3.

Figure 3. Active rectifier output. The current flow that charges node Vrec is generated by the
comparators CMP1 and CMP2, which activate respectively when the voltages CoilP or CoilN reach
their maximum values. This leads to obtaining the envelope of the input voltage.

3.2. Linear Regulator

The linear regulator efficiency has been calculated using Equation (5), where PLoss rep-
resents the power consumed by the regulator. The estimated efficiency is 70.5%. The voltage
regulator was tested with a Monte Carlo simulation, obtaining an average value of of 2.71 V
and a standard deviation of 42.45 mV, as reported in Figure 4. The low power efficiency
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achieved is due to the high difference between input and output voltage (∆V = 600 mV).
Improving efficiency would have required the implementation of a switched converter [38],
resulting in higher area consumption and design complexity. Even if the power con-
sumption is relatively low for an implantable application, the simple circuit design of the
linear regulator allows for a low encumbrance, which was considered a priority in the
proposed application.

Figure 4. Monte Carlo results obtained by conducting the simulation on 100 samples.

3.3. Half-Duplex Link

Figure 5 shows the decoded data generated by the demodulation circuit in the im-
plantable unit for the 13.56 MHz inductive link. The voltage across the inductive coil (CoilP)
is rectified to extract the envelope (Vrec). When nSTART goes low, the demodulator is
enabled to detect data and initiate data decoding. The extracted data (Z) are then inverted
(DataDec) and stored in an 8-bit shift register.

Figure 5. Decoded data obtained from the rectified voltage used in the current demodulator. The sig-
nal byteRead goes high when 8 bits have been acquired.
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3.4. Uplink Low-Data-Rate Demodulation

Figure 6 presents the demodulation of the data transmitted from the implantable unit
to the external unit via the low-data-rate channel. In this figure, the voltage (to_env) is
brought back to a lower voltage and subsequently filtered two times to obtain the mean and
envelope to compare and extract the encoded data. Due to Manchester encoding, the data
extracted from the comparator are evaluated and stored in an 8-bit shifter register on the
transition from low to high and from high to low.

Figure 6. Uplink demodulation of the low-data-rate channel. The decoded data are saved in a shifter
register, and a data read signal goes high after acquiring 8 bits.

3.5. Tuning Circuit

The tuning circuit has been tested using corner analysis, more specifically using the
Worst Speed (WS) and Worst Power (WP) corners. As reported in Figure 7, the proposed
tuning mechanism can handle variations in the range ±20% of the inductive coil. The
algorithm is always completed in less than 100 µs, making seven complete comparisons [31].
Since the comparator has been implemented using a track-and-latch circuit without any
preamplifier, static power consumption can be considered negligible.

3.6. Uplink High-Data-Rate Demodulation

The behavior of the circuit for demodulating data sent from the implantable unit to
the external unit through the high-data-rate channel is shown in Figure 8. Data modulation
on the implantable unit leads to a variation of voltage on the primary circuit (to_env). The
27 MHz inductive coil (env) envelope is obtained through a passive filter. Data conversion
is triggered when the first 0 is detected. Once conversion starts, data are sampled at time-
constant intervals according to the transmission frequency. The decoded data are stored in an
8-bit shifter register and made available to the system when an entire byte has been acquired.
To evaluate communication errors, Monte Carlo simulations were performed with process
and mismatch variations across 100 samples. The simulations focused on the high-data-rate
uplink channel, which is the most critical due to its high transmission speed. The simulation
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accounted for six consecutive 8-bit word transmissions. The results showed that errors
occurred in only 1 of 100 cases, when 6 bits out of 48 failed, as shown in Figure 9.

Figure 7. Rectified voltage optimization due to tuning. The value of the receiver coil inductance
has been changed between −25% and 25%. The tuning mechanism allowed for compensation of
variations in the range of ±20% of the nominal power coil inductance.

A data rate of 2.25 Mbps was selected to ensure reliable communication between the
external unit and the implantable front ends (FEs). This rate supports up to four FEs, each
providing 16 channels of 12-bit data, for a total of 64 channels. The resulting maximum
sampling frequency of 2.9 kHz per channel exceeds the bandwidth requirements of EMG
and ENG signals. This further enables higher transmission rates for electrode subgroups
supporting the use of neuromorphic signal decoding algorithms.

Figure 8. Uplink demodulation of the high-data-rate channel. Data modulation (data) in the im-
plantable unit involves varying its active load and the reflected load in the external unit (to_env).
The voltage is then rectified (env) and used for the demodulation (out). The signal byteRead goes
high after acquiring 8 bits previously stored in a shifter register.
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Figure 9. Uplink demodulation has been deeply tested via Monte Carlo analysis across 100 samples.
Simulations have been performed to verify the robustness of communication during the transmission
of several bytes. Errors were found in only one seed.

3.7. Layout Design

After simulating all previously presented blocks, the layout has been designed.
Figure 10A shows the implantable unit layout with dimensions of 0.99 × 0.2 mm. More
than half of the area, more specifically a space of 0.53 × 0.2 mm, is occupied by the capac-
itors needed for the tuning mechanism, which can be seen on the left side of the layout.
An area of 0.12 × 0.08 mm is occupied by the rectifier, whose transistors have been designed
using waffle structures to minimize size. A waffle structure has also been implemented to
design the power transistor used in the linear regulator, which, together with the bandgap
needed to obtain the voltage reference, occupies an area of 0.33 × 0.06 mm. The circuit
used for downlink decoding has a dimension of 0.15 × 0.06 mm given mainly by the
capacitor, which has been implemented as a parallel of six capacitors to reduce mismatch.
The same approach has been used for the capacitors of the power-on-reset circuit, which
occupies an area of 0.1 × 0.04 mm. Figure 10B shows the layout of the external device,
whose dimensions are 0.7 × 0.17 mm. On the right side, it is possible to see the DMOS
transistors used to implement the level shifter and the Class-D power amplifier, which
occupy an area of 0.27 × 0.15 mm. In the middle, an area of 0.3 × 0.17 mm is mainly
occupied by the capacitors needed to demodulate both high- and low-data-rate uplink
channels designed as a parallel of multiple capacitors to reduce mismatch. Lastly, an area
of 0.1 × 0.17 mm is needed for the current generator, while the power-on reset circuit has
a dimension of 0.02 × 0.08 mm. Although the device has not yet been physically manu-
factured, we can estimate that, due to the low number of off-chip components, mainly
two capacitors, the majority of the implantable device’s size will come from the coils and
connectors. However, since the coils are designed to be aligned, their total diameter will
only be 22 mm. The overall size of the device is expected to be approximately 39 mm by 30
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mm, which aligns with the dimensions of the “Cortex Brain Interchange System” device
proposed by CorTec (Freiburg, Germany).

Figure 10. Proposed layout of (A) implantable unit and (B) external unit.

In Table 1, a comparison of the performances of the proposed system is reported.

Table 1. Performance comparison of the proposed system.

Work WPT Carrier
(MHz)

Downlink Data
Rate

Uplink Data
Rate

AC/DC Conv.
Eff.

Coil Config
(No. Coil) Tech.

[39] 13.56 50 kbps 160 bps 76.2% 3 0.35 µm

[40] 13.56–6.78 100 kbps 678 kbps 80.1% 2 0.18 µm

[41] 13.56 339 kbps 340 kbps 90.1% 2 0.18 µm

30 kbps
(@13.56 MHz)

This work 13.56 106 kbps 95.1% 4 0.18 µm
2.25 Mbps

(@27 MHz)

4. Conclusions
This paper describes the design of an implantable, batteryless power and data hub

that can be used within an implantable, distributed hybrid system. The system consists
of two devices, one external to the body and one implantable, to control four distinct
distributed neural stimulation and recording front ends. The external device generates two
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distinct wireless carriers for wireless power transmission, therefore eliminating the need for
transcutaneous wires for power and data transfer. Communication between implantable
and external units is of the master–slave type and occurs via two distinct wireless channels.
A channel with a 13.56 MHz carrier is used for power transfer and bidirectional half-duplex
communication between the external and implantable devices to send commands and mon-
itor the implanted system. The second communication channel is used for high-data-rate
transmission from the implantable device to the outside world, ensuring the transmission
of data collected by the connectable implantable sensing peripherals. The modularity of
the system, which can be connected to up to four different front ends distributed along
the body and not strictly near the central implantable unit, will enhance the development
of neural prosthetic systems and continuous monitoring bioelectronic systems, allowing
for the simultaneous monitoring and stimulation of different nerves and organs with the
same device. The system described has been tested through rigorous simulations, such as
Monte Carlo and corner analysis. However, it still needs to be evaluated in the laboratory
using benchtop instruments, then subjected to in vivo tests in animals, and finally verified
in human volunteers.
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