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Abstract: Neural interfaces have played an increasingly significant part in people’s lives. A
mm-scale fully-implanted neural system-on-a-chip is required for long-term bio-compatible
recording in applications such as fundamental neuroscience research, neural prosthesis, and
neurological disease diagnosis. This paper aims to survey and discuss the current wireless intra-
body communication methods used in neural implants, including far-field radio frequency, near-
field inductive coupling, ultrasonic, near-infrared, capacitive body coupling, and galvanic body
coupling communication. Starting with the discussion of communication requirements, the
performance of each approach is evaluated in terms of mechanism, trade-offs, characteristics,
and tissue safety. From the viewpoint of wireless communication, we present a detailed
analysis and comparison of neural implants that employ different data telemetry technologies.
After identifying the challenges of neural implants, several optimizations are summarized.
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1. Introduction

In recent years, neural interfaces have played an increasingly important role in people’s lives.
Compared with non-invasive approaches, invasive neural devices can capture signals with
greater resolution and signal-to-noise ratio (SNR). Implanted interfaces are therefore more
effective in fundamental neuroscience research [1], neural prostheses [2], and the diagnosis
and intervention of neurological diseases [3]. Early neural recording systems utilized cables to
connect implanted electrodes and external signal processing equipment for power and data
transfer [4, 5] . Such a wired connection increases the risk of wound infection, restricts animal
movement, and causes additional noise interference. To eliminate physical tethers, wireless
power and data technologies are then integrated onto printed circuit boards (PCBs) and linked
to implanted neural probes to form head-mounted devices [6]. Though animals can move
freely, the relatively heavy weight of the neural interface generates stress and may harm their
physical and mental health. To minimize risks, a mm-scale fully-implanted neural interfacing
system-on-a-chip (SoC) is required for long-term bio-compatible recording.

The previous reviews about implantable devices, listed in Table. 1, lack thorough investi-
gation on the communication methods of neural implants. Several aspects of neural interfaces
have been investigated, such as high-density electrodes [7], signal processing techniques [8],
battery-free technologies [9], SoC designs [10], and the application of multimodal electrical
neuromudulation [11]. Furthermore, there are some comprehensive surveys of biomedical im-
plants [12–15] that cover wireless communication methods. However, path loss or tissue safety
of various data transmission techniques are not studied in these papers. Additionally, several

Copyright©2024 by the authors. Published by ELS Publishing. This work is licensed under a Creative Commons Attribution 4.0
International License, which permits unrestricted use, distribution, and reproduction in any medium provided the original work is
properly cited

Lin C et al. Neuroelectronics 2024(1):0002 1

https://elspublishing.com/papers/pj/1538893057218203648
https://elspublishing.com/papers/pj/1538893057218203648


Neuroelectronics Review

Table 1. Related Works

Year Ref. Type Content & Style

2024 [11] Review Implantable Neural Interfaces for Multimodal Electrical Neuromodulation

2024 [17] Survey Near-field wireless communication and power transfer for biomedical implants

2024 [9] Review Energy transfer mechanisms for neural implants

2024 [7] Review High-density implantable neural electrodes and chips

2023 [8] Magazine Signal processing of brain-computer interfaces

2023 [10] Magazine Wireless neural interface SoC designs

2023 [12] Review Wireless, batteryless, implantable electronics for physiological monitoring 

2023 [13] Review Miniature battery-free bioelectronics

2020 [14] Review Four generations of electronic neural interfaces

2020 [15] Review Electrical neural interface

2019 [16] Survey Intra-body communication technologies

promising intra-body telemetry approaches are not analyzed, including near-infrared [16]
and human body communication [17]. Therefore, this survey systematically investigates the
mechanism, path loss and tissue safety of the state-of-the-art wireless communication methods
used in brain neural implants.

The human head is comprised of scalp, skull, dura, cerebrospinal fluid (CSF), gray matter
(GM), and white matter, as shown in Figure 1 (a). By using neural implants, three types of
electrical potentials in Figure 1 (b) can be recorded: electrocorticogram (ECoG), local field
potentials (LFPs), and action potentials (APs or spikes). A typical neural implant architecture
is shown in Figure 1 (c), primarily composed of five modules: (1) a recording module for
neural signal acquisition, amplification, and digitization; (2) a signal processing module such
as data compression; (3) a stimulation module such as optical or electrical stimulation; (4) a
wireless communication module to send the recorded data or receive external commands; and
(5) a power management module for energy harvesting and voltage regulation. This paper
mainly focuses on the communication part.

Recent wireless intra-body communication (IBC) methods for neural implants include
far-field radio frequency (RF) [18, 19] , near-field inductive coupling (IC) [20], ultrasonic
(US) [21], near-infrared (NIR) [22], capacitive body coupling (CBC) [23], and galvanic
body coupling (GBC) [24, 25] . RF communication is the most widely used data telemetry
method due to its mature technology and long-distance transmission [26]. IC technology,
which employs magnetic field induction between coils, is commonly utilized in wireless
short-distance power and data transfer [27]. US transmits information via mechanical waves at
frequencies exceeding 20 kHz, which has been a promising method due to its low attenuation
in tissue [28]. NIR data is sent by small light-emitting diodes (LEDs), enabling the design of
sub-mm implants [29]. CBC and GBC are both types of body channel communication (BCC),
in which signals are sent using the human body as a conductive medium [30]. CBC creates
a stimulated electric field around and through the human body, while GBC injects a weak
current into human tissue.

To better comprehend neural implants from the perspective of wireless communication,
this paper first introduces communication requirements in Section 2. Several wireless intra-
body communication methods are discussed in the transmission mechanism, path loss, and
tissue safety in Section 3. The challenges and optimizations for these neural interfaces are
summarized in Section 4. Section 5 concludes the paper.
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Figure 1. (a) Schematic of the neural implant and neural signals. (b) The signal amplitude,
frequency range, and data rate of neural signals. The minimum uplink data rate is derived
by using one recording channel, the Nyquist sampling theorem, and a 12-bit resolution. (c)
Neural implant architecture includes a recording module, a signal processing module, a
stimulation module, a wireless communication module, and a power management module.
(d) Wireless links between the neural implant and external devices.

2. Communication requirements

In this section, the main communication requirements for neural implants are briefly intro-
duced.

Uplink and downlink: As shown in Figure 1 (d), wireless communication transmission
includes both uplink and downlink channels. The implant transmits the collected signals
to external devices via the uplink, while external devices send configuration information
and control commands to the implant via the downlink. In general, the uplink requires a
significantly greater transmission rate than the downlink since the amount of data acquired for
neural signals is rather considerable. Recording systems require a one-way uplink connection,
whereas stimulators only need a downlink channel. Combining recording and stimulation, it is
usually called a closed-loop brain-computer interface. Since uplink has higher communication
requirements, this study focuses on both recording and closed-loop devices for the purpose of
comparing the performance of each communication technique.

Data rate: Uplink data rate requirements are primarily determined by the number of
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Figure 2. Wireless intra-body communication methods.

recording channels (Numchannel), sampling frequency ( fs), and collecting module resolution
(bitresolution). The minimum uplink data rate (DRup_min) can be calculated as follows:

DRup_min = Numchannel × fs ×bitresolution (1)

The sampling frequency for various neural signals is different. As shown in Figure 1 (b),
ECoGs and LFPs have frequencies less than 400 Hz, while APs have frequencies ranging
from 400 Hz to 7kHz. In order to restore the original signal without distortion, the Nyquist
sampling theorem states that the sampling frequency must be at least twice the maximum
frequency contained in the original signal. Assuming that the resolution of ADC is 12 bits, the
calculated data rate of a single recording channel is displayed in Figure 1 (b). It is obvious
that APs require a higher data rate than ECoGs and LFPs.

Energy efficiency: Since power consumption is proportional to data rate, it is not intuitive
to estimate the performance of different wireless communication devices only by power
consumption or data rate. Therefore, the energy per bit (η1) is commonly used for performance
comparison:

η1 =
Ecomm.

bitcomm.
(2)

Theoretically, the communication energy (Ecomm.) should be utilized to calculate the energy
efficiency with the data rate (bitcomm.) mentioned above. However, as the communication
energy is typically unknown in most reported implants, the total energy (Etotal) is adopted
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instead, as shown below:

η2 =
Etotal

bitcomm.
(3)

As a result, there will be some variance in the η estimate. Reducing η is crucial for improving
energy efficiency.

3. Wireless intra-body communication

This section discusses the mechanism, path loss in tissue and brain, and tissue safety of the
above-mentioned wireless technologies.

3.1. Mechanism

Far-field radio frequency communication employs antennas for long-distance (0.01-10 m)
information transmission, as shown in Figure 2 (a). Electromagnetic waves are utilized in
the form of narrowband (NB) or ultra-wideband (UWB) signals. NB operates on frequency
bands such as Medical Implant Communications Service (MICS), Wireless Medical Telemetry
Service (WMTS), Medical Body Area Network (MBAN), and Industry, Scientific, and Medical
(ISM) [31], as shown in Figure 3. UWB transmits signals at a high data rate in the wide
frequency range of 3.1-10.6 GHz.

The RF frequency is an important consideration and trade-off. As the frequency increases,
the size of the antenna can be small enough for brain implantation [32]. However, the
penetration depth also decreases as the path loss within tissue layers increases severely.
Meanwhile, it is obvious that increasing RF frequency leads to higher power consumption [18],
which is unfavorable for brain tissue safety.

Mature commercial protocols have led to the widespread use of NB communication in
brain implants, such as Bluetooth [33–35] , Zarlink [36] and Zigbee [37]. These commercial
off-the-shelf (COTS) components allow for low-cost and simple system implementation but
are substantial in size. A wireless neural recording device based on Bluetooth low-energy
(BLE) in [33] achieves high-quality signal recordings and a 5-meter transmission range,
weighing <3.9 g and measuring 15×15×12 mm3. With a diameter of 50 mm, a 64-channel
ECoG recording implant employs a Zarlink radio chip (ZL70102, MicroSemi) in the 402-405
MHz MICS band to realize a transmission rate of up to 450 kbps across a distance of up to 2
meters [36].

Besides using COTS components, SoC is commonly used in implantable devices, which
typically involves antennas [18, 38, 39] or coils [40, 41] . An antenna as a surface-mounted
device (SMD) in [18] is utilized for a 2.4/3.2 GHz dual-band OOK transmission at 54 Mbps
with a range of up to 4 meters, at the cost of an incomplete implanted bulky size. The uplink
telemetry in [38] sends a 6.78 Mbps data stream using on-off keying (OOK) modulation of a
434 MHz RF carrier via a 6 cm monopole antenna. At the expense of transmission distance,
the work in [41] employs the OOK oscillator’s on-chip coil as a transmitting antenna to send
data for miniaturization at a carrier frequency of 600 MHz.
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In addition to the widely used NB communication, UWB is a resurrected wireless telemetry
technology that offers the benefits of wide bandwidth and high energy efficiency. Two UWB
transmitters in [39] are used by a wireless closed-loop neurostimulator to communicate with
receivers located 0.1-2 m apart at data rates ranging from 10-46 Mbps. At a center frequency
of 4 GHz, a 65536-channel recording and stimulating microelectrode array SoC employs an
impulse radio UWB (IR-UWB) transmitter to reach a data rate of 108 Mbps with 50 pJ/bit [19].

Near-field inductive coupling technology allows for short-distance (1-3 cm) communi-
cation and power transmission using magnetic field induction between coils, as shown in
Figure 2 (b). When it comes to communication performance and power efficiency, careful
consideration should be given to coil alignments, size, and quality factors. Misalignment can
significantly increase the communication bit error rate (BER) [42] and reduce power delivery
efficiency [43]. With increasing coil size, the operating range and power transmission will be
improved [42]. However, it will also make miniaturization of neural implants more difficult.
High-quality factor enables a high power transfer efficiency (PTE) [44] at the expense of a
restricted data rate.

IC was initially utilized for wireless power transfer before being gradually extended to
wireless communication in recent years. In general, inductive coupling in neural implants
provides both wireless power and data telemetry. It may be implemented in various configura-
tions, including two dedicated inductive links [45], a single pair of coils [46–48] , and an extra
resonator [43, 49, 50] . Using two separate inductive links with two pairs of coils allows for a
high data rate of 3 Mbps while maintaining a high PTE, but it requires a large size [51]. To
minimize device size for implantation, only one pair of coils at 13.56 MHz is chosen to deliver
both power and data, typically with a backscatter uplink to save power [46, 47] . However,
this approach suffers from an inconsistency between efficient power transfer and high data
rates. For example, [46] has a high PTE of 48% but a low data rate of 105 kbps, while [47]
has a high data rate of 1 Mbps but a poor PTE of 10-15%. In particular, a novel structure with
an additional resonator is proposed to power distributed implants [43], allowing for implants
downsizing with a tiny coil [50].

Ultrasound waves are mechanical waves with frequencies exceeding 20 kHz, which
can effectively propagate in media composed mainly of water. Similarly, since the human
body is composed for 65% of water, ultrasonic intra-body communication [52] and power
transfer becomes a novel solution for implanted devices. As shown in Figure 2 (c), ultrasonic
transducers are necessary for the conversion between ultrasound and electrical signals, with
strict orientation constraints owing to piezoelectric crystals. The selection of ultrasonic
frequency requires a balance between data rate and intra-body transmission distance. Lower
frequency allows for deeper implantation and a higher SNR, but at a limited data rate [28].

Compared with neural stimulators [53, 54] , there are fewer neural recording implants
[21,55] using ultrasonic communication due to its high skull absorption and low data rate. [55]
demonstrates the first battery-free ultrasonic backscattering neural recording system with a
data rate of 0.5 Mbps at 1.85 MHz. Besides, [21] presents a 0.8 mm3 neural implant with
ultrasonic powering and data telemetry, consisting of a 0.25 mm2 recording integrated circuit
(IC), a single piezoceramic resonator, and two recording electrodes. To reach a data rate of
more than 35 kbps, uplink data is transmitted using analog amplitude modulation with a main
carrier frequency of 1.78 MHz.

Near-infrared technology uses LEDs for data modulation and demodulation to transmit
communication signals, which is beneficial for the design of micro-implants. However, due
to considerable scattering and absorption losses, the optical wireless link has a very short
transmission range (< 5 mm). Therefore, a large sub-cranial repeater is required for NIR
communication to work with the inductive link to form a two-step neural recording system [22],
as shown in Figure 2 (d). Furthermore, alignment and light-sensitive parasitic short-circuit
currents might have an impact on overall performance [56].
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In view of the small form factor, implantable recorders with optical power and data transfer
have been proposed as a potential solution to collect neural signals with minimal tissue damage.
In 2019, [57] presented a ten-channel neural acquisition system with inductive coupling power
transfer and NIR uplink data telemetry, reaching a high data rate of 3 Mbps. However, it
weighs 3.9 g and measures 3.4 cm3 due to its power coil. Furthermore, with a partly transparent
encapsulation that exposes the NIR-LED to light for NIR communication, the light-sensitive
parasitic short-circuit currents problem should be carefully considered. To address these
challenges, [56] introduced a light-tolerant neural recorder capable of functioning at up to
300 µW/mm2 of light exposure, using optical power and data telemetry via a customized
photovoltaic and micro-LED. The work in [58] achieves the smallest size of 250µm×57µm
by employing a heterogeneously integrated AIGaAs that works as both a photovoltaic and
light-emitting diode.

Capacitive body coupling communication transmits signals by generating a stimulated
electric field through signal electrodes, ground electrodes, the human body and the Earth
ground, as shown in Figure 2 (e). The signal electrodes make direct contact with the body
in vitro [59] or in vivo [60] using conductive materials such as copper, gold, and platinum
to construct a low-loss forward path. As a result, CBC can facilitate long-distance (< 2 m)
wireless links and cover the entire body [23]. The outside ground electrode simply floats
using the same conductive materials as the signal electrodes, while the inside one employs
insulating materials to insulate from the body [61]. Then, the backward path is composed of
the coupling between TX and RX ground electrodes, as well as the coupling between TX/RX
ground electrode, the human body and the Earth ground. For this reason, CBC is vulnerable to
disturbance in the surroundings [62].

Recently, implanted devices have used CBC to obtain a high data rate while minimizing
tissue absorption. In 2022, [23] proposed the first and only neural implant with capacitive
coupling data transmission and power delivery, validated through in vivo recordings on rats.
The implant can transmit the recorded four-channel ECoG signals to an external device placed
on the back of the rat, with a data rate of 20.48 Mbps and a low power consumption of 644
µW. The external BCC RX recovers the received data and then sends them to a computer via
Bluetooth.

The galvanic coupling body channel communication injects a weak current into human
tissue using pairs of conductive differential electrodes for wireless transmission, as shown in
Figure 2 (f). Since the signal is mostly transmitted within the human body, both the forward
and backward channels of GBC have little loss [63]. Besides, unlike CBC, it is independent of
external environmental interference. However, GBC suffers from a restricted communication
distance due to the self-cancellation of the close-range differential electrodes [64].

GBC is a feasible approach for implants with the advantages of low propagation loss
and frequency. [65] proposed Bi-Phasic Quasi-static Brain Communication (BP-QBC) in a
neural implant SoC. By adding a DC-blocking capacitor on the base of GBC, BP-QBC can
eliminate the DC power entering into the tissue to achieve a low power consumption of less
than 1 µW. The work in [25] introduced passive galvanic coupling for neural recording. The
body tissue is used to establish a galvanic loop for power delivery, while the recorded data
of the implant adjust the loop current to provide passive communication with minimal power
dissipation. Unlike inductive coupling backscatter communication, passive GBC employs
miniature electrodes instead of bulky coils, leading to a smaller size of 5.9 mm3. However, the
data rate of 250 kbps is insufficient to record multiple-channel APs simultaneously.

3.2. Path loss in tissue and brain

In the two-port network, the path loss (PL) is generally defined as the ratio of transmitted power
at port 1 (PT X) to received power at port 2 (PRX) as shown in Equation (4). When the input
impedance of two ports is 50Ω, PL can be defined in terms of the scattering parameter (S21),
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Table 2. Path Loss in Tissue

Method Tissue Depth Frequency/ Wavelength Min. Attenuation Max. Attenuation

RF [67] Skin @ Stimulation 1cm 100-700 MHz 64dB @ 420MHz 106dB @ 250MHz

RF [67] Skin @ Stimulation 1cm 0.4-3 GHz 60dB @ 2.75GHz 98dB @ 0.9GHz

RF [67] Skin @ Stimulation 1cm 1-12 GHz 52dB @ 1.4 GHz 122dB @ 11.2GHx

IC [68] Arm @ Stimulation 2.5-8cm 402-405 MHz 60dB @ 2.5cm 75dB @ 8cm

US [69] Tissue @ Water 1-36cm 320 kHz 100dB @ 1cm 156dB @ 36cm

NIR [70] Skin @ Stimulation 0.5cm 400-1000 nm 400dB @ 1000nm 2000dB @ 400nm

CBC [23] Tissue @ Pork 5cm 0.01-300 MHz 26dB @ 20MHz 40dB @ 0.01MHz

GBC [25] Skin & Fat & Muscle @ Pork 2.5cm 0.1-20 MHz 32dB @ 3MHz 39dB @ 0.1MHz

0-40dB 40-80dB 80-120dB 120-160dB >160dB

Table 3. Path Loss in Brain

Method Tissue Depth Frequency/ Wavelength Min. Attenuation Max. Attenuation

RF [71] Brain @ Stimulation 0-1.1cm 2.5 GHz 20dB @ 0.1cm 51dB @ 1.1cm

RF [71] Brain @ Stimulation 0-1.1cm 12 GHz 28dB @ 0.1cm 76dB @ 1.1cm

IC [72] Piglet head 2-6cm 406 MHz 43dB @ 2cm 56dB @ 6cm

US [73] Human skull 1cm 0.3-1.7 MHz 8dB @ 0.3MHz 58dB @ 1.7MHz

NIR [70] Brain @ Stimulation 0.5cm 400-1000 nm 100dB @ 1000nm 500dB @ 400nm

CBC [74] Rat brain 0.2cm 10-375 MHz 25dB @ 200MHz 40dB @ 10MHz

GBC [25] Skull @ Pork 2.5cm 0.1-20 MHz 36dB @ 1MHz 43dB @ 20MHz

GBC [65] human brain @ PBS a 0.1-6cm 1MHz 10dB @ 0.1cm 55dB @ 6cm

GBC [65] Mouse brain 0.1-1cm 1MHz 10dB @ 0.1cm 32dB @ 1cm

0-20-40 40-80dB 80-120dB 120-160dB >160dBa Phosphate-buffered saline.

which is the forward transmission coefficient from port 1 to port 2 [66]. By utilizing vector
network analyzer (VNA) to obtain the (S21), the path loss in dB can be easily determined as
Equation (5).

PL =
PT X

PRX
=

1

|S21|2
(4)

PLdB = 10log10
1

|S21|2
=−10log10 |S21|2 =−20log10 |S21|=−|S21|dB (5)

The path loss of different wireless intra-body communication methods in tissue is listed
in Table 2. The work in [67] evaluated the path loss of RF communication inside the human
body with a depth of 1 cm by simulations. The PL is in the 50–120 dB range at the frequency
bands of 100–700 MHz, 0.4–3 GHz, and 1–12 GHz. [68] reported the path loss as a function
of the distance between the forearm implanted antenna and the external antenna. The path
loss generally increases with distance. It has a maximum value of less than 80 dB and a
minimum of about 60 dB. The 320 kHz ultrasonic communication link is characterized at
different depths in a large water tank that mimic the human tissue environment [69]. Though
the acoustic attenuation in tissue is low, the loss of energy conversion is high. For this reason,
the lowest US path loss is 100 dB at 1 cm depth. A complete path loss model of optical
wireless communication in biomedical applications is formulated in [70]. The minimal path
loss with a transmission wavelength of 1000 nm at a depth of 0.5 cm in skin tissue is 400
dB, which is excessively more than the path loss for other techniques. Pork is usually used
to measure the channel characteristics of body communication technologies [23] [25]. It is
shown that CBC and GBC have the path loss between 25 and 40 dB, which is significantly
less than that of other methods.
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Given that the brain is one of the most complex organs in the body, it is essential to
investigate the brain channel models of various telemetry technologies to develop better
applications. Table 3 lists the path loss in the brain. In [71] and [32], finite element method
(FEM) stimulation was used to study the path loss along brain layers at different frequencies.
It is demonstrated that the scalp and CSF layers, with their high conductivity to permittivity
ratio, are where the majority of the loss is happening. A near-field communication link was
tested in a CSF phantom and pig primate in [72]. For a distance covering from 2 to 6 cm
at 406 MHz, the established PL model yields an attenuation between 43 and 56 dB. The
work in [73] measured the acoustical characteristics of many fresh and subsequently formalin-
immersed human skulls. Over the frequency range of 0.3-1.7 MHz, the reflection loss varies
from about 3-15 dB, whereas the insertion loss ranges from about 8-58 dB. [70] showed
that as the transmitted optical radiation’s wavelength increases, the brain path loss decreases.
Typically, in vivo capacitive [74] or galvanic [65] coupling body channel characteristics are
measured in the brain of an anesthetized rat, with a path loss of less than 40 dB. Pork [25] or
phosphate-buffered saline (PBS) [65] are the two most common settings used for in vitro brain
channel measurements.

The majority of path loss models are derived through simulation as opposed to actual
measurements due to practical and ethical concerns. Using various measuring configurations
will probably result in a different path loss. For example, lower measured PL may arise
from insufficient ground isolation between the TX and the RX in CBC communication [75].
Therefore, the path loss listed in Table 2 and Table 3 may only be used as a simple comparison.

3.3. Tissue safety

The impact of different fields and waveform types used in wireless communication methods
on brain tissue should be carefully considered. However, there is still a lack of guidelines and
limitations to prevent the adverse health effects of neural implants in humans.

In order to verify the tissue safety of neural implants, IEEE Standard C95.1 [76, 77] and
other guidelines [78] are employed as references regarding exposure restrictions in electric,
magnetic, and electromagnetic fields. The specific absorption rate (SAR, W/kg) refers to
energy absorbed within a specified mass range. Compared with whole-body exposure, local
exposure to the head is more appropriate for brain neural implants, with an allowable SAR of
2 W/kg [77].

The ultrasonic communication limit is characterized by intensity (mW/cm2), which is the
power transferred in the direction of acoustic wave propagation. The spatial-peak temporal-
average intensity (ISPTA) of ultrasonic is limited to be 720 mW/cm2 by the Food and Drug
Administration (FDA) [79]. Furthermore, fluctuating pressure of an acoustic field may result
in the expansion and contraction of gas bubbles, known as cavitation [16]. This phenomenon
should also be taken into account when assessing the potential health effects of ultrasonic
communication.

It is important to carefully analyze the possibility of tissue overheating during NIR trans-
mission. The ISO 14708-1:2000 E standard requires that heat accumulation be limited to a
temperature rise of no more than 2 ℃. According to [80], a 1 mm2 area continuously illumi-
nated by NIR lasers increases the peak temperature by around 1.8℃/100mW . Continuous
illumination over 250 mW causes lasting harm.

3.4. Performance summary

From Table 4, it is obvious that no specific implant outperforms the others in all performance
metrics. Each wireless intra-brain communication method has benefits and downsides; hence,
it is often chosen depending on the specific application needs.

Comparing RF communication to other technologies, the data rates are significantly higher,
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Table 4. Comparison of the Neural Implants

TCASⅡ’20 [18] VLSI’23 [19] ISSCC’24 [20] JSSC’19 [21] ISSCC’20 [22] JSSC’22 [23] ESSCIRC’22 [24]

CMOS Process [nm] 65 130 180 65 180 110 65

Chip Size [mm2] 3.72×3.68=13.7 144 1.5×1=1.5 0.5×0.5=0.25 0.19×0.17=0.0323 2.8×1.4=3.92≈4 1×1=1

Implant Volume [mm3] 1900×1800×U/K 144×0.025=3.6 4×4×2.5=40 0.8 ~0.00323 a ~32 a 5.45

Implant Weight [mg] 1700 U/K 18 U/K U/K U/K 20

C
o

m
p

o
n

en
t

e Communication 1 Antenna 1 Antenna 1 Coil b 1 Piezoceramic b 1 LED 1 Electrode Electrode c

Power 1 Coil 1 Coil 1 Coil b 1 Piezoceramic b 1 Photovoltaic 1 Electrode Electrode c

Off-chip d 1 Antenna, 1 Coil,

1 Oscillator etc.
None

1 Capacitor,

1 Coil
1 Piezoceramic

1 LED,

1 Photovoltaic
2 Electrodes

1 Capacitor, 

Electrode c

Sub-Cranial 

Resonator/Repeater/Relay
None None 1 Resonator coil None f 1 Repeater None None

Recording
Channel Number 64 65536 k 1 1 1 4 16

Neural Signal AP LFP LFP AP AP ECoG U/K

Stimulation No Yes Yes No No No Yes

Uplink

Data Link RF-NB RF-UWB Inductive Ultrasonic NIR CBC GBC

Frequency [Hz] 2.4/3.2 G 4 G 144 M 1.78 M 8 k 40.96 M U/K

Data Rate [bit/s] 54 M 108 M U/K >35 k 100 a 20.48 M 800 k g

Energy Per Bit 

[pJ/bit] (paper)
44/48 50 U/K U/K 6.7 h 32 13.2 g

Energy Per Bit 

[pJ/bit] (η1)
44/48 N/A N/A N/A ~2300 ~18.87 0.6125 g

Energy Per Bit 

[pJ/bit] (η2)
48/52 ~359 N/A ~1077 ~7400 ~31.45 2.25 g

Bit Error Rate ~10−6 U/K U/K U/K U/K ~10−4 ~10−3

Downlink
Data Link N/A RF-UWB Inductive N/A NIR N/A GBC

Data Rate [bit/s] N/A 54 M U/K N/A U/K N/A 1 k

Power Link Inductive Inductive Inductive Ultrasonic NIR CBC GBC

TX-RX

Implant

Depth [cm]
U/K U/K U/K 4.5~6 U/K ~0.5 U/K

Transmission 

Distance [cm]
400 U/K U/K 4.5~6 U/K 10 U/K

Alignment i Not Required Not Required Required Required Required Not required Required

Power
Total [μW] 2570/2810 38800 270 j 37.7 0.74 644 1.8

Uplink [μW] 2370/2610 5400 a U/K U/K 0.23 a 386.4 a 0.49

In Vivo
Validation Yes Yes Yes No Yes Yes Yes

Fully Implanted No Yes Yes No U/K Yes Yes

N/A: Not available                    U/K: Unknown

 a Estimate based on the original paper.                        b The same component used for communication and power supply.                 c Unknown number.

 d Exclude the commonly required off-chip components for neural recording and stimulation. (e.g. electrodes, LEDs)                          e Consider the implant only.

 f In vitro validation may not need relays, but in the brain, where considerable loss occurs after passing through the skull, relays are necessary. 

 g Digitization happens at Hub RX.                                h Post layout stimulation.                                                                                         i Consider communication only.                                                  

 j Measured at maximum stimulation current.              k With 4 to 1 electrode multiplexing. Only 1024 channels can be sampled simultaneously.

Best Worst Can not compare

(a) Implant Volume & Total Power (b) Data Rate & Energy Per Bit

                              
    

   

   

   

   

   

   

  

   

  

  

   

   

   

 
 
  
  
 
 
 
 
  
 
 
 

                   

                                    

        

  

  

 

 

 

 

 

Figure 4. Compare neural implants using different intra-body communication techniques.
(a) Total power vs implant volume. (b) Energy per bit vs data rate.
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Figure 5. Qualitative comparison of intra-body communication methods.

which allows for simultaneous transmission of high-density neural recordings [18, 19] . In the
early stages of implantable electronics, NB was the most widely employed wireless telemetry
technique because of its low BER, high data rate, and long-distance transmission. However,
the presence of off-chip components such as an antenna and an oscillator renders it too large
and heavy to be fully implanted into the brain. In contrast to NB, the development of UWB
technology in micro neural implants has received more attention since it can deliver great data
throughput with compact on-chip antennas. The most current UWB transceivers can achieve
data rates of several Gbps and energy efficiency of a few pJ/bit [81,82]. If these techniques can
be used to high-throughput neural interfaces without sacrificing performance, it will represent
a significant step forward in the development of neural implants.

Compared with RF, the merits and demerits of the inductive coupling implant [20] are not
very obvious. On the one hand, using coils as power and data telemetry antennas enables a
smaller implant volume with a lower carrier frequency and thus lower power consumption.
On the other hand, inductive coupling has a relatively low data rate ( [45] 3 Mbps, [46] 105
kbps) and requires alignment.

The implants employed ultrasonic [21] or NIR [22] technology to reach sub-mm size,
which is ideal for brain implantation with minimal tissue damage. However, the two commu-
nication methods suffer from significant loss owing to dispersion and skull absorption. For
this reason, a sub-cranial repeater or relay is required. Furthermore, the lowest data rate and
alignment requirement limit their use in multi-channel recording or distributed free-floating
implants.

In general, the implants that use BCC [23–25] provide the best overall performance. The
power required to transmit each bit across a low-loss human medium can be very low, allowing
BCC to transfer data rates higher than other wireless technologies within the same power
budget. This significantly reduces the conflict between high data throughput and low power
consumption. Without any other sub-cranial components, only tiny and thin electrodes are
beneficial to miniaturize size and reduce surgical difficulties.
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Figure 4 shows the comparison of neural implants using different intra-body communica-
tion techniques. When it comes to implant volume and power consumption, NIR devices are
the least and RF devices are the most. From Figure 4 (b), GBC technologies have a relatively
high data rate and consume the least energy per bit, whereas UWB methods achieve the highest
data rate with relatively high energy efficiency. The integration of load-shift keying (LSK)
or backscatter technologies can significantly increase energy efficiency by eliminating the
active transmitter in implants [83, 84] . The qualitative comparison of IBC methods are shown
in Figure 5. Points away from the center represent better performance. Generally speaking,
UWB and BCC communications offer the optimum performance.

4. Challenges and optimizations

From the perspective of wireless communication, this section discusses five design challenges
and optimizations for neural implants, including safety standards, high energy efficiency,
communication latency, data security, and multi-site network.

Safety standards: There is now a lack of guidelines and regulations to prevent the detrimen-
tal effects of brain implants on human health, which undermines the case for the constraints of
communication metrics. In order to develop safety standards applicable to neural implants,
actual human studies that adhere to practical and ethical constraints are required.

High energy efficiency: High-density neural recordings show great promise in neuro-
science research, requiring large amounts of data to be transferred to external devices. This
means that a high data rate is necessary, typically resulting in higher power consumption. As a
result, wireless links with higher energy efficiency, such as human body communication [85],
are preferred. Because they allow for a high data rate while acquiring less power, they greatly
reduce total power consumption. However, to meet the demands for ever-higher densities of
data, high energy-efficiency technologies still need to be developed.

Communication latency: In the majority of implantable device designs, communication
latency is rarely taken into account. For closed-loop implants, low communication latency
will greatly improve their performance by reducing the neuromodulation cycle. This indicator
needs to be focus and further optimized in the future work of neural implants.

Data security: As implants advance from the experimental to the clinical stages, data
security needs to be carefully considered. Physical security is preferred owing to its simplicity
and minimal resource needs. When compared to conventional radio frequency techniques,
body channel communication confines signals to a small area around the body, significantly
lowering the risk of hacking by attackers [86]. Additionally, encrypting the neural data can
offer more information security. However, this usually comes with an increase in power
consumption. Further consideration needs to be given to how to implement encryption with
less power usage.

Multi-site network: To reveal higher-level mechanisms of brain functionalities, multi-site
network is required to record or stimulate multiple points in the nervous system using several
mm-sized free-floating devices. Two modes of transmission may exist between these micro-
implants and the external system: 1) A single micro-implant receives data from other nodes
and sends them out; 2) Each of these micro-devices sends out data on its own. How to isolate
interference from each other remains to be resolved.

5. Conclusion

This survey begins by introducing the communication requirements for neural implants. Fol-
lowing that, several wireless intra-body communications are examined in terms of mechanism,
path loss, tissue safety, and implant application. Based on a thorough investigation and com-
parison of neural implants employing various data telemetry technologies, ultra-wideband and
body channel communication generally provide the best overall performance. With technolog-
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ical advancements, the challenges of neural implants will be better addressed for widespread
human usage during the next decade.

Appendix

Radio frequency (the broad concept, only used for this part) communication uses electro-
magnetic waves ranging from around 20 kHz to around 300 GHz to transfer information via
antennas [87]. For wireless body area networks, IEEE 802.15.6 standard [31] defines three
different physical layers (PHYs): (a) human body communication (HBC) ranging from 5
MHz to 50 MHz; (b) narrowband (NB) including frequency bands such as Medical Implant
Communications Service (MICS), Wireless Medical Telemetry Service (WMTS), and Industry,
Scientific and Medical (ISM); (c) ultra-wideband (UWB) ranging from 3.1 GHz to 10.6 GHz.

As a general definition, the wavelength (λ ) of radio frequency can be calculated by its
frequency ( f ) and the light speed

(
c ≈ 3×108m/s

)
:

λ =
c
f

(6)

The space around an antenna is often classified into three regions: (a) the near-field region; (b)
the transition zone; (c) the far-field region [88]. For antennas that their maximum dimension
(D) is shorter than half of the wavelength of the radiation they emit

(
D < λ

2

)
, the classification

criteria is based on the wavelength and the distance (r) from the radiating source:

For D <
λ

2
,

r ≪ λ , (near-field region)
λ < r < 2λ , (transition zone)
r ≫ 2λ , (far-field region)

(7)

For antennas physically larger than a half-wavelength of the radiation they emit
(

D > λ

2

)
, the

classification criteria is based on the distance (R), the wavelength, and the antenna’s maximum
dimension:

For D >
λ

2
,


R < 0.62

√
D3

λ
, (near-field region)

R ≥ 0.62
√

D3

λ
, R < 2D2

λ
, (transition zone)

R ≥ 2D2

λ
, (far-field region)

(8)

The wavelength for frequencies ranging from 1 MHz to 10 GHz is between 300 m and 3
cm. This means that the antennas used in most intra-body radio frequency communication are
often shorter than half of the wavelength of the radiation they emit

(
D < λ

2

)
.

Based on the above-mentioned radio frequency, various assumptions are made to distin-
guish between far-field radio frequency (RF) and near-field inductive coupling (IC) communi-
cation in terms of frequency. In RF, the distance (r) from the radiating source is considered to
be 1-20 m, but in IC, it is less than 10 cm. To simplify calculations and be consistent with
practical applications, the tissue loss is neglected, and the orders of magnitude of (≪) and
(≫) are considered to equal 1 (10 times). According to (7), the calculated frequency of RF
varies from 300 MHz to 10 GHz, whereas IC ranges from 1-300 MHz. In fact, there are
no precise cutoffs between these regions, "300 MHz" is only useful for understanding the
frequency differences between RF and IC.
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