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Abstract—This paper presents a new communication method
between micro-scale freely floating brain implants based on
galvanic coupling (GC), called ”Brain-Coupled Communication”
(BCC). Since the transmission efficiency based on GC is highly
dependent on the system’s geometry and the electromagnetic
properties of the tissue, finite element models in COMSOL
Multiphysics® are employed for characterizing the proposed
method. Concurrent scaling of channel length (i.e., the distance
between two implants), the inter-electrode distance (on a single
implant), and electrode dimensions with a constant ratio down
to 2 % of their typical values show an increase in the optimum
frequency of the communication by 50 times (from 200 kHz to 10
MHz). This, in turn, yields a substantial increase in the channel
bandwidth. The proposed method also shows excellent robustness
against misalignment. Up to 60 ° of angular misalignment and 1
mm of lateral displacement result in a voltage-gain attenuation of
less than 5 dB and 2 dB, respectively. Furthermore, a negligible
shading effect between implants is observed by exploring multi-
implant scenarios. Moreover, based on the conducted compliance
study, no safety hazards were observed for the intended condi-
tions. In conclusion, the proposed method exhibits a multitude
of desirable qualities that position it as an excellent choice for
establishing a network of freely floating brain implants.

Index Terms—Micro-scale brain implants, Distributed neural
interface, Human body communication, Galvanic coupling

I. INTRODUCTION

Brain-Computer Interface (BCI) platforms have received
growing attention in the last decades, as an effective means
of restoring sensory and motor functions (e.g. sight, move-
ment, and cognitive abilities), in addition to their utility
in neuroscience studies. Developing technologies to enable
distributed neural interfaces for BCI systems is an active area
of research aimed at optimizing scalability in the number of
neural interfaces, expanding coverage to larger brain areas, and
minimizing invasiveness through device miniaturization [1]. To
this end, both wired solutions (e.g. the Neuralink project [2]),
and wireless networks of miniaturized implants (e.g Neural
Dust [3], Microbead [4], Neurograin [5], ENGINI [6], and
STARDUST [7] projects) have been proposed in the literature
[8]. The main advantage introduced by the distributed neural
interfaces is the lower invasiveness of implants when a wide
coverage of brain areas is required by the application [9].

This work was supported by the Electronic Components and Systems for
European Leadership (ECSEL) Joint Undertaking Project Moore4Medical
under Grant H2020-ECSEL-2019IA-876190.

Fig. 1: Scheme of a completely wireless distributed BCI, with
a zoom of a hypothetical BCC device design

Most wireless solutions utilize electromagnetic radiation for
communications between implants and an external node. Al-
ternatively, Human Body Communication (HBC) is a promis-
ing wireless technology that intrinsically offers lower power
consumption, higher efficiency, low interference, and higher
security compared to RF (”radio-frequency”) solutions [10].
HBC is based on coupling coils or metallic electrodes directly
to the human tissues to transmit non-radiative signals through
the body itself, working in the reactive near-field region.
Without the need for an antenna to create electromagnetic
radiation, the transmitting frequency can be lowered with no
constraints in terms of the dimension of the device. HBC can
be achieved with three types of coupling: capacitive, galvanic,
and magnetic. While capacitive HBC is more suitable for
larger distances, the galvanic coupling is typically preferred
for implants due to its independence from the environment and
earth ground, higher security, and privacy of the propagated
signals [11]–[14]. Banou et al. [13] focused on galvanic HBC
implants with a collision-free protocol and near-field beam-
forming. Noormohammadi et al. [14] demonstrated successful
galvanic HBC in the in-body-to-on-body scenario, using a
baseband impulse technique without a high-frequency carrier.

In this work, we are proposing brain-coupled for communica-
tion between micro-scale implants based on galvanic coupling,
as depicted in Fig. 1. We study, for the first time, the effect
of scaling the communication channel to a micro-scale level.
Furthermore, we explore the misalignment effect and multi-
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(a)
(b)

Fig. 2: a) Scheme of the complete model with highlights of the main feature and b) configurations of small networks to study
the shadowing effect between receivers

Fig. 3: Highlight on the geometrical parameters of two devices

device configurations. The simulation results provide valuable
insights into the potential of galvanic coupling for communi-
cation between micro-scale implants and highlight important
design considerations for their future development.

II. METHODOLOGY

This study builds on state-of-the-art research on galvanic
coupling for implants [15], [16], [17] by developing a FEM
(Finite Element Method) model in COMSOL Multiphysics®

6.0. The model is designed to simulate different scenarios,
in which micro-scale brain implants communicate through
galvanic coupling. To this end, a frequency-domain study
was conducted using two AC/DC Module interfaces: Electric
Currents and Electrical Circuits. The former exploits the
quasi-static approximation to solve the electrical potential
in any point of the geometry, and the latter allows for the
coupling of ideal electronic circuits to the FEM model. The
final simulation setup depicted in Fig.2(a) is obtained through
the following steps:
STEP I - GEOMETRY: The human head is modeled by
a layered sphere containing the main tissues in the human
head (from the outermost to the innermost): skin, fat, bone,
dura mater, cerebrospinal fluid (CSF), gray matter, and white
matter, surrounded by an infinite unbounded air domain. Then,
two couples of platinum cylinders, each representing the two
electrodes of the transmitting/receiving implant, are placed
into the innermost layer of the sphere, i.e. the white matter
(Fig. 2(a.I)).

STEP II - DIELECTRIC CHARACTERISTICS: For the tar-
geted simulations, the dielectric properties of the materials,
i.e. the relative permittivity (ϵr) and the electrical conductivity
(σ), are required to solve the Maxwell equations, which are
simplified by the quasi-static approximation. Inside the sphere,
each layer was described with the proper ϵr and σ, according
to the parametric Cole-Cole model of the complex permittivity
ϵ∗ [18]. The frequency-dependent dielectric characteristics are
imported to the model from [19].
STEP III - POLARIZATION IMPEDANCE: The electrical
double layer describes the disposition of charges at the metal-
tissue interface, where Faradaic and non-Faradaic processes
arise. To take this phenomenon into account, it is necessary to
define a polarization impedance ZP (Fig. 2(a.III)), composed
of a pseudo-capacitance with constant phase angle ZCPA

and a charge-transfer resistance RCT in parallel as described
in [20]. Then, ZP is included in the FEM model with a
surface impedance on the outside of each cylinder using
the Distributed Impedance function in the Electric Currents
module.
STEP IV - EQUIVALENT CIRCUITS: The two electrodes
of each device are linked to simplified equivalent circuits
representing the transmitter and the receiver. The circuits
include a sinusoidal source and two resistors, arranged as
shown in Fig. 2(a.IV), and their default values are 1 V and
50 Ω, respectively. Through the circuits, it was also possible
to define a different ground for each side, preventing the
common-ground effect.
STEP V - FREQUENCY DOMAIN STUDY: To complete
the simulation setup, the Extremely fine mesh is selected due
to the small dimension of the electrodes, and the outermost
surface of the air domain is fixed to ground to ensure the
convergence of the solution. A frequency-domain study is
conducted within (10 kHz-1 GHz) to obtain the frequency
response in the galvanic coupling communication channel.
Once the model has been completed, it is used to examine the
effects of various parameters on the communication’s transfer
function. The analyzed parameters are illustrated in Fig. 3,
and include the electrode radius (”Re”), the electrode height
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Fig. 4: Voltage gain in muscle [16] and white matter

(”He”), the inter-electrode distance in the implants (”De”), the
channel length (”Lc”, the distance between two implants). Fur-
thermore, the effect of angular and spatial misalignments, the
location of the implant (white or gray matter), as well as the
generator’s internal resistance (”RS”), and the load resistance
(”RL”) are explored. Finally, multi-implant scenarios (see
Fig. 2(b)) and compliance with the ICNIRP (”International
Commission On Non-Ionizing Radiation Protection”) safety
regulations are studied.

III. RESULTS

The main parameter used to evaluate the results of the
simulations is the voltage gain, GV , which is calculated as
20 log10 |VR/VT |, where VR and VT represent the differential
voltages at the receiver and transmitter electrodes, respectively.
VR itself was observed as well, in order to study the sensitivity
required at the receiver side.
The first simulation compares the model of this work with the
one in [16], keeping the same dimensions of the electrodes as
the latter (De=5 cm, Lc=10 cm, Re=5 mm, and He=1 mm),
to study the impact of different tissue material, i.e. the brain’s
white matter versus the muscle tissues, on GV . The curves
obtained (see Fig. 4) have the same high-pass behavior, but
the peak is higher in the case of white matter (-37 dB vs -42
dB), while the cut-off frequency is lower in the muscle (30
kHz vs 200 kHz). Similar simulations in gray matter show
around 1 dB improvement in the peak value. Hereafter, all the
results are presented for the brain’s white matter.
In the next step, De, Lc, Re, and He are scaled concurrently
and with a constant scaling factor (k), to investigate the effect
of system scaling on the transfer function of GV , and peak
value of VR. The results show that a proportional decrease
of De from 5 cm to 1 mm, results in a reduction of the
peak of GV from around -37 dB to -47 dB (Fig. 5(a)).
However, as shown in Fig. 5(b), the peak frequency of VR,
which is around the cut-off frequency of GV , increases as
the channel geometry scales to smaller dimensions, making it
more suitable for high data-rate communications. For example,
when using a data carrier frequency of 10 MHz, the amplitude
of VR increases from 0.3 mV for k=1 to approximately 2 mV
for k=0.02 (Fig. 5(c)). This substantial increase in VR results
in 7 times lower sensitivity required at the receiver. For the
highest explored scaling factor (i.e. Re=0.1 mm, and He=0.02

mm), varying Lc from 2 mm to 5 cm with De=1 mm leads
to the decrease in the peak of GV from -47 dB to -120 dB
(Fig. 6(a)). Varying De in the range from 0.5 mm to 2 mm
with Lc=5 mm, results in GV ’s peak rising from -81 dB to
-59 dB (Fig. 6(b)). The two behaviors are in line with the
previous findings about galvanic coupling [15], [16], where the
intensity of the electric fields is inversely proportional to the
distance from the source, and a higher current density is spread
to a bigger portion of tissue when the transmitting electrodes
are further away from each other. Additionally, the proposed
BCC method demonstrates good robustness in multi-implant
scenarios and against misalignment. Angular misalignment of
up to 60° and a lateral displacement of up to 1 mm result in
a GV attenuation of less than 5 dB and 2 dB, respectively.
Fig. 6(c) shows the results on GV for both in-plane and out-
of-plane angular misalignments of the receiving electrodes.
Furthermore, according to the simulations with more than
two devices as in Fig. 2(b), no shadowing effect is observed
between the devices and only slight variations in GV appear
when the devices share the same current flow. This could be
expected as the current flow only depends on the path where
the minimum resistance is encountered. Moreover, the impact
of different electrode materials as well as source and load
resistors on the peak value of GV is investigated. Using copper
instead of platinum electrodes shows negligible impact on the
results. To study the impact of source and load resistances,
RS and RL are swept from 20 Ω to 1 kΩ and from 50 Ω to 1
MΩ, respectively, instead of their default 50 Ω value. While
the change in RS has a negligible impact on GV , increasing
RL allows for a flattening of the transfer function within the
observed frequency range, resulting in a shift of the cut-off
frequency to lower values.
In this section, compliance with the ICNIRP2020 safety
regulations [21] is explored for the highest-scaled scenario
(k=0.02). So-called ”basic restrictions” in [21] define the main
quantities that restrict electromagnetic fields induced inside
the human body. They include the spacial Root Mean Square
(RMS) of the electric field in a 2 mm x 2 mm x 2 mm box
(Eind) and the spatial RMS of the Specific Absorption Rate
in 10 g of contiguous tissue (SAR10g). The former prevents
the unwanted electrostimulation of the nerves and the latter
the thermal effects that can arise and damage the tissues. Fig.
7(a & b) show the values of Eind and SAR10g calculated
around the transmitting electrodes in the model for varying
input signal amplitudes from 0.3 V to 1 V, together with their
basic restrictions. It is possible to notice that the electric field
regulations are met for frequencies above 1 MHz, while the
maximum SAR is respected across the entire frequency range.
Lastly, it is essential to discuss the limitations of the model.
The definitions of the reactive near-field region and the quasi-
static approximation are based on the relationship between a
specific length in the model and the wavelength (λ) in the
medium, which, in this case, is the white matter. To operate
within the reactive near-field, the distance from the source,
including the channel length, must be significantly smaller
than λ/2π. Similarly, to apply the quasi-static approximation,
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(a) (b) (c)

Fig. 5: a) Voltage gain, b) received voltage and c) focus on its value at 10 MHz, all for different scaling factors

(a) (b) (c)

Fig. 6: Voltage gain peak for different a) channel lengths, b) inter-electrode distances, and c) angular misalignments

(a) (b) (c)

Fig. 7: a) Average electric field and b) SAR for different input signal amplitude with related basic restrictions from [21], and
c) model validity limits related to reactive near-field zone and quasi-static approximation

the geometry must be considerably smaller than λ, typically
less than λ/10. In Fig. 7(c) the values of λ, λ/2π, and λ/10
are plotted together with the maximum dimensions used in the
simulations, 5 cm and 10 cm for channel length and geometry,
respectively. As a result, the requirements of non-radiative
fields and the quasi-static analysis hold valid up to 25 MHz and
100 MHz. Exceeding this limit can lead to radiation outside
the body, with consequent losses in the transmission, and non-
negligible errors in the simulations. For an electrode diameter
of 200 µm, the highest gain can be achieved at frequencies
around 10 MHz, which still has a good margin to the model’s
validity limit.

IV. CONCLUSIONS

This paper presents a detailed study of adopting galvanic
coupling for a network of wireless free-floating brain implants,
using FEM simulations. The study involves the construction

of a layered sphere model, representing the human head, and
pairs of platinum electrodes, representing the implants, using
COMSOL Multiphysics®. Various factors, including electrode
geometry, channel length, misalignments (both angular and
spatial), and source/load resistances are examined for their
impact on the voltage gain between the transmitting and
receiving electrodes (GV ). The simulations show that pro-
portional scaling of the channel and electrode dimensions
toward micro-scale implants degrades the absolute peak of
GV , necessitating higher sensitivity at the receiver side. At the
same time, the peak of the received voltage moves to higher
frequencies, allowing for an improvement in the data rate. The
communication channel shows great robustness against differ-
ent misalignments and shadowing by other implants, making
it suitable for freely floating micro-scale implants in the brain.
Finally, compliance with safety regulations is explored which
shows no safety hazard for the targeted operating frequencies.
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