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Abstract—In this paper, a pair of implant and wearable
antennas for brain–computer interface applications are proposed.
The implant antenna, designed as a slotted patch, is embedded
within the human skull. The receiver antenna is considered to
be located on top, outer rim of the left ear and envisioned to act
as a relay to capture and retransmit neural data. The antennas
operate in lower Ultra-WideBand frequency range, allowing for
higher data rates required for dense spatiotemporal sampling
of the brain neural activity. The communication performance
between the implant and wearable antennas is evaluated for
two implant locations (i.e., vertex area of calvaria and temporal
region). It is shown that under worst-case scenario and given the
regulatory limit on specific absorption rate, the received signal
power is around -57.9 dBm. This is above typical UWB receiver
sensitivity; therefore, reliable communication with the wearable
receiver is feasible.

Index Terms—brain computer interface, implant antenna,
wearable antenna, ultra wideband

I. INTRODUCTION

A Brain Computer Interface (BCI) system is a communica-
tion system in which brain signals are read and processed by
a computing device. The output from the computing device
may further be used to control an external device, either
virtual or physical [1]. BCI is a multidisciplinary research
area that has drawn considerable attention in recent years
due to its attractive and transformative applications across
many verticals including healthcare. It is expected to have
a considerable impact on treatments of neural function im-
pairments. A BCI typically measures neural activity through
electrodes that are implanted either inside the brain or over
the brain surface (invasive) or placed externally on the scalp
(non-invasive). Although invasive BCI involves medical risks
and complications, it offers significantly higher temporal and
spatial resolution compared to non-invasive BCIs.

Application of wireless interfaces for brain signal acquisi-
tion not only enhances the usability of the BCI system but also
facilitates the development of platforms that further integrate
the brain with other physiological signals. Invasive BCI is
considered as use-case within the scope of the Task Group
6ma (TG 6ma) which is currently conducting a revision of
the IEEE international standard in Body Area Networks (IEEE
802.15.6) [2]. Specifically, the task group is considering an
Ultra-WideBand (UWB) physical layer that can support high

data rate transmissions for dense spatiotemporal sampling of
the brain neural activity.

The wireless channel between the brain implant and an
external receiver is the core communication link in an invasive
BCI system. Therefore, maintaining its reliability is crucial
and involves design of efficient antennas. Development of
such antennas is challenging for several reasons. First, the
human body is a harsh medium for electromagnetic wave
propagation due to the high conductivity and inhomogeneous
nature of biological tissues. Additionally, the implant antenna
must be biocompatible and physically very compact to enable
practical implantation. This limits the radiation efficiency and
communication range of the antenna.

Several studies in literature have tried to address these
challenges. In [3], a dual-band monopole implant antenna with
an overall size of 15 mm × 20 mm × 1.6 mm and operating
in the 2.4 GHz ISM band as well as the 4.1 GHz to 11.5
GHz range is presented. However, the influence of integrated
electronics and the communication performance of the antenna
with an external receiver have not been considered. A wide-
slot antenna operating in the 3.5 GHz to 4.5 GHz frequency
range for brain implant has been proposed in [4]. In their
design, the authors use glycerin as an insulating medium to
reduce near-field losses. While promising antenna performance
is expected, the communication performance of this antenna
is not analyzed.

In [5], the authors present an implant antenna operating
from 3 GHz to 14 GHz with a compact size of 10 mm ×
9 mm × 0.7 mm. The total size of the implanted device,
including dummy electronics and packaging, is considered to
be 23.5 mm × 13 mm × 4.4 mm. In their design, the authors
used water encapsulation as a superstrate layer to load and
miniaturize the antenna. Using an ideal half wave dipole off-
body antenna, a link budget analysis is performed as a function
of the dipole-to-implant distance. The study shows that off-
body communication could be possible at 20 cm, 1 m, and 2.4
m; however, this assumes that the off-body antenna is located
along the broadside direction of the implant antenna.

Using a classical printed, circular arm, monopole implant
antenna, authors in [6] investigated off-body communication
with a receiver placed near the implant. Their simulation
results indicate a pathloss between 36 and 58 dB for the
frequency range 6.5 GHz to 7 GHz; however, the authors note



that the result is heavily influenced by the location, relative
distance, and orientation of the two antennas. The authors
also conducted ex-vivo experiments by inserting the implant
antenna in a 15-mm-thick, multilayer skin/fat porcine tissue.
They reported a pathloss of 52 dB at the frequency of 6.7 GHz
when the receiver is 10 cm away from the implant.

In [7], [8], authors evaluate the communication performance
of the BCI channel between the implant and an on-body
antenna. In their set-up, the on-body antenna is placed di-
rectly above the implant, resulting in a separation distance of
approximately 3.5 mm to 10 mm. The frequency range of 3.1
GHz to 10.6 GHz has been considered for link evaluation. At
3 GHz, a transmission coefficient of –10 dB is observed when
the antennas separation is 3.5 mm.

Assuming that the brain implant is designed to be placed in
the backside of the ear and just below the skin, authors in [9]
present an on-body receiver antenna that is formed around
a standard earbud (approximately 10 mm away from the
implant). The UWB BCI channel is evaluated using compu-
tational model of the head and the result show a transmission
coefficient of around –35 dB across 3.6 GHz to 6.8 GHz
frequency range.

In [10] a dual-band printed monopole antenna with dimen-
sions 22 mm × 24 mm for bidirectional BCI application has
been proposed. The authors also evaluate the communication
performance of this antenna by placing the receiver antenna
directly above the implant (located under the skull) with a
distance of 10 mm from the surface of the skin. The distance
between the two antennas in their simulation model has been
assumed to be 20 mm. In this configuration, the authors report
a transmission coefficient of around -35 dB across the 3 GHz
to 6 GHz frequency range.

The very limited communication range of the brain implant
and especially the heavy dependency of this range on relative
position and orientation of the off-body receiver antenna as
well as the complex propagation environment could result in
limited communication mobility of the individuals that require
BCI. To avoid potential restriction in mobility, an on-body
relay node can be introduced to capture the signal from the
brain implant and retransmit the data to another external node
or portable device such as a smart phone. Using this concept,
we propose a BCI communication link where the external node
is an on-body device located on top of the ear. The device, for
example, can be mounted on the arm of an eyeglass (i.e., the
temple) or incorporated as part of an earpiece. This will avoid
any undesirable wearables on top of the head and allow for
convenience and enhanced practicality for frequent or extended
use.

The remainder of this paper is organized as follows. Section
II describes the implant and on-body antennas that have been
designed for BCI applications. Simulation results indicating
the communication performance of the antenna and a prelimi-
nary link margin analysis are presented in Section III. Finally,
conclusions and future work are provided in Section IV.

II. IMPLANT AND ON-BODY ANTENNA DESIGN

The implant device consists of three main parts: electronics,
antenna, and encapsulation. Its overall dimensions are assumed
to be 15 mm × 15 mm × 6 mm. To minimize the influence of
electronics on antenna performance, a patch antenna has been
selected. For biocompatibility, the electronics are considered to
be enclosed in a titanium casing and placed below the ground
plane. Alumina is used as the antenna superstrate. Due to
its high permittivity and low loss, alumina enables antenna
miniaturization with lower near-field losses. To enhance the
antenna bandwidth, U-shaped slots are introduced on the
patch. A low-permittivity substrate, RO5880 (ϵr = 2.2), with
a thickness of 1.57 mm, has also been used. Fig. 1 shows the
geometry of the implant antenna.
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Fig. 1. The geometry of the implant
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Fig. 2. The geometry of the on-body antenna

The on-body antenna is designed to achieve a directional
radiation pattern. Similar to the implant antenna, a U-shaped
slotted patch configuration is employed for the on-body an-
tenna. A high-permittivity ceramic substrate (ϵr = 30) has also
been used to enable miniaturization. The overall dimensions
of the on-body antenna are 15 mm × 15 mm × 9 mm. The
antenna geometry is shown in Fig. 2.

III. SIMULATION RESULTS AND ANALYSIS

The computational models used to assess antennas perfor-
mance are shown in Fig. 3. The on-body antenna is positioned
on top, outer rim of the left ear (i.e., helix of the left ear).
For the implant antenna location, two scenarios have been
considered. In the first scenario, the implant is placed within
the vertex area of Calvaria (i.e., inside the skull bone). In the
second scenario, the implant is moved to the left temporal



region of the skull (i.e., the left side of the head). These
two scenarios for the BCI implant positions are also being
considered by the task group 6ma at IEEE802.15.

(a) (b)

Fig. 3. Computational models used to assess the communication link between
the implant and on-body antennas, (a) Implant at the vertex area of Calvaria,
(b) Implant at the left temporal region of the head

The S-parameters for scenario 3(a) are presented in Fig.
4. The implant antenna exhibits a –10 dB bandwidth from
3.6 GHz to 5.6 GHz, while the |S22| indicates the operating
frequency range of 4.05 GHz to 5.17 GHz for the on-body
antenna. In this frequency range, the transmission coefficient
|S21| varies between –58 dB and –78 dB; and remains higher
than –66 dB below 4.50 GHz. The radiation characteristics of
both antennas are also analyzed. Fig. 5 shows the gain patterns
of the implant and on body antennas at 4.5 GHz. The peak gain
of the implant and on-body antennas are –13.8 dBi and 0.2
dBi, respectively. Similarly, the S-parameters for scenario 3(b)
are presented in Fig. 6. As expected, the reflection coefficients
of both antennas remain nearly unchanged; however, the
transmission coefficient increases. Within the 4.05 GHz to
5.17 GHz frequency range, the transmission coefficient varies
between -38 dB and –48 dB.
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Fig. 4. The S-parameters obtained from the computational model in Fig. 3(a)

To investigate whether the minimum signal strength needed
for reliable communication can be achieved in the scenarios
shown in Fig. 3, we first need to calculate maximum allow-
able transmit power. Transmit power is limited by specific
absorption rate (SAR) which is a safety limit set by regulatory

Fig. 5. The 3D gain plot of the implant (left) and the onbody (right) antennas
at 4.5 GHz.
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Fig. 6. The S-parameters obtained from the computational model in Fig. 3(b)

organizations. The international limit for SAR (set by ICNIRP)
is 2 W/kg averaged over 10 g of tissue [11]; however, Federal
Communications Commission (FCC) in the United States has
a stricter limit of 1.6 W/kg averaged over 1 g of tissue [12].
We conduct our analysis for both limits while considering
transmission frequency of 4.5 GHz. This is approximately the
middle of the operating frequency range for both antennas.

When the implant antenna is located at the top of the skull,
the maximum SAR averaged over 10 g of tissue (assuming
10 mW of transmit power) is 0.76 W/kg. Given the ICNIRP
limit of 2 W/kg, the maximum permissible power will be 26.3
mW, or equivalently 14.2 dBm. The transmission coefficient
for this scenario (as observed in Fig. 4) is –66.0 dB. This
results in a received signal power of–51.8 dBm at the on-
body device. Similarly, for the more restrictive SAR limit of
1.6 W/kg SAR over 1 g, the maximum transmitter power is
obtained to be 6.5 mW (8.1 dBm). Again, considering the
transmission coefficient of –66.0 dB, a signal power of –57.9
dBm at the on-body receiver can be expected.

When the implant antenna is located at the side of the
head, the SAR averaged over 10 g and 1 g of tissue is 0.68
W/kg and 2.30 W/kg, respectively. Accordingly, the maximum
permissible transmit power for the implant can be calculated
to be 29.4 mW (14.7 dBm) based on the international SAR



TABLE I
SAR AND RECEIVED SIGNAL ANALYSIS AT 4.5 GHZ

Implant
at the top

Implant
on the side

SAR over 10 g 0.76 W
kg

0.68 W
kg

SAR over 1 g 2.46 W
kg

2.30 W
kg

Max allowed TX Power
under 2 W/kg SAR over 10 g 26.3 mW 29.4 mW

Max allowed TX Power
under 1.6 W/kg SAR over 1 g 6.5 mW 6.9 mW

Transmission
Coefficient at 4.5 GHz -66.0 dB -41.1 dB

Received Power
under 2 W/kg SAR over 10 g -51.8 dBm -26.4 dBm

Received Power
under 1.6 W/kg SAR over 1 g -57.9 dBm -32.7 dBm

limit and 6.9 mW based on the U.S. SAR limit. Given the
transmission coefficient of –41.1 dB at 4.5 GHz (as observed
in Fig. 6), this results in the received signal power of -
26.4 dBm and -32.7 dBm, respectively. These results are
summarized in Table I.

A similar analysis was conducted to investigate the received
signal power under worst case channel scenario. The lowest
magnitude of the transmission coefficient (|S21|) of the BCI
channel is -77.9 dB which occurs at the frequency of 4.95 GHz
for the implant scenario 3(a). At this frequency, the maximum
SAR averaged over 1 g of tissue is 3.27 W/kg. This translates
to a maximum permissible transmit power of 4.9 mW (6.9
dBm). This results in the received power of -71.0 dBm which
is above typical UWB receiver sensitivity. Therefore, our
analysis indicates that reliable UWB communication for BCI
is feasible with an on-body receiver that is located above the
ear.

IV. CONCLUSIONS AND FUTURE WORK

Ease-of-use for extended or long-term recordings of brain
signals has initiated interest in wireless data communica-
tion from a brain implant. In this paper, we investigated
the communication channel between a brain implant and a
wearable relay node that can be mounted on the arm of an
eyeglass or incorporated as part of an earpiece. Given the
regulatory SAR limits, we have shown that the minimum
received power at the relay node is still above typical UWB
receiver sensitivity. This indicates the feasibility of having the
proposed wearable device. The relay device can retransmit the
neural data to another external computing device that resides
further away from the individual with the BCI implant. As
the wearable node doesn’t have the severe power limitation
of the implant, enhanced mobility and extended range for
wireless communication with another computing device can
be expected.

The wireless channel between the brain implant and an
external receiver is the core communication link in a BCI
system. Therefore, design of efficient antennas and thorough
understanding of the RF propagation in this channel are
required to enhance the reliability of the system. In-depth RF

propagation study and channel characterization are essential to
determine the best wireless transmission technologies for the
desired BCI applications. The authors plan to further optimize
the on-body antenna to increase its 10 dB bandwidth and also
investigate other locations such as behind or below the ears as
possible placements for the wearable device. Also, fabrication
of the proposed antennas and experimental characterization
using phantoms that mimic the electrical properties of human
tissues will be done in future studies.
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