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Abstract—Reliable wireless connectivity among deeply
implanted medical devices is essential for advancing next-
generation wireless implantable systems. While most previous
studies have focused on implant-to-external communication,
the feasibility of direct implant-to-implant (I2I) communication
under realistic tissue conditions remains largely unexplored.
This letter presents an experimentally validated compact loop
antenna designed to enable robust I2I links at the 915 MHz
and 2.45 GHz Industrial, Scientific, and Medical (ISM) bands.
Full-wave simulations using a seven-layer human head model and
experimental validation in liquid phantoms were conducted to
assess antenna performance and link reliability. The proposed
antennas demonstrate stable performance with radiation
efficiencies of 0.025% and 0.02%, maintaining positive link
margins up to 15 cm at data rates of 25 Mbps. This work
provides one of the first comprehensive experimental validations
of I2I communication in brain-equivalent media, highlighting
its potential as a low-power, short-range solution for future
distributed biomedical implant networks.

Index Terms—Bioelectromagnetics, communication, Industrial,
Scientific, and Medical (ISM) bands, loop antenna, implantable
antenna, wireless biotelemetry.

I. INTRODUCTION

IMPLANTABLE antennas play a crucial role in wireless
implantable medical devices (WIMDs), enabling functions,

such as real-time biotelemetry, targeted stimulation, and lo-
calized drug delivery. These systems have the potential to
revolutionize healthcare by allowing continuous physiological
monitoring and autonomous therapeutic control without invasive
maintenance [1], [2], [3], [4], [5], [6]. In recent years, extensive
research has focused on implant-to-external communication
links, where data from implanted sensors are transmitted to
an on-body or external receiver [7], [8], [9], [10], [11], [12],
[13]. However, the need for advanced wireless technologies
extends beyond data transfer; it is fundamentally driven by
the distributed physiological nature of emerging biomedical
applications. For instance, bidirectional neural interfaces rely
on synchronized sensing and stimulation across spatially dis-
tributed cortical regions to support natural and intuitive control
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in neuroprosthetic systems. This coordination enables coherent
sensory feedback, accurate motor control, and real-time adaptive
learning [14]. Likewise, modern cardiac pacing increasingly
relies on multichamber wireless synchronization across atrial
and ventricular regions to mimic natural heart rhythms more
effectively and ensure optimal hemodynamic performance [15].
Such examples underscore the strong physiological motivation
for developing implant-to-implant (I2I) communication systems
that enable seamless cooperation, redundancy, and adaptability
among multiple implanted nodes within the body. By enabling
deep localization while maintaining regulated input power lev-
els, the I2I network can support communication at greater depths
compared to conventional implant systems.

To address these challenges, I2I communication has emerged
as a promising paradigm for next-generation WIMD systems. In
an I2I network, multiple implants form a short-range, low-power
in-body mesh, where one implant located near the skin serves as
a gateway to external devices. This architecture not only reduces
transmission losses and overall power demand but also enhances
reliability through multihop data relaying, path diversity, and
spatial redundancy. I2I communication is particularly valuable
in intracranial and multiorgan applications, where multiple im-
plants must cooperate to enable distributed sensing, stimulation,
and control.

The objective of this letter is to design, model, and experimen-
tally validate two compact loop antennas that enables robust
I2I communication at the 915 MHz and 2.45 GHz Industrial,
Scientific, and Medical (ISM) bands. The proposed antennas are
optimized for reliable performance under realistic implantation
depths and tissue conditions.

The rest of this letter is organized as follows. Section II
outlines the simulation setup and antenna design. Section III
presents the results on reflection coefficient, radiation, safety,
and I2I link performance. Finally, Section IV concludes this
letter with key findings and future implications.

II. METHODS

A. Simulation Environment

Full-wave simulations were performed in ANSYS HFSS
to analyze the antenna’s electromagnetic performance. A
seven-layer ellipsoid human head model [16] with frequency-
dependent dielectric properties, derived from the four-term
Cole–Cole model [17], was employed to replicate realistic tissue
characteristics, as shown in Fig. 1. The antenna was encapsulated
in 0.25 mm biocompatible silicone and fabricated on a Rogers
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Fig. 1. Seven-layered human head phantom simulation setup and geometry of
the proposed loop antenna.

TABLE I
DETAILED ANTENNA GEOMETRIC PARAMETERS

Fig. 2. Antenna prototypes, implanted antenna in liquid phantom and |S11|
measurement setup.

RO3210 substrate. Both homogeneous and heterogeneous tis-
sue environments were examined to evaluate performance
variations. The implant was positioned within the cerebrospinal
fluid (CSF) layer to emulate practical implantation conditions
for intracranial implants.

B. Antenna Structure

The antenna structure originated from the vertical loop con-
figuration reported in [18], which demonstrated an excellent
tradeoff between compact size and performance for miniature
radio frequency identification (RFID) tags intended for direct
mounting on metallic surfaces. Antenna geometry parameters
are expressed in Table I. However, the antenna optimization
procedure follows the same methodology as presented in our
earlier work [19].

C. Measurement Setup

Measurements were performed in a saline-based liquid phan-
tom from Microwave Vision Group (MVG) [20], and the di-
electric properties of the liquid were provided by them. Silicone
(εr=2.2, tan δ=0.007) [21] is applied around the antenna for
biocompatibility as shown in Fig. 2. The antenna was positioned
20 mm deep inside the phantom, and the reflection coefficient

Fig. 3. SATIMO Starlab setup for antenna radiation pattern measurement.

Fig. 4. Experimental setup for the wireless LM analysis in real-time data
telemetry using USRP.

(|S11|) was recorded using a Keysight P9374B vector network
analyzer (VNA), as shown in Fig. 2. Radiation characteristics
at 915 MHz and 2.45 GHz were measured using the Satimo
StarLab near-field system and validated against simulations,
as shown in Fig. 3. Fig. 4 shows a customizable 3-D-printed
measurement platform that was developed to ensure precise
control of antenna spacing and alignment during I2I testing.
Two identical compact loop antennas were encapsulated in
biocompatible silicone and immersed in a saline-gel phantom
emulating brain tissue. The antennas, positioned 20 mm deep
and face-to-face, operated as transmitter (Tx) and receiver (Rx)
at 915 MHz and 2.45 GHz. An NI PXIe-5841 software-defined
radio system was used to transmit and record received power
while varying separation from 1 cm to 14 cm. Link margin (LM)
was evaluated by comparing received power against receiver
sensitivity at bit rates of 100 kbps, 1 Mbps, and 25 Mbps to assess
data throughput and communication reliability across both ISM
bands.

III. RESULTS AND DISCUSSION

A. Antenna Parameters

Fig. 5 compares the simulated reflection coefficients (|S11|)
from two phantom models with measured data obtained using
a homogeneous liquid phantom. The simulated environments
include antenna placement within the CSF layer of a seven-layer
human head model and implantation at a 20 mm depth in a
homogeneous liquid phantom. Results are presented for both
antennas operating at 915 MHz and 2.45 GHz ISM bands. The
multilayer head model exhibits distinct resonances, reflecting
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(a) (b)

Fig. 5. Simulated and measured |S11| results: (a) 915 MHz and (b) 2450 MHz.

(a) (b)

(c) (d)

Fig. 6. Simulated and measured antenna radiation pattern: (a) 915 MHz
(E-plane and H-plane) and (b) 2450 MHz (E-plane and H-plane).

realistic tissue interactions, whereas the homogeneous model
shows broader responses due to simplified dielectric properties.
The measured results closely follow the homogeneous simula-
tion, validating the experimental setup while underscoring the
importance of anatomically detailed models for accurate perfor-
mance prediction. Real tissue may exhibit some discrepancies.

Fig. 6 illustrates the radiation characterization at the 915 MHz
and 2.45 GHz ISM bands. The measured and simulated 2-D
radiation patterns in the xz-planes (E-plane) in Fig. 6(a) and (c)
and yz-planes (H-plane) are presented in Fig. 6(b) and (d) for
915 MHz and 2.45 GHz antennas, respectively. Some discrep-
ancies between simulated and measured results are attributed to
simplifications in the phantom geometry, minor alignment vari-
ations, and uncertainties in dielectric properties. The measured
peak gains at 915 MHz and 2.45 GHz are −27 dBi and −15 dBi,
with corresponding radiation efficiencies of 0.025% and 0.02%.
The low-radiation efficiency results from deep implantation and
tissue absorption losses; however, reliable impedance matching
and consistent resonance validate the antenna’s suitability for
I2I communication across ISM bands.

The electromagnetic safety of implantable antennas is evalu-
ated using the specific absorption rate (SAR). It quantifies the
rate of electromagnetic energy absorption by the surrounding
biological tissues. The safety standards of FCC [22] and ICNIRP

(a) (b) (c) (d)

Fig. 7. Simulated average SAR distributions: (a) 1 g and (b) 10 g for 915 MHz,
and (c) 1 g and (d) 10 g for 2450 MHz.

TABLE II
SAR AT 1W INPUT POWER, THE MAP AND THE CORRESPONDING EIRP

[23] limit the maximum SAR to 1.6 W/kg and 2 W/kg averaged
over 1 g and 10 g of tissue, respectively. SAR simulations
were performed with test power of 1 W, which yielded the
maximum 1 g average SAR values of 163 W/kg and 452 W/kg
and 10 g averages of 28 W/kg and 63 W/kg, at 915 MHz
and 2.45 GHz, respectively. Fig. 7 shows the corresponding
SAR maps, which indicate localized energy absorption near the
antenna with higher SAR observed at 2.45 GHz due to stronger
near-field confinement. As SAR is proportional to power, the
maximum allowable input power (MAP) compliant with the
SAR limits, was obtained by scaling down the test power of 1 W
by an appropriate fraction, such as 1.6/163× 1 W = 9.8 mW
in case of 1 g average at 915 MHz. Table II summarizes the
simulated SAR and MAP values, and additionally, the computed
effective isotropic radiated power (EIRP) at MAP. The EIRP
values remain far below the regulatory limits [24] of 6.3 mW
(915 MHz) and 100 mW (2.45 GHz), ensuring safe operation
for I2I communication.

B. I2I Measurements

The I2I communication link serves as a fundamental compo-
nent in distributed brain implant systems. To comprehensively
characterize the I2I communication, both theoretical and mea-
sured evaluations were performed to investigate the received
power levels, path loss behavior, and LM performance under
human head propagation conditions. According to antenna the-
ory [25], the near-field region is defined by a distance r smaller
than 0.62

√
D3/λm, while the boundary of the far-field region

occurs at distances r larger than 2D2/λm. Here, D denotes the
largest physical dimension of the antenna, and λm represents the
antenna wavelength in the surrounding medium. The received
power (Pr) between implanted Tx and Rx antennas can be
expressed as [26], [27], [28]

Pr = Pt +Gt +Gr − Lfeed − Lpol − PLhead (1)

where Pt is the transmitted power, Gt and Gr denote the gains
of Tx and Rx antennas, Lfeed and Lpol represent the feeding and
polarization mismatch losses, respectively, and PLhead accounts
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(a) (b)

Fig. 8. Theoretical and measured received power versus distance: (a) 915 MHz
and (b) 2450 MHz.

for the total propagation and absorption losses within the mul-
tilayer head medium. The total head loss PLhead incorporates
both near-field and heterogeneous tissue effects, and can be
modeled as

PLhead = 10n log10(d/d0) + PL0 + αd+ Lnf + Lhetro (2)

where d is the separation distance between the implanted an-
tennas, d0 is the reference distance (1 cm), n is the path loss
exponent inside tissue, Lnf represents near-field coupling loss,
Lhetro corresponds to the additional losses due to heterogeneous
dielectric interfaces, and α is the attenuation coefficient de-
scribing electromagnetic absorption in the tissue medium. The
reference path loss PL0 at distance d0 is given by

PL0 = 20 log10(4πd0/λm) + αd0 (3)

where λm is the wavelength in the head phantom medium. The
attenuation coefficientα was determined using the complex per-
mittivity and conductivity parameters of CSF tissue, following

α = ω

√√√√με

2

(√
1 +

( σ

ωε

)2
− 1

)
(4)

where ω = 2πf is the angular frequency, μ and ε are the per-
meability and permittivity of the medium, respectively, and σ
denotes tissue conductivity.

Based on the above formulations, the received power were
computed and measured for both antennas with an input transmit
power of −16 dBm. The received power decreases with increas-
ing antenna separation due to absorption and propagation losses
in the lossy medium, as shown in Fig. 8. For 915 MHz loop
antennas, the received power remains above −50 dBm within
2 cm and around −85 dBm at 10 cm, indicating stronger tissue
penetration. In contrast, the 2.45 GHz loop antennas experience
higher dielectric and conductive losses, which cause faster at-
tenuation, with power dropping below −80 dBm beyond 6 cm.
These observations confirm that the lower frequency 915 MHz
band provides deeper electromagnetic penetration and better
propagation efficiency through lossy biological tissue, while
2.45 GHz offers a more confined near-field region with faster
signal attenuation.

Reliable and continuous communication between implanted
nodes requires the LM to exceed 0 dB, which can be determined
using the formulation [29]

LM[dB] = Ra −Rr (5)

(a) (b)

Fig. 9. Theoretical and measured plots of distance versus LM at different data
rates of 100 kbps, 1 Mbps, and 25 Mbps: (a) 915 MHz and (b) 2450 MHz.

where Ra is the available power and Rr is the required power.
The required power (Rr) of the antenna is calculated as

Rr[dB] =
Eb

N0
+KT0 +Br. (6)

In the above equation, Rr is the required power, T0 is tem-
perature (T0 = 293 K), Eb/N0 represents the ideal phase shift
keying (Eb/N0 = 9.6), K denotes Boltzmann’s constant (K =
1.38× 10−23), and Br shows the bit rate.

The LM was evaluated for three representative bit rates of
100 kbps, 1 Mbps, and 25 Mbps, as shown in Fig. 9. For the
915 MHz loop antenna, the LM remains positive (greater than
0 dB) for the full range of varying distances, ensuring robust
and reliable communication suitable for low-power telemetry
applications. However, the performance of the 2.45 GHz loop
antennas indicates that higher data throughput can only be main-
tained at shorter antenna distances. This behavior illustrates the
tradeoff between achievable data rate and communication range,
governed by the combined effects of increased attenuation,
higher path loss, and reduced signal-to-noise ratio at higher
frequencies.

Overall, 915 MHz provides, lower path loss, and longer
range, making it suitable for low-to-moderate data rate implant
telemetry. In contrast, 2.45 GHz supports higher throughput but
is limited to short-range intraimplant links. The close agreement
between simulated and measured results validates the proposed
propagation model and confirms the feasibility of reliable in-
tracranial I2I communication.

IV. CONCLUSION

This letter presented the simulation, and experimental val-
idation of compact loop antennas optimized for reliable I2I
communication at the 915 MHz and 2.45 GHz ISM bands.
Full-wave simulations using a multilayer human head model and
measurements in tissue-equivalent phantoms confirmed stable
dual-band operation and consistent impedance matching. The
proposed antennas achieved radiation efficiencies of 0.025%
and 0.02%, with measured gains of −27 dBi and −15 dBi
at 915 MHz and 2.45 GHz, respectively. LM analysis showed
positive margins up to 15 cm separation at data rates of 25 Mbps,
verifying the feasibility of low-power I2I telemetry. Results
indicate that 915 MHz offers better tissue penetration and range,
while 2.45 GHz supports higher throughput. Overall, the find-
ings establish the proposed loop antenna as a strong candidate for
enabling robust, energy-efficient distributed biomedical implant
networks.
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