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ABSTRACT The demand for wireless communication in biomedical applications is increasing, thereby
necessitating the development of reliable and efficient communication systems that can operate within the
human body. This study introduces a novel dual-band two-port multiple-input multiple-output (MIMO)
implantable antenna for deep tissue purposes with an overall size of 10.8 × 5.6 × 0.254 mm3

= 15.3 mm3.
The proposed MIMO antenna operates in the 915 and 2450 MHz industrial scientific medical bands with
a measured bandwidth of 82.5, 148.5 MHz (port 1) and 130, 89 MHz (port 2), in addition peak realized
gains of −32.15 and −22.2 dBi, respectively, are observed. High-measured port isolation (over 20 dB and
30 dB at 915 and 2450 MHz bands, respectively) was accomplished by means of meandered resonators.
The determined specific absorption rate was within the safe limits. The MIMO performance factors, for
instance, the envelope correlation coefficient and diversity gain, were also evaluated and determined to be
in the acceptable range. According to our knowledge, this is the first dual-band implantable MIMO antenna
developed for biomedical applications. The results from the simulations and measurements indicate that the
developed antenna holds great promise for enabling effective communication within the human body for
biomedical applications.

INDEX TERMS Biomedical applications, diversity gain, envelope correlation coefficient, industrial
scientific medical, diversity gain multiple-input multiple-output, specific absorption rate.

I. INTRODUCTION
Recently, the need for implanted medical devices (IMDs)
in medical services and diagnostic applications, such as
pacemakers, intraoral tongue-drive systems, and intrathoracic
pressure monitoring, has significantly increased [1]. This is
because IMDs may harvest bio-signal characteristics from
numerous human organs andwirelessly transfer the necessary
information to the receiving device. Recent advancements
have been made in the application of IMDs for cardiac
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pacemakers [2], brain stimulation and monitoring [3],
wireless capsule endoscopies [5], proactive cataract intraoc-
ular pressure measurement [6], and glucose monitoring
devices [7]. IMDs may have several electronic and RF
components, including sensor systems, batteries, filters,
and antennas [8]. Hence, in recent years, a substantial
focus has been placed on the development of implantable
antennas, which are a critical part of IMDs. Kiourti et al. [9]
presented comprehensive design standards, testing method-
ologies, radiation quality standards, and reliable link bud-
get concerns for biomedically implanted antennas. The
design of implantable antennas is challenging owing to
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size constraints, the complex, and lossy nature of the
human body, resulting in antenna properties that differ
from those in free space [10]. Various types of implantable
antennas, such as quad-band [12], triple-band [13], dual-
band [4], single-band [16], and wide-band [18] antennas,
were recently suggested to satisfy the requirements of
compactness, acceptable radiation, safety, and reliable link
performance. However, these designs feature a single-input
single-output (SISO) arrangement. SISO antennas cannot
meet the demand for spectrum efficiency and high data
rates. In addition, these SISO antennas cannot increase
the data rates once their bandwidth is defined, and the
designs are fabricated [19]. They also suffer from multipath
distortion, making them susceptible to signal degradation.
The heterogeneous human body environment further affects
the performance of implantable antennas regarding channel
capacity, owing to harsh channel propagation scenarios
caused by multipath propagation of signals from the IMD
to the external receiver, resulting from the various dielectric
properties of different tissues within the human body. This
degrades the performance of the biomedical antennas. The
multiple-input multiple-output (MIMO) approach, which
employs several antennas on both the transmitting and
receiving sides, solves these shortcomings. Recently, MIMO
implantable antennas have been recommended to offer
increased spectral efficiency [20]. MIMO antenna systems
increase the channel capacity compared with SISO antenna
systems, without consuming extra bandwidth or power [21].
Therefore, the MIMO technique is suitable for providing
high data rates for implantable medical applications. The
first multi-input, multi output (MIMO) implanted antenna
for wireless-capsule endoscopy application was suggested in
[20], comprising two elements operating in the 402-405MHz
frequency band. In [19], a 2.45 GHz MIMO implantable
antenna with two elements for deep-tissue implants was
presented. The antenna had dimensions of 5.35 × 6.2 ×

0.12 mm3 and achieved the isolation of 28 dB by using
vertical gaps in the ground layer. In [22], a low-profile two-
section MIMO implantable antenna for capsule endoscopy
and scalp implantation applications was proposed, which
covers the medical implant communication service (MICS)
spectrum of 402×405 MHz, and industrial, scientific, and
medical (ISM) band of 433.1×438.8 MHz. The antenna had
a size of π × (5.65)2 × 0.13 mm3 and an isolation of
26 dB was attained by employing a slotted ground plane.
In [23], the authors presented a four-port conformal MIMO
antenna functioning at the 915 MHz spectrum for capsule
endoscopy. The antenna has a volume of 31.4 × 15 ×

0.2 mm3 and achieved an isolation of 20 dB across the
neighboring sections. Similarly, authors in [24] presented
a reduced four-element MIMO implantable antenna with
a volume of 18.5 × 18.5 × 1.27 mm3 operating at a
2.45 GHz ISM spectrum. An isolation of 15 dB was
attained through the use of electromagnetic bandgap (EBG)
layouts in the design. In [25], the authors presented a
four-port MIMO antenna for scalp implants functioning in

FIGURE 1. Proposed dual-band two-elements MIMO antenna geometry.

a 433 MHz ISM spectrum. The antenna had dimensions
of 13.5 × 13.5× 0.13 mm3 and offered an isolation of
32 dB. Other works, such as [26], [27], and [28], have
also presented MIMO implantable antennas for various
single-band biotelemetry applications. All previous MIMO
implantable antenna designs only support operation in one
frequency band; however, a multiband operation is preferable
for multifunctional implantable medical devices that require
multiple frequencies for tasks, for instance, wireless charging
plus waking up [10]. In addition, external noise sources and
RF interfaces can negatively affect wireless communication
by reducing the signal-to-noise ratio (SNR). To ensure safety
and robustness, having multiple bands rather than just one is
advantageous. Thus, if one band is significantly impacted by
outside interference, an additional can be used as a backup
to maintain system operation [29]. Therefore, the design of a
dual-band MIMO implantable antenna is highly desirable.

This study suggests a compact dual-band two-port MIMO
implantable antenna for deep-tissue implantable devices to
overcome these problems and ensure safety and robustness.
It operates simultaneously at 915 and 2450 MHz bands
for multi-tasking biotelemetry applications and interference
avoidance. Compactness was achieved using meandered
resonators and a slot in the ground plane without shortening
pins. Furthermore, to enhance port isolation, no mutual
coupling reduction technique was employed. Instead, the
meandered lines were strategically designed to counteract
the field effects restricting from oppositely flowing currents
on adjacent lines of the radiating patch, occurring at both
resonances. As a consequence, this approach effectively
reduced the electromagnetic flow directed toward the neigh-
boring port, thereby yielding optimum isolation between
the ports. The proposed MIMO system was simulated,
and measurements were performed on a quasi-implantable
device containing sensors, batteries, substrates, and lumped
elements. This is, as far as we are aware, the first implantable
dual-band MIMO antenna ever proposed.
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II. PROPOSED IMPLANTABLE MIMO ANTENNA DESIGN
The top, bottom, and isometric geometry of the suggested
antenna is depicted in Figure 1. The proposed antenna is
designed to operate at ISM bands of 915 and 2450 MHz.
The selection of these frequency bands is due to their
technical benefits and practical considerations. These bands
fall within the ISM spectrum, offering regulatory advantages
and unlicensed communication opportunities. Our motivation
lies in utilizing these bands to achieve higher data rates due to
their larger bandwidths, as compared to the medical implant
communication service (MICS) band of 402 MHz, for
real-time biotelemetry applications, where rapid information
exchange is critical. Moreover, the 915 MHz band aligns
with the need for deep tissue communication, utilizing its
larger wavelength to penetrate biological tissues effectively.
This minimizes signal loss and attenuation, ensuring robust
communication in complex biological environments. The
preference for ISM bands is also supported by their broad
bandwidth, high data rate capabilities, and compact antenna
requirements. The suggested antenna for MIMO is made
up of two meandering resonators designed on the upper
layer of a Rogers RO6010 substrate (εr = 10.2, loss factor
(tanδ)= 0.0023 and thickness of 0.254 mm) with dimensions
of 10.8 × 5.6 × 0.254 mm3

= 15.3 mm3. This ultrathin
substrate minimizes mutual coupling between the resonators
by suppressing the surface wave propagation [29]. The
radiators were supported by a slotted ground layer of the
same size as the substrate. The ground slots in the proposed
antenna improve element isolation by decreasing coupling
and by reducing the passage of current between both feeding
ports. The designed antenna was enclosed within a flat-type
dummy IMD, as shown in Fig. 2a, to replicate a realistic
environment. This IMD includes batteries with perfect
electrical conductivity properties, silicon-based electronic
components, and a PCB made of Rogers RO6010 (εr = 10.2,
loss factor (tanδ) = 0.0023, and thickness of 0.254 mm).
The dimensions of the IMD are 13 × 8 × 3.25 mm3 and
enclosed in a biocompatible alumina (Al2O3) shell with εr =

9.8, loss factor (tanδ) = 0.006, and thickness of 0.2 mm.
The suggested MIMO antenna combined with a flat device
was simulated and optimized using the HFSS software in
a frequency-dependent heterogeneous muscle phantom with
dimensions of 100 × 100 × 100 mm3 and a depth of 58 mm.
The phantoms were surrounded by a radiation boundary
of 300 × 300 × 300 mm3, as illustrated in Fig. 2a. The
frequency dependence of tissue properties poses a challenge
for the design of multi-band implantable antennas, which is
addressed by considering them to be frequency-dependent
in the desired range of 0.5-3 GHz. Further evaluation was
conducted using the Remcom simulator by implanting the
suggested MIMO antenna system in a human Duke model,
as shown in Fig. 2a. A prototype of the suggested MIMO
antenna was manufactured using a Roger RO6010 substrate
and inserted inside a 3D printed flat IMD, as depicted
in Fig. 2b. The measurement results for the S-parameters
and radiation pattern were achieved employing the setup

FIGURE 2. (a) Heterogeneous and homogeneous simulation setups,
(b) working models of the suggested MIMO antenna and flat IMD, (c) S11
measurement in the pork mince, and (d) radiation pattern measurement.

displayed in Figs. 2c and 2d, respectively, by placing the
device within the minced pork. The minced pork was
employed in the experiment to closely mimic the simulation
scenario in which the antenna was implanted in the muscle
layer of a multilayer phantom.

The optimization of the suggested MIMO antenna com-
posed of meandered resonators was performed in four steps,
as shown in Fig. 3. In step 1, the length of the meandered
resonators is determined using (1).

LMS =
c

2 × fr ×
√

εr
(1)

fr =
1

2π ×
√
LC

(2)

where LMS is the length of the meandered resonator, c is
the velocity of light, fr is the frequency of operation, εr
is the permittivity of the substrate, and L and C is the
capacitance and inductance, respectively. Two meandered
resonators of calculated length were devised, as demonstrated
in Fig. 3. The S-parameters (S11 and S21) are depicted
in Fig. 4, which show that both ports of the proposed
MIMO antenna resonate in the 1.76 GHz band with poor
impedance matching and a 30 dB isolation between the ports.
In step 2, to lower the resonance frequency, the ground plane
was trimmed from its center, and slots were added to the
patch, resulting in an increased capacitance that shifted the
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FIGURE 3. Design evolution steps of the proposed MIMO antenna.

resonance frequency (according to (2)) to 940MHzwith poor
impedance matching, as depicted in Fig. 4.

Moreover, a second resonance is observed in Fig. 4
at 2120 MHz, with an isolation between the ports at 940 and
2120 MHz of 27 and 30 dB, respectively. In step 3, further
slots were added to the patch to adjust the resonances,
resulting in the improved matching of the first resonance and
a shift in the second resonance to 2550 MHz with almost
the same isolation between the ports. In step 4, an outer ring
was added to both resonators, shifting the lower resonance
to 925 MHz and the upper to 2460 MHz with 27 and
25 dB isolations, respectively. Optimizing the proposed
MIMO antenna resulted in dual-band characteristics with
improved impedance matching and isolation between the
ports, making it a promising solution for multitasking
bio-telemetry applications and interference avoidance in deep
tissue implants.

III. KEY PARAMETERS ANALYSIS
The effectiveness of the suggested MIMO antenna is depen-
dent upon several parameters. In this section, a parametric
analysis has been performed in order to evaluate the sug-
gested antenna’s performance pertaining to these parameters.
The simulation setup given in Fig.2a (heterogeneous muscle
phantom) was used to carry out the parametric analysis. The
parameters chosen for the analysis are the feed position and
gap relating to the antenna and the electronic elements of the
IMD.

FIGURE 4. S-parameters of the evolution steps.

FIGURE 5. Effect of feed position variation on (a) S11 and (b) S21.

A. EFFECT OF FEED POSITION
The location of the feeding point plays a significant part
in achieving impedance matching at the desirable frequency
bands. The proposed MIMO implantable antenna consists of
two symmetrical radiating elements; however, this discussion
focuses on the results of only one radiating element. The
impact of feed position on the S-parameters (S11 and S21)
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FIGURE 6. Impact of the gap between the antenna and capsule
electronics on the antenna performance, including (a) S11 and (b) S21.

is shown in Fig. 5a and b. It can be seen in Fig. 5a that
variations in feed position have minimal effect on the lower
resonance at 915 MHz. However, the impedance of the upper
resonance at 2450 MHz is significantly affected by changes
in feed position from P1 to P3. At P3, the matching at the
first and the second resonances is approximately −22 dB
and −25 dB, respectively. Regarding mutual coupling (S21)
across the MIMO elements, Fig. 5b demonstrates that it is not
significantly influenced by feed position within the band of
interest.

B. EFFECT OF ANTENNA PLACEMENT ON COUPLING
WITH OTHER ELECTRONIC COMPONENTS
An implantable antenna is a crucial component of an IMD
(Implantable Medical Device) that is integrated with other
electronic elements such as a camera, LEDs, batteries, and
PCB. These parts are placed together along with the antenna
(which is usually at the top) in an IMD. Therefore, it is
essential to investigate the impact of these components on
the antenna’s performance. To validate this, a parametric
study was performed on the location of the antenna shown
as ‘Gap’ in the inset of Fig. 6a and b. Both the reflection and

FIGURE 7. Effect of antenna depth on: (a) Sii and (b) Sij .

transmission coefficients are affected by the Gap, as seen in
the same figure. It can be examined from Fig. 6a and b that the
antenna reflection and transmission coefficients (S11 and S21)
exhibit minimal dependence on Gap. However, as the Gap
increases, the upper resonance at 2450 MHz shifts towards
higher frequencies. Optimal results were achieved when the
GAP was set to 0.9 mm. Similarly, the variation of GAP
has a negligible effect on the mutual coupling (S21) between
the antenna elements, as evident from Fig. 6b. The Gap was
created by inserting a Styrofoam spacer with a thickness of
0.9 mm and a permittivity close to that of air.

C. EFFECT OF ANTENNA DEPTH ON ANTENNA
PERFORMANCE
For the performance evaluation of the proposed antenna with
respect to its depth in the phantom a study was conducted and
the results are shown in Fig. 7. As clear from Fig. 7a and b
the antenna performance ( Sii and Sij) remains almost stable
in the bands of interest with respect to different depths
in the phantom. However, the realized gain of the antenna
gets affected as the depth increases. It was noticed that
at 915 MHz the gain dropped from −36.07 to −37.2 and
then to −41.54 dBi and at 2450 MHz it dropped to −25.58 to
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FIGURE 8. Simulated and measured S-parameters.

FIGURE 9. Radiation patterns at (a) 915 MHz and (b) 2450 MHz.

−26.41 and then to −29.8 dBi as the depth was increased
from 40 mm to 58 mm and then to 80 mm, respectively.

IV. RESULTS AND DISCUSSION
This section presents the results and discussion of the pro-
posed dual-band MIMO antenna. The results are categorized
into antenna parameters and MIMO parameters. The antenna
characteristics include S-parameters, radiation pattern plots,
SAR, and the link budget, while the MIMO parameters
encompass envelope correlation coefficient (ECC), diversity
gain (DG), total active reflection coefficient (TARC) and
channel capacity loss (CCL).

A. ANTENNA PARAMETERS
The suggested implantable MIMO antenna was optimized in
homogeneous multi-layer and heterogeneous Duke models.
Subsequently, it was integrated with a flat-type IMD for
simulation within the same phantoms. The integration of the
flat-type IMD with the antenna had minimal impact on its
performance, remaining almost unchanged. The antenna was
then assembled on a Rogers RO6010 (εr = 10.2, tanδ =

0.0023, and thickness of 0.254 mm) and enclosed in a
3D printed biocompatible alumina-based device, as shown
in Fig. 2. Measurements were conducted by placing the
device in minced pork meat. To measure the S-parameters

FIGURE 10. 3D radiation patterns of the suggested antenna in the
realistic human heart at (a) 915 MHz and (b) 2450 MHz.

of the proposed implantable MIMO antenna, both ports were
connected to two ports of a vector network analyzer (VNA).
The simulated S-parameter results were then compared with
the measured results in Fig. 8. The measured S11 and S22
exhibited resonances at 915 and 2450 MHz with measured
bandwidths of 82.5 MHz (860–942.5 MHz), 148.5 MHz
(2379–2527.5 MHz)(port 1) and 130 MHz (840–970 MHz),
89 MHz (2401–2490 MHz) (port 2), respectively. The
measured isolation (S21) was greater than 20 and 30 dB at
the relevant bands’ lower and higher limits.

To further investigate the radiation characteristics of the
antenna, radiation pattern measurements were conducted.
The radiation patterns were measured by connecting one end
of the designed MIMO antenna (serving as the receiving
antenna) to the vector network analyzer. In contrast, the other
port was matched-terminated with a 50� load in an anechoic
chamber. The second port of the VNA was connected to
a reference horn antenna, which served as the transmitting
antenna. To ensure that the antennas were in the far-field
region of each other, the transmitting (Tx) and receiving (Rx)
antennas were separated by a distance of 12 m. Fig. 9a-b
displays the computed and measured radiation patterns in the
915 and 2450 MHz range in the two major planes (XZ at
φ =0◦ and YZ at φ = 90◦). At a depth of 58 mm in the muscle
phantom, the simulated peak gains for port 1 were −33.2 dBi
at 915 MHz and −25.4 dBi at 2450 MHz. The polarization
of the antenna remains linear at both the resonance frequency
bands. Correspondingly, the measured gains for port 2 were
−32.15 dBi at 915 MHz and −22.2 dBi at 2450 MHz.
Furthermore, the directivity of the proposed MIMO antenna
at 915 and 2450 MHz was computed to be 2.12 and 5.25 dBi,
respectively. In addition, antenna performance can be affected
by multiple heterogeneous surrounding tissues. As shown in
Figures 10a and b, three-dimensional radiation characteristics
at 915 and 2450 MHz were studied in a realistic human Duke
model using the XFdtd-based simulator Remcom.
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FIGURE 11. Surface current distribution: (a) 915 MHz and (b) 2450 MHz.

The simulated surface current densities (Js) on the radiating
patch and ground plane at both resonance frequencies are
shown in Fig. 11. The magnitude Js plots were generated in
HFSS by exciting one port and terminating the second with a
matched load. Figs. 11a and 12b show themagnitude Js on the
patch and ground at 915 and 2450MHz, respectively. At both
resonance frequencies, the maximum Js is concentrated on
the excited radiating element with minimum current density
leaking towards the unexcited element. A similar behavior is
observed for the current density on the ground plane. These
results confirm the presence of a high degree of isolation
between the two radiating elements of the MIMO system,
which is consistent with the isolation (S21) information
shown in Fig. 8.
The specific absorption rate (SAR) and the input power

are crucial factors for ensuring human safety. Average SAR
values over 1 g and 10 g of tissue, respectively, must be
less than 1.6 W/kg and 2 W/kg to remain within safe
boundaries [10]. To assess the SAR at the desired frequency
bands, the suggested MIMO implantable antenna, both with
and without device integration, was implanted in the heart
muscle of a heterogeneous human Duke model (Remcom),
as illustrated in Fig. 2a. Fig. 12 illustrates the 1 g SAR
distribution of the proposedMIMO antenna in the heart tissue
at 915 MHz and 2450 MHz, with and without the device, for
all ports. Table 1 provides the SAR values (1 g and 10 g)
for both ports at 915 MHz and 2450 MHz, along with the
maximum allowable power. The obtained SAR values with
the MIMO antenna embedded inside the device were lower
compared to those without the device, primarily due to the use
of a biocompatible device made of ceramic alumina material.
On the basis of these 1 g SAR values, the utmost permissible
power per port (without a device) is 1.8 mW at 915 MHz and
2.5 mW at 2450 MHz. At 915 and 2450 MHz, the utmost
permissible power per port (with device) is 1.96 and 2.69mW,
respectively. It should be noted that the maximum allowable
power for implantable devices is limited to 25 µW [19],
which is significantly lower than the input power of the

FIGURE 12. SAR distribution at 915 and 2450 MHz ISM band over 1 g of
tissue (a) without and (b) with the device when each the ports were fed
with 1 W power.

TABLE 1. Analysis of 1g and 10g SAR and maximum allowable power for
the proposed MIMO antenna in different scenarios with 1-watt excitation
power.

proposed MIMO antenna. Thus, the proposed antenna can be
considered safe for use inside the body.

An implantable antenna plays a crucial role in establishing
a reliable wireless link with an external receiver. Therefore,
evaluating the link budget is of paramount importance. In this
study, the proposed implantable MIMO antenna was placed
at a depth of 58 mm, with a gain of −32.15 dBi at 915 MHz
and −22.2 dBi at 2450 MHz, acted as the transmitting
antenna. Two dipoles resonating at 915 MHz and 2450 MHz,
with a gain of 2.15 dBi, served as the receiving antenna.
A transmitting power of 25 µW was considered, and the
separation (d) between the transmitter and receiver was varied
to calculate the resulting link margin. The Friis transmission
equation, as provided in [10], was used, taking into account
all relevant losses. To validate the real-time data transmission
performance of the proposed MIMO implantable antenna we
have used software-defined radio modules (NI-USRP2922)
to mimic real-time scenarios. The experimental setup shown
in Fig. 13a consists of a monopole antenna used as a
reference Rx antenna, the proposed MIMO implantable
antenna used as a Tx antenna, a Universal Software Radio
Peripheral (USRP) device and an ASTM phantom filled
with saline solution in which the proposed antenna was
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FIGURE 13. Link margin and received signal strength: (a) Measurement
setup, (b) link margin at 915 MHz and 2450 MHz, and (c) received signal
measured level at 915 MHz and 2450 MHz.

immersed. For the real-time performance validation, both link
margin and received power were calculated. In Fig. 13b, the
simulated link margin is assessed at 0 dB across various
data rates of 1, 12, and 78 Mbps at the frequency bands
of 915 MHz and 2450 MHz. At 915 MHz, the proposed
MIMO implantable antenna offers a reliable link for distances
exceeding 20 m, 18 m, and 7 m for data rates of 1 Mbps,
12Mbps, and 78Mbps, respectively. Similarly, at 2450MHz,

reliable communication is achieved for distances greater
than 20 m, 16 m, and 6 m for data rates of 1 Mbps,
12 Mbps, and 78 Mbps, respectively. Similarly, Fig. 13c
shows the received signal measured level when received
by an external antenna for a varying distance (d) between
0.05 - 3 m within an indoor propagation environment.
During the experiment, a quadrature phase shift keying
(QPSK) modulation scheme was employed, accompanied by
a sampling rate of 500 ksamples/sec and a Tx power of
−16 dBm (25µW). Each data packet contained eight samples
per symbol. As evident from Fig. 13c, at both operating
frequencies (915 MHz and 2450 MHz) and distances of up to
3 m, the theoretically predicted and measured received power
levels exceeding −100 dBm exhibit a close match. However,
slight deviations between theoretical and measured results
could be attributed to environmental losses.

B. MIMO PARAMETERS
For the designed MIMO antenna, it is important to calculate
the different antenna parameters, such as the reflection
coefficient, gain, and current distribution, as well as MIMO
and diversity parameters including the envelope correlation
coefficient (ECC), diversity gain (DG), total active reflection
coefficient (TARC) and capacity loss (CL). The ECC
evaluates the interdependence of the MIMO elements, and its
ideal value is zero, which implies that the MIMO elements
are completely independent. However, an ECC value below
0.5 is generally considered acceptable [23], [25]. The ECC
was computed utilizing the far-field radiation patterns of the
suggestedMIMO antenna, as expressed by the expression (3).

ECC =
|
∫∫ 4π

0 [A⃗i(θ, φ) × A⃗j(θ, φ)d�]|2∫∫ 4π
0 |A⃗i(θ, φ)|2d�

∫∫ 4π
0 |A⃗j(θ, φ)|2d�

(3)

where A⃗i (θ , φ) and A⃗j (θ , φ) represent the 3D patterns of
the ith and jth antenna parts, respectively, and � denotes
the solid angle. The ECC values of the proposed MIMO
antenna in the relevant bands are less than 0.25, as shown in
Fig. 14a and 14b.

Similarly, DG serves as another important MIMO perfor-
mance parameter, quantifying the reduction in transmitted
power when implementing a diversity scheme with any
associated loss in antenna performance. DG is calculated
using the following equation [19]:

DG = 10
√
1 − (ECC)2 (4)

For an uncorrelated channel, the value of DG is 10 dB in the
ideal case. The value of DG for the proposed MIMO antenna
in the relevant bands was 9.6 dB, as shown in Fig. 14.

TARC is defined as the ratio of the square root of the total
incident power to the reflected power in aMIMO system. It is
used to account for the effect on the performance of a MIMO
antenna when the antenna elements operate concurrently in a
multiport system like a MIMO. For a two-port MIMO system
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FIGURE 14. ECC and DG at (a) at 915 MHz and (b) 2450 MHz.

like the proposed design, TARC can be computed as [30]:

TARC =

√
(S11 + S22)2 + (S21 + S12)2

√
2

(5)

The TARC of the proposed MIMO antenna is depicted in
Fig. 15a, illustrating various phase variations in the input
signal. Notably, the bandwidth and resonant frequencies
exhibit negligible changes, remaining relatively constant and
thereby ensuring robust MIMO performance. Similarly, CCL
gives the ultimate cut-off on the data transmission rate over
the transmission channel and is given as [30]:

C(loss) = − log2 det(α
R) (6)

where αR =

[
R11 R12
R21 R22

]
, Rii = 1 − (|S11|2 + |S22|2) and

Rij = −(S∗
iiSij + S∗

jiSjj) for i, j = 1 or 2.
The CCL of the proposed MIMO implantable antenna is

presented in Fig. 15b. Within the bands of interest, the CCL
remains below 0.1 b/sec/Hz, which is notably lower than the
established standard of 0.4 b/s/Hz [30].
The performance of the proposed dual-band implantable

MIMO antenna is compared with that of other MIMO
implantable antennas available in the literature, as presented
in Table 2. The implantable MIMO antennas listed in
Table 2 have only single-band characteristics. By con-
trast, the proposed work has dual-band capabilities, which,
to the authors’ knowledge, is a first-of-its-kind design for
deep-tissue applications. Moreover, the proposed MIMO
implantable antenna demonstrates potential as a promising
solution for deep-tissue biomedical applications owing to

FIGURE 15. (a) TARC and (b) CCL.

TABLE 2. Comprehensive comparison of proposed MIMO antenna with
current state-of-the-art solutions.

its dual-band capabilities for interference avoidance, larger
implant depth, low ECC, high DG, acceptable TARC and
CCLmaking it well suited tomeet the demands of deep-tissue
communication.
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V. CONCLUSION
We have proposed a compact, dual-band, two-port MIMO
implantable antenna designed for high-speed data trans-
mission in deep tissues. The MIMO antenna operates in
the 915 and 2450 MHz ISM bands, offering a measured
bandwidth of 82.5 MHz (port 1) and 148.5 MHz, as well
as peak gains of -32.15 and -22.2 dBi, respectively. The
compact dimensions of 10.8 × 5.6 × 0.254 mm3 for the
MIMO antenna are achieved by using meandered resonators
and two slots on the ground plane. This configuration has also
provided excellent port isolation. To validate the performance
of the MIMO antenna system, experiments were conducted
in minced pork, and the obtained results closely align with
the simulation data. Furthermore, the MIMO performance
parameters, namely ECC and DG, have been calculated and
demonstrate satisfactory outcomes. The developed antenna
shows great potential for facilitating effective communication
within the human body for various deep-tissue biomedical
applications based on favorable results from both simulations
and measurements.

To enhance the performance of the proposed MIMO
implantable antenna for future applications, one potential
solution is to increase the number of ports, which would
enhance channel capacity and overall efficiency. Given
the relatively compact size of the antenna, incorporating
additional ports, such as two more, remains feasible without
compromising its suitability for implantable use. Addition-
ally, for some future biotelemetry applications, a reduction in
antenna size can be pursued by incorporating shorting vias or
patch stacking. The vias effectively integrate the ground plane
with the radiating structure, thereby elongating the effective
current path and resulting in lower resonance frequencies.
However, it’s important to acknowledge that these approaches
introduce complexity in design and fabrication.
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