
0018-926X (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TAP.2021.3098606, IEEE
Transactions on Antennas and Propagation

1

A Compact Implantable MIMO Antenna For High
Data Rate Biotelemetry Applications

Amjad Iqbal, Student Member, IEEE, Muath Al-Hasan, Member, IEEE, Ismail Ben Mabrouk, Senior
Member, IEEE and Mourad Nedil, Senior Member, IEEE

Abstract—This paper presents a low-profile multiple-input
multiple-output (MIMO) implantable antenna system including a
capsule endoscopy and a scalp implantation at Medical Implant
Communication Service (MICS) band (402–405 MHz), and In-
dustrial, Scientific, and Medical (ISM) band (433.1–438.8 MHz).
It consists of two elements with an edge-to-edge gap of 0.0018λg

and overall dimensions of π × (5.65)2 × 0.13 mm3 and is
placed on a 0.13 mm thick RO3010 (εr = 10.2, tanδ = 0.0022)
substrate. The antenna is integrated with batteries, sensors,
and electronic components in two different types of implantable
devices (capsule and flat-type devices). The simulation result
shows that the antenna has a fractional bandwidth (FBW) of
33.9%, a maximum realized gain of -30 dBi, and isolation of
more than 26 dB. The fabricated prototype is measured in a saline
solution and minced pork meat. The measured results are found
in good accordance with simulations. The antenna parameters
are calculated and showed a significant independence between
the radiators. A link budget is estimated to be 78 Mb/s for a
distance of 20 meters. Thus, the proposed antenna is considered
as a promising solution for high data-rate medical applications
such as capsule endoscopy, live surgeries, and other biomedical
applications where the high data-rate is required.

Index Terms—Bio-telemetry, channel capacity, implantable
antenna, ISM band, link budget, MICS, MIMO.

I. INTRODUCTION

THE, demand of using implantable electronic medical de-
vices for health care and monitoring applications, such as

capsule endoscopy, glucose monitoring, cardiac pacemakers,
intra-oral tongue-drive system, and intracranial pressure moni-
toring, have been rapidly increased over the past few years [1]-
[4]. This is due to the fact that implantable medical devices are
capable of extracting biosignal features from various organs of
the human body and transmitting the required information to
the receiver [5]. In fact, the receiving device, that collects the
information, can be placed either on the body or a couple of
meters away from the human body. The implantable medical
device can have many electronic and RF components such as
sensors, batteries, filters, and antennas [6]. Indeed, the antenna
is considered as an important component for high and efficient
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data transmission between the implantable medical device and
the receiver that is either wearable or located a few meters
away from the human body [4].

However, implantable antenna design faces several chal-
lenges such as: (1) the large antenna size, which leads to a
large implantable device, (2) the lossy nature of the human
body’s tissues, which greatly affects the functionality of the
implantable antenna, (3) the relative permittivity of the human
body’s tissue, that is greater than the free space. As a result,
the performance of the implantable antenna is dissimilar from
the conventional free-space antenna [7]. Therefore, the perfor-
mance of the implantable antenna in terms of the radiation
properties in such sensitized domain requires to be consent
with numerous conditions such as safe input power and
Specific Absorption Rate (SAR) [4].

Recently, several research works have reported the design
and test of implantable antennas performance, which include
dual/multiple-band antennas [2]-[3], and ultra-wideband anten-
nas [4]. However, all of these studies are single-input single-
output (SISO) designs with relatively large sizes. Also, the
spectral efficiency of these designs is relatively low inside
heterogeneous human environment. Recently, a wideband an-
tenna is introduced for high data-rate transmission. Neverthe-
less, the human body tissues are frequency-dependent, and
hence, the electromagnetic properties are greatly affecting the
antenna performance at high frequencies [8]. For instance,
the tissues become more conductive and lossy with increas-
ing the operating frequency. Also, the path loss increases
with increasing the operating frequency, which significantly
reduces the communication range, especially, for high data
rates communication [4]. Furthermore, the wideband operation
of implantable devices may interfere with nearby frequency
bands. Therefore, a wideband antenna is not a good option
to tackle the problem of low spectral efficiency in SISO
topology. In order to overcome this drawback, MIMO systems
have been recently proposed to enhance the spectral efficiency
of implantable antennas [9]. Furthermore, the MIMO system
also enhances the channel capacity without consuming any
extra power or frequency resources [10]. Multiple antenna
elements are used in MIMO systems to work as both trans-
mitter and receiver, which improve the spectral efficiency. In
fact, it has been demonstrated that MIMO are well suited
to achieve higher throughput gain over SISO systems for
capsule endoscopic application [9],[11]. Moreover, a dual-
port antenna at MedRadio band for high data rate implantable
devices with an adequate FBW of 35.9% is studied in [12]. In
[13], an electromagnetic band-gap (EBG) based four-element
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Fig. 1: Top (g = 0.4 mm, and d = 0.5 mm), bottom (R = 1.1
mm), and side view of the proposed antenna (Unit = mm).

implantable MIMO antenna is introduced for 2.4 GHz ISM
band with a narrow FBW of 18.64%. In [14], a four-element
MIMO cubic implantable antenna is proposed. However, the
non-planar and large footprint make its applications limited
for compact implantable medical devices. The majority of
the reported MIMO implantable designs have large antenna
sizes which restrict to implement them in compact implantable
devices.

In this paper, a novel design of implantable MIMO antenna
system is presented. It can significantly enhance the spectral
efficiency without any extra power or frequency resources. The
miniaturization of the proposed design is achieved by using
shorting pins, loading rectangular and arc-shaped slots on the
radiator, and open-ended circular slots on the ground plane.
The antenna is simulated and measured in a quasi-implantable
device with considering batteries, sensors, lumped elements
and substrates. To the authors’ knowledge, this is the first
ever MIMO antenna system which is simulated and measured
inside a quasi-implantable device.

II. DESIGN METHODOLOGY

Fig. 1 shows the proposed two ports MIMO antenna which
consists of radiating patches, partial ground structures, a
substrate and a superstrate. Each radiating patch consists of
a semi-circular patch with one rectangular and two arc-shaped
slots. Both radiating patches have the same ground plane as
depicted in Fig. 1. A small edge-to-edge distance of 0.0018λg
(where, λg is the guided wavelength at 433 MHz) is kept
between the radiators. In fact, the medium around the substrate
is air in both implantable devices. Therefore, λg only takes
into account the permittivity of the antenna’s substrate (εr =
10.2). The ground plane has a circular shape with two inverted
rectangular slots and four circular slots. Each radiating patch
is excited with a 50Ω coaxial cable with a diameter of 0.8
mm at feed point of (0.45,-5.2/0.45, 5.2) in the Cartesian
coordinate system. A shorting pin of diameter of 0.5 mm
is used in each radiating patch to lower down the operating
frequency. An ultra-thin material (thickness = 0.13 mm) of
Rogers RO3010 (εr = 10.2, tanδ = 0.0022) is used as a
substrate and superstrate. The superstrate assists in insulating
the antenna from direct interaction with the components of the
implantable devices [4].
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Fig. 2: (a) Evolution stages (design steps) of the proposed
antenna, (b) reflection coefficient (S11) in evolution stages, and
(b) mutual coupling (S21) in evolution stages.

A. Design Evolution (Miniaturization and Bandwidth Im-
provement)

An iterative process for achieving the desired results con-
sists of four stages, as illustrated in Fig. 2a. Fig. 2b and 2c
show the scattering parameters (S11 and S21), respectively.
Initially (Step 1), a semi-circular radiating patch with one
rectangular slot and one arc-shaped slot is designed with the
circular ground plane. The initial dimensions are calculated
using Equation (1) [15]. The rectangular slot and an arc-
shaped slot are loaded on the patch to expand the current
path and induce capacitive effect, thereby, reducing the patch’s
resonant frequency [16]. Theoretically, the equivalent circuit
of an antenna can be modeled as a series inductance (L◦)
and shunt capacitance (C◦), as an ideal transmission line. The
propagation velocity (vp) can be calculated using Equation
(2) [16]. It can be seen that vp has inverse relationship with
the capacitance (C◦) and inductance (L◦). The rectangular
and arc-shaped slot add additional capacitance to the antenna
[17]. By adding them, the overall capacitance of the antenna
is increased. Hence, the value of vp is decreased and minia-
turization is achieved.

fres =
1.8412× c
4πRa

√
εr

(1)

where fres is the resonant frequency of the circular radiating
patch, εr is the substrate relative permittivity of 10.2, Ra is
the radius of the circular patch, c is the speed of light (3×108

m/s), and h is the thickness of the substrate.

vp =
1√
L◦C◦

=
c

√
εeff

= λgf (2)
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Fig. 3: (a) Equivalent lumped element circuit model of the
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(HFSS and circuit) model, and (c) mutual coupling results
of both model.

The resonant frequency of the antenna in step 1 is 2.6 GHz
with a narrow 10-dB bandwidth. A FBW of 1.1 % is observed
in step 1. The resonant frequency is reduced by adding a
shorting pin. The shorting pin has a diameter of 0.5 mm. As
a result, the resonant frequency is shifted from 2.6 GHz to
0.914 GHz. A FBW of 10.9 % is observed in step 2. In step
3, a second arc-shaped slot is also loaded to the radiating
patch, which further increases the current path. Hence, the
resonant frequency is shifted from 914 MHz to 712 MHz. A
FBW of 20.9 % is achieved in step 3. In step 4, four circular
slots are etched in the ground plane. In fact, the open-ended
slots are mostly used to enhance impedance matching, to shift
resonant frequencies to lower frequencies (miniaturization),
and to generate multi-bands [4],[18]. Moreover, an open-ended
ground slots are added to achieve miniaturization, impedance
matching, and also bandwidth improvement. The resonant
frequency is shifted from 712 MHz to 433 MHz by introducing
slots in the ground plane. A FBW of 33.9 % (355–500 MHz)
is observed in step 4, as shown in Fig. 2b. The aim of
using open-ended slots in the ground plane is justified by
the enhancement of the impedance matching, improvement of
the bandwidth and achievement of the miniaturization. Hence,
the resonant frequency is shifted from 2.6 GHz to 433 MHz,
with a bandwidth improvement from 1.1% to 33.9%, and an
impedance matching enhancing from -12.5 dB to -25.9 dB
through the design evolution process. Fig. 2c shows S21 results
of the antenna in each step. It can be seen that in each step,
the isolation is better than 17 dB in the whole operational
band throughout the design evolution process. The isolation
in the final step (final antenna design) is higher than 26 dB in
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Fig. 4: The detail architecture of implantable devices (a)
capsule-type for deep tissue implant, and (b) flat-type for skin
implant.

the whole operational band, even with a smaller edge-to-edge
distance of 0.0018λg between the radiators.

B. Equivalent Circuit Model

In order to include a detailed analysis of the proposed
design, a lumped element equivalent circuit model is shown
in Fig. 3a. The equivalent circuit model is designed using
Keysight Advanced Design System (ADS). Each radiator is
excited with a 50Ω terminal and modeled as a parallel RLC
circuit (Rp, Cp , and Lp) [19]. Rp, Cp, and Lp values depend
on the radiator parameters such as the radiator’s radius and
the slot dimensions. The circular slots in the ground plane
are also modeled as a parallel LC circuits (Ls, and Cs). The
values of Ls and Cs depend on the circular slot’s dimensions
in the ground plane. The undesirable coupling between the two
radiators is modeled as a series LC circuit (Lc and Cc), which
mainly depends on the gap between the radiators and inverted
rectangular slots in the ground plane. The optimized values of
the equivalent circuit model are shown in Fig. 3a. Fig. 3b and
3c compare the simulated S11 and S21 of the electromagnetic
(EM) model (HFSS) and circuit model (ADS), respectively. A
close match between both models is observed.

C. System Architecture (Capsule and Flat-type Device Design)

Every implantable biomedical device has a specific im-
plantation area and device architecture. Most studies reported
either capsule-type or flat-type device architecture for system-
level consideration. In this manuscript, both architectures are
studied and discussed. Fig. 4a and 4b show the system archi-
tecture of the capsule-type and flat-type implantable device,
respectively. The capsule-type device, having a length of
19 mm and a radius of 5.8 mm, is considered for deep
tissue implantation, as shown in Fig. 4a. The flat-type device,
having dimensions of 11.6×19×3.5 mm3, is studied for skin
implantation, as illustrated in Fig. 4b. Each implantable device
consists of the proposed MIMO antenna, batteries, sensors,
and a PCB with surface mounted devices (SMDs). Different
resistors, inductors and capacitors are added on the PCB as
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a dummy electronic components during simulations. A 0.1
mm thick biocompatible material having εr = 9.8 and tanδ =
0.006 is used as a casing for both devices. The casings of both
devices are tightly closed with epoxy to avoid entering liquid
in the device during experimental measurements.

D. Simulation Environment and Measurement Setups

At the start of the design procedure, the proposed im-
plantable MIMO antenna is simulated and optimized using
HFSS in a one-layer homogeneous skin model. The dimen-
sions of one-layer homogeneous skin model is 130×130×46
mm3. The electrical characteristics of one-layer skin model is
selected as εr = 46.08, σ = 0.702 S/m for 433 MHz (ISM
band), according to [2]. The antenna is implanted at a depth
of 4 mm from the top. The far-field radiation box is designed
at more than λ◦/4 (overall dimensions of 500×500×500
mm3) from edges of the antenna at the resonant frequency
(433 MHz), as shown in Fig. 5. In addition, the proposed
implantable MIMO antenna is integrated with a full-package
device (capsule and flat-type device). The implanted depth is
set to 4 mm in a homogeneous skin model, and in the head
of a human body. However, the implanted depth in the large
intestine is fixed to 90 mm.

To validate the simulation results, the proposed implantable
MIMO antenna is fabricated on the ultra-thin substrate of
Rogers RO3010 (εr = 10.2, tanδ = 0.0022, and height of the
substrate = 0.13 mm). A dummy electronic PCB is fabricated
using FR-4 substrate and SMDs are soldered over it. The
capsule and flat-type devices are designed using 3D printing
technology. The components such as implantable antenna,
sensors, batteries, and single-layer PCB are carefully enclosed
(using epoxy) in the device to measure the results (S11, S21,
radiation pattern, gain and received power). The S11 and S21
results of the fabricated antenna are measured in a saline
solution and minced pork meat using an Agilent Technologies
vector network analyzer (VNA) model E5062A. The radiation
patterns and gain are measured in an anechoic chamber. The
whole antenna system is embedded into the minced pork meat.
The antenna is placed in the middle of a container containing
minced pork meat at a depth of 4 mm. A signal generator,
high-gain horn antenna and spectrum analyzer are used to
measure the radiation pattern. The high-gain horn antenna
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Fig. 6: S-parameters of the antenna as a function of varying
parameter g (a) reflection coefficient, and (b) mutual coupling.

(width = 49 cm, depth = 40 cm, and height = 32 cm) is
used for transmitting and our proposed implantable antenna
for receiving the incoming power. One port of the implantable
MIMO antenna is connected to the spectrum analyzer and the
second port is terminated with a 50Ω load. A distance of 3
meters is kept between the edge of the horn antenna and the
proposed antenna. A high-gain horn antenna is powered and
the proposed antenna is rotated with a step size of 10◦ to
measure the incoming power.

E. Parametric Study

To achieve better performance of the proposed antenna,
various important parameters that can affect the reflection
coefficient and the mutual coupling of antenna are analyzed.
When the key parameter is studied, the others are kept
constant. To investigate the effect of the gap (g) between the
radiating elements on the the antenna S-parameters, the value
of g is varied and the results are shown in Fig. 6. It can be
observed that the MIMO elements are disconnected and there
is no direct path for the fields to travel from one patch to the
second one. However, both patches are capacitively coupled.
The mutual coupling is dependent on the value of g and has
an inverse relationship with it. Moreover, it can be observed
that the mutual coupling increases with reducing the value
of g. In fact, the coupling level becomes dominant when the
patches are closer. Furthermore, when g increases, the effective
radiating area of the patch reduces. As a result, the resonant
frequency shifts to the higher frequencies, as shown in Fig.
6. Besides, the parameter d shows a significant impact on
the resonant frequency of the antenna. When d increases, the
lengths of the arc-shaped slots reduce. In fact, the arc-shaped
slots provide an extra capacitance to the patch. Therefore, by
increasing the value of d (reducing the lengths of the arc-
shaped slots), the capacitance of the patches reduces which
allow shifting the resonant frequency to the higher frequencies,
as illustrated in Fig. 7a. The effect of d is further verified by
the equivalent circuit model. The capacitance of the patch is
21.5 pF when the value of d is 0.5 mm; However, this value is
decreased to 16.42 pF when d is 3.5 mm (Fig. 7). It is worthy
mentioning that the rest of the circuit components are same
for all values of d, which confirms that d has only an impact
on the capacitance of the patch (Cp). Furthermore, it has a
negligible impact on the mutual coupling of the antennas, as
shown in Fig. 7b. On the other hand, the radius (R) of the open-
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ended ground slot has an impact on the resonant frequency
and fractional bandwidth of the antenna. The open-ended slot
adds additional capacitance to the patch, which allow shifting
the resonant frequency to the lower band. Also, the open-
ended slot reduces the equivalent inductance of the antenna
which enhances the fractional bandwidth. It is observed that
the resonant frequency is shifted to the higher frequency side
by reducing the value of R, as shown in Fig. 8a. Furthermore,
the fractional bandwidth is enhanced with an increase in R.
The effect of the open-ended slot is further verified by the
equivalent circuit model. It can be observed that R has an
inverse relationship with the inductance (Ls) and has a direct
impact on the capacitance (Cs). Similarly, the rest of the circuit
components are same for all values of R, which confirms that
R has only an impact on the ground capacitance (Cs) and
ground inductance (Ls). Furthermore, it has a minor effect on
the antennas’ mutual coupling (Fig. 8b).

Apart from an antenna, an implantable device contains
batteries, microchips, resistors, inductors, PCB, capacitors,
and sensors [20]. These components can couple with the
antenna and affect its performance, especially in terms of
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Fig. 9: Effects of electronic components and PCB on the
reflection coefficient of the antenna in (a) capsule-type device,
and (b) flat-type device.

impedance matching and radiation properties. The antenna
should be placed in such a way as to have minimal coupling
with other components of the implantable device. Therefore,
it is necessary to investigate the coupling effects of the PCB
and its electronic components with the implantable antenna
to obtain a minimum gap between them. To investigate the
coupling effects, the gap (h) between the antenna and PCB
is varied from 0.1 mm to 0.7 mm. As illustrated in Fig. 9,
the coupling effect of PCB and electronic components in the
capsule-type implantable device is almost negligible because
these components are placed vertically below the antenna
and have minimal coupling region. In the case of a flat-type
implantable device, the coupling effect increases by reducing
the gap between the antenna and the PCB. To have wide
bandwidth and better impedance matching, a minimum gap
of 0.5 mm is maintained between the antenna and the PCB.

III. RESULTS AND DISCUSSIONS

The antenna design performance is analyzed in a single
layer homogeneous skin model to reduce the simulation time.
After that, the antenna’s sensitivity is checked by examining
the antenna with a full human body phantom in different
parts of the body (head and large intestine). The simulated
reflection coefficient and transmission coefficient is validated
by measuring the fabricated antenna in a saline solution and
minced pork meat. The simulated (homogeneous skin model,
realistic human head, and large intestine) and measured (saline
solution and minced pork meat) S11 and S21 results are
illustrated in Fig. 10a and Fig. 10b, respectively. It can be
observed that the proposed antenna resonates at 433 MHz,
covering important MICS (402–405 MHz) and ISM (433.1–
438.8 MHz) bands. The antenna resonates at 433, 429, 428,
435, and 430 MHz with a fractional bandwidth of 33.9%
(355–500 MHz), 35.8% (349–501 MHz), 21.7% (386–480
MHz), 31.3% (363–498 MHz), and 31.2% (362–495 MHz)
in a homogeneous skin model, large intestine, human head,
minced pork meat (measured), and saline solution (measured),
respectively. The simulated S21 values are lower than -26 dB
in the operation band while the measured values are lower than
-22 dB, as shown in Fig. 10b. The measured S21 values are
higher due to two possible reasons: (1) soldering of coaxial
cables, which increases copper portion of the antenna and
facilitates surface waves to travel from one port to another,
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Fig. 10: Simulated and measured results of the antenna in
different simulation environments (a) S11, (b) S21, (c) radiation
patterns at 403 MHz when one port is excited and other is
terminated with a 50Ω impedance, and (d) radiation patterns
at 433 MHz when one port is excited and other is terminated
with a 50Ω impedance.

and (2) reactive fields of the coaxial cables. It is known that
mutual coupling significantly affect the antenna parameters
(gain, radiation pattern and bandwidth) [21]. In fact, the mutual
coupling between the antenna elements can be reduced by
reducing either surface waves or near-field coupling or both.
An ultra-thin (0.13 mm) substrate is chosen to restrict the
transmission of the surface-waves [21]. Hence, the mutual
coupling is reduced to the minimum level.

The antenna radiation patterns in XY- and XZ-plane are
measured at 403 and 433 MHz in an anechoic chamber. The
radiation patterns are measured by placing the antenna system
inside the minced pork meat. It is known that the antenna
is fed by other RF front-ends inside the human body in real
applications. Therefore, the implantable antenna in this study
is enclosed by waterproof casing with full electronic pack-
age devices. It can be noticed, from the antenna’s radiation
patterns, that the radiation patterns of the antenna are almost
identical at 403 and 433 MHz, as shown in Fig. 10c-d. In fact,

Surface current 
distribution (Magnitude)

Max MinTop Bottom

Surface current 
distribution (Vector form)

Port 1 is excited Port 2 is excitedMax Min

Fig. 11: Surface current distribution of the antenna at 433
MHz.

the maximum beam is oriented towards the X-axis and Y-axis
directions at 403 MHz and 433 MHz. Therefore, any metallic
components in the X-axis and Y-axis directions of the antenna
will disturb the radiation pattern. The simulated maximum
realized gains of -30, -35.6 and -34.8 dBi are observed in the
homogeneous skin model, large intestine, and human head,
respectively. The measured maximum gain is found to be -
34.4 dBi. Moreover, the radiation efficiencies of -36.7, -39.1
and -37.4 dB are observed in a skin model, large intestine,
and human head, respectively.

The surface current distribution study is conducted to un-
derstand the coupling intensity phenomenon between the ra-
diators. The surface current distribution of the antenna system
is shown in Fig. 11, when port 1 is excited. It can be seen that
the current is quasi-evenly distributed over the excited patch.
It can also be noticed that almost zero current is coupled with
the second antenna. The current level of the excited element
is higher than the non-excited element even with a smaller
edge-to-edge distance of 0.0018λg , where λg is the guided
wavelength at 433 MHz. Furthermore, the current intensity on
the ground plane below the radiator (left part of the ground
plane) is higher than the right part of ground plane, which
further confirms weak coupling between the radiators.

The SAR of the antenna is evaluated to ensure safety of the
human body during the operation of implantable devices. We
assessed the SAR results at 433 MHz over 10-g tissue in the
realistic human head using a flat-type device and in the large
intestine using a capsule-type device. Both antenna elements
are excited with an input power of 1W. The peak SAR values
of 538.6 W/Kg and 550.4 W/Kg are calculated at the human
head and large intestine when both antenna elements are
excited, as shown in Fig. 12. Therefore, due to one antenna
element, the peak SAR values are 269.3 W/Kg and 275.2
W/Kg in the human head and large intestine, respectively.
In practical cases, the implantable medical devices operate at
input power of < 25 µW (ITU Rec. ITU-R RS.1346) [22].
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Fig. 12: SAR over 10-g tissue at 433 MHz, when both ports
are powered with 1 W, in (a) large intestine and (b) human
head.

Based on our calculated SAR, maximum allowable powers are
7.42 mW and 7.26 mW in the human head (flat-type device)
and large intestine (capsule-type devices) to ensure SAR safety
limits.

A. Link Budget For Wireless Communication

As mentioned, the proposed antenna is designed for high-
data rate implantable devices. Therefore, it is important to
evaluate the link budget parameters for effective commu-
nication between the implantable antenna and off-body/on-
body receivers. A 20 dB margin is considered for a reliable
communication. Link margin is the difference between avail-
able power and required power, and can be computed using
Equation (3) [6].

LM [dB] = Pa − Pr (3)

Pa[dB] = Pt +Gt +Gr − Lf −N◦ (4)

Pr[dB] =
Eb
N◦

+ 10log10(Br)−Gc +Gd (5)

where

Lf [dB] = 10log10

(
4πa

λ

)2

(6)

and
N◦ = 10log10(kT◦) (7)

In link budget calculations, an ideal λ/2 dipole antenna (Gr
= 2 dBi) is considered as receiving antenna. Furthermore,
losses due to polarization and impedance mismatches are
neglected. The distance between the transmitter (implantable
MIMO antenna) and receiver (ideal λ/2 dipole antenna) is
denoted with d. The parameters of link budget are detailed
in Table. I.

The calculated link budget is illustrated in Fig. 13. The link
margin between the available and required powers must be
higher than 0 dB to transmit the associated information over
a suitable distance. However, we considered a link margin of
at least 20 dB for error-free communication. We considered a
low transmitted power of Pt = 25 µW to avoid interference
with other devices operating at the same frequency. It can be

TABLE I: PARAMETERS FOR LINK BUDGET ANALYSIS.

Variables Description (Units) Values

Transmitter Side
f Frequency (MHz) 433

Pt Transmitted power (dBm) -16

Gt Implantable antenna gain (dBi) -30

Receiver Side
Gr Receiver antenna gain (dBi) 2

T Temprature (K) 273

k Boltzmann constant 1.38×10−23

N◦ Noise power density (dB/Hz) -199.95

Signal Quality

Br Bit rate (Mbps) Various

Gc Coding gain (dB) 0

Gd Fixing deterioration (dB) 2.5

BER Bit error rate 1×10−5

Eb/N◦ Ideal PSK (dB) 9.6

Margin (dB) = Pa–Pr

observed from the link margin plot that the communication
range decreases with increase in the data rates. As a result,
the proposed system can efficiently communicate up to 20
meters for a high data rate of 78 Mb/s. Such high data rate
antenna system can be used for capsule endoscopy, surgeries,
and other applications where high throughput for transmission
is required. Additionally, an experiment is carried out to
estimate the transmission ability of the fabricated antenna.
Two software-defined radios (SDRs) platforms have been
used in this experiment. The experimental setup is shown
in Fig. 14a. The proposed antenna is used as a transmitting
antenna and a high gain SDR antenna as a receiving one.
Then, the antenna is connected to the SDR and a narrow
frequency modulated (NFM) signal is generated at 433 MHz.
The signal is transmitted from SDR through our proposed
antenna. Another SDR having an antenna with a gain value
of 2 dBi is used as a receiving antenna. The receiving SDR
is connected with the Laptop to monitor the received power.
The simulated and measured received power is shown in
Fig. 14b. The simulated and measured received powers have
around 2-3 dB difference which is reasonable as the real
experimental environment is lossy as compared to the ideal
scenarios [23]. The difference between the simulated and
measured powers are due to cable losses, reflection losses,
conductor and dielectric losses, mismatch losses, polarization
loss factor, scattering losses and other environmental effects.

B. MIMO Channel Parameters

1) Envelope Correlation Coefficient: An envelope correla-
tion coefficient (ECC) is considered as an important parameter
in MIMO systems which verifies system independence in their
separate performance. The ideal (desirable) value of ECC is
zero, however, in practical applications, an ECC < 0.5 is
also acceptable. In fact, ECC of a MIMO system can be
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evaluated using S-parameters or far-field radiation patterns.
In our study, ECC is computed using far-field patterns using
Equation (8) [21], [24]. Here, ECC of the antenna is computed
by considering antenna in a homogeneous skin model. The
ECC values versus frequencies are plotted in Fig. 15a. It can
be noted that the simulated ECC values are lower than 0.1
over the entire frequency band and is equal to 0.094 at 433
MHz. The measured ECC values are lower than 0.14 over the
entire frequency band and is equal to 0.12 at 433 MHz. The
ECC value is low enough to confirm the excellent diversity
performance. Such low values of the ECC make this system
suitable for high data rate implantable devices, such as modern
capsule endoscopy.

ECC =
|
∫∫

4π
( ~Ani(θ, φ))× ( ~Anj(θ, φ)) dΩ|2∫∫

4π
|( ~Ani(θ, φ))|2 dΩ

∫∫
4π
|( ~Anj(θ, φ))|2 dΩ

(8)

where ~Ani(θ, φ) is the 3D pattern of the ith antenna and
~Anj(θ, φ) is the 3D pattern of the jth antenna. Ω represents

the solid angle in Equation (8).
2) Diversity Gain: Furthermore, diversity gain (DG) shows

the impact of the diversity scheme on the transmitted power.
An optimal value of DG is always 10 dB, which represent
completely uncorrelated channels. DG of the antenna system is
computed [21], which shows that DG is completely dependent
on ECC values. The simulated DG values of the antenna
against varying frequencies is shown in Fig. 15a. It is found
that simulated DG of the antenna system is greater than 9.95
dB in the whole operating band and is equal to 9.96 dB at the
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Fig. 15: MIMO channel parameters: ECC and Diversity gain
of the MIMO antenna.

targeted band of 433 MHz. The measured DG of the antenna
system is greater than 9.90 dB in the whole operating band.

3) Channel Capacity and Cumulative Distribution Func-
tion: The basic purpose behind MIMO antenna system is
to enhance the channel capacity (CC) without using extra
frequency spectrum and power resources. Considering uncor-
related channels, the CC of the antenna system increases with
the number of transmitting and receiving antennas. Never-
theless, in real-time applications, fully uncorrelated channels
are impossible. Indeed, the CC depends on the number of
antennas and the correlation between channels. For high CC,
more antennas are desirable with high isolation. The CC of an
N ×N MIMO antenna system is given as [25]:

CC = log2

(
det

[
I +

SNR

N
HH∗

])
(9)

where CC is the channel capacity, I is the identity matrix, H
is the channel matrix which contain the information of gain
and phase of the antennas and H* is the conjugate of matrix
H.

The CC of the antenna system can be estimated from the
radiation patterns using real environment measurements or
theoretical models. The authors of [26] designed a reverber-
ation chambers to measured CC of the MIMO system. It
provides the indoor and outdoor environment similar to the
real environment. The CC can be measured inside this chamber
without the real environment.

In [27], the authors provided a complete guide on estimating
the CC of the MIMO antenna system. The CC of the MIMO
antenna system can be calculated by deriving the channel
matrix H from the 2D radiation patterns of the transmitting
and receiving antennas. We used Equation (10) for calculating
the channel matrix H [27].

H =
√

ΨtG
√

Ψr (10)

where H is the channel matrix, G is the random matrix with
Gaussian entries, Ψt is the transmit correlation matrix and Ψr

is the receive correlation matrix. The correlation matrix can
be computed using Equation (11) [27].

Ψx,y
r or t =

µxy√
µxxµyy

(11)
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The values of µx,y can be calculated from 2D radiation
patterns of antenna x and antenna y as [27];

µx,y =

∫ 2π

0

[XPD ×Ax,θA∗
y,θ +Ax,φA

∗
y,φ]dφ (12)

where Aθ and Aφ are the radiation patterns of antenna x and
antenna y and XPD is the cross-polarization discrimination.

The CC of the MIMO antenna system is calculated using
2D radiation patterns. The CC against varying Signal-to-Noise
Ratio (SNR) is given in Fig. 16a. It can be noted that the
CC of the proposed MIMO antenna system is lower than the
ideal 2×2 MIMO system and more than ideal SISO system.
Considering an SNR value of 20 dB, the ideal 2×2 MIMO
system has CC of 11.34 bps/Hz, the proposed MIMO system
has CC of 10.2 bps/Hz and the ideal SISO has CC of 5.89
bps/Hz. Cumulative distribution function (CDF) is derived at
an SNR value of 20 dB and is shown in Fig. 16b. It can
be seen that the proposed antenna has higher CC than ideal
SISO system which is a promising solution for high data-rate
medical applications.

The performance of the proposed antenna is compared with
reported implantable MIMO antennas in Table. II. It can be
noticed that the proposed antenna has the most compact size
and the lowest mutual coupling compared to other antennas.
Also, FBW of the proposed antenna is more than [9] and
[12]. It is worthy mentioning that we have also studied the
MIMO channel parameters to evaluate the independence of

TABLE II: COMPARISON WITH IMPLANTABLE MIMO
ANTENNAS.

Parameters [9] [12] [13] This Work

Size (mm3) 0.15λg 11.10λg 0.71λg 0.06λg

Resonant
Frequency (MHz)

433 402 2400 433

Bandwidth (%) 3.2 35.9 18.64 33.9

Isolation (dB) 12.17 25.6 15.99 > 26

ECC – – 0.0025 0.1
Device level study? No No No Yes

elements. However, none of the reported studies considered
these parameters. In addition, to the authors’ knowledge, this
is the first ever MIMO antenna system which is simulated and
measured inside a quasi-implantable device.

IV. CONCLUSION

In this paper, a low-profile implantable MIMO antenna
system is designed and experimentally validated for high data
rate multi-purpose implantable devices. The proposed antenna
exhibits compact size (5.652×π×0.13 mm3) with a minimum
inter-element gap (0.0018λg) between MIMO elements. More-
over, the suggested antenna is integrated with electronic com-
ponents of quasi-real implantable devices. The measurement is
performed using minced pork meat, and saline solution and the
results are found in good accordance with the simulated ones.
Furthermore, the proposed antenna system has relatively good
FBW (33.9%) and more compact size than recently reported
implantable MIMO antennas. It has a maximum realized gain
of -30 dBi and a high isolation of 26 dB. The main MIMO
channel parameters are calculated and show good results. The
ECC is less than 0.1, and DG is more than 9.95 dB in
the operation band. Moreover, the transmission ability of the
designed system is practically demonstrated through SDRs.
The proposed work suggest that MIMO antenna system can
be used to enhance channel capacity without any extra power
and frequency resource for high data rate applications. The
capability of supporting high data-rates make this antenna
a promising option for high data-rate applications such as
capsule endoscopy, live surgeries and any other biomedical
applications.
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