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Abstract—This study proposes a novel high-performance, two-element camera-integrated antenna array for the [401-406] MHz
medical device radio communications service (MedRadio) band. The array is designed for integration inside a capsule to establish
a stable, high data-rate multiple-input multiple-output (MIMO) wireless communication link for wireless endoscopy. The compact
antenna (π× 1.125 ×1.49 mm3) uses stacked meandered resonators, nestled within an annular ring-shaped planar substrate, offering
over 7 MHz bandwidth and 41 dB isolation. It achieves a 78 Mbps data rate over 1.6 m in muscle tissue with a specific absorption
rate of 2 W/kg at 20 mW power. Measurements show an ECC below 0.001, diversity gain over 9.99 dB, and a channel capacity
of 10 bps/Hz at 20 dB SNR. To the best of our knowledge, this is the first dual-camera-integrated MIMO antenna system for the
[401-406] MHz MedRadio band tested in an implantable device.

Index Terms—Camera integrated, capsule antenna, implantable medical devices (IMD), meandered resonator, multiple-input-multiple-
output (MIMO) antenna, wireless capsule endoscopy (WCE).

I. INTRODUCTION

RECENTLY, the demand for ingestible and implantable
medical devices (IMDs) for patient monitoring and

diagnosis has surged [1]- [4]. Wireless capsule endoscopy
(WCE), in particular, has gained significant attention for its
ability to continuously capture and transmit internal body
data, images, and videos. Unlike traditional wired solutions
that cause discomfort and limit test coverage [5], [6], WCE
reduces infections and hazards linked to reusable colonoscopy
wires [7], [8]. However, WCE design challenges include
providing a wide-angle camera view and maintaining a reliable
communication link with an external receiver, whether on
or off the body [9], [10]. Consequently, there is a growing
need for WCE systems with high data rates, low latency, high
reliability, and expansive camera views [11].

To ensure high data rates and mitigate performance
degradation due to varied tissue environments, low-
frequency multiple-input-multiple-output (MIMO) systems
[see Fig. 1(a)] have been proposed for WCE [12]. Small
printed antennas are favored for their ease of implementation,
cost-effectiveness, and compactness within a capsule. Yet,
mutual coupling between MIMO antennas can impact
channel parameters. A dual-camera system in WCE improves
diagnostic accuracy and outcomes over single-camera
systems by capturing front and back views, reducing blind
spots [13], [14], and enhancing gastrointestinal (GI) tract
coverage [15], [16]. It enhances efficiency [17], [18], reduces
repeat procedures [19], [20], and improves patient comfort.
Developing ultra-compact, high-performance MIMO antennas
that fit into millimeter-sized capsules without obstructing
camera views is essential. These antennas should deliver
robust performance while being compatible with cost-effective
manufacturing.

Extensive research on single-band [21]- [26], multi-
band [27]- [34], and wideband [35]- [39] antennas for single-
input-single-output (SISO) WCE systems has been carried out,
but few MIMO antennas have been proposed. These mainly

focus on implementing them capsule edge-embedded [40]-
[43] or capsule body-conforming [44]- [46] designs. While
edge-embedded antennas offer high RF performance, they
limit the integration of dual cameras. Conformal antennas
allow for dual cameras but are complex to design and inte-
grate, especially in small capsules. Thus, creating compact,
broadband MIMO antenna modules with simple integration
for dual-camera WCE remains challenging.

This paper introduces an ultra-compact, camera-integrated
two-element MIMO array for in-body capsule applications.
The novel design allows (i) easy integration of two cameras
(one on each side) and other components without affecting
antenna performance, (ii) stable S-parameters and radiation
performance across a wide range of biological tissue proper-
ties (ϵtissue∈[10-80], σtissue∈[0-2.4] S/m) without additional
matching networks, (iii) compatibility with standard PCB
manufacturing processes, and (iv) excellent isolation between
antennas and components. A proof-of-principle prototype was
manufactured using a multilayer PCB process. The prototype
covers the [401-406] MHz of the medical device radio com-
munications service (MedRadio) band and ensures isolation
greater than 41 dB. Unlike previous designs operating at
higher frequencies (e.g., 2.45 GHz) with a single end-facing
camera [47], this design operates at a lower frequency and
integrates dual cameras. Moreover, in contrast to [48], [49],
where single camera-integrated antennas are developed to
operate at 2.4 GHz industrial, scientific, and medical (ISM)
band, to the authors’ knowledge, this is the first dual camera-
integrated MIMO antenna system operating in the [401-
406] MHz MedRadio band, simulated and measured inside
a quasi-implantable device.

II. ANTENNA REQUIREMENTS AND BODY MODELLING

A. Physical Constraints

Fig. 1(a) shows the schematic of the ingestible capsule,
which includes two cameras, a transceiver PCB, LEDs, a
MIMO antenna module, optical domes, and batteries within a
biocompatible shell. The entire implant fits into a pill-shaped
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(a)

(b)
Fig. 1. (a) Generalized camera integrated MIMO antenna system and
systematic overview of the proposed WCE. (b) Exploded view of the MIMO
unit antenna and its parameterized dimensions. The geometrical dimensions
are: Ci = 3.25 mm, Co = 5.5 mm, t1 = t2 = 0.20 mm, α1 = 40o,
α2 = α3 = 10o, h1 = h2 = 0.6435 mm, hp = 0.135 mm. Substrate parameters
at 10.0 GHz: Rogers RO3010 (ϵr = 10.2 and tanδ = 0.0022) and prepreg
material (ϵr = 10.2, and tanδ = 0.01).

housing with a diameter of 11 mm and a height of 26 mm [15].
The shell must prevent adverse tissue reactions and short-
circuiting from body tissues [50]. The air gap between the an-
tenna and the transparent capsule lid is crucial for maximizing
power transmission to free space [51]. Therefore, compact and
efficient packaging is necessary to maintain a small implant
volume and clear camera views [10].

B. EM Specifications

As the capsule travels through the GI tract, varying EM
properties of different tissues may distort the MIMO antenna
performance [52]. To ensure optimal wireless link quality,
the design must account for the changing environment. The
MIMO antenna must balance robust frequency response, high
isolation, and low specific absorption rate (SAR). Key EM
specifications for the design include leveraging low frequen-
cies to maximize body penetration [53] and minimize signal
attenuation [54]. Commercial capsules typically operate at low
frequencies, such as 434 MHz [15]. Each port’s reflection co-
efficient should stay below –10 dB across the [401-406] MHz
band [55], with intra-element isolation above 40 dB. The
MIMO element should achieve a gain (G) of approximately -
50 dBi. To ensure patient safety, SAR values must be less than
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Fig. 2. Problem formulation (not to scale): A capsulated MIMO antenna
array is centered inside a homogenized ϕ200 mm spherical phantom, covering
the complete range of biological tissue EM properties (ϵtissue, σtissue) at
401 MHz. For homogenized muscle phantom, ϵtissue and σtissue equal to
56.86 and 0.81 S/m, respectively.

1.6 W/kg over 1-g and 2 W/kg over 10-g of tissue, according
to IEEE standards [56], [57].

C. Human Body Modeling

Currently, various human body parts can be modeled with
varying complexity [58], [59]. Yet, analyzing the impact
of tissue relative dielectric constant (ϵtissue) and conductiv-
ity (σtissue) on antenna performance requires results indepen-
dent of phantom geometry. Even though complex shapes and
heterogeneities may offer optimal solutions for specific test
scenarios, they also introduce shape-related disturbances to the
results [60].

To reduce simulation time and ensure shape and hetero-
geneity independence, this study uses a simple non-resonant
homogeneous sphere as a human body model. Although this is
a rough approximation, the spherical symmetry allows charac-
terization of radiation performance under controlled isotropic
conditions [61]. Unlike the spherical shape, other shapes (such
as cylindrical or cubic) may distort antenna performance in
terms of directivity. The MIMO array is positioned at the
center of a homogeneous sphere phantom, as shown in Fig. 2.
A sphere diameter of ø200 mm is chosen for all simulations to
represent potential implantation depth, ensuring at least half-
wavelength propagation for f0 ≥ 401 MHz and ϵtissue ≥ 10.
For the MedRadio band, the phantom’s EM properties are
within ϵtissue ∈[10-80] and σtissue ∈ [0-2.4] S/m [62].

III. CAMERA-INTEGRATED MIMO ANTENNA DESIGN

A. Antenna Element

To address various constraints and meet rigorous require-
ments, we propose an ultra-compact camera-integrated antenna
for MIMO communication, shown in Fig. 1(b). Leveraging
an annular ring topology, the antenna substrate is seamlessly
embedded between the camera and the capsule wall.

The antenna has three copper layers, including the radiating
elements and ground plane. It uses two layers of 0.635-
mm-thick high dielectric constant RO3010 substrate and one
layer of 0.135-mm-thick prepreg. Such a thin high dielectric
constant substrate allows a smaller structure while limiting the
surface wave excitation, and the low loss tangent minimizes
dielectric loss.

To achieve resonance within the MedRadio frequency band,
the proposed antenna model undergoes four iterative design
steps, as illustrated in Fig. III-A. Fig. III-A(a) shows the
magnitude of the reflection coefficient at each stage. The
design design starts with creating a multilayer PCB with an
annular ring shape. The outer diameter is encased within a
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Fig. 3. Design evolution of the antenna: Step 1-Step 4 (proposed antenna).
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Fig. 4. S-parameters of different design steps: (a) |S11|. (b) |S21|.
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Fig. 5. Surface current [in dB(A/m)] distributions at 401 MHz at an-
tenna 1: (a) Layer 1 and (b) Layer 2.

capsule shell, while an inner hole accommodates the camera.
In Step 1, the antenna features a single metal wire with a
single bend on each layer, resulting in a resonant frequency
of 2.5 GHz. Step 2 involves folding the antenna arm on
Layer 1, creating an offset feed [63], [64]. This extends the
antenna’s electrical length, allowing current to flow along the
newly formed radiating elements and reducing the resonant
frequency to 860 MHz. In Step 3, additional turns are added
to the antenna arm on Layer 2, further reducing the operating
frequency of 650 MHz. Finally, Step 4 incorporates shorting
pins with a 0.25 mm diameter to achieve an even lower
frequency without additional folding. Ultimately, the antenna
[see Fig. 1(b)] operates at 401 MHz with a bandwidth of
7 MHz. Numerical optimization in a homogenized muscle
phantom (ϵtissue = 56.86 and σtissue = 0.81 S/m) ensures
the desired 50 Ω input impedance. Fig.5(a) and Fig. 5(b)
depict vector current distributions on the meandered lines of
antenna-1 on Layer 1 and Layer 2, showing that exciting
the port mainly induces surface currents along the meandered
microstrip lines.

B. MIMO Array

The MIMO array, shown in Fig. 1(a), includes two identical
antenna elements positioned to avoid obstructing the ±70o

camera’s field of view [65]. This design integrates a dual-
camera system within the capsule shell. The antenna PCBs are
divided within the capsule to create a distributed MIMO-like
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Fig. 6. Simulated S-parameters of the camera integrated two-element MIMO
capsule antenna in different tissues. (a) Magnitude of reflection coefficient
|S11|. (b) Coupling between two MIMO antenna |S21|.

configuration [66]. Despite the distributed layout, a common
ground is maintained through the PCB and coaxial probe [see
Fig. 1(a)], reducing the MIMO channel capacity’s dependence
on capsule-receiver positioning. To ensure at least 40 dB
isolation between antenna elements [see Fig. III-A(b)] and a -
10 dB impedance bandwidth across the frequency band during
the design process, the distance S between elements is set
to 15 mm. Increasing S could improve isolation but would
enlarge the capsule, which is undesirable.

IV. EM PERFORMANCE OF
ENCAPSULATED MIMO ARRAY

A. Matching and Isolation

1) Robustness to Tissue: The S-parameters of the antenna
in MIMO array configurations [see Fig. 1(a)] are initially
investigated in the dispersive phantom representing five tissues
in the GI tract: fat, muscle, stomach, small and large intestine
in the full-wave frequency-domain solver of CST Microwave
Studio 2022 [67].

Fig. 6 illustrates the S-parameters performance in various
phantoms, including those mimicking the properties of the
digestive tract. The results demonstrate consistent reflection
coefficient magnitudes and effective isolation between antenna
elements across the 401 MHz MedRadio band. The antenna
maintains a reflection coefficient below -10 dB from 399 MHz
to 407 MHz for fat, muscle, stomach, small and large intestine
states, covering the entire [401-406] MHz band with a 2 MHz
impedance bandwidth margin [Fig. 6(a)]. Isolation exceeds
57 dB across all tissues in the operational band Fig. 6(b).

Fig. 7 illustrates the antenna’s detuning immunity area.
Reflection coefficient magnitudes (|S11|& |S22|) remain below
-10 dB for all tissues Fig. 7(a), with isolation (|S21|) exceeding
45 dB, even with tissue permittivity around 40 and conduc-
tivity at 0. Isolation between elements consistently surpasses
55 dB across all phantoms, as shown in Fig. 7(b).

2) Robustness to Capsule Components: In the capsule, all
the components, depicted in Fig. 1(a), are carefully placed,
each with explicit properties. The cameras and optical domes
are placed in the inner hole of the antenna substrate, whereas
the transceiver PCB and the batteries are stacked vertically.
The components consisted of the following: the transceiver
PCB was made of FR4; batteries were modeled as perfect
electric conductor (PEC) cylinders with a diameter of 7.9 mm
and a height of 2.1 mm; the fixation unit with a diameter
of 11 mm made of 2 mm thick Alumina (Al2O3, ϵr = 9.8,
tan δ = 0.006); electronic components, LEDs and camera were
given the properties of silicon (ϵr = 11.9, σ = 0.00025 S/m);
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Fig. 7. (a) Matching (|S11|) and (b) mutual coupling (|S21|) stability of
the proposed camera integrated two-element MIMO antenna simulated at
401 MHz in a homogeneous ø200 mm spherical phantom within the complete
range of biological tissue ϵtissue ∈ [10-80] and σtissue ∈ [0-2.4] S/m.
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Fig. 8. Effect of capsule inner components on the S-parameters of the
antenna. (a) Magnitude of reflection coefficient |S11|. (b) Coupling between
two MIMO antenna |S21|.
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Fig. 9. (a) Gain (dBi) and (b) efficiency η (dB) stability of the proposed
camera integrated two-element MIMO antenna simulated at 401 MHz in
a homogeneous ø200 mm spherical phantom within the complete range of
biological tissue ϵtissue ∈ [10-80] and σtissue ∈ [0-2.4] S/m.

a capsule body was given the properties of 3D-printing ma-
terial of acrylonitrile butadiene styrene (ABS) (ϵr = 3.05,
tan δ = 0.05); and capsule lids were given the properties of
glass material (ϵr = 4.7, tan δ = 0.01).

Fig. 8(a) and Fig. 8(b) depict the S-parameters performance
of the antenna performance by the presence of nearby compo-
nents. All the components were included, and a parametric
study was conducted to choose the best location for the
antennas’ placement. The ground planes shield the antennas’
from other capsule components, enhancing its resilience. Yet,
the absence of the camera shifts the antennas’ operating
frequencies by around 0.01 MHz.

B. Radiation Performance and SAR

Fig. 9 shows the gain (dBi) and efficiency (dB) of the two-
element MIMO antenna across biological tissue parameters
ϵtissue∈[10–80] and σtissue∈[0–2.4]S/m. The antenna main-
tains significant gain and efficiency at a 100 mm implantation
depth in various tissues. Notably, in the presence of fat,
the gain and efficiency improve to -37 dBi and -42 dB,
respectively. However, in the small intestine, both efficiency
and gain degrade to -63 dBi and -70 dB due to its high
conductivity.
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Fig. 10. (a) Gain difference ∆G of the antenna at 401 MHz, operating within
the muscle equivalent phantom of various sizes. (b) Effect of the encapsulation
thickness tsh and capsule shell permittivity on simulated reflection coefficient
|S11| and total efficiency η at 401 MHz.
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Fig. 11. SAR (W/kg) covering the complete range of biological tissue EM
properties when PIN = 0.5 W. (a) 1-g. (b) 10-g.

Up to this point, the depth of the in-body antenna effects has
not been investigated on the antenna radiation performance. In
tissue, maximum radiation efficiency at a given frequency is
limited by attenuation and high-contrast boundaries like tissue-
air interfaces, which affect surface waves and reflections [68],
[69]. Fig. 10(a) shows the gain difference ∆G in a muscle-
equivalent non-resonant phantom with diameters from 80 mm
to 200 mm. As antenna depth in tissue increases, gain de-
creases due to higher attenuation.

To ensure patient safety, SAR is simulated using the full-
wave time-domain solver in CST Microwave Studio2022 [67].
Simulations consider 1-g and 10-g tissue models, with each
antenna port driven at 0.5 W input power PIN . At 401 MHz,
peak SAR values are 101.5 W/kg for 1-g and 14.4 W/kg for
10-g tissues, as shown in Fig. 11(a) and Fig. 11(b). To comply
with safety standards, input power of 165 mW claculted for
1 g tissue and 20 mW for 10 g tissue results in a safe 10 g
SAR of 2 W/kg, exceeding the maximum allowable power
limit of 25 µW [32].

C. Impact of Capsule Packaging

The antenna and other components were housed in a bio-
compatible shell measuring 11 mm in diameter and length,
created using 3D printing and two transparent capsule lid [see
Fig. 1(a)].

The shell’s material and thickness significantly impact the
antenna’s radiation performance by partially decoupling it
from surrounding tissues with varying electromagnetic proper-
ties [70]. To evaluate this, the shell thickness tsh [see Fig. 1(a)]
was varied from 0.2 mm to 1 mm while the shell permittivity
ranged from 2 to 4. Fig. 10(b) illustrates the effect on |S11|
and the total antenna efficiency η at 401 MHz. The antenna
maintains good impedance matching (|S11| < -10 dB), due
to the tissue-matched dielectric loading. However, radiation
efficiency decreases as tsh increases.
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Fig. 12. (a) Camera-integrated planar antenna inside a capsule body. (b) Final
capsule mockup containing components. (c) Capsule antenna mockup centered
inside of a ø200 mm spherical phantom. (d) S-parameters characterization
setup. (e) Far-field characterization setup inside of an anechoic chamber.
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Fig. 13. Measured and simulated S-parameters of the camera-integrated two-
element MIMO capsule antenna in muscle tissue. (a) Magnitude of reflection
coefficients |S11| and |S22|. (b) Isolation |S21|.

For optimal camera angles and high antenna performance,
the presence of air within the airdrome at both ends of the
capsule was considered during optimization [70]. A shell
thickness of 0.5 mm was identified as optimal for efficient
performance and minimal reflection, ensuring robustness and
durability [71]. This approach allows detailed exploration of
how different shell thicknesses affect antenna performance
through the digestive system.

V. REALIZATION AND MEASUREMENTS

A. Prototyping and Phantoms

Fig. 12(a) shows the MIMO antenna prototype. The printed
antennas were soldered to 80-mm-long 50 Ω semirigid coaxial
cables with SMA connectors. The antennas and other capsule
components were placed in a 26 mm×11 mm capsule, as seen
in Fig. 12(b). An opening on the cable side for measurement
was sealed with Araldite 2011 epoxy paste.

For experimental characterization of the radiation and
impedance, a muscle-equivalent solid phantom in a ø200 mm
spherical container [Fig. 12(c)] was prepared using a
water-sugar-salt-oil-gelatin formulation exploiting the formula
in [72]. Gelatin was added to achieve a solid form, while a
water-sugar-salt mix suffices for liquid phantoms [73]. The
phantom’s dielectric properties at 401 MHz were measured
as ϵtissue = 57.5 and σ = 0.8 S/m, using an Agilent
measurement kit equipped with an 85070E coaxial probe [74].

B. Implantable Antenna Parameters

1) S-Parameters: The S-parameters were measured using
a Keysight N5247B PNA-X microwave network analyzer.
Fig. 12(d) shows the measurement setup, with the muscle-
equivalent phantom fixed using Rohacell IG foam (ϵr = 1.05,
tanδ = 0.0017). The SMA connectors were outside the con-
tainer for easy measurement and de-embedding.

Fig. 13 presents the measured S-parameters and full-wave
simulation results. The measured impedance bandwidth is
7 MHz, from 400 MHz to 407 MHz, covering the [401–
406]MHz band. Throughout this band, isolation greater than
41 dB is maintained between the antennas, as shown in

XZ-Plane (Sim.)

XZ-Plane (Meas.)

YZ-Plane (Sim.)

YZ-Plane (Meas.)

(a) (b)

Fig. 14. Measured and simulated radiation patterns of the proposed antennas
positioned at the center of a homogeneous ø200 mm spherical phantom with
muscle-equivalent EM properties at 401 MHz. (a) Antenna-1. (b) Antenna-2.

Fig. 13(b). Slight discrepancies between measured and sim-
ulated |S21| might be primarily due to challenges in soldering
of cable for measurement, misalignment in laboratory envi-
ronment, and maintaining consistent test conditions within the
small capsule, which can affect signal integrity and antenna
performance.

2) Radiation Performance: To characterize radiation per-
formance, the pill-under-test (PuT) is placed at the center of a
spherical muscle-equivalent phantom in an anechoic chamber.
The PuT is illuminated in its far-field region by a Yagi-Uda
antenna positioned 3 m away, as shown in Fig. 12(e). Radiation
patterns for orthogonal planes are measured using a far-field
antenna measurement system. At 401 MHz, the measured and
simulated radiation patterns in the XZ- and YZ-planes agree
well for both antennas, as shown in Fig. 14. A broadside
gain of -46 dBi is achieved, with slight discrepancies due to
measurement accuracy.

C. Link Margin

To assess the communication ability, distance coverage, and
data-rate ability of the capsule antenna before implementing
them in practical implants, it is essential to evaluate the
link budget parameters between the capsule antenna and off-
body/on-body receivers. The link margin (LM), the difference
between available power Ra and required power Rr, can be
computed as [75]

Ra[dB] = Pt +Gt +Gr − 10log10(4πd/λ)
2, (1)

Rr[dB] = Eb/No + 10log10(Br) + 10log10(kTo)−Gc +Gd,
(2)

where Pt is transmitter power, Gt is the gain of the capsule
antenna, Gr = 2.18 dBi is the realized gain of an half-wave
dipole antenna considered as a receiver antenna, d is the dis-
tance between capsule and receiver antenna, Eb/No = 9.6 dB
is the ideal phase shift keying (PSK), k = 1.38×10−23 is
the Boltzmann’s constant, To = 273 K is the temperature,
Gc = 0 dB is the coding gain, Gd = 2.5 dB is the fixing
deterioration, and Br is the bit rate which is taken as 1, 10,
25, 78, and 120 Mbps. The Pt is limited to 25 µW [32].
Yet, the system’s performance is impacted as the data rate is
directly related to Pt. Most WCE capsules use silver oxide
coin batteries, providing 3 V at 55 mAh, lasting 8-10 hours,
with a typical power transfer of 20 mW [76]. Although
endoscopic antennas generally have low gains, input power
must follow peak SAR restrictions [77]. Here, a Pt of 20 mW
(13 dBm) is used based on SAR (10-g). The LM is calculated
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TABLE I
COMPARISON OF THE PROPOSED CAPSULE MIMO ANTENNA WITH THE STATE-OF-THE-ART CAPSULE MIMO ANTENNAS

Ref. Antenna Frequency FBW Elements Gain Isolation ECC AA ID Phantom: tissue, shape, size
form (MHz) (%) (dBi) (dB) (mm2) (mm) -, -, (mm3)

[44] C 2450 N.R. 2 N.R. 20* N.R. 140 N.R. Minced meat, rectangular, N.R.
[46] C 915 14 4 -18.1 10 <0.4 471 65 Minced meat, cubic, 130×130×130
[41] P 2450 13 2 -20.5 >28 <0.16 33.17 75 Minced meat, cubic, 150×150×150
[47] P 2450 25.3 2 -20.6 30.1 0.11 21 80 Muscle, cubic, 160×160×160
[40] P 433 33.9 2 -34.4 >26 0.1 100.3 90 Minced meat, rectangular, 130×130×46
T.W. P 401 1.8 2 -46 >41 <0.001 79.9 100 Muscle, spherical, ø200

C.: Conformal; P: Planar; FBW: Fractional bandwidth; AA: Antenna area; ID: Implantation depth; *: Extracted from figure; N.R.: Not reported

by varying the distance between capsule and receiver antennas
for different transmission rates and locations in the GI tract
[see Fig. 15]. Ideally, an LM of 0 dB provides seamless
communication, but in practice, an LM of 20 dB is considered
effective. Fig. 15(b) shows that a high data rate of 120 Mbps
is achievable within 1.2 m. Additionally, 78 Mbps can be
transmitted over distances of 0.5 m, 1.4 m, 1.6 m, 1.7 m, and
3 m for an LM of 20 dB in the small intestine, stomach, large
intestine, muscle, and fat, respectively [Fig. 15(c)]. Thus, the
proposed antenna can provide a large LM at different GI tract
locations for various transmission rates at 401 MHz. In real-
time applications, the results show strong overall consistency
with the calculations, with only slight deviations attributed to
the transmission medium.

D. MIMO Channel Parameters

The main advantage of the MIMO antenna is its high
channel capacity without needing extra bandwidth or power.
The envelope correlation coefficient (ECC) evaluates MIMO
channel independence, with ideal uncorrelated channels having
ECC = 0, while values below 0.5 are acceptable in prac-
tice [78], [79]. Fig. 16(a) shows simulated and measured ECC
values below 0.001, indicating suitability for high-data-rate
WCE due to the distributed MIMO configuration. Diversity
gain (DG) is another key MIMO parameter [80], [81] with
uncorrelated channels typically achieving a DG of 10 dB. The

proposed system achieves a DG above 9.99 dB across the
operating band [Fig. 16(b)].

The channel capacity (CC) of the 2×2 MIMO antenna
system, calculated using the formulations in [82], varies with
the signal-to-noise ratio (SNR). As shown in Fig. 16(c), the
proposed MIMO antenna’s CC surpasses that of the SISO
configuration. At SNR = 20 dB, it achieves a channel capacity
of 10 bps/Hz, making it a promising choice for high-data-rate
WCEs.

Table I compares the proposed MIMO antenna with state-of-
the-art implantable designs, emphasizing its superior isolation.
Despite lower gain from deep tissue penetration and compact
size, it maintains a stable 7 MHz bandwidth across various
tissue conditions in the [401–406] MHz MedRadio band, even
with two integrated cameras and nearby components.

VI. CONCLUSION & FUTURE WORK

A novel dual-camera integrated two-element MIMO antenna
using multilayer PCB technology is proposed, offering com-
pact size, easy fabrication, and consistent bandwidth. Mea-
surements show a -46 dBi gain covering the [401-406] MHz
MedRadio band. Its small footprint and high isolation make it
ideal for WCE capsules. Testing with an implantable capsule
and components in a muscle-mimicking phantom showed an
ECC below 0.001, DG over 9.99 dB, and a CC of 10 bps/Hz
at 20 dB SNR across the band. In future work, we will explore
a variety of modulation schemes for data transmission.
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