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Abstract—This article presents a novel ultra-wideband (UWB)
antenna for multiple-input-multiple-output (MIMO) operations
in wireless capsule endoscopy (WCE) applications. The design is
capable of supporting high channel capacity for real-time trans-
mission and addressing the frequency detuning effect. Thanks to
the conformal meander structure, the design efficiently utilizes
the inner wall space of the capsule, achieving both compactness
and wideband operation. The proposed MIMO antenna consists
of two elements, each occupying a volume of 7.192 mm3. The
experimental measurements are performed inside a minced pork
meat. The antenna covers a bandwidth range from 0.61 GHz to
1.51 GHz, achieving a fractional bandwidth (FBW) of 84.91%
and a peak gain of -30.4 dBi. An isolation level greater than
20 dB is maintained, indicating low mutual coupling between
MIMO antenna elements. The specific absorption rate (SAR) is
evaluated to be 0.0202 W/kg, and the link margin is calculated
to be 20 dB at a distance of 2 meters. Therefore, the proposed
bio-telemetry system confirms its suitability for safe and high
data rate communications.

Index Terms—Wireless capsule endoscopy (WCE), conformal
antenna, ultra-wideband (UWB), multiple-input-multiple-output
(MIMO), industrial scientific medical (ISM) band, link margin.

I. INTRODUCTION

OVER the past several years, the demand for implantable
medical devices (IMDs), including wireless capsule en-

doscopy (WCE) [1], pacemakers [2], and intracranial pres-
sure monitors [3], have significantly increased, due to the
expanding role in health monitoring and diagnosis systems [4].
IMDs are particularly important for monitoring and collecting
physiological parameters inside the human body over extended
periods. These devices transmit vital data to the receiver,
assisting doctors for better diagnosis. WCE, for instance, is
introduced to address limitations of traditional wired endo-
scopes, such as blind spots within the Gastrointestinal (GI)
tract, by enabling a comprehensive examination of the entire
GI tract.

Despite advancements in WCE research work, the tech-
nology still faces several challenges. Ensuring high-channel
capacity for high-data-rate transmission of images and videos
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to cloud servers is a complicated task [5]–[7]. Moreover,
antenna frequency detuning poses a significant challenge, due
to the complex electromagnetic (EM) properties of the human
body’s tissues and fluids along the GI tract [7], [8]. This issue
is further aggravated by the dynamic movements and changes
in the patient’s posture. These variations can alter the effective
impedance seen by the antenna, resulting in a shift in the
antenna’s operating frequency [9]. In [10]–[12], researchers
adopt long-arm spiral and open-slotted designs to adjust the
electrical length, and enhance the bandwidth. However, it
should be noted that the designs in [10]–[12] are single-input-
single-output (SISO) topologies. SISO systems provide lower
data throughput and are more susceptible to signal fading,
leading to potential drops in reliability and performance. To
address these challenges, the integration of both MIMO and
UWB technologies has surfaced as a promising solution [13].
It offers higher data rates, robustness against multipath fading
and frequency detuning mitigation [14]–[16].

Recent studies in [17]–[20] have discussed the integration of
technologies such as UWB or MIMO for implantable antenna
application. In [17], a compact two-module MIMO antenna
system utilizing a grounded meander resonator and open slots
achieved significant miniaturization (5.35 mm × 6.2 mm ×
0.12 mm), offering a FBW of 13.1% (320 MHz) and 28
dB isolation. In [18], authors introduced a patch antenna
based on a circular structure with symmetrical arc-shaped
slots, achieving a FBW of 33.9% (355 MHz - 500 MHz)
and compact dimensions (0.13 × π × 5.652 mm3). In [19],
a spiral symmetry structure embedded into the ground is used
to achieve a bandwidth from 320 MHz to 460 MHz, with a
FBW of 25.9% and a modest volume (22 mm × 12 mm ×
0.635 mm). A quad-element MIMO antenna system detailed
in [20] comprises semi-circular meander radiators, achieving
a FBW of 38.26% (355 MHz - 523 MHz) with dimensions of
13.5 mm × 13.5 mm × 0.13 mm.

However, these reported MIMO antenna systems employ
planar configurations. Such planar antenna structures occupy
considerable space inside the capsule, limiting the available
volume for other essential components. Conformal designs,
presented in [21] and [22], have been introduced to address
space constraints for WCE applications. In [21], researchers
presented a dual planner helical radiator achieving a FBW of
15.1% (2.26 GHz - 2.63 GHz) with an antenna size of 34.65
mm3. In [22], authors utilized a conformal-rectangular patch
antenna combined with a curved slotted structure, attaining
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a FBW of 12.63% (0.84 GHz - 0.96 GHz) and a size of
29.91 mm3. Nevertheless, while these innovative conformal
designs aim to minimize space occupation, they often do not
achieve UWB characteristics and face a trade-off between size
and bandwidth. This paper presents a novel conformal dual-
element MIMO antenna system for WCE applications. The
MIMO antenna elements exhibit UWB characteristics, from
0.61 GHz to 1.51 GHz with 84.91% FBW. This design has a
volume of 30.5 mm × 15 mm × 0.04 mm placed on the 11
mm × 26 mm inner wall of the capsule. The proposed antenna
design offers (1) high data transmission and (2) effectively
mitigates frequency detuning without compromising on the
overall antenna performance or device compactness. To the
best of the authors’ knowledge, the proposed MIMO antenna
model achieves the widest bandwidth among existing MIMO
antennas, along with the smallest reported size to date.

II. DESIGN METHODOLOGY

The WCE components outlined in this paper are depicted in
Fig. 1(a). It comprises two antenna elements, four batteries,
a camera, sensors, and a Printed Circuit Board (PCB). The
all above components are encapsulated in a 3D-printed cap-
sule, made from bio-compatible Polyimide (εr = 3.5, tanδ =
0.008). Fig. 1(b) illustrates the structure of the two antenna
element model in its unfolded condition. The material will
bend along the capsule’s inner wall and be attached at the
feeding point to create a loop. Fig. 1(c) displays the proposed
WCE model from various viewing angles. This design utilizes
a Polyimide substrate with 0.04 mm thickness to achieve
compactness and flexibility. The antennas form a minimal
volume of 14.384 mm3. Eight holes are evenly distributed
on the substrate between the two antennas to further enhance
the impedance matching. This configurations can reduce the
local effective permittivity of the substrate to optimize the
impedance matching [23].

A. Simulation Environment

The proposed antenna model is designed within a phantom
model and optimized in a heterogeneous human body model,
as illustrated in Fig. 2. Initially, we used a phantom model
represented by a three-layered cylinder configuration in the
High Frequency Structure Simulator (HFSS), as depicted in
Fig. 2(a). The cylinder, consists of muscle, fat, and skin. The
permittivity and dielectric dissipation factor of these tissues
vary with frequency [24]. In the next step, the proposed
antennas are optimized in a heterogeneous human model in
CST Studio Suite (CST), as shown in Fig. 2(b). The proposed
MIMO antenna system is simulated at different regions of the
GI tract.

B. Evolution Steps

In this study, the proposed antenna model goes through four
iterative steps to obtain the desired results. Fig. 3(a) and (b)
show the S-parameters under different steps. As shown in Fig.
3(c), Step-I demonstrates that when the antenna consists of a
single metal wire with a single bend, its resonant frequency
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Fig. 1: (a) The proposed WCE system partial view. (b) Planar antenna structure
diagram. (c) Top, front, and back view of WCE model. The geometrical
dimension of planar antenna: LS = 30.5, WS = 15, L1 = 0.618, L2 = 11.088,
L3 = 1.594, L4 = 12.799, L5 = 14.499, L6 = 14.585, L7 = 30.87, W1 =
1.585, W2 = 1.585, W3 = 2.9, W4 = 1.5625, W5 = 2.9, W6 = 1.4875, R =
0.6 (Unit: mm).
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Fig. 2: Setup of MIMO system simulation. (a) Three-layered cylinder phantom
model simulation. (b) Heterogeneous human model simulation.




