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ABSTRACT This article presents a proposal for the miniature implantable antenna of a microstrip patch 
that covers ISM bands (2400–2483.5 MHz) for deep-tissue implantation with a volume of just 0.3 mm³. 
The proposed antenna is the smallest and lightest antenna manufactured for wireless capsule endoscopy. 
The antenna can be integrated with an imaging sensor, electronic components, and a battery. The proposed 
Microstrip Patch Antenna MPA shows a 483 MHz wider bandwidth at 2483.5 MHz; Beef muscles were 
used to validate the antenna's performance experimentally. The safety issues are assessed to examine the 
performance of the proposed antenna incorporated in an endoscopy capsule device by considering the 
specific absorption rate (SAR). 

INDEX TERMS: Implanted devices, Microstrip Antenna, Miniaturization, Wireless Capsule Endoscope 
System.

I. INTRODUCTION
ne of the most crucial considerations after antenna 
performance is the miniaturization and the 

biocompatibility of the implanted medical device within the 
body. Specific positions within the ingestible system are 
examined by wire endoscopy [1]. Ingestible and 
implantable medical devices support the diagnosis process 
in real-time images. To make an endoscopy lightweight and 
easy to handle, swallow, and not require anesthesia. All 
embedded components must be smaller to improve and 
enhance the quality of life by increasing the safety and 
effectiveness of emerging medical implantable antennas. 
Hence, the design of implantable and ingestible antennas 
for biomedical applications has attracted considerable 
attention and interest [2]. Although a miniature conformal 
antenna for ingestible capsule endoscopy in the (401-406 
MHz) band is proposed by K.A. [3], the design is 
significant. S. Helmy proposed A specialized quadfilar or 
octafilar helical antenna (QFHA or OFHA) operating at a 
frequency of 2.4 GHz with circular polarization explicitly 
designed for wireless in-body capsule endoscopy 
applications [4], so the structure is complicated. In [5], Y. 
Alamgir presents a conformal antenna for multitasking, 
though the antenna is 57 mm³ in volume. In [6] proposes an 
implantable antenna for implantable biomedical devices in 
planar or conformal arrangements. However, the antenna is 
printed on the capsule's external wall, requiring another 
layer to be added to the capsule. K. Zhang et al. [7] present 
a conformal differentially-fed antenna for monitoring in-

body core temperature. The simulated impedance 
bandwidth is 81.435 MHz. Although this antenna is 
simulated in different scenarios, it has a bulk volume of 30 
mm³ and a relatively small bandwidth. In [8], an article 
introduces an inverted-F antenna explicitly designed for a 
capsule endoscope. The antenna functions in the 2.4 GHz 
band. It has a broad bandwidth of 151 MHz and an antenna 
gain of -3.13 dBi. In[9], a study presents a microstrip patch 
antenna designed to operate within the Medical Implantable 
Communication Service MICS frequency range. The 
antenna is constructed explicitly with dimensions of 20 mm 
in length and 30 mm in width. It operates at a frequency of 
402.5 MHz with an omnidirectional radiation pattern. The 
reflection coefficient value was −15.07 dB, VSWR 1.428. 
In [10], the conformal capsule antenna has been designed 
specifically for use in ingestible wireless capsule endoscope 
(WCE) systems operating inside the Industrial, Scientific, 
and Medical (ISM) band, which spans from 2.4 to 2.48 
GHz. A circularly polarized conformal wideband antenna is 
developed for a capsule endoscope system in the 915 MHz 
ISM band [11]. However, the helical and conformal 
implantable antenna structure increases the prototype's 
profile. Therefore, this work presents a new miniaturized 
microstrip capsule antenna. An ISM operation is considered 
in this study, i.e., data transmission at 2.4 GHz. The planar 
structure has been used in the designed antenna. The 
suggested antenna has a volume of 0.3 mm³ (1.5 × 1.9 × 
0.12 mm); to our knowledge, it is the most miniature 
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microstrip implantable antenna modeled for applications of 
capsule endoscopy.   

A. METHODOLOGY

In the present work, our attention is directed to a microstrip 
antenna for wireless capsule endoscopy operating within the 
industrial, scientific, and medical (ISM) bands (i.e., 2.4GHz). 
Wireless capsule endoscopy is implanted in deep tissue, 
displayed in Fig.1. This capsule houses essential components, 
including a battery, circuitry, and a Perfect Electric 
Conductor PEC which is encapsulated by a material made of 
Polycarbonate PC having a thickness of 0.3 mm, with εr = 3, 
and then implanted in a homogeneous tissue. Furthermore, 
the geometric dimensions of the endoscopy capsule were 23 
mm ×9 mm. In the design of a basic rectangular microstrip 
antenna, the starting point is the specified information, which 
is calculated using the following formula [28], [12]: 

 (1) 

Where f is the resonant frequency, c speed of light, and εr is 
the dielectric constant of the substrate. Additional 
optimizations and iterative improvements have been made, 
which include the Defect Ground Technique (DGT) and a 
meandered line structure. 

FIGURE 1. Capsule endoscopy system for imaging within the human body. 

B. ANTENNA DESIGN

Geometric characteristics of the proposed implanted
antenna with dimensions of 1.5mm×1.9 mm × 0.12 mm are 
displayed in Fig. 2. As depicted in Fig. 2(a) and (b), the patch 
with serpentine structure and slots within the base structure is 
fundamental to a considerable reduction in size, adjusting to 
the required operating frequency. The radiator of the 
designed microstrip antenna is printed on Rogers RO3010 of 
a thickness of 0.12 mm substrate dielectric constant (εr) = 
10.2 and loss tangent (tanδ) = 0.0022, the high value of the 
dielectric constant an important technique used for 
miniaturization [13], The substrate material features a dual-
layer copper cladding, where each copper layer has a 

thickness of 35 micrometer. Table I presents all the 
parameters of the proposed antenna. A coaxial feed of 50 Ω 
and a radius of 0.2 mm was utilized for the excitation of the 
antenna. The slotting technique has been used in the 
proposed antenna for optimized purposes in the ground plane 
to achieve optimum antenna performance and an impedance-
matched resonance with the small structure in the relevant 
operating bands [14]. 

FIGURE 2.  The proposed miniature antenna construction and dimensions 

are in mm. 

TABLE I. The parameters of the proposed antenna 

Variables Values (mm) Variables Values (mm) 

L 1.9 L5 0.2 
W 1.5 L6 0.9 
L1 0.6 W1 0.7 
L2 0.5 W2, W3 0.3 
L3 0.3 W4 0.7 
L4 0.6 d 0.2 

C. COMPUTATIONAL CONFIGURATION and MODELING

A finite-element method-based CST was used to design
and analyze the suggested antenna. Firstly, a consistent 
muscle-mimicking material was simulated with dimensions 
of 80 × 80 × 60 mm³ for an implanted antenna, as illustrated 
in Fig. 3. The relative permittivity of muscle tissue is 52.792. 
Its electrical conductivity is 1.705 Siemens per meter [15] at 
the resonant frequency of 2.450 GHz. The dielectric 
parameters of human tissues are presented well by Gabriel et 
al. Wireless signals attenuate in biological tissues, especially 
at commonly used frequencies like 2.4 GHz [16],[17]. An 
iterative improvement is implemented upon the design within 
a homogeneous phantom in a single-layer tissue. 

The presented antenna is integrated into the dummy 
system, including a battery, PEC, and LED. A four-stage 
design optimization process was applied to assess the 
functionality of the suggested antenna throughout the desired 
frequency ranges, as depicted in Fig. 4. A basic rectangular 
radiator antenna was adopted. Then, a proposed MPA was 
designed. Additionally, the meandered line-patch shape and 
the use of open-ended slot structures in the ground layer of a 
traditional rectangular-patch antenna design reduced the 
antenna's physical footprint and enhanced overall antenna 
functionality. Fig. 4 illustrates the four major phases of the 
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design optimization method for the implanted antenna, each 
marked by iterative improvements. In the initial design phase 
(step 1), the ground layer remains unmodified, while the 
radiator shape suffers modifications, and a coaxial probe feed 
is used to excite the antenna. In this structure, the antenna 
resonates at a frequency proximate to 3.8 GHz. The next 
phase of the process involves an essential reconfiguration 
implemented by trimming the top left of the ground plane, 
which is one of the most admired techniques for antenna 
miniaturization. 

Consequently, the antenna's operating frequency has been 
adjusted to 3.1 GHz. In Step 3, a rectangular slot is integrated 
into the ground layer. This modification enables the antenna 
to operate close to the required band frequencies, making it 
more versatile. Additionally, at this point, the antenna 
resonates at a frequency of 3 GHz. Finally, an additional 
rectangle slot inserted in the ground layer makes the 
proposed ultra-small antenna resonant at ISM-band 2.48GHz. 
Fig. 5 illustrates the S11 comparison between these four 
transit steps of variation in the suggested antenna.  

FIGURE 3.  The muscle phantom model was used in the proposed antenna 
simulation. 

FIGURE 4.  Various stages are involved in designing a small antenna. 

FIGURE 5.  Various stages are involved in designing a small antenna. 

II. PARAMETRIC STUDY OF MODEL

A. OPEN-END SLOTS WIDTH L3, L6
Fig. 6 depicts the effect of changing the width of the open-
ended slots (L3), spanning from 0.1 to 0.4 mm, and the 
reflection coefficient S11 of the antenna. Increasing the width 
of the open-end slot (L3) causes the resonance frequency to 
shift towards a lower frequency. This shifting can be 
attributed to the open-ended slot being modeled as a resonant 
circuit, where the slot behaves like a capacitor and inductor 
in parallel. The specific dimensions of the slot, including its 
width (L3), influence this resonant circuit's effective 
capacitance and inductance. 
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FIGURE 6.  Impact on the S11 characteristics of the microstrip patch 

antenna owing to the L3 slot width variation. 

Additionally, including other slots in the ground plan has 
enabled miniaturization of the antenna size and added extra 
capacitance. As the value of L6 increases from 0.2 mm to 0.9 
mm, the resonant frequency of the antenna, indicated by the 
S11 curve, shifts towards lower frequencies. Shifting is 
evident from the left shift of the S11 curve as L6 increases 
and makes it operate at lower frequencies than the initial one, 
owing to the additional capacitance increasing the total 
capacitance of the suggested antenna [14], as illustrated in 
Fig.7. 
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FIGURE 7.  Impact on the S11 characteristics of the microstrip patch 
antenna owing to the L6 slot width variation. 

B. OPEN-END SLOT LENGTH W5

The variations considerably influence the reflection 
coefficient S11 behavior of the suggested implantable 
microstrip antenna in the length W5 of the slot within the 
range of 0.6 mm to 1.3 mm, as depicted in Fig. 8. 

FIGURE 8.  Influence of slot length W5 variation on the reflection coefficient 

As the slot length increases from 0.6 mm to 1.3 mm, the 
resonance frequency of the antenna shifts towards lower 
frequencies. It is evident from the primary resonance peak 
that it moves from higher to lower frequencies as the slot 
length increases. The impedance bandwidth of the antenna, 
which is the frequency range over which the reflection 
coefficient (S11) is below a certain threshold (typically -10 
dB), increases as the slot length increases and can be seen 
from the broader frequency range over which the S11 values 
remain below the -10 dB level for more considerable slot 
lengths-showing the importance of the appropriate value of 
W5 in adjusting the proposed antenna. 

C. FEEDING POSITION
Selecting the optimal position that provides the required 
performance features, such as operating frequency, 
bandwidth, and impedance matching, is essential in 
designing and optimizing implantable antennas. The notable 
differences in the reflection coefficient curves for the various 
feeding locations suggest that the position of the coaxial 
cable connection to the antenna significantly impacts the  
reflection coefficient, where the ground plane is not exposed 
to any modification, as depicted in Fig. 9. Consequently, it is 
the overall performance and operating frequencies. Positions 
1 and 2 give resonant frequencies around 4 GHz. 

FIGURE 9.  Effect of the feed point positions on the reflection of the 
proposed antenna. 

III. ANALYSIS OF MODEL INTEGRITY
Reflection coefficient curves provide information about how
well the implanted antenna functions in different
implementation scenarios, as shown in Fig. 10. The findings
observed in the stomach and colon regions suggest the
antenna can achieve good impedance matching and
resonance in these areas, which could enable efficient signal
transmission for targeted applications. The broader, deeper
dip in the muscle tissue curve indicates the antenna improved
its matching in this environment. Still, the overall results
demonstrate the versatility of the design and its potential for
successful integration within the human body. The slight
shifting in frequencies owing to the diversity of electrical
properties of human tissues is represented as the dielectric
constant and conductivity [6] listed in Table II. Owing to this
reason, the εr and σ values of the tissues around the antenna
(muscle) increased from 60% to 120% of their initial levels at
a frequency of 2.45 GHz. The relative permittivity (εr) of the
tissue surrounding it ranged from 31 to 64, whereas the
conductivity (σ) of the muscle varied between 1 and 2 [18].

TABLE II. Electrical properties at the frequency (2.48GHz) of different tissue 
types 

TISSUE TYPES MUSCLE[15] COLON STOMACH 
PERMITTIVITY  52.8 53.879 65 
CONDUCTIVITY (S/M) 1.7 2.00 1.19 

FIGURE 10.  Reflection coefficient of the proposed antenna in different 
scenarios. 
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A. CURRENT DISTRIBUTIONS AND
RADIATION PATTERNS

Fig. 11 depicts the current distribution of the suggested 
antenna. Within the 2.48 GHz spectrum operating frequency, 
a sensible current concentration is observed around the 
antenna's feed point. Furthermore, the current density is 
observed along the meandered path from the excitation point 
along this line on both the antenna's left and right parts. The 
current flow appears to be concentrated along the edges and 
corners of the microstrip, a common characteristic of 
microstrip antenna designs. Additionally, an essential current 
density concentration can be observed around the feed points 
on the opposing side of the ground layer, as shown in Fig. 
11(b).  

FIGURE 11. The current distribution across the surface of the antenna's  
(a) Patch, as observed within the 2.48 GHz (b) Ground

The obtained radiation pattern of the recommended antenna 
at a frequency of 2.45 GHz is shown in Fig. 12, which is the 
suggested model simulated inside the tissue of the human 
body. The antenna shows peak gains of −39.8 dBi at 2.48 
GHz. The obtained radiation pattern of the recommended 
antenna at a frequency of 2.45 GHz is shown in Fig. 12, 
which is the suggested model simulated inside the tissue of 
the human body. The antenna shows peak realized gains of 
−41dBi at 2.48 GHz. The integration of a high-permittivity
superstrate layer (e.g., Al₂O₃, εr ≈ 9) is a key strategy to
enhance gain. This approach concentrates electromagnetic
fields near the antenna, reduces power dissipation in lossy
tissues, and improves radiation directivity toward the skin
surface.

B. SAR RESULTS
When implementing an ingestible wireless capsule 
endoscopy (WCE) system, assessing the specific absorption 
rate (SAR) represents an essential element in patient safety 
[19]. SAR can be evaluated as follows [20],[32]: 

  (2) 

E, σ, and ρ represent the tissues' electrical field magnitude, 
conductivity, and mass density, respectively. A 2 W/kg 
restricted averaged SAR value is aligned with the revised 
IEEE C95.1-2019 standard at the maximum of 10 g[21]-
[22]. The human muscle phantom with the implanted 
capsule, as depicted in Fig. 3, is employed to assess the 
SAR evaluations. It is crucial to note that these specific 
absorption rate (SAR) analyses are executed with an input 
power of 1 watt supplied at the antenna port. The results 
expose that the simulated maximum 1-g average SAR value 
is 382 W/kg at 2.48 GHz. At the same time, the SAR value 
for the 10 g standard is 39.6 W/kg. 
Consequently, the corresponding maximum input power 
level for frequency is calculated as the maximum allowable 
power needed to meet the protection standard of 1.6 W/kg 
for a specific absorption rate of 1 g, given a SAR of 382 
W/kg, which is 4.2 milliwatts. These results confirm the 
safety and Suitability of the suggested antenna model for 
utilization within the human body. Fig. 13 illustrates the 
specific absorption rate SAR of the proposed Model. 

FIGURE 12. The simulated radiation patterns for the proposed antenna. 

(a) 

(a)

(a) 

 

(b) 
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  (b)

FIGURE 13. (a) Specific Absorption Rate (SAR) of 1 g of human tissue at a 
band of 2.45 GHz, (b) SAR of 10 g of tissue of the human body at a band of 
2.45 GHz. 

C. ANTENNA FABRICATION

Etching technology was used to fabricate the proposed 
configuration of the biomedical implantable MPA. The 
miniaturized size of 1.9 mm × 1.5 mm ×0.12 mm of the 
prototype antenna is manufactured on a Rogers RO3010 
substrate having a dielectric constant εr=10.2 and loss tangent 
of tanδ 0.0022. Among the various antenna miniaturization 
techniques, utilizing high permittivity substrates is 
considered one of the most straightforward approaches. Then, 
an SMA coaxial cable is soldered to the fabricated antenna 
prototype for feeding without using a superstrate on the top 
of the antenna. Next, PC capsule endoscopy encapsulates the 
antenna and electronic components. Fig. 14 demonstrates the 
final configuration of the manufactured antenna prototype. 

FIGURE 14. Fabricated microstrip patch implantable antenna. 

FIGURE 15. Structural components and meandered antenna of a 
miniaturized endoscopic capsule.

IV. EMPIRICAL ASSESSMENTS AND RESULTS
After the desired results are attained, and the antenna is
carefully manufactured, then encapsulated within a
biocompatible casing, as shown in Fig.15. This capsule

engages a dummy component, tending to more reality, 
including batteries, an LED, and a PCB. An antenna's return 
loss (S11) was tested with the capsule in a container filled 
with minced cow meat. The dimensions of this container 
were 80 mm × 90 mm × 60 mm, with a depth of implant of 
50 mm. The experimental setup included placing the antenna 
in the middle of a container, as depicted in Fig.16, facilitating 
the minced beef cow handling easier.  
Accentuating the novelty and advantages of the proposed 
investigation, a thorough comparative analysis has been 
conducted with previously documented endoscopy 
implantable antennas, as detailed in Table III.  
Subsequently, the measured and simulated antenna reflection 
coefficient (S11) at ISM frequency bands are compared. The 
experimental results confirm the applicability of the antenna 
with the resonances falling within the target ISM 2.4-2.48 
GHz bands, as depicted in Fig. 17, indicating it is a good 
candidate for use in medically implanted devices MIDs given 
its capability to execute well within the human body 
environment. While this study presents comprehensive 
simulations of the proposed antenna's realized gain and 
radiation patterns, we acknowledge the absence of 
experimental measurements to validate these results. Based 
on previous studies and theoretical expectations, we 
anticipate that the measured realized gain will align closely 
with our simulated results. However, discrepancies may arise 
due to factors such as fabrication imperfections, 
environmental conditions, and measurement setup. 

FIGURE 16. Experimental setup of the recommended antenna. 
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TABLE III. Comparative Evaluation of the Proposed Miniaturized Antenna 
Design Against Previously Reported Implantable Antennas for Endoscopic 
Applications. 

Ref. Freq 
GHz Size BW% Gain 

/dBi 
Depth of 
Imp. mm 

[23] 
UWB 
6.6-
9.6 

0.32 λ × 0.213 λ × 
0.0525 λ 37.04 -11.8 - 

[24] 2.45 0.041 λ × 0.034 λ × 
0.001 λ 25.2 −22.7 80 

[27] 
0.915 

1.4 
2.4 

0.0107λ×0.0517λ×π 179.8 -24.6 50 

[28] 2.45 0.0439λ×0.0508λ× 
0.001λ 13 −20.5 75 

[29] 0.920 
2.45 

0.0307 λ×0.0307 λ× 
0.0018 λ 

123 -
29.33 
-20

2 

[30] 1.4 
2.45 

0.0383 λ×0.0383 λ× 
0.00297 λ 

7.2 
1.4 

-29.4
-30.4

75 

[20] 0.915 
2.45 

0.0198λ×0.0198λ× 
0.00015 λ 

13.63 
6.28 

−29.4 50 

[31] 2.48 0.021λ₀ × 0.017λ₀ × 
0.001λ₀ 

16.13% −33 20 

This 
work

2.45 0.0156 λ×0.0123 λ× 
0.0010 λ 

18.2 -39.8 50 

V. CONCLUSION
This systematic work introduces an exceptionally
miniaturized implantable antenna engineered to fulfill the
distinct requirements of compact Implantable Medical
Devices (IMDs) for the emerging field of capsule endoscopy
applications. Featuring an extraordinarily compact footprint
and a volume of merely 0.3 mm³, the antenna exhibits
specific frequency operation, encompassing the Industrial,
Scientific, and Medical at 2.48 MHz for capsule endoscopy.
Furthermore, the safety of the antenna was evaluated by
IEEE SAR regulations. The 1-g SAR value is 382 W/kg at
2.48 GHz. Additionally, different implementation scenarios
were executed, including muscle, stomach, and small
intestine, making it robust to the effects of implantation in
various human body parts, owing to the result of bandwidth
getting 483MHz. Finally, the antenna design exhibits
promising potential as a suitable candidate for implantable
medical devices in capsule endoscopy devices.
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