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ABSTRACT

Implantable antennas represent a significant advancement in wireless technology for medical applications,
supporting Implantable Medical Devices (IMDs) with various essential functions. To meet the stringent
requirements of IMDs, such as compact size, biocompatibility, and structural integrity, implantable
antennas must be optimized accordingly. This research addresses these challenges by employing the
Defected Ground Structure (DGS) miniaturization technique, combined with the integration of
Complementary Split Ring Resonators (CSRRs) in a dual-band antenna design, to achieve a small,
multifunctional antenna. The proposed antenna operates within the frequency bands of 2.4-2.48 GHz for
Wireless Power Transfer (WPT) and 1.395-1.4 GHz for Wireless Medical Telemetry Service (WMTS).
Impedance matching is critical for optimal antenna performance, which is facilitated in this study by the
use of shorting vias. These vias not only aid in achieving impedance matching but also contribute to the
miniaturization process. The resulting antenna, with dimensions of 9.3 mm x 8.75 mm x 0.635 mm,
demonstrates a size reduction of up to 90% through CSRR-based miniaturization. Furthermore, the
application of shorting vias has proven effective in improving impedance matching, resulting in a return
loss value within the acceptable range despite the dual-frequency operation.
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I.  INTRODUCTION

hyperthermia therapy for cancer treatment highlights their

Wireless technology has seen remarkable growth, driven by
its flexibility and wide application across various aspects of
human life [1]. One application of wireless technology is
Implantable Medical Devices (IMDs), which include an
antenna that plays a crucial role as a receiver or transmitter.
IMDs have transformed healthcare by enabling patient
monitoring, facilitating communication with external devices,
and supporting wireless charging [2]. However, these
innovations present challenges in designing implantable
antennas that are compact, efficient, and adhere to high-quality
standards.

The application of antennas in technologies such as
Magnetic Resonance Imaging (MRI), Radio-Frequency
Identification  (RFID)-based patient monitoring, and

crucial role in enhancing the efficiency and effectiveness of
healthcare services [3]. For patients with heart disease, cardiac
pacemakers are used to monitor and support proper heart
function, implantable glucose monitors track blood sugar
levels, and neurostimulators stimulate brain nerves to aid in the
treatment of Parkinson's disease [4]. In addition to serving as a
communication medium, the antenna also facilitates Wireless
Power Transfer (WPT), transmitting energy from external
sources to the implantable device, thereby charging the battery
within the IMD [5]. Implantable antennas must possess
compact characteristics, being small, flexible, and capable of
performing effectively in their applications [6].

One fundamental design consideration for implantable
antennas is size minimization. However, reducing the antenna's
physical dimensions often leads to a degradation in
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electromagnetic performance, including impedance matching,
gain, and bandwidth. Consequently, antenna miniaturization
techniques play a vital role in optimizing a compact design
while maintaining acceptable performance levels. Previous
studies have explored antenna miniaturization by combining
fractal and Defected Ground Structure (DGS) techniques at
both single and dual frequencies [5, 7]. Miniaturization at dual
frequencies introduces unique difficulties, as it requires not
only reduced antenna dimensions but also the preservation of
the target frequency. Consequently, the application of
miniaturization techniques and their respective stages is crucial
for achieving small antenna sizes, which significantly influence
the overall miniaturization process.

In [8], a dual-band meander line antenna was designed for
WPT and Wireless Medical Telemetry Service (WMTS). In
addition, shorting pins were used to produce an antenna size of
11 mm x 11 mm x 1.28 mm. A dual-band meander line
antenna was also used in [9], resulting in an antenna size of 10
mm X 10 mm x 0.635 mm. Slot technology was used in [10],
but it was still single-frequency, whereas authors in [11] used
dual-band frequencies, although the size was still very large.
Patch antennas are employed in single low-frequency Medical
Implantable Communication Service (MICS) applications and
have been simulated with varying substrate thicknesses [12].
While dual-band antennas for high frequency applications have
been studied in [13], the antenna size remains significantly
large. Beyond size reduction, other critical parameters, such as
performance, limited battery lifetime, and patient safety,
present additional challenges for researchers [14, 15]. Some
studies propose WPT as a solution to address the issue of
limited battery lifetime in IMDs [16, 17].

IMD frequency operational standards have been set by the
International Telecommunication Union (ITU), which
categorizes them into several frequency bands. These include
the MICS with a bandwidth of 402—405 MHz, and the WMTS
operating in the 1.395-1.400 GHz and 1.427-1.432 GHz
ranges [18]. Additionally, WPT frequencies are regulated by
the Industrial, Scientific, and Medical (ISM) bands, which
cover 433-434 MHz, 902-908 MHz, 2.4-2.48 GHz, and
5.715-5.875 GHz [4].

Various feeding techniques are employed in microstrip
antennas, including the line feeding, coaxial feeding (or probe
feeding), aperture-coupled feeding, and proximity-coupled
feeding techniques [19, 20]. Most miniaturization efforts focus
on single-frequency antennas, but multi-frequency antennas
offer the advantage of using one antenna for many functions,
although multi-band antennas are more difficult to design and
fabricate.

This research introduces a novel approach by combining
miniaturization techniques that incorporate high permittivity
substrates, Complementary Split Ring Resonator (CSRR)
techniques as a DGS, and shorting vias for impedance
matching. The use of high permittivity substrates has been
shown to reduce antenna size, although it can negatively impact
bandwidth [21]. However, high permittivity also increases
sensitivity, which presents challenges in antenna design,
particularly when using simulation tools like CST. Line-feed
techniques are rarely used in antenna miniaturization because

feedline dimensions can increase the overall size of the
antenna. Despite this, line-feed design and implementation are
simpler compared to other feeding methods. Additionally, this
study incorporates dual frequencies of 1.395 GHz for telemetry
and 2.4 GHz for WPT, which significantly increases the
complexity of miniaturizing the antenna.

II. ANTENNA DESIGN

This study was conducted in several stages, beginning with
the design of a 2.4 GHz antenna for WPT. In this phase, an
equivalency analysis was also performed using Advanced
Design System (ADS). The second stage involved evaluating
the effectiveness of shorting vias as a method for impedance
matching. Subsequently, a dual-band antenna design was
developed, operating at 1.3 GHz and 2.4 GHz, with the 1.3
GHz frequency allocated for WMTS. The final stage focused
on the miniaturization process, employing DGS with CSRR.

The antenna utilized in this study, shown in Figure 1, is a
rectangular microstrip antenna, which is commonly employed
by researchers due to its advantages, such as ease of design,
flexibility, and low cost. The following are some of the
commonly used formulas in the design process [22, 23]:

c 2
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7 Ground

Fig. 1. Rectangular microstrip antenna design.

For all parameters in (1)-(6), Al denotes the length
extension resulting from the fringing field effect on one side of
the patch, whereas the definitions of the remaining parameters
are provided in Table I. We propose an antenna design, as
shown in Figure 2, that incorporates shorting vias for
impedance matching and CSRRs in the grounding system. The
placement of the shorting vias is crucial, as it can cause a shift
from the target frequency. Additionally, the diameter of the
shorting vias is determined based on established references,
with the pin diameter (D) ranging from 0.1 to 0.5 mm [24].
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TABLE L ANTENNA DIMENSIONS 2
0.63 pF
No Antenna parameter Symbol | Dimensions
1 Frequency fr 2.45 GHz c1 L1 . | * R1
2 Dielectric constant & 10.2 0.3 pF 1nH 3120
3 Substrate thickness h 0.635 mm | Yy |
4 Effective dielectric constant Ereff 9.64 L2
5 Patch width wp 28 mm 4.5nH
6 Patch length Ip 20 mm Term G1 L =
7 Ground plane width wg 29 mm 30
8 Ground plane length lg 30 mm ] . L . . . .
9 Line feed width wf 0.8 mm F}g. 3. Equivalent circuit of rectangular microstrip antenna with shorting
10 Line feed length If 9.6 mm Vias.
11 Diameter of shorting vias D 0.5 mm
12 Pin position w 1.6 mm . .
-~ WP § -10 5 -10
: 2 g 20 E 20
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Fig. 2. Rectangular microstrip antenna with shorting vias.

II. RESULTS

The dimensions of the antenna are derived using (1)—(6),
with Duroid Roger 3010 selected as the substrate material and
copper as the patch material, having a thickness of 0.035 mm.
The choice of substrate is driven by its high dielectric constant,
which facilitates the miniaturization of the antenna.
Furthermore, the thin substrate thickness enhances its
suitability for applications in implantable antennas.

The shorting vias are represented as transmission line
segments whose lengths correspond to the thickness of the
microstrip antenna. This modeling approach results in an
equivalent circuit, as shown in Figure 3, characterized by

inductive (L) and capacitive (C) elements, which are
systematically incorporated in both series and parallel
configurations to accurately capture the antenna's

electromagnetic behavior [25]. Changes in the resistance,
inductance, and capacitance values in the equivalent circuit
have a significant impact on the S;; bandwidth.

Figure 4 illustrates that variations in capacitance and
inductance values lead to changes in frequency, whereas
alterations in resistance values result in modifications to the
return loss. Specifically, variations in capacitance and
inductance result in a shift in the frequency value, whereas
changes in resistance lead to modifications in the return loss.

-0,
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Frequency (GHz}
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Return Loss (dB)
Return Loss (dB)
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Frequency (GHz)
(©)

Fig. 4. Effect of equivalent circuit components on S;;: (a) capacitances C1
& C2, (b) inductances L1 & L2, (c) resistances R1 & RG.

The antenna simulation results using CST and the
equivalent circuit in ADS were compared. The findings
revealed that both simulations exhibited similar outcomes, with
a return loss of —36.243 dB at 2.431 GHz in the ADS simulator
and —36.254 dB at 2.443 GHz in CST, as depicted in Figure 5.

Shorting vias, depicted in Figure 6, are employed as an
impedance matching method. They electrically connect the
patch to the ground plane, effectively increasing the radiated
area without physically enlarging the antenna, which enhances
gain at resonance [25]. A parametric analysis was performed
by varying the position of the shorting vias or pin position (W)
to investigate its influence on the resonant frequency and
reflection coefficient. The W parameter was adjusted along the
Y-axis (vertical direction) from 0 to 10 mm (see Figure 2).
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Fig. 5. Si1 of the 2.4 GHz antenna using CST and ADS.
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Fig. 6. Side view (A-A) of the rectangular microstrip antenna showing the

shorting vias.

As illustrated in Figure 7, variations in W have a substantial
impact on the reflection coefficient, highlighting the critical
sensitivity of the antenna performance to the placement of the
shorting vias. The reflection coefficient value ranges from -1 to
1. An antenna is considered to have good impedance matching
if its reflection coefficient value is close to 0, which indicates
that almost all of the incoming power is received by the
antenna without being reflected back. Conversely, a value
closer to 1 or -1 indicates a significant impedance mismatch,
where most of the power is reflected back. Variations in the W
parameter significantly affect the reflection coefficient. As the
W value increases, the reflection coefficient also increases,
indicating a deterioration in impedance matching. In this study,
the optimal reflection coefficient was observed at W = 1.6 mm
(pin position), corresponding to a frequency of 2.438 GHz with
a reflection coefficient of 0.025 dB. The reflection coefficient
represents the ratio between the load impedance and the
characteristic impedance of the transmission line, as defined in
the following equation [26]:

Zin—Zo

y = @)

Zin+Zo
where:

e v denotes the reflection coefficient.
e 7, denotes the input impedance.

e 7, denotes the characteristic impedance.

Pin Position / W {mm)

Fig. 7. Effect of shorting vias position (W) on the reflection coefficient of
the antenna.

Figures 8 and 9 illustrate that the impedance of the 2.4 GHz
antenna closely approximates the ideal value of 50 €, thereby
validating the effectiveness of the impedance matching
improvement achieved using the shorting vias technique. As
previously mentioned, this research presents a dual-band
antenna, and additional steps are required to achieve the second
frequency range of 1.395-1.400 GHz for WMTS. The slot
technique is employed in this study, as it has been
demonstrated to be effective in creating multi-band frequencies
[27]. Additionally, the slot technique has been utilized in the
miniaturization of multiband antennas, as reported in [11].

The U-slot in Figure 10 is designed to generate two
resonant frequencies with the following dimensions: x/ = 3.7
mm, x2 = 3.7 mm, y/ = 3.5 mm, and y2 = 0.6 mm, whereas the
slot dimensions bl and b2 are 0.5 mm. These parameters
significantly influence the resulting frequencies, particularly
the values of x/ and x2. Additionally, the dimensions y/ and y2
affect the return loss magnitude. Simulation results using CST
show that the first frequency is at 1.398 GHz with a return loss
of —12.650 dB, whereas the second frequency is at 2.486 GHz
with a return loss of —22.836 dB.

150
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& @ ZinImaginary
N @ ZinReal
N 50
o e-ea-wt-te
N
-50
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Fig. 8. Real and imaginary components of the reflection coefficient.
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S-Parameters [Impedance View]
1i

Fig. 9. Impedance matching at 2.4 GHz shown on the Smith chart.

Fig. 10.  U-slot patch structure.

Additionally, an analysis was conducted using ADS to
derive the equivalent circuit of the U-slot patch antenna, as
referenced in the literature. This circuit was subsequently
integrated with the equivalent circuit shown in Figure 3, with
the combined model illustrated in Figure 11 [28].

The capacitance and inductance values in the equivalent
circuit have a significant impact on the frequency shift,
whereas the resistance predominantly affects the return loss.
The resulting S;; response from the simulations is shown in
Figure 12, which compares the CST antenna results with those
from the ADS equivalent circuit. As illustrated, the CST
simulation and the U-slot equivalent circuit produce closely

matching results, although the ADS response exhibits a slightly
wider bandwidth than CST.

1.0nH 3.64 pF

=8 &1
8.48 pF 7.7nH

La
16.16 nH [+
3.6 pF

Fig. 11.  Equivalent circuit diagram of the antenna with U-slot integration.
]
5
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=
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@ CsT ADS

Fig. 12. S, of the antenna with U-slot patch using CST and ADS.

This study also incorporates a CSRR placed on the ground
plane to support the miniaturization of the antenna. The CSRR
is a well-established metamaterial structure commonly
employed in antenna design to achieve miniaturization without
compromising radiation performance. As a variation of the
Split Ring Resonator (SRR), CSRR utilizes resonance to
modulate the electromagnetic field distribution around the
antenna [29].

In this microstrip antenna design, the CSRR is positioned
on the ground plane to modify the impedance properties and
reduce the overall size of the antenna, as illustrated in Figure
13. The detailed CSRR parameter values used in the design are
provided in Table II.

- we -

wgapl —

xie

e
Sy
- - L Soow -
Jﬁ
I

r2 e xd = = wgaple e = =l
(a) (b)
(a) Microstrip patch, (b) CSRR-based DGS on the ground plane.

Fig. 13.
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TABLE II. CSRR DIMENSIONS

Dimension Dimension
Parameter Parameter
(mm) (mm)
xI 0.5 v4 0.1
bl 0.1 wgapl 0.1
yl 4.7 x5 0.3
y2 04 r2 0.2
b2 0.1 5 0.3
x2 0.5 x6 0.3
x3 0.5 6 0.3
y3 0.6 wgap?2 0.1
rl 0.2 xa 1.4
x4 0.1

The surface current distribution in Figure 14 indicates that
the current is predominantly concentrated around the slot or
CSRR region. This concentrated current path is desirable, as it
enhances  effective radiation by intensifying the
electromagnetic activity within the resonant structure.

A/m
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. -]
s 1000 3
- 900 —
-
5 800 —
.
e 700 —
. 600 —
St : B
PPN oo 0 g o _
W e : o S
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5
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500 —
400 —
300 —
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(®)

Fig. 14.  Surface current distribution: (a) CSRR on the ground plane, (b)
patch surface.

Figure 15 presents the simulated Si: response of the antenna
after incorporating the CSRR structure into the ground plane.
The CSRR is introduced to achieve antenna miniaturization
while preserving impedance characteristics and overall
performance. The results indicate that, although the antenna
dimensions are reduced, the Sii response remains largely
consistent with that of the original design.

14 GHz, -11.563 dB

& 15
T
4 .20
-25
2.482 GHz, -24.49 dB
-30
-35
100 125 150 175 200 225 250 275  3.00

Frequency (GHz)

Fig. 15. Sy, of the antenna with CSRR-based DGS.

Table III indicates that incorporating a CSRR-based DGS
reduces the antenna dimensions from 29 mm x 30 mm in the
original design to 9.3 mm x 8.75 mm after miniaturization,
corresponding to a size reduction of approximately 90%. These
results validate the effectiveness of the proposed
miniaturization technique. Moreover, the return loss parameter
(S11) meets the target specification despite a modest reduction
in realized gain compared with the baseline.

TABLE III. ANTENNA MINIATURIZATION
Antenna Original With U-slot |With CSRR DGS
No
parameter (mm) (mm) (mm)
1 wg 29 28.5 93
2 lg 30 30 8.75
3 wp 28 28 9
4 If 9.6 7.5 1.5
5 Ip 20 20 7
6 wf 0.8 0.6 0.65
7 w 1.6 2.4 1.6
8 D 0.5 0.5 0.4

The radiation pattern in Figure 16 exhibits a predominantly
unidirectional profile with a focused main lobe, although the
magnitude remains relatively low. This behavior is typical of
miniaturized  implantable antennas, which inherently
experience reduced gain due to their compact size.
Nevertheless, previous studies have shown that the integration
of metamaterial structures can improve gain performance by
enhancing radiation efficiency. Table IV compares the
proposed antenna with previously reported implantable antenna
designs, highlighting improvements in size, S11 levels, and
bandwidth.
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180

Fig. 16.  Radiation pattern of the miniaturized implantable antenna.
TABLEIV. COMPARISON OF MINIATURIZED ANTENNA
DESIGNS
Bandwidt
Ref s?z??x?l?r?) Ar:ter;na Frequency Su (dB) h
P (MHz)
8] 11 x11 x Meander | Dual, 1.46 GHz; | -25.78; 45,
1.28 line 2.42 GHz -39.95 60.7
9] 10 x 10 x Meander Dual, 1.4 GHz; -25; 3.57,
0.635 line 2.4 GHz 34 6.37
(13] 37 x35x Circular Dual, 3.7 GHz; -30; B
1.6 patch 6.2 GHz =32
[12] 14;2172 X | Rectangular | Single, 404 MHz | —32.58 26
[10] 10;‘2170 X | Slot patch | Single,2.45GHz | -31 16.3
This | 9.3 x 8.75 Rectaneular Dual, 1.4 GHz; —11.56; 12.1;
work | x0.7 e 248 GHz ~24.49 27.6

IV. CONCLUSION

This research shows that the use of shorting vias can
effectively  optimize impedance matching,  whereas
miniaturization techniques incorporating Complementary Split
Ring Resonators (CSRRs) can reduce antenna dimensions by
up to 90% compared with those of conventional designs. In
addition, the development of dual-band implantable antennas
for Wireless Power Transfer (WPT) and Wireless Medical
Telemetry Service (WMTS) presents significant challenges in
antenna design and impedance matching. Nevertheless, dual-
band operation offers considerable advantages for Implantable
Medical Device (IMD) applications. Fabricating antennas at
very small sizes remains challenging and requires high-
precision equipment, highlighting opportunities for further
research into fabrication capabilities or the use of
metamaterials to enhance antenna performance. Additionally,
the equivalent circuit analysis shows that variations in
resistance mainly affect the return loss, whereas changes in
capacitance and inductance primarily affect the antenna
bandwidth.
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