
Progress In Electromagnetics Research M, Vol. 132, 21-30, 2025

(Received 21 November 2024, Accepted 9 January 2025, Scheduled 31 January 2025)

Ultra-Miniaturized Spiral Antenna for Loop Recorder
Implantable Device

Marwah M. Hassooni1, 3, *, Jabir S. Aziz2, and Ashwaq Q. Hameed1

1Electrical Engineering Department, University of Technology — Iraq, Alsina’a street, Baghdad 10066, Iraq
2Al-Rafidain University College, Baghdad, Iraq

3Department of Electrical Engineering, College of Engineering, Al-Iraqia University, Baghdad, Iraq

ABSTRACT: The miniaturization of implantable antenna is one of the significant requirements, especially for those devices implanted
under the skin, as it reduces prominent appearance and invasiveness. In this paper, we design, simulate, and implement a spiral resonator-
based microstrip antenna utilizing the ISM band (2.4–2.48GHz). A small size, light weight, and flat type are required for under-skin
implantation. The proposed antenna dimensions were optimized for a miniaturized volume of (3 × 2.5 × 0.12)mm3, representing the
smallest size for under-skin biomedical applications. This miniaturization is achieved using a spiral-shaped radiator and creating slots in
the ground layer. In-vivo measurement parameters, including reflection coefficient, are measured on the suggested antenna, showing a
gain of −19.9 dBi and a bandwidth of 90MHz. Specific Absorption Rate (SAR) is evaluated at 316W/kg, confirming that the proposed
antenna meets the necessary human-use safety criteria.

1. INTRODUCTION

In the past, implanted devices used inductive coupling at
frequencies lower than 200 kHz to transmit information be-

tween patients and physicians; however, the data rates are
sluggish [1]. A wireless connection between an implantable
biomedical device and the exterior base station was created,
valid through implantable antennas. A fundamental wireless
patient observation system is depicted in Fig. 1. Small im-
planted biomedical devices put within the human body can po-
tentially enhancemany people’s lives [2]. In biomedical remote
sensing, data transmission is permitted between implanted de-
vices and receivers at a specific range [3]. Challenges present
in integrating antennas into biomedical devices are related to
their performance and location, as the antenna must operate ef-
ficiently within the device’s design while reducing interference
from surrounding materials and biological tissues. Addition-
ally, long-term reliability is essential, as the antenna must sur-
vive physiological states without degradation in performance.
Ensuring biocompatibility and stability over time is necessary
for the antenna’s effectiveness in implantable applications.
The application of the proposed antenna is to enhance the

functionality of the implantable loop recorder (ILR), also
known as insertable cardiac monitor (ICM). The miniaturized
antenna reduces the internal volume of the device, facilitating
improved communication between the ILR and external moni-
toring systems. The implantable loop recorder (ILR), ICM, is a
subcutaneous device to diagnose heart rhythm disorders. This
device is designed to set up a correlation between symptoms
and arrhythmias, thereby enabling the identification of the
most appropriate therapy for the patient [4]. An implantable
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loop recorder is surgically inserted under the skin on the
chest and may remain in position for three years or more.
These gadgets can transmit one’s electrocardiogram (ECG) by
telephone to a designated centre in a hospital, medical office,
or monitoring firm. A staff member gets the electrocardiogram
(ECG) “tracing” and delivers it to the healthcare provider.
If the tracing reveals an urgent situation, it must go to the
emergency department [4]. Many wireless medical devices
interact with adjacent receivers linked to landline networks,
cellular networks, or broadband internet access [5]. The
Federal Communications Commission (FCC) assigned band-
width in the 402–405MHz range for radio communication
between implanted devices in 1999. Implantable antennas
commonly operate within three frequently used frequency
ranges, which include Medical Implantable Communication
Service (MICS) band ranging from 402 to 405MHz, Wireless
Medical Telemetry Service (WMTS) band ranging from
1.395 to 1.4GHz, and Industrial, Scientific, and Medical
(ISM) bands covering 433 to 434MHz, 902 to 908MHz, 2.4 to
2.48GHz, and 5.715 to 5.875GHz. Additionally, some regions
have approved Ultra-Wideband (UWB) frequency bands for
superior transmission from 3.1 to 10.6GHz [6]. This type
of antenna encounters difficulties related to its size, working
frequency licensing, biocompatibility, and the variability of
tissue dielectric characteristics. These factors might disrupt
the antenna’s achievement and affect the specific absorption
rate (SAR), posing a security concern [7].
Researchers have published several implantable antenna de-

signs for medical applications. Implantable antennas have
used planar inverted-F antennas (PIFAs) in their design ow-
ing to their advantages [8, 9]. Microstrip antennas have ad-
vantages, such as reduced dimensions and decreased weight,
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FIGURE 1. Schematic of wireless monitoring utilizing implanted device.

compared to traditional PIFAs antennas. The study in [10]
proposes a flexible, biocompatible antenna functioning in ISM
band (2.4–2.48GHz) specifically designed for health-related
implants. The antenna, integrated with Polydimethylsiloxane
(PDMS), exhibits wide bandwidth characteristic, covering the
entire ISM band with a bandwidth of 350MHz. However, its
relatively large dimensions may restrict its immediate applica-
bility in miniaturized biomedical devices. The study in [6] pro-
poses an extremely tiny implanted antenna for wireless cardiac
pacemaker devices of 3mm×3mm×0.5mm volume working
in the ISM range (2.4–2.48GHz). The antenna reaches a 22%
bandwidth and−24.9 dBi peak gain. While the design succeeds
in compactness and fulfills SAR safety criteria, its low gain re-
stricts communication range, and detuning effects in biological
contexts may influence long-term performance.
The paper in [11] offers a circularly polarized implantable

antenna that operates in two frequency bands for biomedical
communication in ISM bands (0.915GHz and 2.4GHz).
The antenna has a bandwidth axial ratio of 220MHz at
0.915GHz and 230MHz at 2.45GHz, showing the highest
gains of −29.5 dBi and −19.2 dBi, respectively; the miniature
dimensions of 61.7mm3 are attained by using T-shaped slots
and a short-circuit probe. In [12], the authors present a
miniaturized antenna for leadless pacemakers, achieving an
impressive ultra-wide bandwidth of 3380MHz; however, they
reported high gain values. The research in [13] extensively
examines a tiny tri-band implantable antenna, showcasing a
small volume of 75mm3 and bandwidths of 181.8% at 0.86,
9.58% for 1.43GHz and 285.7% for UWB/Wi-Fi frequencies.
A tiny dual-band antenna featuring circular polarization (CP)
feature for a wireless capsule imaging system device with a
size of 2.11mm3 is presented in [14]. Still, this antenna has a
narrow bandwidth that causes frequency shifts. A circularly
polarized wideband patch antenna for continuous glucose
level tracking devices was created in a recent paper [15]. This
design produces a simulated bandwidth of 1.1GHz (1.65–
2.75GHz) while working in the mid-field band (1.9GHz)
and ISM band (2.45GHz). The antenna exhibits a gain of
−20.04 dBi at 2.45GHz and −24.64 dBi at 1.9GHz. This
study introduces the characterization and design of a small
antenna for under-skin implantation devices. The designed
antenna is optimized for operation at standard biomedical

frequencies and is considered the smallest realized antenna
for under-skin medical applications, achieving excellent gain
compared to currently available solutions. In order to make an
assessment, Table 1 compares the characteristics and attributes
of previously submitted papers with the suggested antenna.

2. THEORETICAL BACKGROUND
The human body’s challenging and changeable nature has var-
ious difficulties for wireless transmission. Human bodies com-
prise many tissues containing skin, fat, muscles, and bones,
each with a distinct electrical conductivity and permittivity that
can change owing to various aspects, encompassing age, weight
gain or loss, and posture [26].
There is a large variety of device sizes and alterations in Im-

planted Medical Devices (IMDs) design and area. The size of
an implanted implant medical device (IMD) is carefully chosen
to ensure that it can accomplish its intended duties. However,
the frequency of the implanted antenna may detune from its
authorized working frequencies owing to a variety of traits, in-
cluding the complexity of the human body and possible changes
in close environments. Regardless of the implantation scenar-
ios, a microstrip patch implanted antenna with a miniaturized
size is proposed for implanted medical systems in this study.
The first estimation for the configuration of the implantable an-
tenna, aimed at a designated frequency of 2.4GHz, was based
on the equation utilized in [27].

fr =
c

λg
√
εeff

≈ c

Lg

√
εr
2

(1)

where c, λg , fr, and εeff indicate the speed of the electromag-
netic (EM) waves in free space guiding the wavelength, res-
onance frequency in addition to free space, and effective per-
mittivity, respectively. Likewise, Lg represents the length of
the antenna where “εr” is the substrate’s united relative di-
electric constant. The superstrate layer was mainly used to
prevent the antenna’s radiator from directly contacting human
flesh, thereby isolating the antenna from the lossy environ-
ment [27, 28]. However, in our design, the antenna was en-
capsulated and simulated inside a dummy system to make it
more realistic without a superstrate. Typically, the layer called
a superstrate with a high dielectric constant used to decrease
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TABLE 1. Comparison of the characteristics and attributes of previously submitted papers with the suggested antenna.

the actual antenna size [29]. Additionally, the effect of “εr” on
the wavelength (λ) of an electromagnetic wave facilitates the
process of miniaturization. The value of λ may be determined
in the absence of any external influences. The value of λ could
be calculated in the free-space using

λ =
c

fr
(2)

Nevertheless, in a non-free space environment, the value of
λ is reduced owing to the high permittivity values, as shown
by equation [17]. High permittivity is very beneficial when
implantable antennas are designed since miniaturization is an
important consideration. As a result, the designed antenna
was successfully miniaturized, with an overall volume of only
0.9mm3.
The achievement makes the small antenna capable of main-

taining a proper impedance match. A tissue model used in the
study thoroughly represented the complicated biological envi-
ronment surrounding the implanted system. A model took into
account various variables, including tissue composition, elec-
trical conductivity, permittivity, and anatomical geometry. By
incorporating these parameters into the model, the researchers
could accurately simulate the behaviour and interaction of im-
planted devices within the specific tissue environment [30].
Hence, a detailed tissue model is essential in evaluating sys-
tem performance and potential effects on surrounding tissues,

then optimising the implanted devices’ design and functional-
ity [31].
The choice of tissuemodel relies on the specific research pur-

poses, prepared data, and the detail required for the simulation.
They often select the most appropriate type of tissue model to
accurately represent the tissue environment and facilitate real-
istic simulations of implanted devices. Identical tissue model
considers tissues as having consistent electrical properties and
composition, a more actual representation of the tissue structure
called the layered tissue model or heterogeneous tissue model,
which takes into account the nonuniform distribution of electri-
cal properties. The composition across different tissue regions
provides a more specified representation of the tissue environ-
ment [32].

3. ANTENNA GEOMETRY
The construction of the suggested radiator is shown in Fig. 2(a),
which contains a spiral component and a necessary layout.
As indicated in Fig. 2(b), three rectangular slots are made in
the ground layer to improve bandwidth and adjust the reso-
nant frequency. Fig. 2(c) illustrates the side view of the an-
tenna, which is essential for understanding its design and func-
tionality. High dielectric substrate material (Rogers RO3010,
εr = 10.2, tan δ = 0.0022) has a thickness of 0.12mm and is
used for downsizing. As the insulating material for encasing,
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(a) (b) (c)

FIGURE 2. The configuration of the proposed antenna. (a) Form of radiator plan structure. (b) Ground plan. (c) Side view.

FIGURE 3. The antenna design procedure included developing a tiny MPA antenna.

TABLE 2. All the specifications of the proposed antenna.

Variable Value mm Variable Value mm
L 3 W1 1.3
W 2.5 W2 0.2
L1 2.6 W3 1.7
L2 1.8 W4 0.4
L3 0.5 W5 1.7

a biocompatible 0.2-mm-thick acrylic (εr = 4) is used. The
antenna that is shown has a small volume of 0.9mm3. Table 2
presents all the parameters of the suggested antenna design.
As depicted in Fig. 3, the suggested model of the antenna

was developed in four stages starting with the development of
a standard radiator and ground plane. Since one downsizing ap-
proach that may lower the resonance frequency is current path
lengthening [10], meandering and spiral line patches have been
proposed.
Because the spiral construction has improved radiation effi-

ciency and has a lower resonance frequency than a meandering
antenna of the same physical length, we selected it [11]. The
spiral antenna structure incorporates a rectangular radiator and
a slot in the ground layer with a line width of 0.2mm. Initially,
without any modifications, which is a foundation for further
modifications and optimizations, the antenna resonates at ap-
proximately 1.1GHz and 3.49GHz (step 1).

Slots are incorporated into the ground plane to shift the
resonant frequency. This modification causes the operating
frequency shifted to the lower frequency to 0.825GHz and
2.8GHz, respectively. Notably, the second resonance is close
to 2.4GHz (step 2), a desired frequency range for many wire-
less communication applications.
In the next step, further optimization occurs. Here, we in-

sert a third slot into the ground plane. This addition adjustment
shifts the resonant operating frequency towards a lower range,
creating dual resonant frequencies at 0.82/2.7GHz (step 3), al-
lowing for increased flexibility when the required frequency
band is selected for particular communication applications and
specifications.
Finally, the spiral radiator length is increased to obtain the

resonance at 2.4GHz (step 4) while ensuring proper matching,
and this step represents the most refined version of the antenna.
That tuning enables the antenna to resonate suitably at the de-
sired frequency. This step makes it suitable for applications that
rely on the 2.4GHz frequency spectrum, such as Bluetooth and
wireless connectivity.
Through achieving all these adjustments, the spiral-shaped

antenna structure can be designed to operate within specific
frequency ranges of interest. This modification is beneficial
for various wireless-dependent applications where accurate fre-
quency tuning is required to ensure optimal achievement and
compatibility with existing communication systems. 0.5mm
represents the range from the feed position to the edge of the
radiator.
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FIGURE 4. Reflection coefficient (S11) for each of the four successive phases of the proposed antenna (Steps 1–4).

FIGURE 5. Influence of variations in L3 on S11.

Figure 4 illustrates the changes in S11 over four successive
design phases. During these phases, components, the size of the
patch, and all other model layers remain unchanged. The step-
by-step method lets us try different combinations in a planned
way, ensuring that the end design meets the requirements for
use. We used a high-performance 3D EM analysis software
package (CST) to model, simulate, and analyze the implantable
and integrated antenna systems.

3.1. Parametric Study of the Model
The optimization of the antenna and the selection of optimal
parameter dimensions based on the specific scenario are de-
termined through a parametric analysis of the antenna. The
suggested antenna was maintained at the homogeneous skin
phantom homogeneous skin phantom (HSP) to investigate how
changes in its properties might affect S11. The critical design
parameters for the proposed spiral antenna for the parametric
study are L3,W5 lengths and feeding position.

3.1.1. Effect of Varying of Open-End Slots Length L3

Figure 5 illustrates the effect of varying the open-ended slots
(L3) length, ranging from 0.2mm to 0.9mm. Decreasing L3
results in a shift of the S11 curve towards higher frequencies.
Precisely, for L3 = 0.2mm, the resonant frequency shifts from
the desired 2.45GHz and instead resonates around 2.8GHz.
This behaviour suggests that to achieve resonance at 2.45GHz,
a more considerable value of L3 (such as 0.8mm or 0.9mm)

would be more appropriate, as these dimensions yield resonant
frequencies closer to the target value.

3.1.2. Effects of Feed Position Variation

The influence of feeding variations position on the S11 is vi-
sualized in Fig. 6. Position 1 shows a significant dip around
2.45GHz, indicating suitable impedance matching with values
around −39 dB or lower, suggesting efficient signal transmis-
sion. In contrast, position 2 exhibits a less pronounced dip at
this frequency, indicating poorer matching and increased re-
flection. Position 3 has S11 values (less negative) at 720MHz,
suggesting that it is the least effective in terms of impedance
matching, leading to significant signal loss.

3.1.3. Effect of Varying of W5 on the S11

Figure 7 illustrates the impact of varying the width (W5) on the
reflection coefficient (S11). As W5 increases from 0.5mm to
1.7mm, the reflection coefficient shifts to lower frequencies.
Specifically, with W5 = 0.5mm, the proposed antenna res-
onates at 2.61GHz. When W5 increases to 0.9mm, the res-
onance frequency turns to 2.52GHz. Notably, W5 = 1.7mm
demonstrates the best performance due to its S11 value, indicat-
ing optimal impedance matching. Conversely, W5 = 0.5mm
shows less matching, emphasizing that wider widths yield bet-
ter resonance and matching for medical applications. Wider
widths tend to concentrate the current flow, leading to better
impedance matching and lower resonant frequencies.
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FIGURE 6. Impact of changes in feed position on S11.

FIGURE 7. Effect of varying ofW5 on the S11.

3.2. Encapsulation of Microstrip Antenna

A miniaturized and efficient microstrip antenna has
been designed for under-skin devices encapsulated by a
9mm× 16mm× 8mm container. The antenna is incorporated
with the components as a dummy system to ensure optimal
performance within a realistic medical device context and
reveal insights into its performance characteristics when being
incorporated into an actual implanted device, as shown in
Fig. 1. For encapsulation, we chose a biocompatible 0.2mm
thick acrylic material. Rogers material was used to mimic the
printed circuit board (PCB) inside the container

3.3. Tissue Prototype

The performance of an implantable antenna, whether it remains
fixed or moves within human organs (e.g., glucose monitoring,
drug delivery, and pacemaker), can be affected by the presence
of nearby lossy media and the interface between adjacent tis-
sues and the antenna’s near field. This close interface between
the antenna and surrounding biological environment has the
potential to alter the antenna’s functionality and performance
characteristics. Two scenarios, one-layer phantom and het-
erogenous phantoms, were used for validation purposes to eval-
uate the effectiveness of antennas in various media situations.
A rectangular cuboid phantom with (80mm×80mm×15mm)
dimensions has been used for skin phantom and heterogenous
cuboid phantom of three skin, fat, and muscle layers with
(80mm×80mm×29mm) dimensions. The antenna ismounted
9mm under the Cutaneous layer of HSP and 8mm in heteroge-

neous phantom. CST software has been used to simulate this
model, as depicted in Fig. 8.

3.4. Current Distributions
Figure 9 shows the proposed antenna’s current distributions at
resonant frequencies. It is implied and confirmed by the current
distribution that the operating frequency is reciprocally propor-
tional to the effective area of the microstrip antenna. The patch
plane ultimately radiates in the 2.45GHz band, as illustrated in
Fig. 9(a). As one can see, the surface current movement is in a
similar direction to the spiral’s outer ring, and the current flow
is constant.

3.5. Consideration of SAR
Specific Absorption Rate (SAR) is a method employed to cal-
culate the energy absorption rate in the human body [16]. Ad-
ditionally, it measures radiation absorption per unit mass of hu-
man tissue and power deposition and is defined by the equation
below [17, 18].

SAR =
σE2

2ρ
(3)

where E is the magnitude of the electric field, and σ and ρ are
the conductivity and mass density of the biological tissue, re-
spectively. SAR must not exceed 1.6W/kg over-averaged for
any 1-g cubic tissue specified by IEEE C95.1-1999 regulations
to adhere to safety rules [19]. It should not exceed 2W/kg per
10 g, according to IEEE C95.1-2005.
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FIGURE 8. Simulation of the antenna into a one-layered homogeneous and heterogeneous body model.

(a) (b)

FIGURE 9. The current allocation of the proposed antenna at 2.4GHz. (a) Patch. (b) Ground.

TABLE 3. Maximal value of specific absorption rate for 1watt of input power and permitted maximal input powers.

Frequency (GHz) Tissue structure
Specific Absorption

Rate (W/kg)
Maximum provided
input power (mW)

2.45GHz Skin
1 g-Avg 10 g-Avg 1 g-Avg 10 g-Avg
316 32.1 5.06 62.3

The calculation of SAR values using a homogeneous skin
phantom, characterized by a dielectric constant of 38 and a
conductivity of 1.47 S/m to represent skin properties, involves
modeling electromagnetic field interactions within a uniform
medium that maintains consistent electrical properties across
the model. The SAR is determined by analyzing the elec-
tric field distribution within the phantom by applying the for-
mula (2). Table 3 illustrates the SAR values obtained at a fre-
quency of 2.45GHz. When the input power is held at 1W,
the specific absorption rate (SAR) values for the 1 g and 10 g
standards are 316 and 32.1W/kg, respectively. Based on these
values, we are able to determine that the maximum amount
of allowable power needed to meet the protection standard of

1.6W/kg for a specific absorption rate of 1 g is 5.06milliwatts.
However, to ensure that 10 g of SAR does not exceed the safety
limit of 2W/kg, it is necessary to consider an output power of
62.3mW. These values satisfy the SAR requirements. The SAR
value has been assessed and depicted in Fig. 10.

3.6. Radiation Patterns
Figure 11 illustrates the antenna’s radiation patterns in a homo-
geneous environment of a skin model at 2.450GHz frequency.
The pattern is primarily symmetric; however, the Phi = 90◦

plane exhibits enhanced radiation with more prominent lobes,
signifying more gain than Phi = 0◦. Specific nulls in the
Phi = 0◦ plane indicate regions of reduced radiation. Although
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(a) (b)

FIGURE 10. The SAR is resolved by modeling the cuboid homogenous phantom. (a) Specific Absorption Rate (SAR) of 1 g of tissue at a frequency
of 2.45GHz. (b) Specific Absorption Rate (SAR) of 10 g of tissue at a frequency of 2.45GHz.

FIGURE 11. Simulated radiation patterns at 2.45GHz.

(a) (b)

FIGURE 12. Fabricated microstrip implantable antenna. (a) Radiator plane. (b) Ground plane.

the Phi = 90◦ pattern has a smoother appearance, it means a
more even power distribution. These attributes are character-
istics of a spiral antenna, recognized for its broad bandwidth
and consistent emission at several angles, rendering it appro-
priate for biomedical implants where orientation stability is
paramount.
The suggested antenna optimum gain at the 2.45GHz fre-

quency was −19.9 dBi in the homogenized phantom, and im-
plant antenna efficiency decreased due to the requirement for
miniaturization [19].

4. IMPLEMENTATION AND EXPERIMENTAL SETUP
The proposed implanted microstrip antenna is constructed on
a PCB using a Rogers RO3010 substrate, as shown in Fig. 12.
The entire antenna size is 3×2.5×0.12mm3. Etching technique
was used to fabricate the radiator and ground layer on the sub-
strate. The system container dimension (9mm×16mm×8mm)
is manufactured using acrylic material. The system container,
antenna model, and assessment setup are shown in Fig. 13. Ad-
ditionally, the S-parameters of the antenna are determined by
placing the system container within cow meat.
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FIGURE 13. Measured S11 parameters of the proposed antenna and testing environment.

FIGURE 14. Comparison of the simulated and measured S11-parameters of the suggested antenna.

5. MEASUREMENTS AND RESULTS
The antenna system under consideration was first simulated
using homogeneous skin phantoms corresponding to the im-
planted device located under the skin, as shown in Fig. 8.
The fabrication and testing of this antenna have been per-
formed. The implanted device is put within beef to mea-
sure S-parameters. Fig. 14 displays the comparison of the S-
parameters measured with the acrylic container. The results in-
dicate that the antenna maintains its operational efficiency re-
gardless of the inclusion of the system. The design is robust
enough to withstand variations in different scenarios. The mea-
sured S11 has a bandwidth of 90MHz (2.40–2.493GHz) with a
10 dB range and a resonant frequency of 2.45GHz. The results
of constructed models show a strong correlation.

6. CONCLUSION
In this communication, an implantable microstrip antenna de-
signed for the 2.4GHz ISM frequency range offers valuable
recommendations for observation utilizations. The single-band
implantable antenna is chosen for communication with the loop
recorder because it is optimized for efficiency at a specific fre-
quency, ensuring reliable signal transmission with minimal en-

ergy consumption. An antenna system is built through dummy
electrical components and an implanted antenna. The antenna’s
open-ended slots benefit frequency adjusting, miniaturization,
and impedance matching in the ground plane. A significantly
reduced size of 3mm× 2.5mm× 0.12mm was accomplished
for the suggested antenna because of the use of a high value
of dielectric substrate and spiral radiation patch without super-
strate and shorting pins; it might cause difficulties for the real
implementation. Examining the prototypes of an incorporated
antenna system in the Cow muscle confirmed the validity of
the results. Furthermore, the suggested antenna met the safety
criteria of International Commission on Non-Ionizing Radia-
tion Protection (ICNIRP) and IEEE C95.1-1999. Due to its im-
proved performance and compact volume, the suggested spiral
microstrip antenna has the potential to be an excellent choice
for contemporary technology in implanted loop recorder medi-
cal systems.
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