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ABSTRACT: Non-contact vital sign monitoring using radar technology has become increasingly important in modern healthcare, as it
enables continuous physiological measurements without direct contact with the skin, minimizing patient discomfort and the risk of
infection. To address this need, this study presents the design and analysis of a 24 GHz microstrip antenna array developed for a radar-
based vital sign monitoring system. Array configurations consisting of one to five circular patch elements were analyzed to optimize
the reflection coefficient, directivity, and radiation characteristics, with the aim of achieving high sensitivity, compactness, and safety
for biomedical radar applications. Simulation results show that the four-element array achieves optimal performance, with a reflection
coefficient of —39.27 dB, directivity of 5.29 dBi, and a bandwidth of 1.35 GHz at 24 GHz. To evaluate electromagnetic safety, Specific
Absorption Rate (SAR) analysis using a three-layer human tissue model (skin, fat, and muscle) resulted in values of 0.159 W/kg (1 g)
and 0.022 W/kg (10 g), both within ICNIRP and FCC limits. Additionally, bending simulations with a radius of curve at 10 mm, 20 mm,
30 mm and 40 mm showed stable impedance matching and minimal frequency variation, demonstrating high mechanical flexibility. On
the whole, the proposed antenna exhibits high gain, reliable performance, and safety compliance, making it suitable for integration into
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portable radar-based medical devices for continuous, contactless monitoring of heart rate and respiration.

1. INTRODUCTION

Monitoring vital signs, especially heart rate, has an im-
portant role in the early detection and diagnosis of var-
ious cardiovascular conditions [1]. Conventional methods
such as electrocardiography (ECG) [2], photoplethysmography
(PPG) [3], phonocardiography (PCG) [4], impedance cardiog-
raphy (ICG) [5], and ultrasound cardiography (UCG) [6] have
long been used in cardiac monitoring systems. In general, these
devices work by direct contact with the skin, so the measure-
ment probe must be physically attached to the patient. This
condition can limit movement and cause discomfort, especially
in long-term monitoring.

As a solution to these limitations, radar systems have
been developed for non-contact heart rate detection. Radar
technology enables heart rate monitoring by relying on small
changes on the body surface caused by heart and respiratory
activity [7]. Several radar approaches used include frequency-
modulated continuous wave (FMCW) [8], ultra-wideband
(UWB) [9], continuous wave (CW) [10], and self-injection
locking (SIL) [11].

To improve the performance of radar systems in vital sign
monitoring, the use of a 24 GHz frequency is a promising op-
tion, as described in [12] and [13]. Previous research [14]
shows that the 24 GHz frequency has better resolution in de-
tecting micro-movements compared to lower frequencies, and
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allows for smaller antenna sizes, making it easier to integrate
into radar-based medical monitoring systems [15]. Heartbeat
signals have smaller amplitudes than breathing [16], so a sys-
tem with high sensitivity and good spatial resolution capabili-
ties is required.

Several recent designs use advanced structures to improve
antenna gain and directivity, such as complementary split ring
resonators (CSRRs) in the study [17]. In the study [18], fractal
geometry has been successfully applied to medical imaging an-
tennas to improve gain and reduce side lobe levels, contributing
to better detection performance in biological applications.

Although various studies have examined the use of radar and
antennas at 24 GHz and other bands for vital sign monitoring,
there are still a number of limitations. A study in [19] pro-
posed a 24 GHz flexible antenna for heart rate and respiration
detection, but did not include Specific Absorption Rate (SAR)
analysis or radiation pattern optimization using more complex
arrays. Research [20] developed a wearable 24 GHz antenna
for navigation applications, but did not focus on medical ap-
plications. Meanwhile, research [21] demonstrated the effec-
tiveness of millimeter wave (mmWave) radar in the 76-81 GHz
frequency range for vital sign monitoring, but did not investi-
gate compact and economical antenna designs in the 24 GHz
frequency range.

Recent work [22] emphasized the importance of SAR analy-
sis and bending performance in wearable antenna applications,
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demonstrating that antenna flexibility, radiation pattern con-
trol, and substrate selection directly affect both electromagnetic
safety and data transmission quality in health monitoring sys-
tems. However, despite these advances, there remains limited
research specifically focused on optimizing 24 GHz microstrip
array antennas for radar-based medical monitoring, integrating
both high-performance design and user safety aspects.

The novelty and main contributions of this research are sum-
marized as follows:

1. Design and Optimization of a 24 GHz Microstrip Array
Antenna for Non-Contact Vital Sign Monitoring: This
study proposes a high-frequency microstrip array antenna
design developed in several element configurations (1-5
elements) to improve gain, radiation direction, and sen-
sitivity to micro-movements on the human chest surface.
Optimization is performed to ensure performance that
meets the requirements of a contactless biomedical radar
system.

2. Electromagnetic Validation and Biomedical Safety Eval-
uation through SAR Analysis: Antenna performance is
comprehensively evaluated through electromagnetic sim-
ulation using CST Studio Suite, covering key parameters
such as reflection coefficient (S11), gain, and radiation
pattern. Specific Absorption Rate (SAR) analysis was per-
formed with a multilayer human tissue model (skin, fat,
and muscle) to ensure that electromagnetic exposure lev-
els were within safe limits according to international stan-
dards.

3. Mechanical Flexibility Analysis: Antenna performance
testing under bending conditions was conducted to assess
electrical characteristic stability and structural integrity
when applied to or near the human body. The analysis
results show that the proposed antenna has high flexibility
and adequate reliability for integration.

This article is organized as follows. Section 2 presents the
proposed system and antenna design, including a single ele-
ment, two-element array, three-element array, four-element ar-
ray, and five-element array. Section 3 discusses the simula-
tion results, bending antenna, SAR (Specific Absorption Rate)
analysis, and measurement results. Last, Section 4 is the con-
clusion.

2. METODOLOGY

2.1. Proposed System for Vital Sign Detection

Doppler radar-based vital sign monitoring systems generally
use two antennas, a transmit antenna (Tx) and a receive antenna
(Rx), to detect micro-movements in the chest area resulting
from breathing and heartbeat activity. The Tx antenna transmits
electromagnetic waves toward the subject’s chest, while the
Rx antenna captures the reflected signal that undergoes phase
changes due to the Doppler effect. These phase changes corre-
late directly with chest movement dynamics, allowing them to
be processed to extract breathing rate (BR) and heart rate (HR).
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FIGURE 1. S3; phase measurement setup to evaluate antenna perfor-
mance in Doppler radar based vital sign monitoring configurations.

In this study, antenna characterization was performed using
a VNA to obtain the S; parameter as part of the evaluation of
the antenna’s integration potential with the Doppler radar sys-
tem (Fig. 1). The S3; measurement describes the transmission
performance between two antennas in static conditions and is
not intended as a direct demonstration of vital sign measure-
ment. An explanation of the signal processing stages (filtering,
FFT, and peak detection) is provided as a general description
of the signal processing flow in Doppler radar applications ac-
cording to [19], in order to demonstrate the suitability of the an-
tenna design with the requirements of a non-contact vital sign
monitoring system.

2.2. Antenna Design

Figure 2 shows the overview of the research methodology,
starting from the initial design of the antenna geometry to the
final performance evaluation stage. The process begins with
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FIGURE 2. Flowchart of the antenna design, simulation, and evaluation
process used in this study.
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TABLE 1. Antenna parameters.

Parameter | Size (mm) | Parameter | Size (mm) | Parameter | Size (mm) | Parameter | Size (mm) | Parameter | Size (mm)
Lp 26 Wp 22 d 6 f1 1 12 1.4
f3 0.8 f4 1.2 f5 1.2 f6 2 gl 2
g2 4.25 g3 13 g4 4 g5 2 g6 8
g7 2 g8 5 g9 7 j1 7.2 j2 1.5
73 6.7 74 2.5 h 0.78

determining an antenna geometry based on the required operat-
ing frequency, continued with antenna modeling in CST Studio
Suite with annotations of the parameters to be analyzed. After
that, electromagnetic simulation and iterative optimization pro-
cesses are performed to obtain the desired performance. Field
distribution analysis is performed to verify the radiation pattern
and electromagnetic response of the antenna. The research flow
then continues with bending condition simulations to evaluate
the effect of mechanical deformation, followed by SAR simu-
lations using phantoms to evaluate radiation safety aspects. In
the final stage, all results are comprehensively analyzed, docu-
mented, and exported as research output.

The antenna is designed to work at a frequency of 24 GHz
with an input impedance of 50 ). The antenna uses a Rogers
RT5880 substrate with a substrate dimension of 26 x 22 mm
with a thickness () of 0.78 mm. The material was chosen be-
cause it has a dielectric constant of (¢,-) = 2.2 and a loss tangent
0f 0.0009, making it ideal for high-frequency applications. The
antenna structure consists of three layers, a ground plane at the
bottom with a width half that of the substrate, a substrate layer
in the middle, and a circular patch and microstrip feed line at
the top. The dimensions of the circular patch are determined us-
ing the microstrip circular patch antenna design equation [23]
to achieve a frequency of 24 GHz, while the microstrip feed
line is designed to have a characteristic impedance of 50 2 to
ensure good impedance matching with the radar system. This
design has been optimized through electromagnetic simulation
to minimize losses and improve radiation efficiency at the tar-
get frequency. In addition, the compact geometric configura-
tion allows this antenna to be easily integrated into small radar
devices or millimeter wave-based sensor systems.

0.5
a= 1
14 2 (In (3£) + 1.7726) M
where:
8.791 x 10°
F=— (2)
Jrv/Er

In the above equation, a is the radius of the circular patch, h
the thickness of the substrate, <,. the dielectric constant of the
substrate used, and f,. the resonance frequency targeted in the
antenna design. These four parameters play an important role
in determining the physical dimensions of the patch so that the
antenna can resonate well at an operating frequency of 24 GHz.
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The design of this antenna starts with a single element
(Fig. 3(a)) that uses a 6 mm diameter circular patch as the
main radiator, connected to a microstrip feed line that has
two segments with different widths and lengths to match the
impedance and maximize power transfer. The antenna arrays
with two elements (Fig. 3(b)), three elements (Fig. 3(c)), four
elements (Fig. 3(d)), and five elements (Fig. 3(e)) were devel-
oped by adding circular patch elements connected by branched
microstrip transmission lines to improve performance. For in-
formation, the substrate and ground plane dimensions proposed
for the five designs are the same as those shown in Fig. 3(f).
Fig. 3(g) shows a perspective view of the proposed antenna.
Then, the dimensions for each of the proposed parameters can
be seen in Table 1.

The distance between elements and the dimensions of the
feed network (g1—¢9) and (j1—j4) are determined through a
parametric simulation-based optimization process. Each pa-
rameter is systematically varied to identify the configuration
that provides the most optimal impedance matching and radia-
tion pattern with minimal sidelobes.

3. RESULT AND DISCUSSION

3.1. Antenna Parameter Simulation Result

The reflection coefficient (S11) is used to assess the impedance
matching between the antenna and the transmission line. The
antenna is considered to operate well in the frequency range
where (S11) < 10dB, which is the reference for determining
the operating bandwidth. Fig. 4(a) shows the S1; simulation
results for five antenna configurations. The target operating
frequency is 24 GHz, but each configuration shows a slightly
shifted resonance frequency due to the coupling effect between
elements and dimensional optimization.

The single-element antenna has an S7; value of —3.96 dB
at 24GHz, but reaches —13dB at a resonance fre-
quency of 28.472GHz, with a bandwidth of 5.675GHz
(24.325 GHz-30 GHz). The two-element configuration shows
S11 = —10.57dB at 24 GHz and —14.73 dB at 23.312 GHz,
with a bandwidth of 1.505 GHz (22.575 GHz-24.079 GHz).
The three-element configuration shows S1; = —4.71dB at
24 GHz, but —14.65dB at 25.624 GHz, with a bandwidth
of 1.639 GHz (24.921 GHz-26.56 GHz). The four-element
configuration shows the best performance with a minimum
S11 value of —39.27dB at 24.016 GHz and a bandwidth
of 1.355GHz (23.372 GHz-24.727 GHz). Meanwhile, the
five-element configuration has S;; = —2.92dB at 24 GHz
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FIGURE 3. The design of the antenna. (a) Single element. (b) Two-element array. (c) Three-element array. (d) Four-element array. (e) Five-element
array. (f) Back view of the antenna design. (g) Perspective view of the proposed antenna.
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TABLE 2. Quantitative radiation parameters at a frequency of 24 GHz and minimum S11.

HPBW SLL Directivity Main lobe F/B Ratio Effc
Confi ti Pl Mini Su (dB
onfiguration ane © (dB) (dBi) direction (°) (dB) %) inimum Sy (dB)
. ¢=0° 112.0 —3.4 3.16 154
Single el t 6.4 94.2 —13 at 28.472 GH
melectement o907 | 962 1.2 2.41 116 3a z
¢=0° 107.5 —1.7 4.51 128
Two-el t 6.5 932 | —14. t 23.312 GH:
wo-element Ay =905 | 505 N/A 3.03 180 73a z
Three-element array ;:9000 gig :;i’ ;;2 12306 10.4 94.4 | —14.65 at 25.624 GHz
¢=0° 413 —1.4 5.29 128
Four-el t 6.1 2.5 —39.27 at 24 GH
our-element array 5= 90° 173 &3 331 180 9 39.27 at 24 GHz
Five-element array ;:9000 1411461(3) :;g 3(;’671 ZZ 10.9 90.9 | —30.52at26.016 GHz
and —30.52 dB at 26.016 GHz with a bandwidth of 1.362 GHz Figure 4(b) and Table 2 show that the directivity value of a
(25.381 GHz-26.743 GHz). Based on these results, the four- single antenna is calculated to be 3.16 dBi in the E-plane and
element configuration was selected as the optimal design 2.41dBi in the H-plane, indicating a wide radiation pattern.
because it has the closest resonance frequency to 24 GHz and When the antenna is configured into two elements, the directiv-
the best matching value. ity increases to 4.51 dBi (E-plane) and 3.03 dBi (H -plane) due
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FIGURE 4. Comparison of (a) reflection coefficient, (b) directivity between single-element and multiple-element arrays.

to the strengthening of the radiation field from the combination
of two elements. In the three-element configuration, the direc-
tivity value decreases slightly to 4.42 dBi and 2.96 dBi, which
may be caused by the amplitude imbalance between elements.
Furthermore, the four-element configuration produces the high-
est directivity, at 5.29 dBi in the E-plane and 3.31 dBi in the
H-plane, indicating the optimal phase distribution and distance
between elements to form a directional beam. However, when
the number of elements is increased to five, the directivity ac-
tually decreases to 3.61 dBi and 0.7 dBi due to possible phase
mismatches between elements that reduce energy concentration
in the main direction. These results validate the four-element
array design as suitable for 24 GHz radar applications.

Figure 5 shows a comparison of the performance of single
antennas with up to five elements in the F plane (¢ = 0°) and
H plane (¢ = 90°). The single antenna shows a wide main
lobe with low gain and minimal sidelobes. A gradual increase
in the element count results in a narrower main lobe and in-
creased gain, indicating an array gain effect. Starting from the
two- to three-element configurations, the radiation pattern be-
comes more directional, although sidelobes begin to appear due
to wave superposition between elements.

Based on Table 2, increasing the element count from one to
four significantly narrows the half-power beamwidth (HPBW)
from 112° to 41.3° in the F-plane, indicating improved radi-
ation focus and beam efficiency. The main lobe direction is
observed to be increasingly stable in the range of 128°-136°
for configurations of two to four elements, indicating a similar
phase distribution between elements. The side lobe level (SLL)
value shows improvement with an increase in the number of
elements, especially in the four-element configuration which
reaches —5.3 dB in the H-plane, indicating good sidelobe sup-
pression capability. Meanwhile, the front-to-back (F/B) ratio is
relatively consistent in the range of 6—10 dB, indicating a bal-
ance between forward and backward radiation energy. In the
five-element configuration, performance deteriorates, marked
by a widening of the HPBW, a shift in the main lobe direction to
77°, and an increase in SLL due to mutual coupling effects and
phase mismatch between elements. Overall, the four-element

98

configuration provides the best compromise among radiation
focus, sidelobe suppression, and main direction stability, mak-
ing it most suitable for 24 GHz radar applications in vital sign
monitoring.

Based on the simulation results at an operating frequency of
24 GHz, all antenna configurations showed high radiation effi-
ciency, above 90%, confirming that the antenna design has low
dielectric and conductor losses, making it suitable for wearable
applications. The three-element configuration has the highest
efficiency at 94.4%. However, the four-element configuration
remains the optimal design in this study because it provides the
best balance to support improved sensitivity in detecting micro-
movements in vital sign monitoring applications.

Figure 6 shows the surface current distribution at 24 GHz,
with blue representing low current and red representing high
current. Model 1 shows the current concentration at the center
of the antenna. Models 2—5 show a more even and dispersed
current distribution as the number of branches increases from
two to five, resulting in a wider radiation pattern. Model 5 has
the most even current distribution, supporting the widest radia-
tion coverage.

Figure 7 shows the field distribution at a frequency of
24 GHz, which presents a strong resonance pattern, where the
E-field reaches a maximum intensity of around 44 kV/m and
the H-field around 246 A/m, with the highest energy concen-
tration located in the central region of the structure, indicating
that the antenna is operating in its main resonance mode. The
decreasing energy distribution towards the edges indicates the
effects of conductor boundaries and dielectric attenuation. In
general, the symmetrical and high-intensity field distribution
pattern in the central part indicates that the antenna is operating
close to optimal resonance conditions, while also identifying
critical areas relevant to radiation efficiency.

The mutual coupling analysis was not explicitly performed
in the array configuration used in this study because the struc-
ture only uses one port as a centralized excitation path, so that
coupling parameters between elements such as S3; or S3; can-
not be evaluated separately. Nevertheless, the potential for mu-
tual coupling still exists, given the relatively near distance be-
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FIGURE 5. Radiation pattern comparison for the E plane (¢ = 0°) and H plane (¢ = 90°). (a) Single element array. (b) Two-element array. (c)

Three-element array. (d) Four-element array. (e) Five-element array.

tween elements at a frequency of 24 GHz, and its effect has been
implicitly included in the overall antenna response through the
process of impedance matching and radiation pattern optimiza-
tion. Thus, the resulting performance, including the reflection
coefficient, gain, and radiation pattern, represents the array as a
whole, even without individual element isolation analysis. Al-
though coupling coefficient analysis cannot be performed on
this single-port structure, such a study could be a topic for fur-
ther development to understand the effects of mutual coupling
in more detail.

3.2. Bending Antenna

To evaluate the mechanical flexibility and electromagnetic sta-
bility of the designed antenna, bending simulations were per-
formed on four different radius values: 40 mm, 30 mm, 20 mm,
and 10 mm, where 10 mm is the condition with the highest
bending. The results of the reflection coefficient (511), direc-
tivity, and radiation pattern for each condition are shown in
Fig. 8 and Fig. 9 and summarized in Table 3. Visualization of
the bending geometry is also shown to indicate the degree of
antenna deflection at each bending radius.

The effect of bending on the S;; value at 24 GHz shows
that changes in geometry shift the antenna’s impedance match-
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ing conditions. Without bending, the antenna has an S7; of
—39.27dB, indicating excellent impedance matching. When
the antenna is bent with a radius of 40 mm, the S;; value de-
creases to —20.03 dB. Higher bending at radius 30 mm and
20 mm results in Sy values of —18.84 dB and —16.99 dB, indi-
cating a trend of decreasing matching performance as the bend-
ing of the structure increases. The condition with the high-
est bending, at a radius of 10 mm, showed the most signifi-
cant degradation with an S7; value of —12.32 dB. This situa-
tion indicates that the more the bend of the antenna is, the more
changes occur in current distribution, leading to detuning from
the operating frequency.

The antenna directivity in two observation planes (¢ = 0°
and ¢ = 90°) shows that the antenna maintains radiation domi-
nance in the main plane (¢ = 0°) under all bending conditions.
Under no bending conditions, the directivity reaches 5.29 dBi.
When the antenna is bent with radius 40 mm, 30 mm, and
20 mm, the directivity value is in the range of 5.68-5.56 dBi,
showing a slight increase due to the cylindrical focusing effect
that strengthens the main beam direction. Meanwhile, at the
most extreme bending (10 mm radius), the directivity decreases
to 4.96 dBi, in line with the decrease in radiation stability due
to large structural deformation. These results show that the an-

WWwWw.jpier.org



PIER B

Murtini et al.

@
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FIGURE 7. (a) E-field distribution at 24 GHz. (b) H-field distribution at 24 GHz.

tenna is still able to maintain the main radiation direction suit-
able for vital sign radar applications directed at the subject’s
chest area.

At ¢ = 0°, the HPBW value is relatively stable in the
range of 41-46°, although the SLL is still relatively high (—1.2
to —2.1dB), indicating a strong sidelobe and possible power
loss to the sides. The direction of the main lobe shifts only
slightly between 123-128°, with the best F/B ratio shown at
a 20mm bend (8.10dB), indicating an increase in rear radia-
tion suppression in this configuration. On the other hand, at the
¢ = 90° plane, there are more significant differences, espe-
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cially in HPBW: the 10 mm bend produces a very wide beam
spread (145.6°), while the 20 mm bend provides the best ra-
diation focus with a minimum HPBW (39.8°). The SLL val-
ues in this plane are also better than those at ¢ = 0°, ranging
from —4.9 to —6.0 dB, while the main lobe direction remains
consistent at 180° for all conditions. Furthermore, radiation ef-
ficiency tends to decrease with increasing bending, where the
condition without bending shows the highest efficiency, and the
configuration with a 10 mm radius as the most extreme condi-
tion experiences the greatest efficiency degradation due to in-
creased losses and current distribution interference. Overall,
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different levels of bending produce different characteristics in
the antenna’s radiation pattern and efficiency, and 20 mm bend-
ing can be considered the most balanced configuration because
it maintains radiation focus and optimal F/B performance with
a controlled decrease in efficiency.
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3.3. SAR Analysis

The contact between the antenna and the body can increase the
absorption of radio frequency (RF) energy, which could poten-
tially be dangerous to health. In wearable antenna applications,
measuring the Specific Absorption Rate (SAR) below safety
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TABLE 3. Quantitative radiation parameters for the proposed antenna bending (four-element array) including S11 at 24 GHz.

. HPBW SLL Directivity Main lobe F/B Effc Su
Configuration Plane
) (dB) (dBi) dir. (°) (dB) (") (dB)
=0° 41.3 —-14 5.29 128
No bending $=0 6.1 92.5 —39.27
¢ =90° 473 -5.3 3.31 180
=0° 43. —1. . 12
Bending 40 mm $=0 37 7 >.68 8 7.72 923 —20.03
¢ =90° 424 —5.7 3.60 180
=0° 43. —2. 72 12
Bending 30 mm $=0 38 0 >7 8 7.6 92.4 —18.84
¢ =90° 41.5 —5.5 3.51 180
=0° 46.4 -2.1 5.56 127
Bending 20 mm ¢ 8.10 92.3 —16.99
¢ =90° 39.8 —4.9 3.35 180
Bending 10mm |2 —C 154 ~12 496 123 5.80 920 | —12.32
¢ =90° 145.6 —6.0 3.35 180
TABLE 4. Electrical properties of human tissues.
Densit Heat cap. Therm. cond.
Tissue | o (S/m) Er Loss tan enst 3y cat cap erm. con
(kg/m°) J/kg-°C) (W/m-°C)
Skin 22.841 18.993 | 0.90073 1109 3391 0.37
Fat 1.4893 | 3.8361 | 0.29076 911 2348 0.21
Muscle | 29.437 | 27.395 | 0.80483 1090 3421 0.49

Skin
Fat

Muscle

pmposed
Antenna
—

©

Gap
25 mm

w 09

5\ e

(@

pmposed
Antenna

Gap
50 mm

FIGURE 10. SAR simulation setup at different antenna to body distances. (a) 0 mm (on-body). (b) 5 mm. (c) 25 mm. (d) 50 mm.

limits is a main consideration. SAR measures the level of elec-
tromagnetic radiation energy absorbed by the human body and
is expressed in watts per kilogram (W/Kg) [24].

A three-layer phantom body at a frequency of 24 GHz was
designed in CST Studio Suite with the human tissue electrical
properties for the skin, fat, and muscle layers. The skin, fat, and
muscle layers are 4 mm, 6 mm, and 10 mm thick, respectively.
Table 4 describes the electrical properties of the phantom de-
signed based on references from the IT’IS Foundation database,
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which is used extensively for electromagnetic and SAR-related
studies. Fig. 10 shows the SAR simulation setup at the antenna
to body distance. In this SAR simulation, an input power of
0.5mW (—3 dBm) was used. This value was chosen to repre-
sent the operating conditions of low-power wearable devices.
A previous study [19] reported that vital sign monitoring sys-
tems using wearable antennas operate at an RF power of around
—3dBm for BR and HR measurements. Therefore, the use of
—3dBm power in the SAR simulation is a conservative and
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FIGURE 11. SAR. (a) On-body over 1 gram. (b) On-body over 10 gram. (c) 5mm away from the antenna over 1 gram. (d) 5 mm away from the
antenna over 10 gram. (e¢) 25 mm away from the antenna over 1 gram. (f) 25 mm away from the antenna over 10 gram. (g) 50 mm away from the

antenna over 1 gram. (h) 50 mm away from the antenna over 10 gram.

realistic approach to evaluating electromagnetic radiation ex-
posure. The antenna and the body-equivalent phantom were

simulated, and SAR values were obtained for 1 g and 10 g of

tissue. The SAR estimates for the body analysis are shown in
Fig. 11.

The SAR value is obtained by approaching the antenna to
the phantom according to the desired test distance. The SAR
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obtained on the human body for 1g and 10g networks is
0.159 W/kg and 0.022 W/kg. Then, several tests were con-
ducted at specific distances, 5 mm from the body, 25 mm from
the body, and 50 mm from the body. A change in SAR val-
ues was observed at a distance of Smm for 1 g and 10 g tis-
sue, which were 0.025 W/kg and 0.005 W/kg. At a distance of
25 mm from the body, the SAR values for 1 g and 10 g of tissue
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TABLE 5. Summary of SAR analysis.

SAR 1g (W/kg) | 10g (W/kg)
On-body 0.159 0.022
5 mm away 0.025 0.005
25 mm away 0.004 0.001
50 mm away 0.0006 0.0002

TABLE 6. Comparison with previous research.

A Substrate Frequency | Min S1; | Bandwidth | Gain Rad. L
Ref. Material . . 3 . Application
Dimension (mm”) (GHz) (dB) (GHz) (dBi) | Effc (%)
Vital si
[19] | LCP (e, = 3.35) 36.5 x 53 x 0.1 24 _98.75 0.19 581 | N/A ta signs
monitoring
Radar imaging
)\ 1 PP lication i
o] | PebPropylene (PP) | o0 144 % 0.52 24 —95 0.28 16.8 91 appiication 1
(er =2.2) collision-avoidance
systems
R 5880 Flexible ant fi
[28] ogers 16.19 x 16.19 x 0.127| 24 ~17 275 55 | NA exible anfenna for
(er = 2.2) 24 GHz ISM WBAN
R — le electroni
[29] 0300 141 % 9.6 x 0.762 | 24052425 >0 3 6.73 97 Wearable electronic
(er = 3.0) to —35 travel aid system
HRSi/SiO d
[30] V12 34.88 x 25.47 x 6 24 325 | U 154 31-65 Tunable antenna
(er = 3.9/11.7) 0.5
RT i R icati
31] /duroid 5880 40 % 6 x 0.8 4 _90 444 0.8 %7 adar, commun.lcat.lon
(er =2.2) and sensors applications
R 5880 d
[32] O8ers aroun 24 ~34.25 0.8 127 | N/A D2D applications
(er =2.2) 30 x 10 x 0.09
R RO4350B d Moving t t i
[33] ogers 21 x 29 x 0.254 24 aroun 0.51 10 | NA oving farget sensing
(er = 3.48) —36 applications
R RO4003C A i
[34] | TOET 65 x 22 x 0.813 24 —23.3 0.4 135 | NA utomotive radar
(er = 3.38) applications
[35] Rogers RO3003 2.7 x 204 x 0.8 2 around 17 92 100 .Colli'sion avo.idar.lce
(er =3) —38 imaging application
R 5880
Proposed ;)gersz 2) 26 x 22 x 0.78 24 —39.27 1.355 5.29 92.5 Vital signs monitoring
e =2.

were 0.004 W/kg and 0.001 W/kg. And at a distance of 50 mm
from the body, the SAR values for 1 g and 10 g of tissue were
0.0006 W/kg and 0.0002 W/kg. The summary of the SAR anal-
ysis results is shown in Table 5.

The limit for Specific Absorption Rate (SAR) is set at
1.6 W/kg above 1g by the Federal Communications Com-
mission (FCC) and 2 W/kg above 10g by the International
Commission on Non-Ionizing Radiation Protection (ICNIRP)
and IEEE C95.1-2019 [25]. Therefore, from several SAR tests
that have been conducted, it can be concluded that antennas
are safe to use on or near the body. The use of high frequencies
of 24 GHz is very influential because the higher the frequency
is used, the greater the electromagnetic waves that can be
absorbed by the body are. It can also be concluded that when
the RF source is placed far from the body, the SAR value
decreases significantly.
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3.4. Antenna Measurement Results

Figure 12 shows a comparison of simulation results and mea-
sured reflection coefficients (511) of the antenna after the fab-
rication process. In the simulation results, the antenna shows a
resonance frequency of around 24 GHz with an (S11) value be-
low —30 dB. Meanwhile, the measurement results show reso-
nance that remains at around 24 GHz, but with a minimum (571)
value of around —18 dB. The difference between the simula-
tion results and the S7; measurements, which reached around
12 dB, can be explained by several physical factors that com-
monly occur in flexible antennas, especially at high frequen-
cies such as 24 GHz. One of these factors is the variation in
the dielectric properties of the substrate material after the fab-
rication process. The relative permittivity and thickness of the
substrate can change slightly due to heat pressure or stretch-
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FIGURE 12. A comparison of reflection coefficient (S11) simulation
and antenna measurement.

ing during the copper coating process, which can shift the res-
onance frequency by hundreds of megahertz and affect the S
value by several dB. In addition, imperfections in soldering and
SMA connector transitions also contribute to impedance mis-
match between the transmission line and the antenna. These
factors have been reported in studies [26] and [27]. Despite
these differences, the measurement results still show good an-
tenna performance because the reflection coefficient value is
below —10dB at the desired operating frequency. Therefore,
the produced antenna can be categorized as suitable for use in
applications in the 24 GHz frequency range.

Based on Table 6, the antennas in the previous literature
show different characteristics and performance focuses accord-
ing to their respective application requirements. For the 24 GHz
radar-based vital sign monitoring system, the proposed antenna
offers a combination of relevant parameters, especially in terms
of impedance matching, compact physical size, and structural
simplicity. This antenna shows the best impedance match-
ing performance with an S1; value of —39.27dB, which is a
lower value than all references [19] to [35], and ensures high
power transfer efficiency without requiring a multi-level struc-
ture or complex coupling techniques. The antenna dimensions
(26 x 22 x 0.78 mm?®) are not the smallest, but it can still be
categorized as a compact design and takes advantage of a single
patch configuration on a Rogers 5880 substrate, making the fab-
rication process easier than antennas that use layered substrates
or special materials such as ultra-thin LCP or SiOs. In addition,
the proposed design has a fairly wide bandwidth (1.355 GHz),
which contributes to the stability of radar operation under vary-
ing environmental conditions. Although some references offer
higher directivity, the directivity value of 5.29 dBi in this design
is suitable for short-range applications such as respiratory and
heart rate monitoring, which do not require high gain. Mean-
while, the radiation efficiency of 92.5% indicates that the an-
tenna is capable of maintaining good radiation performance de-
spite its simple structure. Therefore, the proposed design pro-
vides a suitable combination of matching performance, com-
pact size, structural simplicity, adequate bandwidth, and suffi-
cient gain for a 24 GHz vital sign monitoring radar system.
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4. CONCLUSION

A compact and efficient 24 GHz microstrip array antenna has
been successfully designed and analyzed for non-contact vi-
tal sign detection. Simulation and measurement results show
that the four-element array configuration provides the best
impedance matching (—39.27 dB), stable gain (5.29 dBi), and
directional radiation pattern at the target frequency. SAR anal-
ysis confirms that the antenna is safe for use near or in con-
tact with the human body in accordance with ICNIRP and FCC
safety standards. Additionally, bending performance evalua-
tion shows the antenna remains electrically stable even under
curved conditions, highlighting its suitability for wearable and
flexible biomedical systems. These findings confirm that the
proposed antenna design is a promising candidate for compact,
low-cost, and safe health-based radar applications, enabling ac-
curate and comfortable long-term vital sign monitoring.
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