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ABSTRACT: This paper introduces a compact dual-band wearable antenna designed for mmWave applications. The antenna is fabricated
on a Rogers 3003 semi-flexible substrate with dimensions of 15 × 15 × 1.52mm3 and features a circular radiating patch with a full
ground plane. Initially designed to resonate at 28GHz, the antenna incorporates a square split-ring resonator in the ground plane to
achieve an additional resonance at 38GHz. To improve bandwidth and gain, a round necktie configuration is applied by adding two
diagonal rectangular patches to the periphery of the radiating patch. The measured impedance bandwidths are 21.4% at 28GHz and
23.7% at 38GHz. The antenna achieves gains of 5.91 dBi and 4.57 dBi, with efficiencies of 90% and 78% at the respective operating
bands. Simulated SAR values are 0.57W/kg and 0.31W/kg for 1 g and 10 g of human tissue at 28GHz, and 0.18W/kg and 0.16W/kg
at 38GHz. These SAR values comply with FCC and ICNIRP safety standards. Additionally, bending tests illustrate that the antenna’s
performance was stable under deformation. As a result, the proposed antenna is ideal for fast connectivity 5G and biomedical applications
since it efficiently spans fundamental mmWave frequency ranges.

1. INTRODUCTION

Considering the goal of attaining greater data rates and a
broader bandwidth, 5G wireless communication has be-

come the subject of intensive study over the past decade [1, 2].
Among the many benefits of this approach are its capacity
to produce compact wireless gadgets, lower latency, and im-
proved reliability [3, 4]. In order to facilitate 5G deployment,
the Federal Communications Commission (FCC) has identified
certain frequency ranges between 3 and 300GHz, which ex-
perts have broken down into two groups: sub-6GHz and mil-
limeter wave (mmWave) band 24GHz and above [5–7]. The
intricate nature of the design procedure is increased when de-
veloping antennas for 5G mmWave communications because
of the need to carefully evaluate several elements, which in-
cludes bandwidth, gain, radiation characteristics, dimensions,
and difficulties including atmospheric attenuation [8–10]. Fur-
thermore, considering the widespread application in cutting-
edge 5G communication systems, the mmWave spectrum is
a crucial range of frequencies to investigate in the years to
come [11]. Moreover, wearable antennas are crucial to body-
worn devices because they transmit and receive information be-
tween body-worn devices and integrated devices. Thus, effec-
tiveness could be potentially affected, unlike with off-body an-
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tennas. The primary cause for that is lossy and uneven contact
with the human body [12–14]. Considering the human body
functions primarily as a barrier that prevents radio frequencies
from traveling through it, antenna optimization is crucial to
maximizing efficiency. The body absorbs a large portion of
these waves and transforms them into thermal energy [15–17].
Furthermore, it is crucial to examine how antennas affect tis-
sue in humans, which can be evaluated by taking the specific
absorption rate (SAR) limits into consideration. The rules of
both the FCC and International Commission on Non-Ionizing
Radiation Protection (ICNIRP) require adherence to these lim-
itations [18–20]. At the same time, care must be taken when
it comes to the antenna’s size, trying to keep it as small as
feasible [21]. Hence, wearable antenna for 5G wireless com-
munication design has been considered a challenging under-
taking. Several papers analyze the performance and design of
mmWave antennas for numerous applications. A 25.5/38GHz
patch antenna has been found to be compatible with internet
of things (IoT) applications in [22]. A coplanar waveguide-fed
patch with a matching strip operating at 28/39GHz is presented
in [23]. Slot-based and coaxial-fed rectangular patch anten-
nas operate at 33.5/60.8GHz and are tested for body placement
in medical IoT applications [24]. Four-element array antennas
for high-gain mmWave applications covering bands between
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FIGURE 1. Design stages, (a) stage 1, (b) stage 2, (c) stage 3.

23.41 and 45GHz are proposed in [25, 26]. Designs for high
bandwidth incorporate multiple resonators [27] and multi-band
operation is achieved using metamaterial and monopole con-
figurations [28]. A dual-band patch for portable 5G devices
operates at 28/38GHz [29]. Other innovations include donut-
shaped patches for enhanced gain at 28GHz [30] and flexi-
ble antennas for IoT, wearable devices, robotics, and health-
care [31–34]. Specific designs are presented for wearable ap-
plications, featuring highly flexible patches operating at 28.9–
31.75GHz, capable of data rates up to 1Gbps over 70–100m
in [35]. Moreover, the mmWave spectrum, offering wide band-
width and low latency, is a promising solution for medical
applications [36]. A triple-band coplanar waveguide (CPW)
monopole antenna designed for IoT was presented in [37],
achieving bandwidths of 22–30GHz, 37–39GHz, and 56.5–
61GHz, with gains of 5.29, 7.49, and 9 dBi and a SAR value
in the range of 0.9–0.62W/kg. Another design in [38] featured
a triple-band antenna for IoT applications by combining two
monopoles of varying lengths with a conducting stub at the
base. This design achieved bandwidths of 445MHz, 657MHz,
and 5.14GHz at 3.5GHz, 5.8GHz, and 28GHz, respectively,
with corresponding antenna gains of 1.86, 2.55, and 4.41 dBi.
However, due to the rigid properties of the materials used,

these antenna designs have several drawbacks, such as a bigger
overall size, less bandwidth, reduced gain, more back radia-
tion, and limited medical suitability. Additionally, this study’s
use of semi-flexible RT/duroid 3003 material has effectively
addressed the issues associated with the rigidity and inflexi-
bility of conventional antennas [39]. The wearable mmWave
antenna that operates across dual frequency bands is a signif-
icant research field, according to the aforementioned studies.
Thus, the wearable mmWave antenna is designed in the pro-
posed work.
The key contributions of this study are summarized as fol-

lows:

(a) The development of a dual-band patch antenna operating
at 28GHz and 38GHz, tailored for 5G applications.

(b) The antenna features a low-profile structure and is fabri-
cated on a flexible Rogers 3003 substrate, making it ideal
for wearable applications and integration into compact de-
vices.

(c) Bending investigation in mmWave frequencies: The an-
tenna’s performance is tested in both flat and bent con-
figurations, demonstrating its flexibility and suitability for
wearable technologies.

(d) SAR analysis inmmWave frequencies: The study includes
a comprehensive evaluation of SAR values, ensuring the
antenna’s safety for wearable and biomedical applications.

2. ANTENNA DESIGN AND EVOLUTION
2.1. Structure and Dimensions
Primarily the fundamental microstrip-fed antenna is used to
establish the design criteria for the antenna. The patch’s
measurements, such as its length and width, are then calcu-
lated using the transmission line model as described in [40].
The Computer Simulation TechnologyMicrowave Studio (CST
MWS)®software is used for evaluating changes that affect the
radiating plane’s surrounding sizes and optimize parameters.
An RT/duroid 3003 semi-flexible material (εr = 3, tan δ =
0.0013) with the thickness of 1.52mm was used as a substrate.
The proposed antenna design is developed in multiple stages,
with the corresponding figures illustrated in Fig. 1. In Stage 1,
a circular radiating patch is placed on the top of the substrate
with a full ground plane, as depicted in Fig. 1(a). This initial
antenna is designed to resonate at 28GHz. In Stage 2, a square
split ring resonator is incorporated into the ground plane to in-
troduce a second resonant frequency at 38GHz, as shown in
Fig. 1(b). Finally, to achieve optimal impedance matching and
enhance the bandwidth, a “round necktie” configuration is im-
plemented by adding two diagonal rectangular patches to the
periphery of the radiating patch, as illustrated in Fig. 1(c).
This final design effectively operates at the targeted frequen-

cies of 28GHz and 38GHz, making it suitable for 5GmmWave
applications. The finalized antenna geometry is presented in
Fig. 2. A total dimension of 15× 15× 1.52mm3 was selected.
A comparison of the simulated reflection coefficient (S11) at
various design stages is shown in Fig. 3.

2.2. Parametric Analysis
To evaluate the impact of design modifications on the antenna’s
performance, a comprehensive investigationwas conducted, in-
cluding a parametric study focusing on critical parameters such
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FIGURE 2. Proposed antenna, (a) front, (b) back. Antennas dimensions are L = 15mm,W = 15mm, R1 = 5.4mm, R2 = 2.2mm,W1 = 1mm,
L1 = 3.4mm,W2 = 1mm, L2 = 4mm,Wf = 1.8mm, Lf = 3.7mm, Ls = 7.6mm,Ws = 7.6mm, g = 0.75mm, a = 1mm, b = 0.7mm.

FIGURE 3. S11 comparison of the proposed antenna at various design
stages.

FIGURE 4. S11 changes with R2.

as R2, g, a, and L2. The goal of this analysis was to identify
the optimal values for these parameters to enable precise tun-
ing of the antenna design. This tuning aimed to enhance the
antenna’s efficiency, broaden its frequency range, and improve

FIGURE 5. S11 changes with g.

signal reception for mmWave applications. The study began by
optimizing the inner radius (R2) of the circular patch within the
range of 1.7mm to 2.5mm. An optimal value of 2.2mm was
identified, providing superior coverage of the target mmWave
frequency bands and contributing to improved signal reception
and performance as seen in Fig. 4. For the gap (g) in the square
split-ring resonator, which affects the 38GHz frequency band
(Fig. 5), the parameter was varied from 0.4mm to 0.9mm. The
study found that an optimal gap of 0.75mm achieved the best
coverage for the 38GHz frequency band, thus optimizing the
antenna design for improved efficiency and broader frequency
coverage. Additionally, the slot (a) in the square split-ring
resonator, shown in Fig. 6 was optimized within the range of
0.7mm to 1.2mm. The optimal slot length of 1.0mm was de-
termined, enhancing the overall performance of the antenna for
mmWave applications. Finally, the effect ofL2 on antenna per-
formance was analyzed, as presented in Fig. 7. The parameter
L2was varied from 1.0mm to 5.0mm, with an optimal value of
4.0mm found to maximize antenna performance. This detailed
parametric study highlights the critical dimensions influencing
the antenna’s performance, enabling precise tuning to achieve
improved efficiency, wider frequency coverage, and enhanced
signal reception for mmWave applications.
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FIGURE 6. S11 changes with a. FIGURE 7. S11 changes with L2.

3. RESULTS AND ANALYSIS
The fabricated antenna was utilized to validate the proposed
design, as shown in Fig. 8. The S11 was evaluated through
both simulation andmeasurement with the results seen in Fig. 9.
Measurements revealed enhanced performance in the first reso-
nant band, attributed to its inherently stronger response. Slight
variations in the measured results can be linked to the very
thin feedline, which might have resulted in minor misalign-
ment during the soldering process. Nevertheless, the resonance
frequencies in both the measured and simulated results align
closely. This confirms that the antenna operates in dual-band

(a) (b)

FIGURE 8. Prototype antenna. (a) Front side. (b) Back side.

FIGURE 9. S11 comparison.

mode, resonating at both 28GHz and 38GHz. The current dis-
tribution of the proposed antenna is depicted in Fig. 10. At
28GHz, the current is primarily concentrated around the circu-
lar slots, suggesting that these slots play a key role in generating
the 28GHz resonance. Conversely, at the higher resonant fre-
quency of 38GHz, the maximum current is localized near the
square split-ring resonator (SSRR). Fig. 11 illustrates the mea-
sured and simulated radiation patterns. At 38GHz, the mea-
sured patterns demonstrate omnidirectional behavior in theH-
plane and directional behavior in theE-plane, closely matching
the simulated outcomes in Fig. 11(a). A small deviation, how-

(a) (b)

FIGURE 10. Current distributions of the proposed antenna. (a) 28GHz,
(b) 38GHz.

(a) (b)

FIGURE 11. Radiation patterns of the proposed antenna. (a) 28GHz,
(b) 38GHz.
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FIGURE 12. Gain vs efficiency of the proposed antenna.

ever, is seen in the measured patterns at 38GHz relative to the
simulation in Fig. 11(b), potentially caused by cable losses.
The antenna achieves a measured gain of 5.91 dBi at 28GHz

and 4.57 dBi at 38GHz, with corresponding efficiencies of 90%
and 78%, respectively, as illustrated in Fig. 12. These find-
ings indicate that the antenna maintains consistent gain for sig-
nal transmission and reception across its operational bandwidth,
highlighting its suitability for 5G and wearable applications.

4. BENDING ANALYSIS
Wearable antennas are made to adapt to the surface of the hu-
man body and tolerate bending while in use in a variety of ap-
plications. This demands assessing how well they function un-
der bending situations, especially in medical applications. In
order to guarantee reliable performance, it is essential to inves-
tigate their behaviour under various bending configurations in
an unhindered condition prior to analyzing the effects of body
tissue loading. Two orientations were examined, specifically
along the x- and y-axes. Fig. 13 depicts bending along the x-
axis at diameters (d) of 50mm, 70mm, 90mm, and 110mm.
Fig. 14 displays the matching S11 graphs. As the diameter in-
creases, these figures show a tiny upward shift in the matching
of the S11 at the upper resonant frequency of 38GHz. Fig. 15
shows the realized gain at various bending diameters along the
x-axis. It shows that the antenna’s peak realized gain is approx-

FIGURE 13. Proposed antenna under bending in the x-axis.

FIGURE 14. S11 under bending conditions in the x-axis.

FIGURE 15. Gain under bending in the x-axis.

imately 5.25 dBi and stays relatively constant at both working
bands. Similarly, the y-axis bending analysis for different di-
ameters is presented in Fig. 16. With increasing bending diame-
ter, both resonant frequencies experience a slight upward shift,
accompanied by improved antenna matching, as illustrated in
Fig. 17. Additionally, the peak realized gain of the bent an-
tenna at 28GHz and 38GHz shows a minor upward shift, as
depicted in Fig. 18. This study demonstrates that the resonance
and gain of the antenna remain consistent across different bend-
ing orientations and diameters, making it suitable for wearable
electronics, IoT, and biomedical applications.

5. SAR INVESTIGATION
Wearable antennas must account for SAR values because of
their direct exposure to the human body. Compliance with reg-
ulatory standards, such as those set by the FCC and ICNIRP, is
essential, with maximum thresholds defined as 1.6W/kg for 1 g
of tissue and 2W/kg for 10 g of tissue [41, 42]. The SAR val-
ues are computed in CST MWS®software following the IEEE
C95.1 standard. A four-layer human body tissue model com-
prising skin, fat, muscle, and bone is utilized for these simula-
tions, as illustrated in Fig. 19. The material properties of these
tissue layers are adopted from [41].
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FIGURE 16. Proposed antenna under bending in the y-axis.

FIGURE 17. S11 under bending conditions in the y-axis. FIGURE 18. Gain under bending in the y-axis.

TABLE 1. SAR values for 1/10 g for varying incident power.

Power (mW) 50 100 150 200

Mass of human tissue (g) 1 10 1 10 1 10 1 10

Frequency (GHz) SAR values (W/kg)

28 0.22 0.27 0.37 0.29 0.57 0.31 0.69 0.77

38 0.06 0.04 0.09 0.05 0.18 0.16 0.25 0.31

FIGURE 19. Human body tissue model.

To evaluate SAR values, input power levels ranging from
50 to 200mW were applied. Table 1 presents the simulated
SAR values for 1 g and 10 g of human tissue at 28GHz and

38GHz under different input power levels. The table shows
a decrease in SAR values at higher frequencies, likely due to
the dielectric properties of human tissues. The SAR values of
the antenna are depicted in Figs. 20 and 21. At 28GHz and
an input power of 150mW, the SAR values for 1 g and 10 g
of human tissue are 0.57W/kg and 0.31W/kg, respectively, as
seen in Figs. 20(a) and 20(b). At 38GHz, the SAR values are
0.18W/kg and 0.16W/kg, as shown in Figs. 21(a) and 21(b).
These results demonstrate that the antenna’s SAR values meet
the safety standards set by the FCC and ICNIRP.
Table 2 presents a comparative analysis of the proposed an-

tenna’s performance against existing designs. The developed
antenna exhibits notably more compact dimensions than most
counterparts listed in the table. Analysis reveals that its physi-
cal size is markedly reduced relative to earlier implementations.
Furthermore, the design achieves satisfactory operational met-
rics including bandwidth, SAR values, gain, and efficiency at
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(a) (b)

FIGURE 20. SAR values with human body tissue model at 28GHz (a)
1 g (b) 10 g.

(a) (b)

FIGURE 21. SAR values with human body tissue model at 38GHz (a)
1 g (b) 10 g.

TABLE 2. Comparison of the proposed antenna performance with that of earlier research.

Ref.
Dimension
(mm2)

Frequency
(GHz)

Substrate
Material

Bandwidth
(%)

Gain
(dBi)

SAR
(W/kg)

Efficiency
(%)

[2] 12× 3× 0.25 28/38 Rogers 2.4/2.26 5.36/5.5 0.91/1.36 70/71
[22] 6× 6× 0.25 26/28 Rogers 5.9/6.6 7.4/7.9 0.063/0.0206 NA
[29] 14× 12× 0.38 28/38 Rogers 9.1/5.52 1.27/1.83 NA 78/76
[31] 19.5× 21.8× 2 25/38 Cotton 12/4.9 4/3.5 NA 37/49
[37] 4× 3× 0.25 27/38 Rogers 29/3.9 5.29/7.49 0.9/0.62 65/70
[43] 25× 15× 0.5 28/38 Taconic 3.8/9 8.4/6.1 NA 84/99
[44] 12× 12× 0.25 28/40 Rogers 28/7.5 4.9/4.2 NA 82/85

This work 15× 15× 1.52 28/38 Rogers 21.4/23.7 5.91/4.57 0.57/0.18 90/78

target resonant frequencies. The data in Table 2 underscores
the antenna’s superiority over prior designs, highlighting its en-
hanced performance across multiple parameters.

6. CONCLUSION
This study introduces a compact dual-band wearable antenna
tailored for mmWave applications. Fabricated on a Rogers
3003 dielectric substrate, the antenna measures 15 × 15 ×
1.52mm3. Its design features a circular radiating patch on the
top layer and a full ground plane on the bottom. While ini-
tially designed for single-band operation at 28GHz, the inte-
gration of an SSRR into the ground plane enabled dual-band
resonance, achieving an additional operational frequency at
38GHz. To enhance bandwidth and gain, two rectangular
patches were diagonally positioned along the radiating element,
forming a bowtie-inspired configuration. Experimental results
reveal impedance bandwidths of 21.4% and 23.7% at 28GHz
and 38GHz, respectively. The antenna exhibits peak gains of
5.91 dBi and 4.57 dBi with radiation efficiencies of 90% and
78% in the respective bands. Simulated SAR values for 1 g
and 10 g tissue samples remain well below regulatory thresh-
olds (0.57/0.31W/kg at 28GHz; 0.18/0.16W/kg at 38GHz),
complying with FCC and ICNIRP safety guidelines. Bend-
ing tests confirm the antenna’s stable performance under de-
formation, underscoring its robustness for wearable use. It has
compact size, dual-band operation, and compliance with safety
standards, positioning the antenna as a viable solution for 5G
systems and biomedical wearable technologies.
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