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Abstract: Advancement in smartwatch sensors and connectivity features demands low latency
communication with a wide bandwidth. ISM bands below 6 GHz are reaching a threshold. The
millimeter-wave (mmWave) spectrum is the solution for future smartwatch applications. Therefore,
a compact dual-band antenna operating at 25.5 and 38 GHz is presented here. The characteristics
mode theory (CMT) aids the antenna design process by exciting Mode 1 and 2 as well as Mode 1–3
at their respective bands. In addition, the antenna structure generates two traverse modes, TM10

and TM02, at the lower and higher frequency bands. The antenna measured a bandwidth (BW) of
1.5 (25–26.5 GHz) and 2.5 GHz (37–39.5 GHz) with a maximum gain of 7.4 and 7.3 dBi, respectively.
The antenna performance within the watch case (stainless steel) showed a stable |S11| with a gain
improvement of 9.9 and 10.9 dBi and a specific absorption rate (SAR) of 0.063 and 0.0206 W/kg,
respectively, at the lower and higher bands. The link budget analysis for various rotation angles of
the watch indicated that, for a link margin of 20 dB, the antenna can transmit/receive 1 Gbps of data.
However, significant fading was noticed at certain angles due to the shadowing effect caused by the
watch case itself. Nonetheless, the antenna has a workable bandwidth, a high gain, and a low SAR,
making it suitable for smartwatch and IoT applications.

Keywords: dual-band; IoT; link margin; millimeter wave antenna; SAR; smartwatch

1. Introduction

Smartwatches (SWs) have become an integral part of our lives, as they are used for
health and fitness parameter tracking, entertainment, phone calls, controlling other Internet
of Things (IoT) devices, Global Positioning System (GPS) navigation, and so on [1]. In 2023
alone, it is estimated that there are 210.8 million SW users globally, which is expected to
grow to 229.51 million users by 2027 [2]. With the rapid development in technology, SWs
are loaded with sophisticated sensors to record physiological data such as respiratory [3],
cardiac activity [4,5], and blood pressure [6]. The telemetry of these data from SW to the
remote diagnostic center via the internet requires seamless connectivity. A precisely tailored
antenna with a compact design, a low specific absorption rate (SAR), a good radiation
pattern, a high gain, and an ease of embedding in SWs can bridge this gap.

The 0.472λ0 × 0.472λ0 (with λ0 at 2.44 GHz) antenna can house a ground plane with
four vertical metal rims [7]. This results in a low SAR of 1.24 and 1.44 W/kg for SW
applications at 2.44 and 3.5 GHz, respectively. In [7], a metal ring-shaped antenna of 23 mm
for bezel SW is proposed. The antenna efficiency and low electric-field distribution on
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the wrist were improved by placing a metal plate at the bottom. However, the actual
bandwidth (BW) was 66 and 101 MHz at 1.55 and 2.4 GHz, respectively. As described
in [8], multiple inverted L-shaped structures were etched on a 0.3λ0 × 0.35λ0 substrate
operating at 0.88–0.96, 2.4–2.48, 3.3–50, and 5.1–5.8 GHz, achieving SAR in the range of
0.84–1.21 W/kg. In the later designs, the SW screen effect was not considered. Generally,
the SW screen has a printed circuit board (PCB) with perfect electric conductor (PEC)
cladding that supports the SW screen. Thus, embedding the antenna below the screen
affects the radiation pattern. In [9], these effects were studied by considering flexible
printed circuit (FPC) communication strips. The FPC strips carried signals to/from the PCB
board to the SW screen. Two conductive tape-based structures were carved on a flexible
printed circuit (FPC) to provide shielding. The length of these tapes was tuned to achieve
resonances at 1.6, 2.4, 3.5, and 4.8 GHz with a structure dimension of 0.23λ0 × 0.28λ0.

The above-discussed structures have a large antenna profile with narrow bandwidths.
The forthcoming SW is expected to support video calling and video streaming. Therefore,
the millimeter wave spectrum that offers a wide bandwidth with low latency is the solution
for personal area IoT applications [10]. In [11], a triple-band CPW monopole antenna was
proposed for IoT applications with bandwidths of 22–30, 37–39, and 56.5–61 GHz. They
achieved a SAR in the 0.9–0.62 W/kg range and a gain of 5.29, 7.49, and 9 dBi. Another
design in [12] proposed a triple-band antenna for IoT applications. The structure with a
dimension of 2.8λ0 × 2.35λ0 (with λ0 at 28 GHz) combined two varied-length monopoles
with a conducting stub at the bottom. The achieved bandwidths were 445 MHz, 657 MHz,
and 5.14 GHz at 3.5, 5.8, and 28 GHz, and an antenna gain of 1.86, 2.55, and 4.41 dBi.

Very few designs exist that are suitable for SW IoT applications. Therefore, we de-
signed a compact dual-band 0.51λ0 × 0.51λ0 (with λ0 at 25.5 GHz) antenna with measured
antenna bandwidths of 1.5 (25–26.5 GHz) and 2.5 GHz (37–39.5 GHz) and gains of 7.4 and
7.9 dBi, respectively. The antenna evolved through characteristic mode analysis (CMA),
which was first proposed by Garbacz [13,14], providing a physical insight into an arbitrarily
shaped antenna. Recently, CMA has been used to aid the design and configuration of
MIMO, circular polarization, dual-polarization [15], and reconfigurable antennas [16,17].
The electromagnetic behavior of the antenna is mathematically modeled using weighted
eigenvalue (λn), which depicts the number of significant modes that contribute to the
resonance and provides information on the orthogonal electric field and surface current
distribution of these modes [18]. It also provides information about the modes impedance
characteristics, be they purely resistive, inductive, or capacitive. This information aids in
tuning the antenna close to the ideal radiating conditions. The solution to λn conceptual-
izes the radiator’s resonance, inductive, or capacitive mode [19], which can be altered by
modifying the antenna structure.

The antenna performance was studied for SW applications by placing it inside a watch
case with the material properties of stainless steel. The top of the watch case was covered
with a reinforced glass of PTFE material. The proposed antenna with stainless steel at the
bottom resulted in the lowest SAR of 0.063 and 0.0206 W/kg at respective bands. The SW
and mobile phone link budget analysis was performed at 0.5 m for different watch angles.
This showed satisfactory results with data supports of up to 1 Gbps. Therefore, the major
contributions of this study are as follows:

1. the design and development of a compact dual-band antenna with the aid of characteris-
tic mode theory to comprehend the resonant modes and their resultant radiation pattern;

2. an analysis of the performance of the proposed antenna for smartwatch applications
by embedding it inside the watch case;

3. a study of the RF energy exposure to the human body caused by the proposed antenna
with a watch case;

4. an estimation of the data handling capacity of the proposed antenna for a smartwatch
at various angles in three-dimensional space.
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2. Characteristic Mode-Based Antenna Methodology

The characteristic mode analysis (CMA) is a rapid development tool applied to the
antenna development stages to comprehend its performance and radiation pattern. The
structure was modified to achieve the desired results. CMA estimates the effective modes
of an arbitrarily shaped antenna structure, where the first five modes are mostly found
to be significant. However, modifying the structure and changing the feed position can
generate undesired modes. In Stage 1 of the antenna design, an initial rectangular patch
antenna was designed based on the design equations in [20] for a resonating frequency of
25.5 GHz.

From the above calculations, the approximate patch width and length were 4.65 and
3.718 mm, respectively. However, to retain compactness and to study the modified structure
behavior, the patch width and length were chosen to be 5 and 3 mm in the first stage, as
shown in Figure 1a. For CMA, a 0.51λ0 × 0.51λ0 lossless Roger 5880 substrate with a
thickness of 0.25 mm and relative permittivity (εr) of 2.2 was selected. The electromagnetic
simulation software CST v21 was used to analyze antenna development stages without port
excitation. The antenna was designed to generate dual-band resonances at 25.5 and 38 GHz.
Therefore, the CMA was performed separately for each of these frequencies. During CMA,
the total surface current on the antenna structure of the patch and ground plane was
estimated by considering the sum of the eigenvector (Jn) using Equation (1) [15,18].

J = ∑n
Vn Jn

1 + jλn
(1)

where Vn is the model-excitation coefficient. The Vn along with model significance (MS)
defines the significant modes at desired frequencies, where MS =

∣∣∣ 1
1+jλn

∣∣∣. In Figure 1b,
the modal significance graph indicates that Mode 1 and 2 are significant at 25.5 GHz,
Mode 1–3 are significant at 28 GHz with a wide bandwidth, and Mode 1–5 are significant
at 38.5 GHz with a narrow bandwidth. The convergence of these modes eigenvalue (λn)
to zero indicates that the modes are resonant. However, the modes with an eigenvalue
(λn) > or <0 are non-resonant inductive and capacitive modes. These modes store the
energy in the form of electric and magnetic fields in the near-field region. The eigenvalue
(λn) indicates that Mode 1–3 and 1–4 at 28 and 38.5 GHz are resonances, as shown in
Figure 1c.

The characteristics angle (CA) is another feature of CMA, which represents the reso-
nant and non-resonant modes by analyzing the phase lag between the electric field and
surface current on the antenna structure. It is represented in terms of angle (αn). The
characteristics angle in Figure 1d depicts that Mode 1–3 from 27–28.5 GHz have zero eigen-
values, resulting in αn = 180

◦
, which means these modes are resonant modes with good

impedance matching. Beyond this frequency, the Mode 1 and 2 surface current’s phase
lag from the electric field led to an inductive (non-resonant mode) mode. At 38.5 GHz, a
poor impedance matching with a narrow bandwidth can be seen due to the summation of
phase-lead and phase-lag of Mode 3 and 5 and Mode 2, respectively. The port excitation
corroborates in the same manner, which indicates that, at 30 GHz, a good impedance
matching |S11| of 37 dB with a bandwidth of 29.5–30.5 GHz is achieved, as shown in
Figure 1e. However, at 38 GHz, due to inductive and capacitive Mode 2, 3, and 5, a poor
impedance matching of 12 dB can be seen. Therefore, the CMA estimation for the first stage
closely agrees with the port excitation results.

The sum of all modes of eigenvector currents (Jn) represents the total current on
the antenna structure. In Figure 2, the eigenvector current (Jn) is concentrated over the
antenna surface edges. Based on the Jn movement and direction, the respective modes
characterize the radiation behavior. The eigenvector current and radiation pattern of the
respective modes at 25.50 and 38 GHz are shown in Figure 2a,b, respectively. In Figure 2a,
Mode 1 and 2 have in-phase vector currents (currents on the parallel edges are in the same
direction) along the vertical/horizontal edges of the ground (black arrow) and radiator (red
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arrow). Mode 1 has an in-phase current along the vertical edges, causing a bidirectional
radiation pattern with a null in the azimuthal plane at ϕ = 0◦.

Sensors 2024, 24, x FOR PEER REVIEW  4  of  19 
 

 

     

(a)  (b)  (c) 

   

 

(d)  (e)   

Figure 1. CMA of Mode 1–5 and reflection coefficients of the Stage 1 MS antenna. (a) Stage 1 antenna 

(dimensions in mm), (b) modal significance, (c) eigenvalues, (d) characteristic angle, and (e) reflec-

tion coefficient with port excitation. 

The sum of all modes of eigenvector currents (Jn) represents the total current on the 

antenna structure. In Figure 2, the eigenvector current (Jn) is concentrated over the antenna 

surface edges. Based on the Jn movement and direction, the respective modes characterize 

the radiation behavior. The eigenvector current and radiation pattern of  the respective 

modes at 25.50 and 38 GHz are shown in Figure 2a,b, respectively. In Figure 2a, Mode 1 

and 2 have in-phase vector currents (currents on the parallel edges are in the same direc-

tion) along  the vertical/horizontal edges of  the ground  (black arrow) and radiator  (red 

arrow). Mode 1 has an in-phase current along the vertical edges, causing a bidirectional 

radiation pattern with a null in the azimuthal plane at ϕ = 0°. 

Similarly, Mode 2 has an in-phase current at horizontal edges, providing a bidirec-

tional radiation pattern with nulls in the azimuthal plane at ϕ = 90°. Mode 3–5 have an 

anti-phase eigenvector  current  (current  in  the opposite direction of  the parallel edges) 

along  the antenna edges. Thus, a quad/end-fire  radiation pattern  is  formed, as seen  in 

Figure 2a. 

Similar effects can be observed in Figure 2b at 38 GHz but with the most current in 

the radiator. Mode 1 and 2 have an in-phase current on one set of parallel edges and an 

anti-phase current on the other, resulting in bidirectional quad radiation. However, Mode 

3–5 have an anti-phase current, resulting in end-fire radiation. 

Figure 1. CMA of Mode 1–5 and reflection coefficients of the Stage 1 MS antenna. (a) Stage 1 antenna
(dimensions in mm), (b) modal significance, (c) eigenvalues, (d) characteristic angle, and (e) reflection
coefficient with port excitation.

Similarly, Mode 2 has an in-phase current at horizontal edges, providing a bidirectional
radiation pattern with nulls in the azimuthal plane at ϕ = 90◦. Mode 3–5 have an anti-
phase eigenvector current (current in the opposite direction of the parallel edges) along the
antenna edges. Thus, a quad/end-fire radiation pattern is formed, as seen in Figure 2a.

Similar effects can be observed in Figure 2b at 38 GHz but with the most current
in the radiator. Mode 1 and 2 have an in-phase current on one set of parallel edges and
an anti-phase current on the other, resulting in bidirectional quad radiation. However,
Mode 3–5 have an anti-phase current, resulting in end-fire radiation.

As discussed above, the first resonance occurred at 30 GHz with good impedance
matching and the second at 38 GHz with poor impedance matching. Further, in Stage 2,
to decrease the first resonance to the expected frequency of 25.5 GHz and improve the
impedance matching at 38 GHz, a semi-elliptical stub was added at the bottom of the
radiator, as displayed in Figure 3a. From the CMA of Stage 2, the results of the MS in
Figure 3b indicate that Mode 1–3 drifted from 30 to 28 GHz due to structure modification.
However, at 25.5 GHz, only Mode 1 and 2 were found to be significant. On the other hand,
Mode 1, 2, 3, and 5 drifted slightly higher, from 38.5 to 39 GHz. The eigenvalue of these
modes converged to zero, as shown in Figure 3c, at respective frequencies, resulting in
resonant modes with bandwidths of 24.1–26, 27–28, and 37.5–39 GHz. The characteristic
angle shows a 180◦ phase lag between the surface current and the electric field at 25.5, 28,
and 39 GHz of the resonant modes. However, the Mode 5 surface current led the electric
field by 210◦ until 39 GHz, abruptly changing to a phase lag of 120◦ after 39 GHz. The
Mode 4 surface current had a phase lag of 150◦ from 36 to 40 GHz. Due to these phase
differences in Mode 4 and 5, the structure could not radiate complete energy at 39 GHz. As
a result, an impedance mismatch occurred. The port excitation substantiated the CMA. The
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results indicate the occurrence of resonances at 28 and 38 GHz with impedance matching
of 25 and 10.5 dB, as shown in Figure 3e.
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Figure 2. Eigenvector current Jn on the surface of Stage 1 and its respective radiation pattern at
(a) 25.50 GHz and (b) 38 GHz.

Figure 4 represents the eigenvector current at 25.5 and 38 GHz. From the above
eigenvalue and characteristic angle, only Mode 1 and 2 are resonant, but these are insuffi-
cient to generate the resonance at 25.5 GHz. This is evident from the eigenvector current
in Figure 4a, as most of the current is in the ground plane rather than the radiator. At
38 GHz, Mode 1–3 have an in-phase current generating resonance, as shown in Figure 4b.
However, an anti-phase current arose due to the non-resonant Mode 4 and 5, causing
impedance matching.

Stage 3 with a semi-elliptical stub at the top of the radiator was introduced, as dis-
played in Figure 5a, to lower the resonance from 28 to 25.5 GHz and to improve the
impedance matching at 38 GHz. This improved the significance of Mode 1–3 at 25.5 and
38 GHz, as shown in Figure 5b. The convergence of these modes to zero in the eigenvalue,
as shown in Figure 5c, represents resonant modes (Mode 3 at 25.5 GHz is partially resonant)
with bandwidths of 25–27 and 37–39 GHz. Mode 1–3 have an approximately 180◦ phase
lag between the surface current and the electric field, as represented by the characteristics
angle in Figure 5d. The modification to the structure significantly suppressed Mode 4 and 5
at 25.5 and 38 GHz. With the port excitation, dual-resonance can be seen in Figure 5e at
25.5 and 38 GHz with good impedance matching of 17.5 dB and 22.5 dB. It achieved a
25–25.9 GHz and 37.9–38.9 GHz bandwidth.
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The eigenvector current of Mode 1 and 2 at 25.5 GHz has an in-phase current resulting
in bidirectional radiation, as shown in Figure 6a. At 38 GHz (Figure 6b), Mode 1 has an
in-phase current along the vertical edges and an anti-phase current along the horizontal
edges, resulting in bidirectional quad radiation. Similarly, in Mode 2, there are in-phase
currents along horizontal edges and anti-phase currents along vertical edges. Though
Mode 5 is largely capacitive, its surface current impacts the radiation patterns.
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3. Current Distribution with Port Excitation

From the above CMA and port excitation, it is shown that the structure generates dual
resonance at 25.5 and 38 GHz. Figure 7 indicates the current oscillation at the respective
frequencies when the port is excited. At 25.5 GHz, the current oscillation is along the
±x-axis (i.e., vertical oscillation) because the patch length at the center is close to half-
wavelength at 25.5 GHz, which is 0.4λ0 in this case. The current is at its maximum in the
feed and the center of the patch along the x-axis. This gives rise to the TM10 mode at this
frequency. However, at 38 GHz, the current oscillation in Figure 7b can be seen along the
±y-axis because the patch width is close to half-wavelength at 38 GHz, which is 0.6λ0 in
this case. Two current maximums along the patch width give rise to the TM02 mode at
this frequency.
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4. Parametric Analysis of Antenna Elliptical Structure

In this section, parametric analysis of two variables, BEL and TEL, is performed to
study the effect of resonance change due to the radiator length change and its impact on
the antenna impedance. Here, one variable is maintained at 0.5 mm, and the other varies
from 0.1 to 0.6 mm. In the first case, TEL is kept at 0.5 mm, and BEL is varied. With the
BEL at 0.1 mm, the overall length of the patch is reduced. Thus, the first resonance occurs
at 27 GHz with an impedance matching of 22 dB because the impedance is purely real
with 50 Ω at 27 GHz, as shown in Figure 8b. However, the reduced length impacts the
impedance at 38 GHz with a poor impedance matching of 11 dB, as shown in Figure 8a.
This is because the impedance at this frequency has a small inductance effect with a total
impedance Z of 42 + j37 Ω. Further, with the patch length increase and a BEL from 0.2 to
0.6 mm, the first resonance drifts to lower frequencies with little decrease in impedance
matching. This is because, as the patch length increases, the resonance decreases. At the
second resonance, there is no effect on frequency drift. However, impedance matching is
improved to a minimum of 30 dB.

In the second case, BEL is maintained at 0.5 mm, and TEL varies from 0.1 to 0.6 mm. A
similar response can be observed compared to that of BEL. However, for TEL = 0.1 mm, the
impedance matching at 25.5 and 38 GHz is good with 20 and 15 dB, as shown in Figure 9a.
At 25.5 and 38 GHz, the impedance is real and close to 50 Ω, as displayed in Figure 9b,c.
With a further increase in TEL from 0.2 to 0.6 mm, the first resonance is decreasing, and the
second resonance impedance is improving, similar to the earlier case.
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5. Results and Discussion
5.1. Reflection Coefficients and Radiation Patterns in Free Space

The proposed antenna was fabricated, as shown in Figure 10a. The antenna reflection
coefficient |S11| was measured using the Keysight vector network analyzer, which ranges
from 300 KHz to 44 GHz. The connectors used also supported RF signal feeding up to
50 GHz. The |S11| measurement setup is shown in Figure 10b. The CMA results indicate
that Mode 1 and 2 are resonant, with Mode 3 partially contributing to the resonance at
25.5 GHz with a bandwidth of 24–27 GHz. At 38 GHz, Mode 1–3 are resonant with a
bandwidth of 26.2–39.3 GHz. The high-frequency simulation software (HFSS) version 21.0
results illustrate the occurrence of two resonances at 25.5 and 38 GHz with a bandwidth
of 750 MHz (25–25.75 GHz) and 1 GHz (37.92–38.92 GHz). The measured |S11| shows
resonance at 25.85 and 38 GHz with bandwidths of 1.5 GHz (25–26.5 GHz) and 2.5 GHz
(37–39.5 GHz), as displayed in Figure 11a. The deviation in the measured results may be
due to fabrication tolerance, cable, and connector losses. The procured connectors (the best
available in the market) also have a 1.2 mm gap between the center signal and ground lead.
When the antenna is fitted inside, a gap of 0.94 mm still exists that is filled with excessive
soldering lead, as shown in Figure 12. Above all, the proposed antenna is very small and
lacks industrial standard soldering tools, necessitating manual soldering that causes a
lead spread on the ground plane. All of this impacts the antenna’s performance, causing
deviations in the measurement results, as shown in Figure 11. However, the measured
results are considerable compared to the simulated results. The antenna has an almost
constant simulated and measured gain of 7.4 and 7.9 dBi at first resonance. Nonetheless,
at second resonance, the gain almost linearly increases with the maximum simulated and
measured gains of 7.4 and 7.3 dBi, as shown in Figure 11b.
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As discussed in the current distribution section, the proposed antenna generates TM10
and TM02 at 25.5 and 38 GHz, respectively. Due to these modes, the radiation is a single
beam in the broadside direction at 25.5 GHz, whereas two beams at 38 GHz are tilted at
36◦. Therefore, the radiation pattern is measured on the XZ- and YZ-planes at 25.5 GHz
(Figure 13a,b), whereas, at 38 GHz, only the YZ-plane is considered (Figure 13c). The
simulated and measured half-power-beamwidths (HPBWs) at 25.5 GHz are 78◦ and 62◦

on the XZ-plane. On the YZ-plane, they are 82◦ and 62◦. At 38 GHz, the simulated and
measured HPBWs are 58◦ and 45◦.
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Figure 13. Simulated and measured radiation patterns. (a) The XZ-plane at 25.5 GHz, (b) the YZ-plane
at 25.5 GHz, and (c) the YZ-plane at 38 GHz.

5.2. Antenna Performance with Watch Case

Since the proposed antenna is for SW applications, its performance was studied
by placing it inside a round dial watch case of 23 mm radius and a height of 9 mm, as
displayed in Figure 14. The watch body case was considered as stainless steel with a relative
permittivity of 1. The watch top was covered with reinforced glass of PTFE material with
a relative permittivity of 2.5. The antenna was placed at a height of 2.5 mm from the
bottom of the watch case. At 25.5 GHz, a slight decrease in impedance occurs due to the
formation of a negative image current on the metallic surface of the watch case [21,22].
However, at 38 GHz, the impedance is significantly increased. The reflection coefficient
|S11| is shown in Figure 15. Nonetheless, other than an increase in the front-to-back ratio of
radiation due to the metallic casing, the antenna performance is not strongly affected. The
electric field distribution in and around the watch case is presented in Figures 16 and 17.
On the XY-plane at 25.5 GHz, the E-field is concentrated inside the watch case mostly
along the x-axis due to TM10, as illustrated in Figure 16a. Outside the case, a minor E-field
distribution can be seen at the front and back of the watch lug. Figure 16b,c show the
E-field along the XZ- and YZ-planes. It is shown that the E-field intensity is in the broadside
direction. The radiation pattern in Figure 16d shows a directional beam with an HPBW of
30◦ on the XZ- and YZ-planes with a maximum gain of 9.9 dBi. In the case of 38 GHz, the
E-field distribution is on the y-axis of the XY-plane due to TM02, as depicted in Figure 17a.
The E-field is mostly concentrated inside the case, and some intensity can be seen along and
opposite the watch crown side. Figure 17b,c show the E-field on the XZ- and YZ-planes.
The intensity of the field is maximum on the YZ-plane in two directions, approximately
±36◦. The radiation pattern with two beams on the YZ-plane is shown in Figure 17d with
an HPBW of 46◦ and a maximum gain of 10.9 dBi.
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Figure 16. Electric field distribution and radiation patterns at 25.5 GHz with the antenna inside the
watch case. (a) The XY-plane, (b) the XZ-plane, (c) the YZ-plane, and (d) the radiation pattern on
the YZ-plane.

5.3. SAR Analysis

This section presents the study of the RF energy absorption on human tissue generated
from the designed antenna, as the proposed design is for wearable smartwatch applica-
tions. As per new guidelines of the International Commission for Non-Ionizing Radiation
Protection (ICNIRP), the absorption rate is mainly at the skin layer with less than 1 cm for
frequencies >6 GHz [23,24]. However, a three-layer phantom model was developed with
skin, fat, and muscle to study the absorption rate, as displayed in Figure 18. The dielectric
properties of human tissue vary over the body and the different frequencies. Therefore, the
tissue parameters are considered from a verified dataset of the IT’IS foundation [25]. Table 1
presents the dielectric property, electrical conductivity, and density of tissues considered for



Sensors 2024, 24, 103 13 of 18

our analysis at 25.5 and 38 GHz. Due to the limitation of computation resources, the watch
case is replaced by the watch back case only, which is of a 1 mm thickness and a 23 mm
radius. The antenna is placed 2.5 mm above this case. The analysis shows that the SAR is
0.063 and 0.0206 W/kg at 25.5 and 38 GHz, respectively, as displayed in Figure 19. There
are two reasons for the low SAR value: (i) The antenna has a full ground plane, and (ii) the
antenna is backed by a watch back case that behaves as a reflector for electromagnetic
energy. Consequently, the results are satisfactory, suggesting that the antenna is suitable for
wearable smartwatch applications.
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Table 1. Human tissue properties at different frequencies.

25.5 GHz 38 GHz

Tissue Density
(kg/m3) Permittivity

Electrical
Conductivity

(s/m)
Permittivity

Electrical
Conductivity

(s/m)

Skin 1109 18 24 12.3 31

Fat 911 6.34 4.66 5.33 6.36

Muscle 1090 26.2 31.1 19.1 41.8

Sensors 2024, 24, x FOR PEER REVIEW  15  of  19 
 

 

 

Figure 18. Phantom model of human tissue to analyze the RF energy penetration. 

Table 1. Human tissue properties at different frequencies. 

    25.5 GHz  38 GHz 

Tissue 
Density 

(kg/m3) 
Permittivity 

Electrical 

Conductivity 

(s/m) 

Permittivity 

Electrical 

Conductivity 

(s/m) 

Skin  1109  18  24  12.3  31 

Fat  911  6.34  4.66  5.33  6.36 

Muscle  1090  26.2  31.1  19.1  41.8 

 

(a)                                            (b) 

Figure 19. SAR analysis results (a) at 25.5 GHz and (b) at 38 GHz. 

5.4. Link Budget Analysis 

The smartwatch on the human wrist experiences complex three-dimensional move-

ment during various day-to-day activities. Therefore, error-free transmission and recep-

tion are essential for seamless, smooth communication between smartwatches and mo-

bile/IoT devices during these movements. A link budget was studied between the mobile 

and proposed smartwatch antenna under a  line-of-sight  (LOS) environment at various 

rotational degrees. A  standard dipole  antenna was  considered  as  a  reference  antenna 

(transmitting antenna)  inside  the mobile case with a gain  (𝐺 ) of 1 dBi. The  receiving 

antenna is the proposed antenna (antenna under test (AUT)). The receiver antenna gain 

(𝐺 ) is 9.9 and 10.9 dBi at 25.5 and 38 GHz (placed inside the watch case, as discussed in 

the previous section). In our case, the reference antenna and AUT were separated by a 50 

cm distance. The AUT was stationary but rotated over the x-axis from 0° to ± 180°, as de-

picted in Figure 20. The received signal at various rotational angles was computed using 

the shooting and bouncing ray technique in HFSS Savant, considering the losses such as 

the path loss exponent effect and the shadowing effect (𝐿𝑆) [26]. Therefore, Equation (2) 
[26,27] can calculate the received power as 

𝑃  𝑃  𝐺  𝐺 𝐿𝑆      (2)

Figure 19. SAR analysis results (a) at 25.5 GHz and (b) at 38 GHz.

5.4. Link Budget Analysis

The smartwatch on the human wrist experiences complex three-dimensional move-
ment during various day-to-day activities. Therefore, error-free transmission and reception
are essential for seamless, smooth communication between smartwatches and mobile/IoT
devices during these movements. A link budget was studied between the mobile and pro-
posed smartwatch antenna under a line-of-sight (LOS) environment at various rotational
degrees. A standard dipole antenna was considered as a reference antenna (transmitting
antenna) inside the mobile case with a gain (Gtd) of 1 dBi. The receiving antenna is the
proposed antenna (antenna under test (AUT)). The receiver antenna gain (Gtr) is 9.9 and
10.9 dBi at 25.5 and 38 GHz (placed inside the watch case, as discussed in the previous sec-
tion). In our case, the reference antenna and AUT were separated by a 50 cm distance. The
AUT was stationary but rotated over the x-axis from 0◦ to ±180◦, as depicted in Figure 20.
The received signal at various rotational angles was computed using the shooting and
bouncing ray technique in HFSS Savant, considering the losses such as the path loss expo-
nent effect and the shadowing effect (LS) [26]. Therefore, Equation (2) [26,27] can calculate
the received power as

Prw = Ptd + Gtd + Gtr − LS (2)

In the analysis, the power of the transmitting antenna (Ptd) considered is 30 mW. The
required power (RPw) to estimate the link budget for an ideal binary-phase-shift-keying
(BPSK) with an energy-to-noise ratio (Eb/N0) of 9.6 dB is given by Equation (3):

RPw (dB) =
Eb
N0

(dB) + KT + Br (dB) (3)

where K is the Boltzmann constant with a value of 1.38 × 10−23, T is the temperature in
Kelvin (in our case, 290 K), and Br represents the various bit rates supported for reliable
communication. The link margin is the difference between the actual received power Prw
and required power RPw given by Equation (4) [27,28]:

LM (dB) = Prw (dB)− RPw (dB) (4)
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Assuming that a link margin of 20 dB is sufficient for error-free communication, the
proposed antenna with the highest data rate of 1 Gbps is supported with a link margin
of >20 from 0◦ to −180◦ angle orientation, as depicted in Figure 21a,b. At these angles,
both the reference and AUT antenna have good LOS conditions; in fact, direct LOS occurs
at −90◦. From 0◦ to 180◦, specifically from 45◦ to 135◦, the AUT antenna experiences
a shadowing effect due to the metallic case of the watch. As a result, the link margin
significantly deteriorates, as shown in Figure 21a,b. Nonetheless, the performance of the
proposed antenna is satisfactory, with a data rate support of 1 Gbps.
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Figure 20. Link budget estimation environment under line-of-sight conditions.
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Figure 21. Estimated link budget between the ideal dipole antenna and the proposed antenna at
50 cm distance for various rotational angles for the two bands. (a) 25.5 GHz and (b) 38 GHz.

5.5. Comparative Analysis

The proposed antenna performance was compared with the existing designs in Table 2.
The proposed antenna is relatively compact compared to most of the other antennas in
the table. The antenna also has a comparatively optimal gain. The proposed antenna with
the bottom watch case has the lowest SAR value. Most of the antennas in the table are
planar antennas; however, due to partial ground/defected ground structure (to improve
the bandwidth), the antenna structure replicates monopole behavior. As a result, these are
labeled as monopole antennas. In our case, the antenna has a full ground plane depicting a
perfect patch antenna. The proposed antenna’s link budget was also analyzed, and it was
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demonstrated that the antenna can deliver 1 Gbps of data at a 20 dB link margin, which
other designs have not performed.

Table 2. Comparative analysis of proposed antenna with existing designs.

Ref Ant Type Dim (mm2)
Res

(GHz) BW (GHz) Gain (dBi) SA (W/kg) Radiation LM
Analysis

[11] Mono 0.37λ0 × 27λ0 27/38/60 22–30/38–
39.5/56–61 5.29/7.49/9 0.9/0.62/0.74 Bi-Dir No

[29] Mono 1.1λ0 × 0.86λ0 28.5/38 26–40.5 3.8 NA Bi-Dir No

[30] Mono 2.41λ0 × 2λ0 60 58.2–60.5 9.9 NA Multi-Beam No

[31] Mono 1.36λ0 × 1.22λ0 28/38 22–29/37–40 5 NA Omni No

[32] Mono 0.75λ0 × 1.24λ0 37 36.7–37.4 NA NA Broadside No

[33] Mono 1.12λ0 × 1.12λ0 28/40 24–32/38–41 4.5 NA Bi-Dir No

Proposed Patch 0.51λ0 × 0.51λ0 25.5/38 25–26.5/
37–39.5 7.4/7.9 0.063/0.0206 Broadside Yes

Note: Ref: reference; Ant: antenna; Dim: dimension; Res: resonance; LM: link margin; BW: bandwidth.

6. Future Scope

In line with the presented research work, other contributions can be made: (1) The
RF energy exposure by the proposed antenna with SWs can be studied in real time by
mimicking the phantom model. (2) In the current work, the effect of the SW screen was
neglected. In future work, the effect of the SW screen, which is supported by PCB and has
PEC properties, can be considered in the analysis. (3) Further, link margin analysis can be
performed by considering the human body between SWs and mobile phones, since at the
mmWave level, the human body creates obstruction, leading to NLOS communication.

7. Conclusions

This article presents a compact dual-band antenna operating at 25.5 and 38 GHz bands.
Due to its compact design, it is suitable for smartwatch and IoT applications. The antenna
structure has generated two modes at 25.5 GHz and three modes at 38 GHz, Mode 1 and 2
and Mode 1–3, which are analyzed using characteristic mode theory. Apart from these
modes, the antenna generated traverse TM10 and TM02 modes at the respective bands. The
antenna has a good measured bandwidth of 1.5 and 2.5 GHz with gains of 7.4 and 7.9 dBi.
Due to traverse modes, the antenna has radiation in the broadside with single and dual
beams at their respective bands. The antenna showed a sustainable |S11| level when tested
with the watch case. This also improved the gain to 9.9 and 10.9 dBi. The results of SAR
analysis indicate minimal RF energy penetration to human tissue, which makes it suitable
for wearable applications. The link budget estimation demonstrated the highest data rate
transfer of 1 Gbps for a link margin of 20 dB.
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