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ABSTRACT 

A dual-band, dual-pattern antenna is presented for 1.437 GHz L-band and 2.45 GHz Industrial Scientific 

and Medical (ISM) band applications. The antenna is based on multilayer circular patches with symmetric 

slots and two asymmetric cylindrical vias that shorten the multiple layers with the ground plane using 

Plated Through-Holes (PTHs) to generate the required resonant modes. The first mode is operated at 1.437 

GHz, providing an omnidirectional radiation pattern, while the second mode is operated at 2.45 GHz, 

providing a directional or broadside radiation pattern. The antenna was fabricated to validate the 

simulation results and excellent agreement was found between the simulation and experimental results. 

The antenna has a total size of only 6×6×0.443 cm
3
, which corresponds to an electrical size of 

0.5λ0×0.5λ0×0.03λ0 at 2.45 GHz and 0.28λ0×0.28λ0×0.02λ0 at 1.437GHz, thanks to the loading effect of 

shorting vias. The gain of the antenna is 1.62 dBi at 1.437 GHz and 6.48 dBi at 2.45 GHz, along with quite 

good radiation efficiencies of 83.4% and 96%, respectively. For body-centric applications, the performance 

of the antenna was also examined in close proximity to the human body. Nearly stable performance was 

found in close proximity to the human body, comparable to free space performance in terms of both 

impedance matching and radiation patterns. The 10g Specific Absorption Rate (SAR) of the antenna was 

also measured and found to be below the international compliance limits. These characteristics make the 

antenna a very promising choice for body-centric communications. The antenna also applies to other 

wireless systems such as MIMO, wireless ad hoc networks, etc. It offers radiation pattern diversity in a 

single planar package with a highly flexible and adaptable design by providing much more degrees of 

freedom than classical microstrip antennas. 

Keywords-body-centric communication; dual pattern antenna; MIMO; radiation pattern diversity; SAR 
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I. INTRODUCTION  

Wireless Body Area Sensor Networks (WBASNs) are 
short-range Wireless Sensor Networks (WSNs) that operate in 
close proximity to the human body, providing a network of 
wireless sensors or devices. They can collect and interpret 
human vital signs or other physiological data and find potential 
use in a wide range of applications, such as smart home, 
healthcare services, disability assistance, surveillance, sports, 
security, etc. The wireless sensors of a WBASN can collect 
human physiological data and communicate them to a central 
processing node (Body Area Coordinator/Aggregator), which 
serves as a central node to perform functions, including 
sensing, data fusion, processing, etc. The Body Area 
Coordinator/Aggregator also serves as a gateway between 
WBASNs and between the WBASN and the next higher-level 
infrastructures such as hospitals and retirement communities 
[1]. For body-centric communication, devices can 
communicate at two hierarchical levels for wireless 
transmission, namely on-body and off-body, as shown in 
Figure 1. On-body communication involves communication 
between two sensors located on different parts of a human 
subject, whereas off-body communication occurs when a body-
worn sensor (e.g., BAN aggregator) communicates with an 
external access point such as a gateway or Base Station (BS) 
for wireless transmission of physiological or recorded data. 

 

 
Fig. 1.  On- and off-body communication channels along with optimal 
antenna radiation patterns in a WBASN perspective. 

From an antenna perspective, two different types of 
radiation patterns are required for wearable applications, as 
evidenced in Figure 1. For on-body communication, an 
omnidirectional radiation pattern is required, which is known to 
induce surface or creeping waves that can enhance on-body 
propagation [2]. For off-body communication, the antenna 
should radiate away from the body or in the broadside direction 
to improve the link budget, since the gateway or BS is located 
away from the body. This means that antennas with different 
forms of radiation patterns are required depending on the on-
body or off-body communication requirements, as observed in 
Figure 1. The simplest way to achieve radiation pattern 
diversity is to use two different antennas optimized for the 
required frequency bands and arranged in space diversity, but 
this demands at least a quarter-wavelength or preferably a half-
wavelength separation at the operating frequency. This is not 

an optimal solution for WBASNs, which have stringent 
footprint and form factor requirements as the sensors operate in 
close proximity to the human body. The optimal situation is to 
use a pattern diversity antenna in a single planar package, 
which can provide the required radiation patterns for both on- 
and off-body communications at different frequency bands. 
This also helps to reduce the interference problem, as the 
different sensors can then communicate simultaneously in full-
duplex mode with other on- or off-body nodes. 

A number of antennas have been presented in the literature 
for WBAN applications, such as Planar Inverted-F Antenna 
(PIFA) [3], antennas based on Electromagnetic Bandgap 
(EBG) [4], or Artificial Magnetic Conductor (AMC) [5-7]. In 
addition, antennas based on Coplanar Waveguide (CPW) [8] or 
microstrip ring resonator [9] have also been proposed for body-
centric communication. Most of these antennas operate in 
single mode. In addition, antennas have been designed to 
operate primarily in on-body mode [10-12] or off-bode mode 
[13]. However, to meet both on and off-body communication 
needs, the antenna must operate in dual modes with dual 
radiation characteristics. A dual-band wearable button antenna 
was proposed in [14] for WBAN applications, which provides 
omnidirectional radiation for on-body communication (2.33-
2.62 GHz) and broadside radiation for off-body communication 
(5.13-8.03 GHz). The antenna has a compact size, but offers 
relatively low efficiency (about 70% in free space). A dual-
band, dual-mode patch antenna was introduced in [15] for 
WBAN on-on-off repeater systems. The antenna provides 
vertical monopole-like radiation in the 2.45 GHz ISM band and 
horizontal monopole-like radiation in the 5.8 GHz ISM band. A 
dual-band, dual-mode patch antenna was presented in [16], 
where TM11 and TM02 modes were excited at 2.45 GHz and 5.8 
GHz for off- and on-body-centric communication, respectively. 
Authors in [17], proposed a dual-band, dual-mode patch 
antenna for on/off body communications. This antenna 
provides an omnidirectional radiation pattern at 2.45 GHz and a 
broadside radiation pattern at 5.8 GHz. However, the gain of 
the antenna appears to be relatively reduced at the lower ISM 
band (2.45 GHz) in the azimuth plane (maximum gain of 
−0.762 dBi), which could potentially be a significant issue for 
on-body links. A pattern reconfigurable antenna was proposed 
in [18] for use in both on- and off-body modes at the ISM 2.4-
GHz band, employing the usage of p-i-n diodes. Another dual-
band patch antenna with paired L-shaped slots was presented in 
[19] for 2.45-5.8 GHz on and off-body communications. A 
microstrip-fed ground-modified antenna with pattern selectivity 
at 2.4 GHz was introduced in [20], which can offer either 
omnidirectional mode or two directional modes, which can be 
shifted by 180° using switches. However, the antenna features 
a meandered ground plane and includes slots, which may 
impede its performance in a body-centric environment. A 
CPW-based patch antenna was proposed in [21] for 2.4 GHz 
and 5.8 GHz on-/off-body communications. The antenna 
exhibits a broadside radiation pattern in the 2.4 GHz ISM band 
and a monopole-like radiation pattern in the 5.8 GHz ISM 
band. Another CPW-based dual-band patch antenna was 
presented in [22], which offers radiation pattern diversity at 
two frequencies with a relatively narrow gap (5.16 GHz and 
5.48 GHz). The antenna offers dual directional radiation at 5.16 
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GHz and directional radiation pattern at 5.48 GHz. The 
measured peak gain of the antenna at 5.16 GHz is 1.13 dBi, 
along with a radiation efficiency of 31%. At 5.48 GHz, the 
measured peak gain is 2.81 dBi along with a radiation 
efficiency of 30.4% in free space, which are relatively low 
values. 

A wearable dual-band antenna was presented in [23] for 
high gain, directional radiation pattern along with low SAR for 
2.45/3.45 GHz off-body communication. A compact dual-band 
wearable antenna was introduced in [24], for 2.4 GHz and 5.8 
GHz WBAN applications on a semi-flexible Rogers Duroid 
RO3003 substrate. However, the antenna in question lacks a 
full ground plane, which can be crucial for WBAN 
applications. A wideband wearable metasurface antenna was 
proposed for dual-band WBAN operation with on- and off-
body modes at 2.45 and 5 GHz, respectively [25]. A dual-band 
antenna designed for use on the wrist, based on Composite 
Right and Left-Handed Transmission Lines (CRLH-TLs), was 
proposed for integration into smartwatches [26]. The antenna 
offers polarization diversity at 2.4 and 5.8 GHz WLAN bands 
with compliant SAR values. A flexible dual-band wearable 
antenna was introduced for off and on-body communications 
on a hybrid dielectric substrate, namely, flexible 
Polydimethylsiloxane (PDMS) and PF4-foam materials. The 
antenna provides broadside radiation pattern at ISM 2.45 GHz 
and omnidirectional radiation at 5.8 GHz [27]. However, most 
of these antennas have complex geometries and are difficult to 
be modified to provide pattern diversity at exact required 
frequency bands. 

Examining the various limitations of state-of-the-art 
antennas, there is a potential need for a simplistic and more 
adaptable dual-band antenna with a greater number of degrees 
of freedom. The antenna should be capable of generating a 
radiation pattern that allows for both on- and off-body 
communication in a single planar package, while maintaining 
stable on-body performance. This paper presents a novel dual-
band, dual-pattern antenna that successfully generates the 
requisite radiation pattern diversity for both on- and off-body 
centric communications. Additionally, the antenna offers a 
highly flexible and adaptable design, allowing for precise 
tuning or modification to accommodate any desired frequency 
bands. The design is based on a stacked configuration of 
circular patches, incorporating both symmetrical slots and 
asymmetrical shorting vias within a single planar package. This 
approach offers a total of 14 degrees of freedom, allowing for 
optimization of the antenna for any required frequency bands. 
One of the most straightforward applications of this antenna is 
in a WBASN context, where it can be used to record 
physiological data from different on-body sensors and transmit 
it to a central BAN controller via the on-body mode of the 
antenna. Subsequently, the central node can process all 
received data and transmit them to a WLAN network through 
the off-body mode of the antenna for further processing. 

II. ANTENNA DESIGN 

The proposed antenna design is based on two circular 
patches with symmetrical slots, which are stacked on two 
identical substrates and two shorting vias, which serve to create 
the necessary resonant modes. Additionally, the shorting stubs 

contribute to reducing the overall size of the antenna due to the 
loading effect, as previously discussed in [28]. The antenna has 
a full ground plane at the backside, as shown in Figure 2. The 
antenna was simulated in Computer Simulation Technology 
(CST) Microwave Studio (MWS) [29] using the time domain 
solver, following an exhaustive and careful parametrization 
campaign in which all available degrees of freedom were 
utilized to excite the two required resonant modes at 1.437 
GHz (fr1) and 2.45 GHz (fr2). 

 

(a) 

 

(b) 

 

(c) 

 

Fig. 2.  Layout of the antenna (substrate RT5870, εr = 2.33, h1 = h2 = 2.18 
mm) (a) top view (b) back view (c) side view. The center in both (a) and (b) 
corresponds to the origin (0, 0). 

The design is composed of two analogous substrates, 
namely Rogers RT5870, which exhibit a dielectric constant (εr) 
of 2.33, a thickness (h) of 2.18 mm, a loss tangent (tanδ) of 
0.0012, and a Cu cladding of 35 microns. The left shunt (rs1) is 
shorted between all three layers, namely the top patch, 
intermediate patch, and bottom ground plane. In contrast, the 
right shunt (rs2) is only shorted between the top layer and 
bottom ground plane (Figure 2). To ensure robust connectivity 
between multiple layers and to circumvent the potential issues 
arising from soldering between substrates during measurement, 
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this study employed the use of Plating Through Hole (PTHs) 
across multiple layers for the two shorting vias (PTH1 and 
PTH2, as illustrated in Figure 2). Given that the electric field 
inside a metallic cylinder is zero and only propagates through 
the surface of the conductor, the PTHs had a negligible impact 
on the antenna response once the shorting cylinders were 
inserted in the vias. A pad was placed on the middle patch, 
situated across the junction of the PTH2. This was followed by 
trimming of the patch edge (equivalent to an antipad), with the 
objective of providing clearance, given that the middle patch is 
not shorted with the lower shunt, in order to ensure the desired 
operation of the antenna. The dimensions of this annular ring, 
portrayed in Figure 2(a), were optimized through simulation, 
with inner and outer radii of 1.5 mm and 2.3 mm, respectively. 
This configuration provides a clearance gap of 0.7 mm from 
the periphery of the intermediate patch, as presented in Table 1. 
Ultimately, the two shorting cylinders were directly inserted 
into the PTHs. This approach also facilitated the avoidance of 
soldering in the middle layer during measurement, thereby 
circumventing the issue of spacing introduced by soldering, 
which is a crucial factor affecting the overall response. The 
antenna is fed through a coaxial feed, which is connected to the 
top patch through the intermediate patch. This configuration 
provides clearance for the feed probe. The dimensions of this 
via (dcf) were determined through thorough simulation to 
prevent any coupling caused by the feed probe with the 
intermediate patch. In order to ensure the highest degree of 
realism and accuracy in the simulation, the exact parameters 
were employed, as would be done in an actual measurement. 
For instance, the precise loss tangent of RT5870 was 
considered, and copper was used to model all metallic layers in 
place of PEC. Additionally, a physical model of a 50 Ω coaxial 
connector was constructed in CST MWS in lieu of a discrete 
port. Finally, to ensure reliable accuracy, the mesh convergence 
was also investigated in CST MWS using an energy-based 
refinement criterion (error, ∆ <2%). These considerations 
enabled the acquisition of the most precise measurement in 
accordance with the simulation results. 

The current vector distribution of the antenna for the two 
resonant frequencies is depicted in Figure 3. The rectangular 
slot causes the current to flow around it (in comparison to the 
slotless scenario), thereby increasing the electrical length and 
shifting the resonance to a lower frequency.  Furthermore, the 
current vectors are oriented in the same direction in the xy-
plane at 2.45 GHz, resulting in maxima in the broadside 
direction. In contrast, the y-current components are also 
generated at 1.437 GHz in the region surrounding the shorting 
vias, which can be attributed to the short-circuit loading effect, 
as previously discussed in [28]. The vector addition of the x 
and y-components of the current ultimately yields an omni-
directional radiation pattern at 1.437 GHz. The three-
dimensional radiation patterns of the antenna for the optimized 
design are presented in Figure 4 for both resonant modes. As it 
can be observed, the antenna exhibits omnidirectional radiation 
at 1.437 GHz and broadside radiation at 2.45 GHz. The 
maximum gain of the antenna is 1.62 dBi at 1.437 GHz and 
6.48 dBi at 2.45 GHz, with corresponding radiation efficiencies 
of 83.4% and 96%, respectively. The second resonant mode 
demonstrates higher gain and efficiency compared to the first 

mode, which can be attributed to the directive nature of the 
pattern. This is desirable for the off-body mode due to the 
increased distance of the gateway from the body. 

 

(a) 

 

(b) 

 
Fig. 3.  Surface current distribution of the antenna at (a) 1.437 GHz and (b) 
2.45 GHz on same scale. 

(a) 

 

(b) 

 
Fig. 4.  3D radiation patterns of the antenna at (a) 1.437 GHz and (b) 2.45 
GHz. The coordinate system is also shown. 
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III. SIMULATION AND EXPERIMENTAL RESULTS 

To achieve the desired resonance at the requisite frequency 
bands, an exhaustive and rigorous simulation was performed in 
CST MWS, using all fourteen available degrees of freedom for 
the specified substrates. These degrees of freedom include r1, 
r2, rs1, rs2, l1, w1, l2, w2, xs1, ys1, xs2, ys2, Xf, and Yf, as evidenced 
in Figure 2. The influence of specific dimensions on the 
resonant frequencies of the two modes is presented in Figure 5. 
The radius of the top patch, r1, exerts a predominant influence 
on both the upper and lower resonant frequencies, designated 
as fr1 and fr2, respectively. As the radius r1 is increased, both 
resonant frequencies fr1 and fr2 are decreasing, as a consequence 
of the corresponding increase in the electrical length of the 
antenna. An increase in the radius of either shunt (rs1 or rs2) 
results in an elevation of both resonant frequencies (fr1 and fr2). 
However, this is associated with a trade-off between matching 
or return loss at the two resonant frequencies (fr1, fr2) for the 
lower shunt (rs2). Similarly, the positioning of the two shorting 
vias (xs1, ys1) and (xs2, ys2) influences the distance between the 
two resonant frequencies (fr1 and fr2), as well as the impedance 
matching. As shown in Figure 5(c), the lower shunt results in 
the greatest reduction of the lower resonant frequency (fr1) by 
shifting it toward the right edge of the patch, thereby reducing 
the overall size of the patch. The slots were removed from the 
circular patches with the objective of reducing the antenna size 
further by lowering the resonant frequency (assuming that the 
dimensions other than the slot length were constant) and 
improving impedance matching. An increase in either of the 
slot lengths (l1 and l2 in Figure 2) or an increase in the slot 
widths (w1 and w2 in Figure 2) results in a reduction in the 
upper resonant frequency (fr2), while the lower resonant 
frequency (fr1) remains relatively unaffected. The positioning 
of the feed (Xf, Yf) primarily influences the matching or return 
loss of both modes. A number of trade-offs were identified 
between different parameters in terms of impedance matching, 
resonant frequencies, and the gap between them. Ultimately, an 
exhaustive parameterization was conducted in CST MWS, 
following a comprehensive investigation of the fourteen 
degrees of freedom and their interdependence. The 
aforementioned parameters were ultimately optimized with the 
objective of exciting the two resonant modes at 1.437 GHz L-
band and 2.45 GHz ISM band. The comprehensive optimized 
dimensions are showcased in Table I, which was obtained 
following a rigorous investigation of all parameters in CST 
MWS, while simultaneously addressing the various trade-offs. 

TABLE I.  OPTIMIZED DIMENSIONS OF THE ANTENNA 

L W rs1 rs2 r1 r2 l1 w1 l2 w2 

60 
 mm 

60  
mm 

3 
mm 

1.5 
mm 

24.2 
mm 

22.2 
mm 

28  
mm 

9  
mm 

26  
mm 

9 
mm 

xs1 ys1 xs2 ys2 gcs dcf rcsi dcs Xf Yf 

-0.6 
mm 

13.6 
mm 

16 
mm 

-15 mm 0.7 mm 
4  

mm 
1.5 mm 4.6 mm 

3  
mm 

7 
mm 

 

To validate the simulated results, a prototype of the antenna 
was also fabricated using Rogers RT5870 laminate with a 
dielectric constant (εr) of 2.33 and a thickness (h) of 2.18 mm, 
which were also utilized in the simulation. Fabrication was 
performed deploying Leiterplatten-Kopierfräsen (LPKF) laser 
prototyping. The antenna was powered by a 50 Ω coaxial line 

feed, which stimulated the top patch through a clearance hole 
in the intermediate patch (dcf = 4 mm), as done in the 
simulation.  

 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

Fig. 5.  Impact of various dimensions on return loss of the antenna, (a) r1, 
(b) rs1, (c) xs2, (d) ys2. For all parameters, consider origin at the center of the 
antenna. 
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The two PTHs were also implemented along with the pads 
and vias and the cylindrical conductors with the required radii 
were inserted into the PTHs and soldered only between the top 
and bottom layers. The side-by-side view of the antenna 
prototype is displayed in Figure 6, where the two substrates 
were mounted in a single package using screws at the four 
edges, which helped to align the substrates along with reducing 
the air gap effect to a minimum. Subsequently, the fabricated 
prototype was subjected to measurement using a Vector 
Network Analyzer (VNA). The measured return loss of the 
antenna is presented in Figure 7, which also depicts the 
simulated response of the final prototype, as predicted by CST 
MWS. As shown in Figure 7, there is a notable correlation 
between the simulated and measured results. 

 

(a) 

 

(b) 

  
Fig. 6.  (a) Juxtaposed view of the antenna package for overall 
measurement (b) photograph of the top view (left) and bottom view (right) of 
the final manufactured prototype. 

 
Fig. 7.  Simulated and measured return loss of the antenna. 

The measured radiation patterns of the antenna are also 
presented in Figure 8, which is compared to the radiation 
patterns predicted using CST MWS. It is evident from the 
radiation pattern in various planes that the antenna successfully 
generates an omnidirectional radiation pattern at 1.437 GHz L-
band frequencies and a broadside radiation at 2.4 GHz ISM 
frequencies, thus providing the required radiation pattern 
diversity for both on and off-body communications. 

 

(a) 

 

(b) 

 

(c) 

 

 

 
Fig. 8.  Normalized radiation patterns of the antenna for the coordinate 
system, (a) xz plane, (b) yz plane, (c) xy plane. 

IV. ON-BODY PERFORMANCE 

A. Impedance Matching and Radiation Patterns 

In order to examine the functionality of the antenna in the 
vicinity of the human body, it was essential to ascertain its 
performance when worn on the body. In order to conduct 
simulation studies, it was necessary to create a realistic human 
body morphology with a non-conformal surface, as would be 
found in reality. This is a crucial step in ensuring the reliability 
of the results, as using regular geometric shapes (e.g., 
parallelepiped) [30], may not accurately represent the human 
body. For this purpose, this study considered an interesting 
software program, POSER® [31], which is a figure posing and 
rendering 3D computer graphics software utilized by graphic 
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designers and game developers. The POSER software offers a 
variety of three-dimensional morphs, from which an 
appropriate full-body ghost phantom was selected to model a 
realistic adult human morphology. The phantom was imported 
into CST MWS, and the antenna was positioned on its chest for 
radio studies. However, this resulted in a computationally 
complex simulation problem, as the body model considered 
had a height of 1.8 m, similar to that of a typical adult male, in 
order to ensure realistic results. This led to an exceptionally 
large computational issue, with a complexity of 104×λg at 2.4 
GHz (εr = 52), necessitating the use of a mesh comprising 
billions of cells. To ensure a realistic computation problem 
size, exhaustive steps were taken to converge the mesh to a 
realizable simulation problem size for limited computer 
resources. An energy-based mesh convergence criterion was 
employed in CST MWS to validate the accuracy of the 
resulting less dense mesh, and it was ensured that the error Δ 
was less than 2% between passes. The resulting convergent 
mesh was employed in additional simulation studies, which 
yielded a realizable computation problem size. In order to 
model the human body, uniform muscle tissue properties were 
deployed [32]. Additionally, separate radio simulations were 
conducted using the specified muscle tissue parameters at 
1.437 GHz (εr = 54.1, σ = 1.1585 S/m) and 2.45 GHz (εr = 
52.7, σ = 1.74 S/m), in accordance with the values calculated 
by [33]. 

The resulting return loss of the antenna on-body model is 
presented in Figure 9, which compares it to that in free space 
and includes both simulations and measurements. The antenna 
demonstrates a high degree of stability in on-body performance 
despite its proximity to the human body. There is no 
discernible frequency detuning, despite the body's known 
tendency to detune the resonant frequency due to its high 
permittivity and lossy tissue. This is caused by the full ground 
plane at the back of the antenna, which serves to mask the 
radiation incidence towards the body, thereby minimizing the 
impact of lossy tissue. 

 

 
Fig. 9.  Simulated and measured return loss of the antenna on human body 
compared to the free space counterparts. 

The radiation patterns of the antenna on body model for 
both modes at 1.437 GHz and 2.45 GHz are presented in Figure 
10, with a comparison to those in free space. It is evident that 
despite the minimal antenna-body spacing (and thus maximal 
body impact), the antenna still exhibits relatively stable 
radiation patterns in proximity to the human body, when 
compared to those observed in free space. The attenuation of 
the antenna radiation in the backward planes (xz and yz planes) 
is attributed to the high attenuation caused by lossy human 

tissue at microwave frequencies. For example, the attenuation 
constant ψ = 3.9 dB/cm at 2.45 GHz for equivalent tissue 
properties, demonstrates this phenomenon [34]. 

 

(a) 

 

(b) 

 

(c) 

 
Fig. 10.  Radiation patterns (normalized) of the antenna on body model 
( ) compared to those in free space ( ) at 1.437 GHz  (left) and 
2.45 GHz (right) (a) xz- plane (b) yz-plane (c) xy-plane. Coordinate system is 
also shown with avatar. 

B. Specific Absorption Rate 

In order to ascertain the compliance of the antenna for 
body-centric communications, it is essential to examine the 
quantity of electromagnetic energy absorbed by human tissue 
when exposed to electromagnetic radiation. The dose is given 
by the Specific Absorption Rate (SAR), which can be 
calculated using the following formula for a given tissue 
location [35]: 

�����, �, �	 
 ���,
,�	
����,
,�	 �|����, �, �	|� � ��
��, �, �	�� �

|����, �, �	|��     (1) 

where � �x, y, z	 and � �x, y, z	 are the conductivity 
(Siemens/m), and density (kg/m³) of the tissue at the specified 
location. The SAR was calculated using CST MWS in 
accordance with the IEEE C 95.3 standard, with an averaged 
tissue mass of 10 g (and 1 W peak stimulated power) as 
specified by the Telecommunication Technology Council 
Agenda No. 89 and CENELEC 1995 [29]. The computed SAR 
across the cross-section of the body model is manifested in 
Figure 11.  
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(a) 

 

(b) 

 
Fig. 11.  10g SAR of the antenna at (a) 1.437 GHz and (b) 2.45 GHz; cross-
sectional view. 

The maximum 10 g SAR of the antenna was determined to 
be 1.26 W/kg at 1.437 GHz and 0.734 W/kg at 2.45 GHz. The 
lower value of SAR at higher frequencies can be attributed to 
two factors: the high attenuation of the lossy tissue at higher 
frequencies and the broadside direction of the antenna 
radiation, which results in a reduced incidence on the body. 
Nevertheless, both evaluated values are less than the 
compliance standards, for example, those set forth by the EU. 
The SAR for a 10-gram tissue mass was found to be less than 2 
W/kg [36]. The worst-case performance is presented here, even 
without consideration of the spacing introduced by the textile. 
This still lies far below the compliance limit. An increase in the 
antenna-body spacing will result in a notable reduction in the 
SAR.  This evidence substantiates the assertion that the antenna 
is a highly promising candidate for body-centric applications 
while simultaneously meeting the international compliance 
limits for health and safety. 

V. CONCLUSION 

A novel dual-band antenna has been presented, which 
successfully generates radiation pattern diversity at 1.437 GHz 
L-band and ISM 2.45 GHz. As displayed in Table II, the 
proposed antenna exhibits the smallest electrical size in relation 
to the minimum operating frequency (which should correspond 
to the maximum wavelength and, consequently, the antenna 
size), while simultaneously providing both omni-directional 
and directional (broadside) radiation patterns at dual bands 
within a single planar package. Furthermore, the antenna is 
constructed on a Rogers Duroid substrate, which facilitates 
straightforward fabrication, while enabling a highly adaptable 
design to accommodate the desired frequency bands. The 
antenna performance has been validated in close proximity to 
the human body, with maximal body impact, and is observed to 
be quite stable.  

TABLE II.  COMPARISON OF THE PROPOSED DUAL-BAND ANTENNA WITH OTHER STUDIES 

Ref. Substrate 
No. of Operating 

Bands 

Physical size 

(mm3) 

Electrical size (λ0
3) 

(fmin) 
Pattern type 

Peak Gain dBi 

(Free space) 

Peak Gain dBi 

(On Body) 

[3] 
Wool felt 

/Conductive fabric 
Single 46×36×2 

0.78×0.61×0.034 
(5.15 GHz) 

Directional 5.9 6 

[6] 
Flexible polyester 

textile 
Single 34.8×39×4.5 

0.66×0.74×0.08 
(5.7 GHz) 

Broadside 8.92 8.29 

[7] Pellon fabric Single 102×68×3.6 
1.46×0.97×0.05 

(4.30 GHz) 
Dipole-like 

/Omnidirectional 
6.12 6.29 

[8] Rogers Duroid 5870 Triple 35×26.6×1.6 
0.37×0.28×0.017 

(3.19 GHz) 
Omnidirectional/ 

Quasi-Omnidirectional 
5.50 5.05 

[17] FR4 Dual 50×50×5.2 
0.40×0.40×0.04 

(2.45 GHz) 
Omnidirectional/ 

Directional 
7.9 - 

[18] FR4/Felt Single 55×55×2.6 
0.42×0.42×0.02 

(2.32 GHz) 
Omnidirectional/ 

Directional 
3.86 - 

[23] Taconic TLY-5/Felt Dual 60×60×8.7 
0.47×0.47×0.06 

(2.39 GHz) 
Directional 8.6 8.6 

This 
work 

Rogers Duroid 5870 Dual 60×60×4.4 
0.28×0.28×0.02 

(1.427 GHz) 
Omnidirectional/ 

Directional 
6.48 6.24 

 

This stability is comparable to that detected in free space, in 
terms of both impedance matching and radiation patterns. This 
has been achieved through the use of a full ground plane, 
without the incorporation of any complex structures such as 
AMC or EBG. This suggests that the human body does not 
significantly affect the performance of the proposed antenna, 

despite its lossy and dispersive nature. Furthermore, the 
Specific Absorption Rate (SAR) of the antenna is below the 
international compliance limit. This evidence substantiates the 
assertion that the antenna is a promising candidate for 
integration into wearable applications. In this study, the 
antenna is demonstrated as a proof of concept for applications 
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in the L-band and ISM band frequencies. The antenna offers a 
highly flexible and adaptable design, utilizing the available 14 
degrees of freedom, and can be easily tuned for any desired 
frequency bands through the use of parametric simulations in 
Computer-Aided Design (CAD) tools. 
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