www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

Miniaturized circularly polarized
wearable array antenna for medical
device applications

Muammer Omran, Changiz Ghobadi*, Javad Nourinia & Majid Shokri

Antenna miniaturization is essential for healthcare applications, and numerous studies have tackled
the challenge of presenting miniaturized, reliable designs while maintaining performance. This paper
presents a small circularly polarized (CP) sequential wearable array antenna with overall dimensions
of only 110 mm X 95 mm X 1.8 mm. It comprises four novel designs of circular-shaped elements
arranged sequentially in an array configuration measured only 24 mmx24 mmx1 mm. It is fed by a
separate cascade feeding network incorporating a single rat-race and two branch-line couplers. The
antenna is designed for medical device applications within the 2.4 GHz Industrial Scientific Medical
(ISM) frequency band. The proposed design is fabricated and experimentally tested, demonstrating
wide impedance bandwidths of 21.24% (2.2-2.72 GHz) and an Axial Ratio (AR) bandwidth (AR < 3 dB)
covering the entire 2.4 GHz ISM frequency band. At 2.43 GHz, the antenna achieves a gain of -14.9 dBi.
Both simulation and experimental results confirm excellent performance in impedance matching, gain
pattern, and circular polarization, making it promising for wearable wireless communication in medical
applications. The link margin was calculated, and the specific absorption rate of the antenna was
analyzed, the result revealing that it aligns with the safety limits of IEEE C95.1-1999 standards.

Keywords Array antenna, ISM band, Sequential-phase feed network, Medical application, Patch antenna,
Circular polarization

Rapid advances in communication and electronics technology have led to increased production and improvement
of medical devices in healthcare measurement and monitoring of vital signs, and even therapeutic purposes
using highly advanced equipment'. Accordingly, different antenna types and designs have appeared in medical
device applications.

Generally, medical devices are classified into three categories: wearable, implantable, and ingestible. Over the
past few decades, many antenna designs for each medical device category have been proposed®. The primary
challenge in the antenna design process was decreasing the antenna size while enhancing its efficiency within
the permissible frequency range for medical devices®.

High-gain antennas are indispensable in many applications, encompassing telecommunications, radar
systems, and emerging technologies like the Internet of Things (IoT). Reflect arrays, which combine the
properties of reflectors and arrays, offer high-gain and beam-steering capabilities. A 1-bit reconfigurable reflect
array utilizes simple electronic components to alter the reflection phase of individual elements, thereby adjusting
the beam direction. Phased arrays composed of a grid of antenna elements with phase shifters enable precise
control over the signal phase at each antenna element. Arrays based on p-i-n diodes are particularly notable for
their ability to scan beams dynamically across various angles. Intelligent metasurface-based antennas employ
engineered surfaces to manipulate electromagnetic waves innovatively, featuring sub-wavelength elements that
can be individually controlled to reconfigure the radiation pattern and beam direction.

Wearable antennas show great potential for various medical applications, offering wireless connectivity and
improved performance®. There has been considerable interest in developing wearable antennas over the past
decade because utilizing these varieties of antennas has the potential to enhance the transmission of signals
between a device on a patient body and a remote base station and increase data throughput, making them more
viable and reliable in medical devices, this can lead to better healthcare and monitoring of the patient’s condition
without causing any discomfort>S. This can lead to better health care and monitoring of the patient’s condition
without causing any inconvenience.

These antennas are designed to operate in the Industrial, Scientific, Medical (ISM), and Medical Body Area
Network (MBAN) frequency bands. These frequency bands provide wide functional bandwidth and meet the
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specific needs of healthcare monitoring and diagnostics. The resonant frequency and radiation efficiency of the
antenna are determined by the thickness of the substrate and its relative electrical permittivity.

Wearable antennas used on printed circuit boards are designed on rigid substrates to facilitate integration
with the electronics. Conversely, antennas intended for biomedical applications are often made with flexible
substrates to enable easy deployment on living subjects. In WBANS, the choice between rigid and flexible
antennas depends on specific application requirements. Rigid antennas offer durability and stable performance
for applications where flexibility is not critical, particularly in cases where the antenna size is minimized. Flexible
antennas provide the adaptability and comfort necessary for body-centric wireless communications. Both types
have their challenges and benefits, and advancements in materials and design techniques continue to enhance
their performance and usability in healthcare and wearable technology applications’!!.

Recent research has introduced wearable antenna designs employing diverse techniques to enhance
performance and ensure consistent functionality under different operational conditions!?. These advancements
include improving material properties, expanding bandwidth, and developing multi-band antennas. The
presented works encompass single, MIMO, and array antennas, including single-band, dual-band'?, and tri-band
designs'*!3, as well as rigid and flexible designs. The authors of these studies have aimed to address previously
unaddressed challenges to enhance the reliability and functionality of wearable antennas.

Circular Polarization (CP) is a crucial aspect in the design of antennas, as it offers several advantages,
including improvements in signal quality, reducing interference, enhancing communication performance, and
providing reliable and efficient wireless communication for various healthcare purposes'®~!%. The design of
wearable antennas with CP involves various techniques and structures that improve the performance of medical
device telemetry systems and address challenges, including multipath interference®.

The design considerations for circularly polarized antennas in medical device applications include impedance
bandwidth, Axial Ratio (AR) bandwidth, biological compatibility, radiation characteristics, and safety. In
medical device applications, the size of the antenna holds significant importance. A smaller antenna is preferred
because it enhances patient comfort. However, researchers have encountered a significant challenge in reducing
the antenna size while maintaining good antenna specifications®. In the literature, multiple techniques have
been employed to minimize the physical dimensions of antennas, such as using substrates with high dielectric
constants and implementing shorting pins®!.

Inserting a shorting pin between the patch and ground planes increases the effective size of the antenna and
can reduce its physical dimensions for a given operating frequency. By employing the shorting pin technique,
the antenna can be miniaturized to an appropriate size at a specific frequency for applications in this domain?2%3.

Medical device applications require increased gain to maintain reliable communication and signal
strength, particularly in the complex and lossy environment surrounding the human body. Additionally, an
array topology allows for better control over the radiation pattern. This directional control can help reduce
interference and focus the radiation on specific areas of interest resulting in more efficient power consumption
and enhanced communication reliability for medical device applications, essential for patient monitoring and
data transmission Moreover, the sequential phased feed network used in the array contributes to maintaining the
purity of circular polarization. An advantage of circular polarization in Body Area Network (BAN) applications
is that it mitigates the effects of multipath propagation and polarization mismatch, which are common challenges
in both on-body and in-body communication applications. In terms of scalability and flexibility, there is a high
degree of scalability and flexibility in the design of array topologies. Even though our current design consists
of four elements, the approach can be scaled to include more elements if higher gain or different radiation
characteristics are required. The scalability of single antennas is generally more limited and frequently restricted
by their fundamental design constraints'>%.

Although designing array antennas with rotated elements introduces additional complexity compared to
arrays without rotation, there are advantages. These advantages include enhancing the symmetry of antenna
array radiation characteristics, improving the axial ratio of circular polarization, mitigating fading and signal
degradation, improving the signal-to-noise ratio in crowded wireless communication environments, and
increasing the gain®°.

Sequential arrays can be designed to be physically compact while maintaining high performance, making
them suitable for applications with limited space?®-2%. Additionally, the assessment of Specific Absorption Rate
(SAR) and the interaction between wearable antennas and the human body have been investigated, providing
insights into the safety and stability of these antennas®*°.

High-gain directional antennas increase signal strength and coverage in the desired direction, which enhances
the communication range and reliability in a particular direction at the expense of the rest of the directions,
unlike omnidirectional antennas, where there is no directional preference and the gain is zero (isotropic). As the
antenna size decreases, it becomes electrically small, and the gain decreases to negative values.

Electrically small antennas with negative gain can be acceptable in specific applications, such as Implantable
Medical Devices (IMD)*!, where compact size is a critical design factor. Compensating for the negative gain can
be achieved through high-performance receivers and other advanced signal-processing techniques, allowing for
successful deployment in diverse scenarios!>*2.

This work presents a compact wearable array antenna designed for healthcare monitoring and medical device
applications, featuring a miniaturized 2X2 configuration of sequential-phase circularly polarized elements
operating in the 2.4 GHz ISM band?. The array antenna was fed from the feeding network via a 50-ohm coaxial
cable to provide sequential phase shifts to the array elements. The results were experimentally validated. The link
budget was calculated for a distance of 10 m, and the SAR was thoroughly analyzed.

Figure 1 depicts an application example in a healthcare monitoring scenario where a patient wears the
proposed CP array antenna, facilitating the real-time communication of vital signs data with a ceiling base
station in a sick room or hospital setting (with a coverage area radius of 4-8 m).
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Fig. 1. The proposed antenna application example in a patient room (drawn by the author).
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Fig. 2. The geometry of the single antenna element, (a) top view (radiator), (b) bottom view (ground plane),
(c) side view (antenna layers), and (d) 3D view.

Design methodology
Single antenna design

The proposed antenna element design was created and tested using the (HFSS) software at 2.4 GHz of the ISM
frequency band****. Initially, a single antenna element was designed and optimized using a parametric study
procedure to obtain satisfactory performance. Then, the optimized antenna is employed to develop a CP 2x2
array antenna. The radiation patch for a single antenna element is characterized by arc-shaped slots in the form of
(Ss) distributed symmetrically around the center so that the slot length varies depending on the angle value ().
There is also a circular slot with a radius (r,) in the center of the radiation patch to control the central frequency
(f,) and impedance value, as shown in Fig. 2. The antenna radius was successfully reduced by incorporating a

shorting pin and slots, resulting in impressive miniaturization. A single metal layer is used for the ground plane
without requiring additional structures.
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Fig. 3. Antenna structure development steps: (a) step 1, (b) step 2, (c) step 3, (d) step 4, (e) step 5, and (f) step

6.

$11(dB)

-15F ~ -Step2
= ==Step3
Stepd
20F - =Steps .
20 — Step6
25 " a " a " a a PR

2 24 28 3.2 3.6 4 44 48 5
Frequency (GHz)

Fig. 4. Variation of the S-parameter considering antenna design steps.

Design structure

The antenna design process passes through six steps, as shown in Fig. 3. Each involves a parameter sweep to
examine the antenna response to changes in crucial design parameters. The objective is to determine the optimal
parameters for achieving the desired performance metrics and to achieve circular polarization, thereby reducing
signal degradation within the human body.

Figure 4 shows the variation of the S-parameter according to the design steps. In Step 1, a conventional patch
antenna is powered through a coaxial cable. A shorting pin placed at point (-2.5, 1) helps determine the initial
operating frequency of the antenna, which is 5.6 GHz with low impedance matching. In Step 2, adding a slot at
the center shifted the resonance frequency slightly lower to 4.4 GHz.

In Step 3, arc slots were created and connected to a central straight slot. Their width (w_ ) and length
(controlled by 6) were adjusted to control the frequency and AR. Adjusting these parameters shifted the antenna
resonant frequency to 4.2 GHz but with poor impedance matching. In Step 4, additional symmetrical arc slots
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were introduced, causing the resonant frequency to downshift to 3.62 GHz while maintaining poor impedance
matching. In Step 5, a variable-radius circular slot was introduced at the center of the antenna to extend the
current path and lower the frequency to 3.3 GHz. This adjustment also provided better control over impedance
matching through geometric parameters. In Step 6, symmetrical apertures were created between the arc slots
and the outward side, with a variable width (w_) that can be adjusted. These apertures facilitate the antenna
resonant frequency and improve the reflection coefficient (S11) and axial ratio (AR) more effectively.

The desired frequency was achieved by adjusting the length and width of the arc slots, the radius of the
central circular slot, and the locations of the shorting and feeding pins through a parametric study.

Parametric study

A shorting pin with a diameter (¢, =0.5 mm) is positioned at point (x,, y,,) to reduce the resonant frequency, as
shown in Fig. 2. The antenna is excited by a 50 Q coaxial cable with a core diameter of (¢,=0.35 mm) at the feed
point at (x, y,). Circular polarization is obtained by precisely adjusting the feeding andf shorting pin locations.
In addition to changing the dimensions of the other parameters, such as the width (w) and length of the arc
slots (represented by 6 ) and the diameter of the circular slot on the patch in the middle of the radiation patch
(r,) through an optimization procedure that considers the practical design constraints and leads to the optimal
antenna geometry parameters listed in Table 1. The type and thickness of the insulating substrate also affect the
antenna resonant frequency. FR4 substrate (e, = 4.4 and tan §=0.02) with a thickness of (k=1 mm) was selected
for the proposed antenna.

A parametric analysis was conducted to evaluate the influence of tuning elements on the performance of
the proposed antenna. As demonstrated in Fig. 5(a), modifying the parameter (w,) significantly influences the
impedance bandwidth, enabling the adjustment of the frequency towards the desired location, with an optimal
value of 0.25 mm, yielding a good S11< -10 dB performance. Figure 5(b) illustrates the influence of varying the
length of the arc slots via (6), which significantly impacts the impedance bandwidth and operating frequency.
impedance bandwidth and operating frequency. The optimal value of (6,) for achieving effective impedance
bandwidth is 150 degrees. Figure 5(c) shows the effects of varying the ground plane radius (r,) on the (S11)
parameter and bandwidth characteristics, with the optimal value of (r, = 3.6 mm). The impact of changing the
radius (R) of the antenna radiator element on the (S11) parameter is shown in Fig. 5(d), with the optimal radiator
element radius for effective impedance bandwidth (R=4.5 mm).

Modifying the feed point location (x y) alters the antenna axial ratio, as depicted in Fig. 5(e). The optimal
feed point location is (x, = -0.4), whicﬁ achieves circular polarization. Figure 5(f) demonstrates the impact
of varying the diameter of the central circular slot r, on the actual maximum antenna gain, indicating that
the maximum gain is achieved when r, equals 1.2 mm. Additionally, Fig. 5(g) illustrates that the axial ratio is
influenced by the radius of the central circular slot T with the most favorable axial ratio obtained when r, is
1.2 mm. It is worth noting that the antenna radiation pattern of the proposed single antenna element is not
significantly influenced by the parametric analysis mentioned.

After miniaturizing the single antenna element using shorting pin and slot techniques, improvements were
made to the design parameters to improve the antenna characteristics and realize the circular polarization
performance of the antenna to have an axial ratio value of less than 3 dB. The CP performance and impedance
bandwidth are improved by introducing an additional pair of symmetrical slots with width (d,). The final
dimensions and sizes of the antenna design are shown in Table 1.

Figure 6 shows that the impedance bandwidth achieved at (|S11| < -10 dB) is 140 MHz ranging from 2.37 to
2.51 GHz. Additionally, the AR bandwidth measured for (AR <3 dB) is 190 MHz. The total volume of the single
antenna element obtained is 13 mm X 13 mm X 1 mm, while the area of the radiating patch is only X 4.8 mm?.

The surface current vector at different phase angles over one period is depicted in Fig. 7. If (T) denotes the
wave period from phase degree (8=0° to 360°), then, at a phase angle of 0° (t=0), the principal current vector
direction is at +45°. When the phase advances to 90° (t=T/4), the primary current vector is directed toward the
—45°. Ata phase of 180° (t=T/2), the primary current vector aligns with the —135° direction. Finally, at a phase
of 270° (t=3T/4), the primary current vector points toward the + 135° direction.

Based on the current flow direction depicted on the antenna surface in Fig. 7, it is evident that the circularly
polarized antenna emits RHCP waves in the Z direction.

Parameter | Value (mm) | Parameter | Value (mm)
L 13 h, 1
w 13 0, 150 (deg)
R 45 by, 05
r, 2.6 g 0.7
r, 3.875 b, 1.223
r, 1.2 W, 0.25
d, 02 r, 3.6
- 0.7 X, -2
Yen -32 Ve —-04

Table 1. Single antenna parameter values.
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Fig. 5. The parametric response analysis shows the parameters controlling the proposed antenna’s
performance metrics.
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Fig. 6. Simulated S11 and AR bandwidth of the single antenna element.
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Fig. 7. The current vector distribution: (a) at t=0, (b) at t=T/4, (c) at t="T/2, (d) at t=3T/4.
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Fig. 8. Simulated RHCP/LHCP gains of the proposed antenna.

The simulated results in Fig. 8 reveal that the proposed antenna achieves a right-hand circular polarization
gain (RHCP) of -21 dB, whereas the left-hand circular polarization gain (LHCP) is 40.98 dB at 2.43 GHz,
demonstrating its effectiveness in wireless communication. Furthermore, the LHCP and RHCP radiation
patterns in Fig. 9 illustrate that the proposed antenna exhibits quasi-omnidirectional radiation.

These results emphasize the validity and suitability of the antenna element for integrating into an array
antenna, making it appropriate for use in medical devices that require seamless communication regardless of
their orientation.
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Fig. 9. Simulated normalized RHCP/LHCP radiation patterns of the proposed single antenna at 2.4 GHz
frequency.

Feeding network

The feeding network plays a critical role in controlling the phase and amplitude of each antenna element
excitation. It is important to note that the feeding network design should be precisely tuned to the 2.4 GHz
ISM frequency band. Proper design considerations include the lengths and characteristics of transmission lines,
substrate materials, and component dimensions to ensure optimal performance within this frequency range!®*.
The objective may be achieved using the rat-race and branch-line couplers, optimized for the 2.4 GHz frequency

band. The design equations of the rat-race and branch-line couplers can be found in detail in reference.

Rat-race coupler
The rat-race coupler, also known as a 3dB hybrid coupler, consists of four ports of 50V2 Q, each placed at a
distance of (\/4) from the other around the top half of the ring with 50 Q impedance. The length of the bottom
half of the ring is (3\/4), and its impedance is 50V2 Q. Figure 10 shows that it has three branches that are
90-degree phase shifted from each other, and one branch provides a 270-degree phase shift. As a result, it can
efficiently split the input signal into two equal amplitude signals while maintaining a 180-degree phase difference
between them. The phase difference between the two output ports can be used to achieve circular polarization
in the antenna array.

If an input signal is fed into port 1, two output signals with equal amplitude and a 180-degree phase difference
are produced at ports 2 and 4, while port 3 remains isolated.

Branch-line coupler

The branch-line coupler provides a balanced power division with a 90-degree phase difference between its output
ports'®. By strategically adjusting the lengths of the transmission lines within the branch-line coupler, the relative
phase and amplitude of each antenna element excitation can be controlled . Figure 11 shows the branch-line
coupler of the proposed feeding network at a frequency of 2.4 GHz.

A branch-line coupler (or hybrid coupler) aims to achieve a specific coupling factor and phase difference
between two output ports. Thus, the equivalent circuit consists of four quarter-wavelength transmission lines
organized in a rectangular arrangement. Since the circuitry is entirely planar, the branch-line coupler is the
simplest type of quadrature coupler. Each transmission line has a wavelength of one-quarter. Alternative
wavelengths such as 3/4, 5/4, or 7/4 may also be used in each arm if the circuit layout necessitates it, though this
reduces bandwidth. As a signal enters the top left port, it is split into two quadrature signals on the right (ports 2
and 3), while port 4 is fully isolated from the input port at the center frequency. Since the lower output port (port
3) has the longest path to travel, it has the most negative transmission phase. Generally, branch-line couplers
are 3dB, four-port directional couplers having a 90°-phase difference between their output ports, referred to
as ‘through’ and ‘coupled’ arms. The branch-line coupler (also referred to as the quadrature hybrid) is usually

Scientific Reports |

(2024) 14:26036 | https://doi.org/10.1038/s41598-024-74685-x nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

M4

\ 3n4

270°

Fig. 10. The rat-race coupler geometry.
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Fig. 11. The branch-line coupler geometry.

fabricated in the form of a microstrip or stripline configuration. The key design equations for a 3-dB branch-line

coupler are:
| Pu/P,
I =2y | — = 1
! 0 1+ P,/P, W
Zy = Zy\/ P,/ P, (2)

where Z0 is the characteristic impedance (50 Q), P, is the power output of port 2, P, is the power output port 3,
and Z1, Z2 are the branch output impedances. In this study, the P /P, equals 1, and as a result, the branch output
impedances are:

Zy = Zo/\/i (3)
Zy = Z, (4)

The compact and efficient design of coupler-based feeding networks is well-suited for integration into wearable
devices, contributing to efficient and adaptable wearable technology. Figure 12 shows the configuration of the
proposed cascade feeding network consisting of the rat-race coupler and the branch-line coupler built on FR4
substrate material of 110 mm X 95 mmX 0.8 mm.

This configuration allows precise control over the phase and amplitude of the signals delivered to each
antenna element. The specific arrangement and parameters of the couplers in the proposed feeding network
would achieve the design goals and requirements of the array antenna. The cascade configuration offers the
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Fig. 13. The reflection coeflicient simulation results for the feeding network.

advantages of improved power division and phase control, which are essential for the efficient functioning of the
feeding network in wearable devices.

The feeding network is carefully optimized for operation within the 2.4 GHz ISM frequency band involving
precise geometric alignment of components, each exhibiting distinct performance attributes, making it an
appropriate configuration for the proposed array antenna design. The effect of the feeding network on the
performance of the sequential array antenna is crucial and ensures efficient power distribution and phase
difference response across the antenna elements.

The simulation results provide valuable insights into the impedance-matching proficiency of the network by
visualizing the S-parameters at the feeding port. The results demonstrate a noteworthy impedance bandwidth of
1 GHz, ranging from 1.9 GHz to 2.9 GHz. This finding underscores the feeding network’s remarkable capacity
for effective impedance matching, demonstrating its capability to cover a broad operating frequency spectrum.
The elucidation of these outcomes contributes to a deeper understanding of the feeding network performance
and its potential applications in optimizing the functionality of the associated circularly polarized array antenna.
Figure 13 presents a comprehensive visualization of the S-parameters observed at the feeding network ports.

The phase responses depicted in Fig. 14 offer a comprehensive insight into the phase difference as a function of
frequency. The simulation results indicate an approximate 90-degree phase difference between the output ports,
a crucial attribute, particularly in applications dependent on precise phase relationships, such as sequential-
phase array antennas. These simulation findings validate the network potential and affirm its suitability for
integration into the proposed array antenna design.
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Fig. 14. The simulated phase response of the proposed feeding network.
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Proposed array antenna structure

The choice of array patch antenna type must correspond to the medical device communication needs, physical
constraints, and the desired performance characteristics of the array antenna. Generally, several patch elements
are employed in an array configuration to attain beamforming or directional characteristics. As shown in Fig. 15,
the proposed array antenna includes four circular-shaped radiation patch antenna elements of diameter (D),
a circular ground plane, and a common FR4 substrate of size (I X w) and thickness of (k). The construction
process is initiated by the sequential positioning of single antenna elements, each with a diameter of D=9.6 mm,
along one side of the square FR-4 substrate. The sequential arrangement ensures orthogonal polarization
characteristics, which are fundamental for circular polarization. This preliminary configuration provides the
foundation for the optimization procedure.

The performance of the feeding network, along with the entire sequentially arranged 2 x 2 CP antenna array,
is validated through comprehensive simulations and practical measurements. Parameters such as impedance
matching, axial ratio, radiation patterns, and gain are assessed, demonstrating the effectiveness of the coupler-
based feeding network for wearable applications. Through parametric study and adjustments, the antenna
elements are resized to the optimal diameter value of (D=9 mm), and the spacing between elements (d,, dy)
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Parameter | Value (mm) | Parameter | Value (mm)
w 24 1 24
dx 12 dy 12
R 45 0, 154 (deg)
I, 26 by, 05
r, 38 g 0.7
r, 12 b, 1.223
d, 03 W, 0.25
1 r 3.6
s g

Table 2. The optimal array antenna geometry parameters.
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Fig. 16. Simulated S11 and AR bandwidth for Array antenna.

Tissue | Relative permittivity (er) | Conductivity § (S/m)
Skin 42.9 1.561

Fat 528 0.1028

Muscle | 54.48 1.844

Table 3. The Electrical properties of human tissues at 2.4 GHz.

is defined as 12 mm. This optimized configuration optimizes the array performance, ensuring high gain and
circular polarization purity. The optimal antenna array parameters obtained are listed in Table 2.

Simulating the antenna in HFSS with a biological tissue environment is essential, given its proximity to the
body, which can significantly influence antenna performance. This simulation is essential to studying the Specific
Absorption Rate (SAR) to ensure compliance with safety standards. A parametric analysis study is employed to
determine the optimal parameters for the antenna element, such as diameter, spacing, and configuration. The
study aims to analyze the performance characteristics of the array antenna. Figure 16 depicts the simulation
results of the array antenna for the reflection coefficient (S11) and the axial ratio (AR). Table 3 lists the electrical
properties of human biological tissues®’.

The axial ratio is consistently less than 3 dB, indicating the excellent polarization purity and minimal signal
distortion achieved by the novel antenna design under investigation. Figure 17 illustrates that the proposed
array antenna achieves a peak realized gain of -14.9 dBi at a frequency of 2.43 GHz, demonstrating that the
system superior characteristics are sufficient for a quasi-omnidirectional radiation pattern suitable for sick-room
coverage area medical device applications.

The simulation results for the array antenna at the operating frequency of 2.43 GHz reveal an RHCP peak
gain of -14.9 dB and an LHCP peak gain of -39.9 dB. Although the sign of the gain value is negative, these
results demonstrate excellent performance in signal radiation and input power utilization. Figure 22 shows the
simulated and measured gains, validating the antenna efficiency at the specified frequency.

Figure 18 illustrates the simulated normalized cross-polarization gain patterns of the antenna. The patterns
demonstrate a comparison of the cross-polarization levels at various angles, providing insights into the antenna’s
effectiveness in maintaining the desired polarization state across the range of operation.
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Fig. 17. The simulated peak realized gain of the proposed array.

The simulated gain patterns for RHCP and LHCP of the array antenna are presented in Fig. 23. The results
confirm that the proposed array antenna exhibits symmetrical radiation patterns, ensuring uniform coverage
and enhancing link quality. This characteristic is crucial for medical devices that demand stable and continuous
communication.

The significant difference between LHCP and RHCP gain is mainly due to the design and orientation of the
antenna elements and the feed network. The proposed antenna is designed explicitly for RHCP radiation, so the
RHCP gain is significantly higher than the LHCP gain. This design choice ensures that the antenna radiates most
of its power in the desired RHCP mode, thereby minimizing multipath effects and polarization mismatches in
the intended applications for medical devices. Negative values for both LHCP and RHCP gain indicate that the
antenna radiates less power in those directions than an isotropic radiator (with a gain of 0 dB). In the context
of the design, the RHCP gain of -21 dBic (single element) and — 15 dBic (array) reflects the adequate radiated
power in the RHCP mode, which, despite being negative, is sufficient for the specific range and operational
requirements of the body area networks (BAN).

As a result of their compact size and proximity to the human body, wearable and miniaturized antennas tend
to operate at reduced power levels. As the LHCP gain is significantly lower (more negative) than the RHCP gain,
the antenna is highly selective in its polarization, effectively suppressing the unwanted LHCP mode. In order
to maintain the integrity of RHCP signals and reduce interference from reflections and multipath components,
this selectivity is essential. Furthermore, the negative gain values may initially seem concerning. However, they
indicate the antenna’s relative performance in the specified polarization states. It is important to note that the
difference between the LHCP and RHCP gains is critical to demonstrating the antenna’s ability to radiate in the
intended polarization (RHCP). This characteristic ensures reliable communication in BAN applications, where
consistent polarization is essential for signal integrity.

@ ®)

Fig. 18. Simulated normalized (a) E-plane and (b) H-plane radiation patterns with Co- and Cross-polarization
at 2.4 GHz frequency. The solid lines/blue are Co-pol and the dashed lines/red are Cross-pol radiation.
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Array antenna fabrication and measurements

Following the simulation process and obtaining satisfactory results, the array antenna and feeding network were
fabricated for experimental testing and measurement. Figure 19 shows the fabricated prototypes of the array
antenna and feeding network.

Subsequently, an array antenna and feeding network were connected using the standard coaxial cable of
appropriate length. Several factors can affect an antenna’s performance, including the length of the coaxial cables
connecting the feeding network to the array of antenna elements. With increasing length, coaxial cables exhibit
an increase in signal loss. The loss is frequency-dependent and is determined by the cable attenuation coefficient
(dB/m). In addition to reducing the power delivered to the antenna elements, longer cables may also result
in higher insertion losses, resulting in a reduction in the overall gain of the antenna system. Moreover, the
signal phase changes as it travels along the cable. This phase shift results in the electrical length of the cable
being directly proportional to the operating frequency and the cable length. When cable lengths are not equal,
phase mismatches may occur between antenna elements, adversely affecting the antenna performance and
polarization purity. It is also possible for variations in cable length to affect the impedance matching between the
antenna elements and the feeding network. Impedance matching is essential to minimize reflection losses and
ensure efficient power transfer. Mismatched cables can generate standing waves and degrade performance due
to reflections. The following strategies were implemented to minimize the adverse effects of cable length on the
performance of our antenna:

a) A high-quality, low-loss coaxial cable is carefully selected to connect the feeding network to the antenna
elements. This careful planning and decision-making process ensured that a more significant percentage of
the transmitted power reached the antenna elements while minimizing signal attenuation over the length of
the cables.

b) Coaxial cables of equal length were used for all connections between the feeding network and the antenna
elements to prevent phase mismatches. As a result, the signals at each element are in phase, preserving the
array’s intended radiation pattern and polarization characteristics.

¢) The length of the cables was carefully optimized to balance practical deployment constraints with optimal
electrical performance. In addition to providing the necessary flexibility for the physical arrangement of the
array elements and feeding network, the lengths selected are sufficiently short to minimize loss and phase
shift.

d) We carefully designed the transition between the feeding network and the coaxial cables to ensure proper
impedance matching. This design consideration minimizes reflection losses and efficiently transfers power
from the feeding network to the antenna elements.

The design is assembled and subjected to experimental testing; Fig. 20 displays the measurement setup. The
simulated and measured values of the S11 parameter and the AR of the proposed array antenna are shown in
Fig. 21.

The proposed array antenna has demonstrated an impedance bandwidth of 21.4% (2.2-2.72 GHz) with
circular polarization in the entire operating frequency band. Additionally, the antenna boasts a gain of -14.9
dBi and effectively covers the operating frequency at 2.43 GHz within the ISM band. These results demonstrate
a strong correlation between the expected and observed impedance-matching characteristics, affirming the
reliability and accuracy of the antenna performance design.

Althoug there is agreement between the simulated and measured results, they do not perfectly match due
to several contributing factors. The proposed design consists of two parts of the feed network and an array of
elements with a coaxial cable connection. Due to manufacturing tolerances, the physical dimensions of the
antenna may vary slightly from the designed specifications. Also, antenna performance can be affected by
variations in substrate thickness, dielectric constant, and conductor dimensions. Additionally, connections
between the feeding network and the antenna elements, such as solder joints and coaxial connectors, may
introduce impedance mismatches and additional losses not accounted for in simulations. However, the
environment in which the measurements are conducted, including the antenna’s proximity to metallic objects
or other sources of interference, can affect the results. In contrast, simulations are typically performed in an
idealized environment in which interference is not present.

Figure 22 shows that the measured values of the LHCP gain and RHCP gain closely align with and validate
simulation results, demonstrating a strong agreement between the anticipated and observed performance
of the array. This agreement between simulation and measurement enhances the credibility of the findings,
implying that the theoretical expectations accurately represent the real-world behavior of the antenna. this close
correspondence reinforces the overall reliability and confidence in the reported results.

The gain performance of a small wearable antenna demonstrates slightly positive RHCP gain and negative
LHCP gain at lower frequencies, with negative gain in the targeted band. This behavior is influenced by the
antenna’s compact size and proximity to the human body, which causes signal absorption and detuning. The
small size limits the antenna efficiency and bandwidth, while the design may prioritize factors like flexibility
and wearability over high gain. Although the lower gain, the antenna can still provide a quasi-omnidirectional
radiation pattern and maintain good impedance matching, which is suitable for specific wearable applications
where consistent coverage and compact design are of greater importance than maximizing gain.

The measured and simulated RHCP and LHCP radiation patterns of the proposed array antenna at a frequency
of 2.43 GHz are illustrated in Fig. 23. The experimental results demonstrate that the radiation patterns exhibit
stability and agreement with the simulated results. This confirms the antenna’s expected characteristics and
reliability. The results indicate that the antenna is capable of performing as anticipated. Simulated and measured
RHCP/LHCP radiation patterns of the proposed array antenna at 2.43 GHz.
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Fig. 19. Fabricated prototype photograph: (a) Array antenna top view, (b) Array antenna bottom view, (c)
Feeding network, (d) Array antenna connected to the feeding network.

@ ®)

Fig. 20. Measurement setup, (a) antenna connected to the network analyzer, and (b) antenna placed in an
anechoic chamber.

Communication link and sar analysis

The Link Budget assessment is a critical aspect of designing and assessing the performance of the proposed
Circularly Polarized (CP) antenna array. The Link Budget provides a comprehensive signal path analysis,
considering gains, losses, and other factors to determine the overall communication system performance. The
proposed CP array antenna helps mitigate path loss by providing increased gain.

Link margin

The link margin provides crucial insights into the feasibility and reliability of the proposed CP array antenna
for the intended communication application. It represents the surplus signal power beyond the minimum
requirement for communication. Defined as the difference between the designed received power value and
the minimum required threshold at the receiver. The link margin for various communication scenarios can be
determined using the Friis transmission equation with the free-space path loss Eq. 3%. Table 4 includes all the
parameters required to calculate the communication link margin.

The link Margin equation is typically represented as follows:
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Fig. 21. Simulated and measured impedance and AR bandwidths of the proposed array antenna.

L. M. = CNRjesign — CN Ry (5)

CNRgesign = B4+ G+ G — Pross — Ny (6)

CN Ry, = Ey/Ny+ 10logyo(Be, ) — Ge + Ga (7)

Ny =10logK + 10 log,, T’ (8)

T=T(NF-1) )

where (CNR design) represents the carrier-to-noise ratio when the antenna transmits at a specific power and

distance from another antenna, and (CNR,,.) is the threshold carrier-to-noise ratio to meet particular criteria
of bit-rate (B,) and bit-error-rate (Be,,,) associated with receiver sensitivity. P, and P, are the received and
transmitted power at the receiver and transmitter, respectively (dBm). G, and G, are the gain of the transmitting
receiving antenna, respectively (dBi), K is Boltzmann constant (1.38 X 10~%3), T and T, are the additional noise
temperature introduced by the component and the ambient temperature, respectively (in Kelvin).

The free space path loss formula can be determined from Eq. (10):

PLoss =20 1Ogl() (47T d/)‘ ) (10)

Using the Shannon-Hartley theorem in (11), the channel capacity is calculated as 1.771 Gbps under ideal
conditions, considering an achieved CP impedance bandwidth of 520 MHz and a signal-to-noise ratio for binary
phase shift keying (E,/N,) of 9.6.

C = BW x log,(1 + SNR) (11)
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Fig. 22. Simulated and measured RHCP/LHCP gains of the proposed array antenna.
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Fig. 23. Simulated and measured RHCP/LHCP radiation patterns of the proposed array antenna at 2.4 GHz
frequency.

Parameter Value
Transmitter

Operating frequency 2.45 GHz
Polarization CP

Tx power P, (dBm) 19.23

Tx antenna gain G, (dBi) -15
Receiver

Rx antenna Gain G, (dBi) 2.15
Ambient temperature T, (K) | 398.2
Receiver noise Fig. NF (dB)

w

Noise power density (dB/Hz) | —199.95

Signal

Bite rate B, (Mb/s) 10

Bite error rate (B,,.) 1x107°
E,/N, (ideal BPSK) (dB) 96
Coding gain Ge(dB) 0

Fixing deterioration Gd (dB) | 2.5

Table 4. Communication link budget parameters.

here (SNR = E,/Ny).

Figure 24 shows that a link margin of 64 dB was achieved with a bit rate transmission of 10 Mb/s at a distance
of 10 m. This substantial link margin ensures reliable communication for the proposed antenna, ensuring
effective operation within the range of the external monitoring device.

SAR analysis

The safety limit of the proposed antenna is paramount, and it undergoes evaluation using a specific absorption
rate (SAR). To comply with the safety standards of IEEE C95.1-1999, SAR levels must be maintained below 1.6 W/
kg, typically averaged over 1 g of human tissue. The simulation model incorporates three layers of biological
tissues (skin, fat, and muscle). The feeding network represents a power transmission line to the antenna without
radiating elements and may influence SAR values by altering power distribution, adding simulation complexity,
and providing shielding effects. For these reasons, the SAR analysis often focuses on the wearable array antenna
alone to ensure conservative safety estimates and regulatory compliance.
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SAR Field

w/xgl

.‘: ggs - Wearable array antenna
1.0073 | S— -
1.0060
1.e047
1.8033
1. 8020
1.0007

-Q 993

0

Simulated human body tissues

—

Fig. 25. SAR of the proposed antenna in the simulation model at 2.4 GHz.

Figure 25 depicts the antenna SAR within a simulation model at the operating frequency of 2.45 GHz. The
maximum averaged SAR at an input power of 1 W was determined to be 1.01 W/kg; this value aligns with the
IEEE C95.1-1999 standard, which sets a SAR limit of 1.6 W/kg.

Table 5 provides a detailed features comparison of the proposed CP array antenna with the researchers’ works
for wearable antennas in the last decade. The data presented in the table demonstrates the excellent performance
of the proposed array antenna in terms of design, size, and functionality compared to prior works in the field.

Conclusion

A compact and novel design of a circularly polarized wearable 2 X 2 array antenna, measuring 24 mm X 24 mm
X 1 mm, operating at 2.4 GHz within the ISM band, has been presented. The antenna utilizes a cascade feeding
network comprising rat-race and branch-line couplers. The overall size of the array antenna with its feeding
network is 110 mm X 95 mm X 1.8 mm. The antenna was fabricated, and the experimental results corresponded
with the simulation results. The results indicate that the proposed antenna has an impedance bandwidth of
21.24% and a large AR bandwidth encompassing the entire operating frequency range. The link budget and
channel capacity were calculated, yielding a link margin of 64 dB at a bit rate of 10 Mb/s over a coverage area
radius of 10 m. This result indicates that the antenna demonstrates effective performance within a patient room.
The SAR of the antenna was analyzed, and it complies with the safety limits of IEEE C95.1-1999 standards.
The array antenna exhibits excellent impedance matching, gain pattern, and circular polarization capability.
This demonstrates the antenna reliability for wireless communication and data transmission between on-body
medical devices and remote base stations.
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SAR (W/kg)
Refs. Type | Size f, (GHz) | —10 dB >Impedance BW | Gain dB | Polarization | Overlapping ARBW |1g |10g
» SingleF 809287211;, 3)3 ';“7:‘; oossh, |58 8.1% —055 | Linear - 121 |-
» Single? 2(1)_502;;‘ X ;\'05))2";“1“& 002293, | 09175 | 0.54% -56 | Linear - - |-
“0 Single® | 2 4X>\i5>< x) f)l\:]“; 004, 24 45% 35 cp 2.4% 054 |-
a single? | (92X 5}\‘(*;(( ézil{ni‘;; 00092, | >4 40.4% -7 Linear - 0.368 | -
2 Single® 8232767;0 ey ;\f;“gz‘g'{j 5.8 18.9% 6.22 cp 18.3% 0.182 | 0.106
a Single* 5)3'39 X 3}\90;‘ g:g?g))\’::‘g NRES 7.75% —057 | Linear - 17 |21
a Single® g’gg{oﬁfégi i‘%fg‘i 3\‘;‘3 5.8 6.6% 72 cp 3.85% ~ o294
1 Array® %?ésxki%i) f;“;‘;x o, |5 45.6% 26 cp 211% 0.174 | -
16 Single? (1132 ;501)(3‘1)3 :'}\304; :)‘.‘5’2‘37 NEY 18% 8.9 cp 14.3% ~ 0059
This work | Array® gég ?015;;68)302’3; |24 21.24% 139 |CP 21.24% 101 |-

Table 5. Comparison of the proposed CP array antenna characteristics with another wearable antenna works.

R:

Rigged substrate, F : Flexible substrate.
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