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The growing adoption of Body Area Networks (BANs) significantly 
enhanced the desire of wearable antennas. This study introduces a 
flexible wearable printed antenna based on an antipodal Vivaldi 
structure fabricated on a hybrid polyimide-polyester substrate utilizing 
screen printing fabrication technic, as well as a flexible dual-ring 
antenna utilizing copper tape and a polyester substrate. Compare to 
rigid antennas, flexible wearable antennas require meticulous 
fabrication and measurement processes due to their structural 
sensitivity. This paper provides a comprehensive analysis on the 
procedure of fabrication and considerations during measurement of 
the flexible wearable antennas, alongside a comparative analysis 
between them. These antennas exhibited satisfactory free-space 
performance, covering key 5G NR bands, including n48, n77, and n78. 
Printed antenna demonstrated wider resonance bandwidth oppose to 
the copper tape antenna and exhibited a higher degree of alignment 
among simulation and measurement. These findings indicate that the 
printed antenna offers superior performance and durability. To 
validate its applicability in wearable scenarios, the printed antenna was 
assessed under on-body placement and mechanical deformation. On-
body measurements were conducted at the chest and back, yielding 
resonance bandwidths of 710 MHz and 740 MHz, respectively, with 
good agreement between simulation and measurement. Simulation 
results under various bending conditions demonstrate that the antenna 
maintains satisfactory resonance performance compared to its free-
space response. At a bending radius of 50 mm, the measured S-
parameters closely align with simulation results, exhibiting a 
resonance bandwidth of 650 MHz. SAR analysis verified that the 
antenna meets ICNIRP safety standards, confirming its safe operation 
for wearable use 
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1. Introduction 
Body Area Networks (BANs) are extensively utilized across various domains, including health and sports 
monitoring, emergency response, and navigation [1]. In BAN communication systems, wearable devices rely on 
wearable antennas for efficient wireless signal transmission and reception [2]. For comfort of the user and 
reduced electromagnetic radiation, wearable antennas requires characteristics like lightweight, thin, low-profile 
and flexibility [3]. Textiles such as polyester, cotton, linen, and denim are commonly used because of  lower height 
and lower dielectric constants [4].  
In textile-based antennas with thin substrates, the radiating patch and ground plane are often fabricated utilizing 
copper tape. A dual-ring circular patch antenna was initially designed using a polyester substrate and copper tape 
[5]. Although it exhibited satisfactory performance, its bandwidth was limited. To overcome this constraint, 
Vivaldi structure was chosen because of its excellent ultra-wideband inherent capabilities [6], [7], along with other 
advantages such as low cost, lightweight structure, and a simple feeding mechanism, makes it suitable for various 
5G applications. Furthermore, among different Vivaldi antennas, the antipodal Vivaldi antenna (AVA) is vastly 
used for broader bandwidth and better performance which is consisting of two symmetrical tapered arms, 
separated by a slot. However, fabrication using copper tape  presents durability concerns, as repeated wear can 
cause the conductive layer to peel off, compromising efficiency and long-term performance [8]. To address this, 
screen printing technology was adopted as an alternative fabrication method, offering enhanced mechanical 
stability and durability. This technique employs a patterned stencil to deposit conductive ink onto the substrate, 
ensuring better structural integrity over time [9]. A hybrid polyimide–polyester substrate was proposed to further 
improve robustness compared to polyester alone. Consequently, the screen-printed Vivaldi antenna replaced the 
copper tape-based design. This study provides a comparative free-space performance analysis between the 
copper tape-based dual-ring circular patch antenna [5] and the screen-printed antipodal Vivaldi antenna [10], 
highlighting the improvements achieved through the new design and fabrication approach.  
Considering wearable nature of the screen-printed antenna, the outcomes from the antenna near body must be 
thoroughly examined since wearable antennas operate in close proximity to the human body, their performance 
tends to degrade, particularly in terms of resonance, efficiency and gain [11]. Human body, acting as a lossy 
medium, would significantly impact antenna performance, often causing degradation [12]. As a wearable textile 
antenna, it will inevitably experience bending when positioned on different body areas [13]. Impedance 
mismatches between the feeding port and the transmission line can be occurred by bending, potentially altering 
and degrading overall performance. Therefore, ensuring that the antenna maintains stable operation under 
mechanical deformations caused by moving user is crucial [14]. Wearable devices can lead to high Specific 
Absorption Rate (SAR) levels at the skin surface [15]. Specific Absorption Rate (SAR) is defined as the power 
absorbed by the biological tissue when exposed to a RF electromagnetic field [16]. Consequently, assessing SAR 
value is crucial and the limits were enforced by regulatory agencies (such as the United States and the European 
Union) in different nations. For instance, the European Union has imposed SAR restrictions of 2 W/kg, averaging 
over 10 g of tissue. In contrast, the Federal Communications Commission (FCC) has set SAR limits of 1.6 W/kg, 
averaging over 1 g of tissue for cell phones and similar electronic devices [16], [17], [18], [19].  
Screen-printed antennas have been explored in various studies. For instance, a dual-band circularly polarized 
MIMO wearable antenna was screen-printed on a cotton–polyester fabric for WBAN applications at 2.45 GHz and 
5.8 GHz, achieving bandwidths of 400 MHz and 800 MHz, respectively [20]. Another study [21] employed screen-
printed antennas on polyimide, glass, and alumina ribbon ceramic substrates, operating at 24 GHz. Additionally, 
an ultra-wideband screen-printed antenna on a borosilicate glass substrate demonstrated a bandwidth ranging 
from 7.92 GHz to 36.5 GHz [22]. In contrast, the proposed printed antenna employs a dual-layer substrate 
comprising polyester and polyimide to balance user comfort and mechanical stability, targeting sub-6 GHz 
frequencies for 5G applications.  
Considering the factors described earlier, in response to these challenges, this study illustrates analysis of 
fabrication process, measurement concerns, along with performance evaluation in both free-space and wearable 
conditions, including proximity to the human body and structural deformation due to bending. SAR analysis has 
been performed to ensure safety of user. Structure of the paper follows: Section 2 presents the antenna design, 
fabrication process, and measurement setup. Results and key findings are discussed in Section 3, while Section 4 
summaries the study. 

2. Design Specifications, Fabrication, and Performance Analysis Setups 

2.1 Design Specifications 
Figure 1 portrays a dual-ring circular patch and fabricated was done with a polyester textile whose dielectric 
constant is 1.34 with loss tangent value of 0.005, along with the height of 0.4 mm. In contrast, printed antenna 
comprises of two-layered combined substrate consisting of polyimide (dielectric constant: 2.1, loss tangent: 
0.0015, height: 0.05 mm) and polyester, illustrated in Figure 2. The conductive elements of the circular patch and 
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antipodal Vivaldi antennas are realized using copper tape and silver ink, respectively. Detailed values for 
dimensions of both antennas are presented in Tables 1 and 2. Further enhancement of bandwidth is done by 
selecting antipodal Vivaldi structure for printed antenna as an improvement over the previously used dual-ring 
circular patch configuration. 
 

                                                 
(a)                                                                                               (b)     

                                                                                                                          
(c) 

Fig. 1 Dual-ring circular patch antenna with copper tape (a) front (simulated and fabricated); (b) rear (simulated 
and fabricated); (c) simulated side view 

Table 1 Parameters of dual-ring circular patch antenna 
Parameters Description   Value 

(mm) 
Parameter Description Value 

(mm) 
W Antenna width 55 f Feedline width 1.3 
L 

R1 
 

R2 

Antenna length 
Outer radius of outer 

circle 
Inner radius of outer 

circle 

46 
17 

 
15 

G 
R3 

 
R4 

Ground width 
Outer radius of inner 

circle 
Inner radius of inner 

circle 

33 
5.5 

 
2 
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(c) 

 

 
(d) 

Fig. 2 Antipodal Vivaldi antenna (a) front (simulated and fabricated); (b) back (simulated and fabricated); (c) 
simulated side view; (d) measurement setup 

Table 2 Parameters of antipodal Vivaldi antenna 
Parameter Description   Value 

(mm) 
W Antenna width 120 
L Antenna length 95 
A 
B 

Ws 

Flare length 
Flare width 

Ground width 

36 
28 
20 

 

2.2 Procedure for Fabrication and Concerns for Measurement 

2.2.1 Dual-Ring Circular Patch Antenna 
Fabrication of the dual-ring circular patch antenna start with manually cutting copper tape and polyester 
following predefined layers in simulation (radiating patch, and substrate). Conductive elements were then 
positioned onto the substrate, and 50 Ω SMA connector attachment to feedline is achieved through conventional 
lead soldering. Prior to measurement, the connection of the antenna feedline and SMA was checked using with the 
help of multi-meter. Figure 1(a) and 1(b) illustrates fabricated antenna.  

2.2.2 Antipodal Vivaldi Antenna 
Fabrication of antipodal Vivaldi antenna was conducted using a screen-printing process and the process is 
portrayed in Figure 3. Initially, a polyimide substrate was pre-laminated on polyester utilizing a heat press 
laminator. Conductive elements, including the radiating patch and ground plane, were then went to screen 
printing in several layers using silver ink. For silver conductive ground layer and silver conductive patch antenna 
layer, 25μm thickness of screen-printed silver ink was printed using 230 thread/inch meshes. Attachment of 50 
Ω SMA connector with feedline was achieved utilizing silver soldering paste and the process is shown in Figure 
3(d). Traditional soldering methods were avoided, as they could potentially damage or burn the polyimide layer. 
Instead, soldering paste was precisely applied using a syringe to ensure accuracy. The antenna was subsequently 
put in the oven with temperature of 100°C for approximately 45 minutes for making this silver paste into solid, 
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ensuring proper connection among SMA connector and antenna. Fabricated antipodal Vivaldi antenna is shown 
in Figure 2(a) and 2(b). Entire procedure of printing was conducted using an automated printer, followed by 
curing in a convection oven. All fabrication procedures were performed at the MTI Lab, Jabil Circuits, Penang. 
 
 

 
 

 
(d) 

Fig. 3 Antipodal Vivaldi antenna fabrication procedure (a) polyimide substrate heat press on polyester fabric; (b) 
conductive patch layer screen printed on the top; (c) flip the substrate and screen print on the conductive 

ground layer; (d) SMA attachment utilizing silver ink using syringe for precision 

Table 3 Difference between two antennas in term of fabrication 
Dual-ring circular patch antenna Antipodal Vivaldi antenna  

Placing copper tape Using screen printing technic 
Easy and less time-consuming fabrication Fabrication is time-consuming and requires to follow 

in steps 
Copper may detach on multiple use Printed silver conductive, No possibility of detachment 

Not long-lasting Durable 
Cheaper Comparatively expensive 

Mild error in outcomes due to manually done 
fabrication 

Using machinery, more precious structure 

 
Table 3 presents a comparative analysis, highlighting that while copper tape enables a faster, simpler, and more 
cost-effective fabrication process, it lacks long-term durability. In contrast, printed antennas demonstrate 
superior resilience, allowing for repeated use without performance degradation. Furthermore, printed structures 
are more accurate than manually fabricated dual-ring antenna, leading to increased accuracy in measurement 
results. Afterward, as shown in Figure 2(d), reflection coefficient measurements were performed utilizing Vector 
Network Analyzer (VNA), model E5071C. While measuring these single-port antenna, either of the two available 
ports utilized for connection purpose with antenna, and corresponding result can be seen on the screen. 
Sustaining the wearability of the antenna and its thin, flexible substrate, precise measurement was crucial. To 
ensure stability while maintaining free-space conditions, a foam backing is placed to rear side of the antenna while 
measuring. The dielectric properties of the foam closely resemble those of air, providing structural support 
without significantly affecting the antenna’s electromagnetic characteristics. 

2.3 On-Body Setup of Antipodal Vivaldi Antenna 
To assess impact on antenna performances due to human body, a realistic homogeneous human body model from 
CST Microwave Studio was employed in simulation, as it accurately replicates the electromagnetic properties of 
human body. Antenna positioning has been done at two distinct locations: the chest and back to analyse its 

(a) 

(b) 

(c) 
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resonance characteristics, as illustrated in Figures 4 and 5. The placement was as close as possible to the body, 
with a minimum separation of 5.6 mm, constrained by the SMA connector and the antenna structure. 
To experimentally validate the simulation results, the antenna's performance was tested on a real human subject 
under similar conditions. The 5.6 mm separation was maintained by placing a foam layer (height: 5 mm) on back 
of the antenna, Considering the thickness of a typical T-shirt worn by the human model, the effective separation 
was approximately 5.6 mm. Consequently, consistency between the simulation and measurement setups was 
ensured. The measurement configurations are depicted in Figure 5. 
 

     
                                                         (a)                                                                                                   (b) 

Fig. 4 Antipodal Vivaldi antenna placement near human model in CST on the (a) back of the model; (b) chest of the 
model 

    
(a)                                                                                               (b)                

Fig. 5 Antipodal Vivaldi Antenna placement near real human body for measurement on (a) back; (b) chest 

2.4 Antipodal Vivaldi Antenna Bending Setups 
Since printed antenna is developed for wearability, the antenna requires to maintain its performance under 
bending conditions, since antenna would inevitably go through deformation like bending when user wears it. 
Figures 6 along with 7 illustrate the simulation and measured setup of bending analysis, respectively for printed 
antenna. To simulate bending, antenna is wrapped around a cylinder for which vacuum is chosen as material, 
assuring cylinder property would not interfere with its electromagnetic properties. The degree of bending is 
controlled by varying the radius of cylinder. Simulations are performed for different cylinder radius for 
determining impact of bending. To evaluate the outcomes of antenna through experimental measurements, a 
hollowed cylinder was used instead of a solid rigid structure. This design ensures that the interior of the cylinder 
remains filled with air, with only the outer surface providing structural support. To further make the cylinder 
characteristics resembling air/vacuum, air holes were incorporated into the outer surface of the cylinder. The 
antenna was then placed on cylinders of varying radii to assess its performance under different bending 
conditions. 
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                                                           (a)                                                                                     (b)                                                           

                  
                                                                                                                     (c) 

Fig. 6 Simulated antipodal Vivaldi antenna bended antenna at different bending radius (a) 80mm; (b) 50mm; (c) 
20mm 

 
 

   
                                                          (a)                                                              (b) 

 Fig. 7 Measurement setups for antipodal Vivaldi antenna bending with bending radius 50 mm 

3. Results and Discussions 

3.1 Free Space Results of Dual-Ring Circular Patch and Antipodal Vivaldi Antenna 
The measurement results demonstrated satisfactory performance, as they closely aligned with the simulation 
outcomes, as presented in [5], [10]. Through outcomes that demonstrated in Figures 8(a) and 8(b), satisfactory 
alignment between measurement and simulation is confirmed. Hence, printed antenna exhibits a higher degree 
of correlation with simulations, highlighting validity of screen-printing fabrication and the tactics that followed 
during measurement. This finding underscores the suitability of screen-printing technology for fabricating thin, 
flexible antennas. Furthermore, the printed antenna exhibited improved efficiency and gain compared to its 
copper tape counterpart, portrayed in Figures 8(c) and 8(d). Since printed antenna exhibits better performance, 
further assessment i.e. on-body and bending are conducted on the printed antenna only and reassuring the 
wearable application of the antenna.  

 



Int. Journal of Integrated Engineering Vol. 17 No. 6 (2025) p. 135-146 142 

 

 

     
(a)                                                                                  (b) 

   
                                                               (c)                                                                                     (d) 

Fig. 8 Antenna performances in free space, simulated and measured reflection coefficient of (a) dual-ring circular 
patch antenna; (b) antipodal Vivaldi antenna; simulated efficiency and simulated gain of; (c) dual-ring circular 

patch antenna; (d) antipodal Vivaldi antenna 
 

3.2 On-Body Performance of Antipodal Vivaldi Antenna 
Figure 9 demonstrates simulated vs measured S11 near human body. Due to the antenna's size, placement is 
limited to the chest and back, as areas such as the shoulder or leg are too small for proper positioning. Additionally, 
the varying curvature of the human body at different locations (chest, back, arms, legs etc.) necessitate careful 
consideration of contours to ensure accurate performance evaluation. Since, chest and back are less curvaceous 
compared to arms or legs, the deformation due to body structure would be less as well if antenna is placed on 
chest or back. 

The reflection coefficient results indicate a frequency shift toward higher frequencies while placing the 
antenna near body due to electromagnetic impact of antenna. However, the antenna consistently maintained a 
stable resonance bandwidth of 3.3 GHz to 4.2 GHz in both positions. Since the targeted frequency bands were 
successfully covered even under on-body conditions, the antenna’s performance was deemed satisfactory. 
Experimental measurements were conducted as well to validate the simulated results. The measured data 
revealed a frequency shift and a slight reduction in bandwidth, primarily attributed to fabrication and 
measurement constraints. During the screen-printing process, diffusion between the polyimide and polyester 
layers altered the antenna's characteristics, impacting its overall performance. Additionally, the lightweight and 
thin design of the antenna caused a slight tilt in the feedline when connecting the SMA cable during measurements. 
Given the feedline's critical role in antenna performance, this tilt influenced the resonance frequency. Despite 
these minor deviations, the antenna demonstrated satisfactory performance, achieving a resonance bandwidth 
that successfully covers the 5G NR bands of interest: fully covering n48 and nearly covering n77 and n78. 
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                                                          (a)                                                                                                       (b) 

Fig. 9 Simulated vs measured S11 near human body for antipodal Vivaldi antenna, on the (a) back; (b) chest 
 

3.3 Bending Analysis of Antipodal Vivaldi Antenna 
 

  
                                                             (a)                                                                                                       (b) 

Fig. 10 Bending analysis of antipodal Vivaldi antenna, S11 (a) in different bending conditions in simulation; (b) 
simulated vs measured in bending radius 50 mm. 

 
A bending analysis is performed on printed antenna to evaluate its resonance performance under various bending 
radii, as depicted in Figure 10. Lower bending radius corresponds to a greater bended structure. Achieved results 
indicate that the antenna maintains satisfactory performance for bending radii down to 50 mm. However, 
excessive bending, particularly at a radius of 20 mm, leads to significant performance degradation. Therefore, to 
ensure optimal functionality, a minimum bending radius of 50 mm is recommended. For wearable applications, 
placement on the chest or back is preferable, as these regions experience minimal structural deformation 
compared to areas such as the shoulder or arm. 

Subsequently, the antenna's bending performance was evaluated through experimental measurements. As 
shown in Figure 10(b), the measurement results exhibit a strong correlation with the simulation data, following a 
similar trend. A frequency shift toward higher frequencies was observed, consistent with the previously noted 
fabrication and measurement constraints encountered in the on-body measurements. 

3.4 SAR Analysis of Antipodal Vivaldi Antenna 
Specific Absorption Rate (SAR) is assessed for user safety and was evaluated for both chest and back placements 
at the closest proximity to the body. SAR values are tabulated in Table 4 and the values were computed throughout 
the bandwidth. An initial input power of 100 mW, as commonly adopted in prior studies, resulted in SAR values 
exceeding the regulatory limit (2 W/kg) for the back placement. In existing literatures [23], [24], [25] threshold 
values were proposed. Subsequently, a revised input power threshold of 85 mW was proposed to ensure 
compliance with safety standards.  
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Table 4 Simulated SAR values for antipodal Vivaldi antenna throughout the bandwidth 
Frequency 

(GHz) 
SAR at Back 

(W/Kg) 
SAR at chest 

(W/Kg) 

3.3 1.68 0.98 
3.5 1.79 0.84 
3.7 
3.9 
4.1 

1.89 
1.95 
1.93 

0.92 
1.00 
1.05 

Table 5 Comparison of proposed antipodal Vivaldi antenna with previous Vivaldi antenna from literature 
Ref  Substrate  Frequency 

(GHz) 
Size 

(mm3) 
Gain 
(dBi) 

[26] Rogers 5880 0.5 to 28 72×40×0.508 - 
[27] Rogers RT5880 23 to 34 16×20×0.807 > 5.65 
[28] Rogers 5880 13 to 20 61×30×0.526 3.1 (max) 
[6] Rogers RT5880 20 to 45 7×10×0.79 6.49 (max) 

[29] Denim jeans 3.7 to 3.85 15×15×0.5 10.7   (max) 
Proposed Polyimide and 

Polyester 
3.3 to 4.2 120×95×0.45 5.42 (max) 

 
 
The proposed antipodal Vivaldi antenna is compared with previous studies, which predominantly employed 

rigid or semi-rigid substrates. In contrast, the proposed design utilizes a fully flexible textile substrate. Although 
this may lead to a slight reduction in bandwidth due to the material properties, it still effectively covers the 
targeted frequency bands with a sufficient gain performance. Moreover, while similar antipodal antennas on 
denim fabric have been reported in the literature, the proposed design demonstrates improved resonance 
bandwidth. Notably, the previously reported denim-based antenna used ShieldIt conductive textile, which has 
lower durability compared to the screen-printed silver ink used in this work. Although the antenna is relatively 
large in size, its intended placement on broad areas of the body, such as the chest or back, ensures that the 
dimensions do not pose any practical limitations or discomfort for the user. 

4. Conclusion 
This study investigated the fabrication and measurement aspects of a wearable inkjet-printed antenna and 
compared its performance with that of a conventional copper tape antenna. The alignment between simulated 
and measured results validated the precision of both the fabrication and measurement processes. Notably, the 
printed antenna exhibited a broader resonance bandwidth and a closer agreement with simulation results, 
attributed to its more precise structural integrity. Although the fabrication of the printed antenna is comparatively 
more expensive, it offers greater durability, which supports long-term performance stability thus the antenna can 
be used for industrial usage as well. Based on these observations, the printed antenna was found to outperform 
the copper tape antenna and was selected for further evaluation for wearable application. On-body performance 
tests were conducted at two body locations, chest and back, demonstrating a consistent resonance bandwidth 
from 3.3 GHz to 4.2 GHz. These results were comparable to those in free-space conditions, with only minor 
frequency shifts due to the dielectric properties of the human body. The on-body measurements closely matched 
the simulations, further confirming effective performance of the antenna in presence of human body. A bending 
analysis was also carried out to evaluate the robustness of antenna performance to deformation. The antenna 
exhibited consistent and reliable performance under different bending conditions. Simulation results identified a 
threshold bending radius of 50 mm, below which the antenna performance began to degrade. To validate this, the 
antenna was experimentally tested at a 50 mm bending radius, and the measured resonance characteristics 
closely matched the simulated data, confirming robustness of the design and mechanical flexibility for on-body or 
curved surface applications. Additionally, specific absorption rate (SAR) analysis was performed in simulation to 
ensure user safety, and all SAR values remained within the regulatory limit of 2 W/kg across the entire operating 
bandwidth. These results demonstrate that the printed antenna is a strong candidate for wearable applications. 
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Future work will include comprehensive performance evaluations, such as measurements of radiation pattern 
and SAR. 
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