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A compact low-profile wearable dual-band antenna has been designed and analyzed for 
Internet of Things (IoT) enabled Wireless Body Area Networks. The proposed antenna is 

simulated on a Rogers Duroid RO3003 substrate with overall dimensions of 35 × 37 × 
0.5 mm³. At the lower operating band of 2.4 GHz, the antenna achieves a −10 dB 
bandwidth of 4.5%, while at the upper band of 5.8 GHz, a bandwidth of 3.96% is 
obtained. The radiation patterns are omnidirectional in the H-plane for both frequencies; 
in the E-plane, bidirectional behaviour is observed at 2.4 GHz and a more directive 
pattern at 5.8 GHz. Peak gains of 4.6 dBi (2.4 GHz) and 5.9 dBi (5.8 GHz) are obtained, 
corresponding to radiation efficiencies of 92% and 94%, respectively. Specific 
Absorption Rate (SAR) evaluation on a multilayer human tissue model yields values of 

0.85 W/kg at 2.4 GHz and 0.32 W/kg at 5.8 GHz, all within the safety limits prescribed 
by international standards. The combination of compact size, dual-band operation, low 
SAR, and high efficiency makes the proposed antenna a strong candidate for 
next-generation IoT-WBAN wearable devices.  
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INTRODUCTION 
The proliferation of the Internet of Things (IoT) has 
fundamentally reshaped wireless communication and data 
acquisition paradigms (Afrin et al., 2025; Yalli et al., 2024). 
IoT technologies are now pervasive across numerous sectors, 
including healthcare (remote patient monitoring, vital-sign 

tracking), defence, smart cities, smart homes, and precision 
agriculture (Choudhary, 2024; Kumar et al., 2023; Umer et 
al., 2023). In the healthcare domain specifically, Wireless 
Body Area Networks (WBANs) have emerged as a key 
enabler of continuous, real-time patient monitoring outside 
clinical settings, offering timely data for medical diagnostics 
and intervention (Musa et al., 2024, 2025). 
WBAN devices must satisfy stringent requirements: low cost, 

minimal power consumption, robustness to body-induced 
detuning, and comfortable wearability. Depending on the 
application, WBANs operate in several frequency bands: 
400 MHz for implanted medical devices, the Industrial, 
Scientific and Medical (ISM) bands at 2.4 GHz and 5.8 GHz, 
and the 3–10 GHz range for Ultra-Wideband (UWB) systems 
(Yadav et al., 2020). The antenna is a critical component that 
must function in proximity to or directly on human tissue, and 
is particularly challenging to design, as the body’s 

electromagnetic properties can significantly alter antenna 
performance (Shabana et al., 2025; Yahya et al., 2025). 
Furthermore, wearable antennas must comply with Specific 
Absorption Rate (SAR) limits set by regulatory bodies such 
as the ICNIRP and the FCC (Douhi et al., 2025; Dwivedi et 
al., 2025; Sandhya & Chandra, 2025). 
Numerous dual-band wearable antennas have been reported, 
but many suffer from either a large footprint, narrow 

bandwidth, suboptimal gain, or relatively high SAR values. 
In this work, we address these limitations by proposing a 
miniaturised, low-profile, dual-band patch antenna that 

operates at both 2.4 GHz and 5.8 GHz. The antenna is realised 
on a thin (0.5 mm) Rogers RO3003™ substrate, incorporates 
an inverted-E slot to generate the lower resonance, and 
achieves excellent radiation efficiency (>91%) while 
maintaining SAR values well below the safety thresholds. 
The following sections detail the design evolution, parametric 

analysis, simulated performance, and a comparative 
benchmark against state-of-the-art wearable antennas. 
 

MATERIALS AND METHODS 

Antenna Design  
The antenna is designed and simulated using CST Microwave 
Studio (CST MWS). A Rogers Duroid RO3003 material is 
chosen as the substrate because of its stable dielectric constant 

of 3.0, low loss tangent of 0.0013, and thin profile of 0.5 mm, 
properties that are highly desirable for wearable applications 
where flexibility and low weight are important. The 
development of the proposed antenna follows a two-step 
process. Initially, a standard rectangular patch antenna is 
designed to resonate at 5.8 GHz. The dimensions of the patch 
at 5.8 GHz were calculated using the following steps, as 
outlined in the transmission line model involving equations 
(1) – (5). This single-band design provides a reference for the 

upper resonance. 
Step 1: Calculation of width (W) of the patch: 

𝑊 =
𝐶

2𝑓𝑜√
ɛ𝑒+1

2

    (1) 

Where: c = 3 × 108 m/s 

ε𝑒 is the effective dielectric constant 

 𝑓0 is the center frequency 

Step 2: Calculation of the effective dielectric constant (ɛ𝑒): 

ɛ𝑒 =
ɛ𝑟+1

2
+ 

ɛ𝑟−1

2
[1 + 12

ℎ

𝑊
]

−0.5
  (2) 

Where: h is the thickness of the substrate 
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𝜀𝑟 Is the relative dielectric constant of the substrate 
 
Step 3: Calculation of the effective length (Leff): 

Leff =
C

2fo√ɛe
     (3) 

Step 4: Calculation of the length extension (ΔL):  

  ∆𝐿 = 0.412ℎ 
(ɛ𝑒+0.3)(

𝑊

ℎ
 +0.264)

(ɛ𝑒−0.264)(
𝑊

ℎ
+0.8)

  (4) 

 
Step 5: Calculation of actual length of patch (L):  

𝐿 =  𝐿𝑒𝑓𝑓 −  2∆𝐿    (5) 

Step 6: Calculation of substrates dimensions (Ls and Ws): The 
substrate is six times larger than the height of the dielectric 
substrate plus the used length or width, as in equations (6) and 
(7). 

𝐿𝑠 =  6ℎ +  𝐿    (6) 

𝑊𝑠 =  6ℎ +  𝑊    (7) 
 

Design Methodology and Key Techniques 
To ensure clarity and reproducibility, the overall design 
strategy is structured into four sequential stages, as illustrated 
in the methodology flowchart of Fig. 1. 

Stage 1 (Input Specifications) 
The design begins with defining the operational 
requirements: dual-band resonance at the 2.4 GHz and 5.8 
GHz ISM bands, a compact footprint (target ≤ 35 × 40 mm²), 

and a low-profile, flexible substrate (Rogers RO3003, h = 0.5 
mm) to ensure comfortable wearability. 

 

Stage 2 (Initial Upper-Band Design) 
Using the standard transmission-line model, the initial 

rectangular patch dimensions are analytically calculated via 
Eqs. 1–5 to resonate at the upper frequency (5.8 GHz). This 
establishes the primary radiating structure. 

 

Stage 3 (Slot Loading for Dual-Band Operation) 
To generate the lower resonance at              2.4 GHz without 
increasing the antenna's physical size, an inverted E-shaped 
slot is etched into the radiating patch. This technique 

effectively lengthens the surface current path, which as per 
antenna theory, lowers the resonant frequency. The slot acts 
as a perturbing element that introduces a secondary, well-
separated resonance. 

 

Stage 4 (Parametric Optimization) 
Critical dimensions of the inverted-E slot (Wslot, Lslot) and 
the feed position (Wf, Lf) are iteratively optimized using a 

parametric sweep in CST MWS. The optimization goals are 
to achieve |S11| < -10 dB at both frequencies, maximize 
radiation efficiency and gain, and minimize the Specific 
Absorption Rate (SAR) when simulated on a multilayer 
human tissue model. This systematic approach ensures a 
balanced trade-off between impedance matching, bandwidth, 
and radiation performance. 

 

 
Figure 1: Systematic design methodology flowchart 
for the proposed dual-band wearable antenna 

 
The final size of the proposed antenna, which was optimized 

using CST MWS software, is now 35 × 37 × 0.5 mm3 as seen 
in Fig. 2. Table 1 lists all dimensions of the final proposed 

antenna. The values are obtained after an iterative parametric 

sweep that balances impedance matching, bandwidth, and 
radiation performance. 

 

 
(a) 

 
(b) 

Figure 2: Proposed antenna (a) front (b) back. 
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Table 1: Proposed Antenna Final Dimensions 

Parameters Value (mm) Parameters Value (mm) 

Ls 35 Wf 2.7 

Ws 37 Lf 11 

Wp 26 Wslot 23 

Lp 18 Lslot 4 

 

RESULTS AND DISCUSSION 
Fig. 3 shows the simulated S11 of the proposed antenna. After 
incorporating the inverted-E slot, two distinct resonances 
appear: one at 2.4 GHz and the original one at 5.8 GHz. For 

the proposed antenna. At the 2.4 GHz band, a −10 dB 
bandwidth from 2.37 GHz to 2.48 GHz is achieved with a 

fractional bandwidth of 4.5%. While at the 5.8 GHz band, a 
−10 dB bandwidth from 5.76 GHz to 5.99 GHz is achieved 
with a fractional bandwidth of 3.96%. Both bandwidths are 
sufficient for the intended ISM-band WBAN applications, 

which typically require only a few percent relative bandwidth. 

 

 
Figure 3: S11 of the proposed antenna 

 
Fig. 4 depicts the 2-D radiation patterns at the two resonant 

frequencies in both principal planes. At 2.4 GHz (Fig. 4a): 
The H-plane (ϕ = 90°) shows a nearly omnidirectional 
pattern, which is desirable for on-body communications 
where the antenna orientation may vary. The E-plane (ϕ = 0°) 
exhibits a bidirectional pattern, typical of a simple patch 
antenna operating near its fundamental mode. At 5.8 GHz 

(Fig. 4b): The H-plane remains omnidirectional, albeit with 

slightly more ripples due to higher-order mode excitation. 
The E-plane becomes more bidirectional, with a clear main 
lobe at θ = 0° (broadside). This bidirectional behaviour at 
5.8 GHz can be advantageous for off-body links where a 
directed beam improves link margin. 

 

 
(a) 

 
(b) 

Figure 4: Radiation Pattern (a) 2.4 GHz (b) 5.8 GHz. 
 
The proposed antenna's simulated gain and efficiency are 
illustrated in Fig. 5. As seen in Fig. 5(a) and (b), the gain, G 
(dBi), was determined to be 4.6 dBi and 5.9 dBi at 2.4 GHz 

and 5.8 GHz, respectively. This results in an efficiency, η 
(%), of 92% and 94%. 

 

 
(a) 

 
(b) 

Figure 5: Gain and efficiency (a) 2.4 GHz (b) 5.8 GHz. 
 
To gain insight into the physical mechanism behind the 
dual-band operation, the surface current distribution on the 

patch is examined at each resonance as seen in Fig. 6. at 5.8 
GHz as seen in Fig. 6(a), high current density is concentrated 
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along the edges of the main patch and along the microstrip 
feed line, confirming that the primary patch itself acts as the 
main radiator for the upper band. The inverted-E slot shows 
relatively low current intensity at this frequency. At     2.4 
GHz, seen in Fig. 6(b), the current is strongly localised around 

the perimeter of the inverted E-slot, indicating that the slot 

effectively creates a longer current path. As is known from 
antenna theory, a longer current path corresponds to a lower 
resonant frequency (Musa et al., 2023). This observation 
validates the design strategy: the slot acts as a perturbing 
element that introduces an additional resonance without 

increasing the antenna footprint(Ibrahim et al., 2026). 
 

(a) 
 

(b) 
Figure 6: Current distribution at (a) 2.4 GHz (b) 5.8 GHz 
 
Table 2 benchmarks the proposed antenna against several 

recently published dual-band wearable antennas. The 
comparison metrics include physical size, substrate material, 

operating frequencies, bandwidth, SAR values, and realised 

gain/efficiency. 

 

Table 2: Performance Comparison with State-Of-The-Art Wearable Dual-Band Antennas 
Ref Size (mm)2 Material Freq. (GHz) BW (%) SAR (W/kg) Gain (dBi)/Eff. (%) 

(Merugumalli et al., 2025) 40 × 28 Felt 2.4/5.8 29/18 1.37/1.12 2, 4.96/NA 

(Bhattacharjee et al., 2019) 50 × 50 Denim 2.4/5.8 1.7/4.2 1.67/1.12 -5.1, 3.3/NA 

(Zhao & Geyi, 2020) 50 × 50 FR-4 2.4/5.8 4.2/10.5 1.26/0.46 1.2, 7.9/NA 

(Zhou et al., 2020) 100 × 100 Felt 2.4/5.8 4.9/3.8 0.042/0.09 6.33, 6.02/70.1, 72.5 

(Ahmad et al., 2021) 40 × 30 FR-4 2.4/3.5 2.04/3.4 0.19/1.18 5.06, 6.33/80, 80 

(Mashaghba et al., 2020) 70 × 70 Felt 2.4/3.5 5.3/3.14 NA NA/29, 48 

This work 35 × 37 Rogers 2.4/5.8 4.5/3.96 0.32/0.85 4.6, 5.9/92, 94 

 

CONCLUSION  
In this study, a compact, low-profile, dual-band wearable 
patch antenna for IoT-enabled WBANs, operating at the 
2.4 GHz and 5.8 GHz ISM bands using a 0.5 mm Rogers 
RO3003 substrate with an overall footprint of just 
35 × 37 mm². The innovative inverted E-slot enables the 

lower resonance without enlarging the antenna, yielding 
fractional bandwidths of 4.5% and 3.96%, omnidirectional 
H-plane patterns, high radiation efficiencies of 92% and 94%, 
gains of 4.6 dBi and 5.9 dBi, and SAR values well within 
safety limits of 0.32 W/kg at 5.8 GHz, and 0.85 W/kg at 
2.4 GHz. Compared to recent state-of-the-art designs, this 
antenna offers an attractive balance of small size, high 
efficiency, good gain, and low SAR, making it a strong 
candidate for next-generation WBAN applications such as 

remote health monitoring, fitness tracking, and emergency 
response. 
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