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 Abstract—This paper presents design, optimization, and fabri-
cation of a wideband microstrip patch antenna utilizing a 3D-print-
ed acrylonitrile styrene acrylate (ASA) substrate for Wi-Fi 6E fre-
quency band. The dielectric properties of the ASA substrate are 
determined using the ring resonator method. The bandwidth en-
hancement is achieved by modifying the conventional rectangular 
patch into a staircase-shaped structure and employing a partial 
ground plane. To fine-tune the antenna’s resonant frequency and 
bandwidth, a combination of curve fitting and particle swarm op-
timization (PSO) algorithm is utilized. The antenna comprises a 
patch with dimensions of 16.86 mm ×12.5 mm, situated on square 
substrate of size 27.5 mm × 27.5 mm. The antenna demonstrates a 
-10 dB impedance bandwidth ranging from 5.98 GHz to 8.62 GHz 
and a peak gain of 3.6 dBi at 6.525 GHz. Simulation and exper-
imental results show good agreement, highlighting the potential 
of ASA as a viable substrate material for Wi-Fi 6E band antenna 
applications.

Index Terms—3D-printed ASA substrate, PSO, Wideband an-
tenna, Wi-Fi 6E.
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I. Introduction

THE escalating demand for higher data rates in modern wire-
less communication systems has fueled the need for broad-

er communication channels to support bandwidth-intensive 

applications. The advent of Wi-Fi 6E, which extends into the 
6 GHz band, introduces an additional 1200 MHz of spectrum, 
significantly enhancing network capacity and performance [1], 
[2]. This expansion underscores the critical need for antenna 
designs that are compact, efficient, and capable of operating 
across a wide bandwidth to fully exploit the potential of the 6 
GHz band. Recent research has proposed various antenna con-
figurations tailored for Wi-Fi 6E, addressing the challenges of 
size, performance, and broadband operation. In [1], a bow-tie 
antenna design was progressively modified from a symmetric 
to an asymmetric configuration, followed by the introduction 
of corner cuts near the feed to generate an additional resonance 
thereby broadening the upper operating band and enabling cov-
erage of the 2.45 GHz WLAN band and the entire 5.15–7.125 
GHz Wi-Fi 6E spectrum. A compact narrow-border laptop an-
tenna reported in [2] utilized multiple resonant modes to achieve 
dual-band operation covering both WLAN and Wi-Fi 6E bands. 
The compact dual-band notched ultra-wideband (UWB) multi-
ple-input multiple-output (MIMO) antenna presented in [3] em-
ployed complementary split ring resonators (CSRRs) and split 
ring resonators (SRRs) to achieve a wide impedance bandwidth 
while suppressing unwanted interference bands. A circularly 
polarized dielectric patch antenna proposed in [4] achieved 
a 48.3% impedance bandwidth by exciting multiple resonant 
modes and incorporating FR4 branches within an air cavity. A 
broadband dual-antenna pair for Wi-Fi 6/6E applications was 
presented in [5], where merging resonant modes in open-cavity 
antennas enabled continuous coverage of the 5 GHz and 6 GHz 
bands while maintaining isolation greater than 22.67 dB. An-
other approach reported in [6] enhanced bandwidth by optimiz-
ing the feed network to simultaneously excite the TM₁₀ and an-
ti-phase TM₂₀ modes, with hybrid coupling further broadening 
the operating band. More recently, a defected ground structure 
(DGS)-based antenna was proposed in [7], in which a partially 
rectangular ground plane improved impedance matching and 
enabled broadband operation from 5.1 to 7.2 GHz.

Conventional antenna substrates such as FR4 [1], [2], [4], 
[7] and RT/Duroid [3] possess fixed dielectric constants and 
loss tangents, which significantly limit design flexibility [8]. 
Moreover, achieving wideband performance using these mate-
rials often requires complex antenna geometries or additional 
matching structures, increasing fabrication complexity [9]-[11]. 
In contrast, 3D-printed antenna substrates enable the tailoring 
of effective dielectric properties through controlled infill den-
sity, internal air cavities, and substrate thickness variation, 
thereby providing antenna designers with an additional degree 
of freedom for application-specific designs [12], [13]. The 
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popular polymers used as 3D-printed substrates for antennas 
include polylactic acid (PLA), acrylonitrile butadiene styrene 
(ABS), polyethylene terephthalate glycol (PETG), and acry-
lonitrile styrene acrylate (ASA) [14]-[17]. ASA was selected 
as the substrate because of its superior mechanical, chemical, 
and environmental properties, making it well suited for outdoor 
antenna applications. Compared with ABS, ASA exhibits en-
hanced UV stability, weather resistance, and greater resistance 
to heat, oxidation, and a wide range of chemicals [18], [19]. 
Its high toughness, dimensional stability, and strong interlayer 
adhesion achieved during 3D printing ensure structural integri-
ty, impact resistance, and reliable fabrication [18], [20]. Owing 
to these advantages and its widespread use in the automotive, 
electronics, marine, and healthcare sectors [19], [20], ASA is a 
robust and reliable substrate material for 3D-printed antennas 
intended for outdoor environments. These characteristics make 
them particularly attractive for portable and embedded wireless 
devices, where weight and mechanical durability and design 
flexibility are critical.

To meet the wideband requirements of Wi-Fi 6E (5.925–
7.125 GHz), bandwidth enhancement can be achieved through 
techniques such as patch and ground geometry modification 
[10], metamaterial loading [11], electromagnetic bandgap 
(EBG) structures [21], and stacked patch configurations [22]. 
Among these approaches, geometry modification offers sim-
plicity in fabrication and facilitates compact and low-cost an-
tenna realization, which aligns well with the capabilities of 3D 
printing. Furthermore, the associated design parameters can 
be efficiently optimized using curve fitting and particle swarm 
optimization (PSO) techniques to accurately control resonant 
frequency and bandwidth performance [23]-[25].

Based on these considerations, a 3D-printed ASA sub-
strate-based wideband microstrip patch antenna (MPA) is de-
signed, simulated, fabricated, and experimentally validated in 
this work for Wi-Fi 6E applications. The proposed antenna de-
sign is optimized using curve fitting and PSO algorithm to get 
the desired resonant frequency and bandwidth coverage. Ansys 
high frequency structure simulator (HFSS) software is used to 
simulate the proposed antenna, with the design centered at 6.525 
GHz, corresponding to the mid-band frequency of the Wi-Fi 6E 
spectrum and the target resonant frequency. The fabrication and 
characterization of the substrate are discussed in Section II. The 
antenna design and parametric analysis are detailed in Section 
III, while Section IV focuses on the optimization of the antenna 
design. The simulated and measured results are analyzed and 
discussed in Section V, and the key conclusions drawn from this 
study are summarized in Section VI.

II. Substrate Fabrication And Characterization

The substrate was fabricated using a Creality Ender 3 Pro 
3D printer, with printing parameters detailed in Table I. These 
printing parameters were selected to ensure uniform material 
deposition, strong interlayer bonding, and dimensional stabili-
ty of the 3D-printed ASA substrate, which are critical for con-
sistent dielectric behavior [12], [16], [18]. Controlled printing 

conditions help minimize warping and internal voids, thereby 
reducing dielectric inhomogeneity and RF losses [13], [22]. A 
fully dense substrate configuration was adopted to achieve sta-
ble and repeatable electromagnetic performance at microwave 
frequencies [8], [13], [22]. The chosen infill strategy provides 
predictable mechanical strength and supports reliable antenna 
fabrication using FFF [8], [12], [16].

TABLE I
 Printing parameters for substrate fabrication

S. No. Parameter Value

1 Extruder temperature 245 °C

2 Bed temperature 95 °C

3 Printing speed 50 mm/s

4 Layer thickness 0.2mm

5 Infill density 100 %

6 Infill pattern Lines
 

A ring resonator, illustrated in Fig. 1, was designed to char-
acterize the dielectric properties of ASA, based on the approach 
reported in [26], with an assumed dielectric constant (εr) of 2.68. 
The microstrip feedline width is calculated using (1) [27].

		

 

 
 w = 7.48h

e(z0√εr+1.41
87 )

− 1.25t (1) 
 

 
 
 𝑓𝑓𝑟𝑟  =  −557.4243 − 25.2992 𝐿𝐿𝐺𝐺  + 577.2977 𝐿𝐿𝑋𝑋  +
            33.6323 𝐿𝐿𝐺𝐺

2  − 93.2471 𝐿𝐿𝐺𝐺𝐿𝐿𝑋𝑋  − 138.7450 𝐿𝐿𝑋𝑋
2  −

             7.1754 𝐿𝐿𝐺𝐺
3 + 17.6662 𝐿𝐿𝐺𝐺

2 𝐿𝐿𝑋𝑋  − 4.1250 𝐿𝐿𝐺𝐺𝐿𝐿𝑋𝑋
2  +

            28.3007 𝐿𝐿𝑋𝑋
3  + 0.4814 𝐿𝐿𝐺𝐺

4  −  0.6068 𝐿𝐿𝐺𝐺
3 𝐿𝐿𝑋𝑋  −

            1.7708 𝐿𝐿𝐺𝐺
2 𝐿𝐿𝑋𝑋

2  + 2.5982 𝐿𝐿𝐺𝐺𝐿𝐿𝑋𝑋
3  − 3.7483 𝐿𝐿𝑋𝑋

4  −
            0.0034 𝐿𝐿𝐺𝐺

5  − 0.0518 𝐿𝐿𝐺𝐺
4 𝐿𝐿𝑋𝑋  + 0.2083 𝐿𝐿𝐺𝐺

3 𝐿𝐿𝑋𝑋
2  −

              0.2054 𝐿𝐿𝐺𝐺
2 𝐿𝐿𝑋𝑋

3  + 0.0190 𝐿𝐿𝐺𝐺𝐿𝐿𝑋𝑋
4  + 0.1431 𝐿𝐿𝑋𝑋

5  (2) 
 
 
 𝑣𝑣𝑖𝑖(𝑡𝑡 + 1) = 𝑤𝑤𝑣𝑣𝑖𝑖(𝑡𝑡) +  𝑘𝑘1𝑛𝑛1[𝑝𝑝𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏(𝑡𝑡) −  𝑥𝑥𝑖𝑖(𝑡𝑡)]  +
                                   𝑘𝑘2𝑛𝑛2[𝑔𝑔𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏(𝑡𝑡) 𝑥𝑥𝑖𝑖(𝑡𝑡)] (3) 
 
 
 𝑥𝑥𝑖𝑖(𝑡𝑡 + 1)  =  𝑥𝑥𝑖𝑖(𝑡𝑡)  +  𝑣𝑣𝑖𝑖(𝑡𝑡 + 1) (4) 
 

 
 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 (𝑓𝑓𝑟𝑟 − 6.525) (5) 

 

	
(1)

where h and t denote the substrate height and copper trace 
thickness, respectively. For a characteristic impedance of 50 Ω, 
w is obtained as 3.69 mm, Using the equations in [16], [26], 
the mean ring radius (rm) of 4.9 mm was calculated at resonant 
frequency, 6.525 GHz. The coupling gap (g = 2 mm) was kept 
high to provide loose coupling and reduce the impact of capac-
itive loading [28].

Fig. 1. Top layout of the ring resonator.

The vector network analyzer (VNA) was used to measure 
the transmission coefficient (S21) of the fabricated ring resona-
tor as shown in Fig. 2. The ring resonator exhibited periodic 
resonances in the S21 parameter, as illustrated in Fig. 3. The first 
resonant peak was observed at 6.56 GHz, with an associated 
insertion loss of -22.5 dB and a -3dB bandwidth of 380 MHz. 
These measurements, along with the ring design parameters, 
were used to calculate the dielectric constant and loss tangent 
(tan δ) using the equations provided in [16], [26]. For the fab-
ricated ASA substrate, the dielectric constant and tan δ were 
found to be 2.72 and 0.0002, respectively.



 

ELECTRONICS, VOL. 30, NO. 2, DECEMBER 202696

Fig. 2. S21 measurement using VNA.

Fig. 3. Simulated and measured S21 plot of ring resonator.

III. Antenna Design

The initial antenna design considered in this work is a con-
ventional rectangular microstrip patch antenna (MPA). In [17], 
the authors first investigated an initial rectangular MPA fab-
ricated on a 3D-printed ASA substrate and operating at 6.525 
GHz, with patch dimensions of width (WP) 16.86 mm and 
length (LP) 12.5 mm. This initial rectangular MPA exhibited a 
measured impedance bandwidth of only 200 MHz, indicating 
that a conventional rectangular MPA with these dimensions 
is insufficient to cover the entire Wi-Fi 6E frequency band 
(5.925–7.125 GHz), which requires an approximate fraction-
al bandwidth of 18.4%. Therefore, bandwidth enhancement is 

essential to achieve full-band Wi-Fi 6E operation. To enhance 
the impedance bandwidth, the proposed antenna employs three 
design modifications: the introduction of slots in the radiating 
patch, optimization of the ground-plane length, and displace-
ment of the patch from its central position along the substrate 
length. These modifications enable wideband operation while 
maintaining compact geometry and ease of fabrication. The 
proposed antenna retains the rectangular patch dimensions 
(WP ×LP) of the MPA in [17], but is realized on a square sub-
strate with a side length of 27.5 mm. In contrast to the 32 mm × 
27.5 mm substrate reported in [17], this reduction yields a more 
compact configuration.

The sequential design modifications are illustrated in Fig. 4. 
In step 1, To investigate the influence of ground plane length 
(LG) on the resonant frequency and bandwidth, a parametric 
analysis was performed by varying LG from 5.5 mm to 27.5 mm 
in steps of 1 mm. The results are presented in Fig. 5. It is ob-
served that for, LG = 5.5 mm the antenna achieves its maximum 
bandwidth of 2.18 GHz and resonates at 9.91 GHz. As LG in-
creases, the resonant frequency remains in this region above 9.5 
GHz for values of LG up to 16.5 mm, while the bandwidth grad-
ually decreases. Beyond LG = 17.5 mm, the resonant frequency 
shifts into the Wi-Fi 6E band; however, the bandwidth reduc-
es sharply to approximately 200 MHz. Further for LG values 
between 22.5 mm and 27.5 mm, the antenna resonates around 
6.525 GHz with a bandwidth of approximately 200 MHz. These 
results highlight the trade-off between resonant frequency tun-
ing and bandwidth.

For each subsequent design step (steps 2 to 4), the analysis 
was carried out in two stages. In the first stage, rectangular slots 
were introduced into the patch, and parametric analysis of their 
dimensions was performed using a full ground plane (LG = 27.5 
mm) to ensure that the antenna resonance remains within the 
desired Wi-Fi 6E band. In the second stage, the ground-plane 
length was systematically varied through parametric sweeps, 
using the finalized rectangular slot dimensions, to investigate 
its effect on the S11 response.

In step 2, two identical rectangular slots (RECT1) were 
etched at the patch corners adjacent to the microstrip feedline 
edge as shown in Fig. 4. The RECT1 slot dimensions were op-
timized through parametric analysis by varying both the length 
and width from 1 mm to 3 mm with a step size of 0.2 mm un-
der a full ground-plane configuration. The corresponding re-
sults, presented in Fig. 6(a), shows that increasing the width of 
RECT1 from 1 mm to 3 mm, slightly degrades the impedance 
matching and shifts the resonant frequency to higher side by ap-
proximately 100 MHz, further, increasing the slot length shifts 
this variation on frequency scale slightly to higher side. The 
impedance bandwidth remains nearly constant at approximate-
ly 235 MHz throughout the parametric variation. The introduc-
tion of two rectangular slots in the patch in this step results in 
a slight improvement in performance, leading to an increase in 
bandwidth of approximately 35 MHz compared to step 1. After 
incorporating RECT1 slots in patch, further parametric analysis 
was conducted to examine the impact of ground plane length 
at this stage, which are shown in Fig. 6(b). For LG < 15.5 mm, 
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the resonant frequency remains above 9.5 GHz. As LG increases 
from 15.5 mm to 27.5 mm, the resonant frequency gradually 
shifts downward to 6.525 GHz.

In step 3, two additional identical rectangular slots (RECT2) 
were introduced adjacent to the RECT1 slots. The RECT2 di-
mensions were similarly optimized by sweeping the length and 
width from 1 mm to 2 mm with a step increment of 0.2 mm 
while maintaining a full ground plane. The parametric analy-
sis of this is shown in Fig. 7(a). The effect of RECT2 dimen-
sions on the resonant frequency is less significant compared to 
RECT1. In this analysis, the selected dimensions for RECT2 
are 1.6 mm (width) and 1 mm (length), which provides the 
highest bandwidth of 287 MHz within parametric variation. 
After introducing RECT2, in patch the effect of ground plane 
length was examined, and the results are shown in Fig. 7(b). 
For, LG = 5.5 mm, the antenna resonates at 10.58 GHz with a 
bandwidth of 2.97 GHz, and this resonance persists as LG in-
creases up to 16.5 mm. Beyond LG = 16.5 mm and up to 21.5 
mm, the resonant frequency gradually decreases. For LG val-
ues between 22.5 mm and 27.5 mm, the antenna resonates at 

approximately 6.672 GHz with a bandwidth of approximately 
225 MHz.

In step 4, two additional identical rectangular slots (RECT3) 
were etched, as shown in Fig. 4, thereby transforming the patch 
into a three-step staircase configuration. The RECT3 slot di-
mensions were optimized by varying both length and width 
from 0.2 mm to 1.0 mm with a step size of 0.2 mm under a 
full ground-plane configuration. The corresponding parametric 
variation results, shown in Fig. 8(a), indicate that the resonant 
frequency remains nearly constant, with only slight variations in 
bandwidth. As in the previous steps, with the variations against 
ground plane length, the antenna resonates at frequencies above 
10 GHz with a bandwidth of approximately 2.8 GHz, when LG 
is varied from 5.5 mm to 16.5 mm. Beyond LG =16.5 mm up 
to 21.5 mm resonant frequency decreases gradually and spe-
cifically, for LG values between 22.5 mm and 27.5 mm, the an-
tenna resonates around 6.68 GHz with a bandwidth of about 
230 MHz. The parametric variation of LG is shown in Fig. 8(b). 
The finalized geometrical parameters up to this step are sum-
marized in Table II.

Fig. 4. Proposed antenna design steps.

TABLE II
Proposed Antenna design parameter dimensions

Parameter WS LS h WP LP R1W R1L R2W R2L R3W R3L

Dimension (mm) 27.5 27.5 1.6 16.86 12.5 2 1.6 1.4 1 0.8 0.4
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The variation of LG observed in the previous steps demon-
strates that lower values of LG yield significantly larger band-
widths compared to higher values, although these occur around 
10 GHz. To shift this broader bandwidth into the Wi-Fi 6E 
band, the patch was displaced from its central position along 
the substrate length as depicted in Fig. 4 step 5. Here, points 
OP and OS represent the centers of the patch and the substrate’s 
top surface, respectively. With this displacement, the feedline 
length (LF) changes which impacts impedance matching and 
consequently the operating bandwidth. Accordingly, in step 5, a 
parametric analysis was conducted to examine the combined ef-
fects of ground plane length (LG) and longitudinal displacement 
of the patch (LX), relative to the substrate, on antenna perfor-
mance. The LG was varied from 5.5 mm to 27.5 mm with a step 
size of 1 mm, while the LX was varied from 0 mm to 7.4 mm 

in steps of 0.2 mm. A total of 874, S11 responses were generated 
from the full parametric sweep, out of which only 32 combina-
tions are presented in the analysis plot shown in Fig. 9, to en-
sure clarity and to effectively highlight the trends in impedance 
behavior with respect to variations in LG and LX. As evident 
from the results, for a fixed value of LG, increasing LX shifts 
the resonant frequency toward the Wi-Fi 6E band. In the pre-
vious design steps, the S11 response for LG = 5.5 mm exhibits a 
resonance above 9.5 GHz. Following the introduction of patch 
displacement while keeping the LG unchanged, the resonance 
shifts to approximately 7.73 GHz, 7.37 GHz, and 7.10 GHz for 
LX values of 3.5 mm, 4.5 mm, and 5.5 mm, respectively. This 
indicates that increasing LX effectively lowers the resonant fre-
quency, thereby tuning the antenna toward the target Wi-Fi 6E 
band while preserving broader impedance bandwidth.

Fig. 10 compares the simulated S11 vs frequency response 
of the antenna at each of the five design steps. For clarity, one 
representative curve from each parametric study (correspond-
ing to Figs. 5, 6(b), 7(b), 8(b) and 9) is selected. As discussed 
earlier, reducing the LG significantly enhances the impedance 
bandwidth but shifts the resonant frequency beyond the Wi-Fi 
6E band. Therefore, for steps 1–4, the responses corresponding 
to the full LG were selected, as they exhibit resonant frequen-
cies closest to the target operating frequency. For design step 5, 

among all the parametric combinations investigated, the design 
with LG = 8.5 mm and LX = 4.5 mm was chosen as the represen-
tative response in Fig. 10. The comparison clearly demonstrates 
that the incorporation of slots slightly improved the bandwidth 
and final design step 5 successfully translates the broad im-
pedance bandwidth into the Wi-Fi 6E frequency range while 
maintaining the wideband characteristics. The results obtained 
in step 5 were subsequently used to generate the dataset for per-
formance optimization, as discussed in the following section.

Fig. 5. Simulated S11 parametric analysis for design step 1 (Values of LG are in mm).
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			         (a)							                         (b)
Fig. 6. S11 parametric analysis for design step 2 (a) RECT1 slot dimension sweeps with full LG (b) LG tuning with finalized RECT1 dimensions (Values of R1W, R1L 
and LG are in mm).

   
		   	        (a)							                       (b)
Fig. 7. S11 parametric analysis for design step 3 (a) RECT2 slot dimension sweeps with full LG (b) LG tuning with finalized RECT2 dimensions (Values of R2W, R2L 
and LG are in mm).

       	
		   	       (a)							                       (b)
Fig. 8.  S11 parametric analysis for design step 4 (a) RECT3 slot dimension sweeps with full LG (b) LG tuning with finalized RECT3 dimensions (Values of R3W, R3L 
and LG are in mm).
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Fig. 10. Comparison of S11 vs frequency plot of all steps (1-5) (Values of LX 
and LG are in mm).

IV. Antenna Design Optimization 

To ascertain the optimal value of longitudinal displacement 
of the patch on substrate surface (LX) and ground plane length 
(LG), an antenna optimization procedure is conducted employ-
ing curve fitting and PSO [29]. Fig. 11 shows the flowchart of 
optimization process.

A. Polynomial Generation using Curve Fitting
To ensure comprehensive coverage of the Wi-Fi 6E band 

with favorable impedance matching, simulations were per-
formed by varying the parameters LX and LG. The antenna’s S11 
parameter was evaluated across the frequency range of 3 GHz 
–15 GHz, with LG varied between 5.5 mm and 27.5 mm and 
LX between 0 mm and 7.4 mm. From the generated HFSS sim-
ulation results a dataset comprising 81 samples was selected, 
out of which 15 were reserved for validation. To establish the 
relationship between the LG, LX and antenna’s resonant frequen-
cy (fr), which is different for every combination of LG, and LX, 
a fifth-degree polynomial model was developed using MAT-
LAB’s Curve Fitting Toolbox. The obtained fifth degree poly-
nomial curve fit (2), is:
	 	

 

 
 w = 7.48h

e(z0√εr+1.41
87 )

− 1.25t (1) 
 

 
 
 𝑓𝑓𝑟𝑟  =  −557.4243 − 25.2992 𝐿𝐿𝐺𝐺  + 577.2977 𝐿𝐿𝑋𝑋  +
            33.6323 𝐿𝐿𝐺𝐺

2  − 93.2471 𝐿𝐿𝐺𝐺𝐿𝐿𝑋𝑋  − 138.7450 𝐿𝐿𝑋𝑋
2  −
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3 + 17.6662 𝐿𝐿𝐺𝐺

2 𝐿𝐿𝑋𝑋  − 4.1250 𝐿𝐿𝐺𝐺𝐿𝐿𝑋𝑋
2  +
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3  + 0.4814 𝐿𝐿𝐺𝐺
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3 𝐿𝐿𝑋𝑋  −
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2 𝐿𝐿𝑋𝑋
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3  − 3.7483 𝐿𝐿𝑋𝑋

4  −
            0.0034 𝐿𝐿𝐺𝐺

5  − 0.0518 𝐿𝐿𝐺𝐺
4 𝐿𝐿𝑋𝑋  + 0.2083 𝐿𝐿𝐺𝐺

3 𝐿𝐿𝑋𝑋
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(2)

where, LG and LX are in mm and fr is in GHz. The fitted model 
is then applied into PSO algorithm to determine the optimal 
antenna dimensions at target resonant frequency.

Fig. 9. S11 parametric analysis for design step 5 (Values of LX and LG are in mm).
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Fig. 11. Flowchart of optimization process.

B. Optimization using PSO
The PSO algorithm uses a population of particles (swarm) 

that iteratively explores the search space to find the optimal 
solution. Each particle represents a candidate solution in an N 
dimensional space and updates its velocity and position based 
on its personal best (pbest) and the global best (gbest) positions 
[24]. In this work, PSO is employed to optimize the parameters 
LX and LG for the target frequency of 6.525 GHz. The particle 
velocities and positions are updated according to (3), and (4), 
where vi and xi denote the velocity and position of the ith par-
ticle, n1 and n2 are random numbers, (w = 0.7) is the inertia 
weight, and k1, k2 are the cognitive and social acceleration coef-
ficients. The algorithm terminates when the desired solution is 
achieved or the maximum number of iterations is reached [23], 
[24], [29].
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The polynomial (2), obtained from curve fitting is employed 
as a surrogate model to evaluate the fitness function within the 
PSO algorithm. Each particle in the swarm is characterized by 
a combination of the decision variables LX and LG, so that the 
position of a particle at any iteration is defined by specific val-
ues of LX and LG. The surrogate polynomial is evaluated at these 

coordinates to obtain the particle’s fitness. The number of PSO 
iterations indicates how many times the swarm is updated and 
the gbest position is potentially improved.

The PSO algorithm employs the error function in (5) as the 
fitness function to optimize the design parameters LX and LG. 
The objective is to minimize the absolute deviation between the 
resonant frequency (fr) and the target frequency of 6.525 GHz.
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PSO is implemented in Python with a swarm of 25 particles 
and 100 iterations. The particle position corresponding to the 
global best provides the optimal values of LX and LG, obtained 
as 4.49 mm and 8.00 mm, respectively, yielding a minimal fre-
quency error. The convergence behavior of the algorithm, in 
terms of error versus iteration number, is illustrated in Fig. 12.

Fig. 12. Error vs number of iterations plot.

V. Results And Discussion

The proposed antenna was fabricated to validate the sim-
ulated performance, and the prototype is shown in Fig. 13(a). 
The S11 of the fabricated antenna was measured using a VNA, 
as illustrated in the measurement setup in Fig. 13(b). A quan-
titative comparison between simulated and measured results is 
summarized in Table III. Fig. 14 compares the simulated and 
measured S11 characteristics of proposed antenna. In simula-
tion, the antenna provides a wide bandwidth from 5.58 to 7.69 
GHz, corresponding to a fractional bandwidth of 38.26%. The 
measured results show bandwidth spanning 5.98 to 8.62 GHz, 
yielding a fractional bandwidth of 36.57%. The minor deviation 
between the simulated and measured results is mainly attributed 
to fabrication tolerances, such as substrate permittivity fluctua-
tions during 3D printing of substrate, conductor thickness, and 
etching inaccuracies. Furthermore, connector and coaxial cable 
losses during measurement also contribute to the slight shift in 
the resonant frequency and impedance matching characteris-
tics. Despite these variations, the measured results demonstrate 
robust impedance matching and sufficient bandwidth margin, 
thereby validating the antenna’s suitability for practical Wi-Fi 
6E applications. Fig.  15 illustrates the gain versus frequency 
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 response of the proposed antenna, achieving a peak gain of 3.6 
dBi within the Wi-Fi 6E operating band. The 2D radiation pat-
terns in the x–z plane (ϕ = 0°) and y–z plane (ϕ = 90°) at 6.525 
GHz are shown in Fig. 16. In the x–z plane, the antenna ex-
hibits an approximately omnidirectional radiation pattern with 
a peak gain of 2.68 dBi, suitable for wide angular coverage. 
In contrast, the y–z plane presents a bidirectional (figure-eight) 
pattern achieving an absolute peak gain of 3.6 dBi along with 
deep, characteristic nulls at θ = ±90°, illustrating the antenna’s 
directional behavior in the principal planes.

(a)

(b)

Fig. 13. (a) Fabricated antenna (b) S11 measurement setup.

TABLE III
 Simulation and measurement results

Parameters f r  (GHz) S11 (dB) BW (GHz) %BW

Simulation 
Results

6.44 -45.07 5.58 - 7.69 38.26

Measurement 
Results

6.50 -32.45 5.98 - 8.62 36.57

Fig. 14. Simulated and measured S11 plot

Fig. 15. Gain versus frequency plot of proposed antenna.

Fig. 16. Radiation pattern at 6.525 GHz.
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Fig. 17 illustrates the surface current distribution at 6.525 
GHz. Strong current concentration is observed along the feed 
line and feed–patch junction, indicating efficient energy trans-
fer and excitation of the radiating patch.

Table IV compares the proposed antenna with other report-
ed Wi-Fi 6/6E antennas employing different antenna configu-
rations and substrate materials. It is evident that the proposed 
antenna fabricated on a 3D-printed ASA substrate achieves a 
measured −10 dB impedance bandwidth of 2.64 GHz (5.98–
8.62 GHz) covering the complete Wi-Fi 6E band while main-
taining a compact electrical size of 0.6λ0×0.6λ0×0.035λ0. Al-
though some reported antennas [2]-[4], [6], and [7] achieve 
comparable bandwidth or higher gain, they rely on structurally 
complex solutions such as MIMO configurations [3], [7], array 
structures [6], air-cavity-based designs [4], and metal-backed 
cavity structures [5], which increase fabrication complexity and 
cost. Moreover, antennas reported in [1], [4]-[7], and [17] ex-
hibit larger electrical dimensions than the proposed design. The 
proposed antenna is specifically optimized to provide complete 

coverage of the Wi-Fi 6E band, while maintaining a compact 
size, simple geometry, and good radiation performance. There-
fore, it offers a practical trade-off among bandwidth, compact-
ness, gain, and ease of fabrication for Wi-Fi 6E applications.

Fig. 17. Surface current distribution of proposed antenna at 6.525 GHz.

TABLE IV
Comparative study of proposed antenna with existing designs

Year Ref. 
No.

Antenna type/structure Antenna dimen-
sions ()

Substrate 
material

S11 
(dB)

Operational 
frequency range 

(GHz)

Bandwidth 
(MHz)

Gain (dB) Optimization 
approach

2021 [2] Planar Antenna 0.94 × 0.065 × 
0.009

FR4 -29 2.40-2.48/ 
5.150-7.125

82/1975 2.84dBi None

2021 [3] MIMO antenna 0.87 × 0.65 × 
0.014

Rogers 

RT6010
-13.5 3.45-3.65/ 5.92-

10.83
200/4910 Not reported None

2022 [1] Asymmetric bow-tie 
antenna

1.96 × 1.96 × 
0.035

FR4 -15 2.22-2.81 / 
5.08-7.79

590/2710 Not reported None

2022 [5] Dual Half-Open Cavity 
Antenna (HOCA) Pair

0.22 × 0.26 × 
1.31

Metal cavity 
structure

- 22.67 5.15-5.82 / 
5.925-7.125

675/1200 5dBi None

2023 [4] Stacked embedded DPA 1.22 × 0.96 × 
1.42

FR4_epoxy - 25 4.63-7.58 2950 8.47dBic None

2024 [17] Patch antenna 0.7 × 0.6 × 
0.035

3D printed 
ASA

≤ -12 5.17-9.34 4170 3.45dBi None

2025 [6] Slotted MPA  2 ×2 array ≥ 1.32 × 1.45 
× 0.07

F4B ≤ -20 5.10-7.20 2100 14.1 dBi None

2026 [7] 4-Port DGS-MIMO 
Antenna

1.63 × 1.63 × 
0.017

FR4 ≤ -10 5.10-7.20 2100 Not reported None

This 
Work

--  Proposed antenna 0.6 × 0.6 × 
0.035

3D printed 
ASA

- 32.45 5.98-8.62 2640 3.6 dBi Curve fitting 
and PSO

Note: All electrical dimensions are expressed in terms of free space wavelength λ0 at 6.525 GHz

VI. Conclusion

This work presents compact 3D-printed ASA-substrate 
wideband antenna for Wi-Fi 6E applications, optimized using 
a hybrid curve-fitting and PSO-based methodology. To the best 
of the authors’ knowledge, this is the first integration of curve 
fitting and PSO-driven optimization in a 3D-printed ASA an-
tenna framework for Wi-Fi 6E band operation. The antenna 
achieves a measured operating bandwidth from 5.98–8.62 GHz, 

covering the Wi-Fi 6E band enabling its use in terrestrial wire-
less applications. The selected 3D-printed ASA substrate offers 
resistance to weathering, UV exposure, and chemical effects, 
making the antenna suitable for outdoor deployments such as 
smart city infrastructure, outdoor Wi-Fi access points, and IoT 
gateway nodes. The close agreement between simulated and 
measured results validates the effectiveness of the proposed de-
sign and optimization methodology, indicating the suitability of 
the antenna for practical wideband wireless systems.
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