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ABSTRACT: This paper presents the design, fabrication, and characterization of a novel 3D-printed helical antenna operating within
the 9.4–10.8GHz frequency band. The antenna, employing a lightweight paper substrate and a strip-based helical structure, exhibits
robust circular polarization characteristics and wideband operation. Rigorous simulations predict a peak CP gain of 11.7 dBi at 9.8GHz
and a high simulated radiation efficiency of 95%. Experimental measurements validate these predictions, achieving a peak CP gain of
11.6 dBi at 9.8GHz. This research demonstrates the potential of 3D-printed helical antennas for diverse applications in modern wireless
communication systems, including 5G, satellite communication, and radar. Furthermore, this study leverages the power of Artificial
Intelligence (AI) by employing the Grey Wolf Optimizer (GWO), a sophisticated metaheuristic algorithm, to optimize the antenna’s
design. The GWO algorithm is utilized to efficiently search the design space and identify optimal values for key parameters, such as
the number of turns, helix pitch, and helix diameter, with the objective of maximizing antenna gain to achieve a target of 15 dBi. This
research highlights the potential of AI-driven optimization techniques in advancing the design of high-performance antennas for emerging
wireless communication systems.

1. INTRODUCTION

Wireless communication systems, including those used in
satellite, navigation, mobile, and radar applications [1],

have undergone rapid development. These modern sys-
tems often necessitate antennas with specific characteristics:
broadband operation, circular polarization (CP), affordabil-
ity, lightweight design, and seamless integration with radio
frequency front-end components [2, 3].
CP antennas exhibit several advantages over linearly polar-

ized (LP) antennas, including reduced polarization mismatch
and the ability to mitigate ionospheric depolarization in satel-
lite systems [4]. Helical antennas find diverse applications in
global positioning satellites, satellite ground stations [5], and
medical and healthcare sectors. A conventional helical antenna
comprises a single conductor wound into a helical shape and
can operate in three distinct modes: normal, axial, and coni-
cal. Axial-mode helical antennas are particularly advantageous
for their ability to radiate end-fire CP electromagnetic waves
across a broad frequency spectrum. Conductor loss in conven-
tional wire-made helical antennas significantly degrades radia-

* Corresponding author: Muhammad Inam Abbasi (inamabbasi@utem.edu
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tion efficiency, particularly at higher frequencies. Radiation ef-
ficiency is a critical factor for optimizing reliability, operating
bandwidth, and gain in wireless communication systems [1–
5]. The integration of antennas with radio frequency circuits is
an essential aspect of contemporary communication systems.
Research has explored the use of dielectric-based helical an-
tennas [6, 7] fabricated using printed copper strips on flexi-
ble substrates that are subsequently rounded to form a helical
shape [8]. High-permittivity materials can be utilized to re-
duce the physical size of these antennas. However, integrating
high-permittivity materials with other components of radio fre-
quency (RF) front ends can present significant challenges [9].
The helical antenna described in [10], operating in the 5.8–

5.9GHz band, was constructed using a 1.5mm thick Teflon
substrate and a strip-line configuration. This design achieved
a maximum directivity of 12.2 dB at 5.8GHz and 13.1 dB
at 5.9GHz, with corresponding peak gains of 11.25 dB and
12.6 dB, respectively. While these results are commendable,
further optimization efforts could potentially lead to even
greater performance. This work presents a planar substrate-
based axial-mode helix antenna with wide impedance and
axial ratio bandwidths. This design simplifies fabrication
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and solves impedance-matching issues. The antenna exhibits
a 1.37GHz impedance bandwidth (1.56–2.93GHz) and a
1.18GHz axial ratio bandwidth (1.58–2.76GHz), suitable for
L- and S-band satellite communication. It achieves a peak gain
of 11.3 dBi at 1.6GHz [11]. This article presents a compact
axial-mode helical antenna (AMHA) utilizing spoof surface
plasmon polaritons (SSPPs). By leveraging the slow-wave
properties of SSPPs, the antenna achieves significant size
reduction compared to traditional designs. This SSPP-based
AMHA demonstrates high gain, low cost, and simple pro-
cessing, making it suitable for improving system integration
in wireless communication [12]. This article presents a
wideband circularly polarized reflector array antenna (RAA)
utilizing dual-branch helical antennas as reflecting elements
for high-power microwave (HPM) radiation. The proposed
RAA significantly enhances bandwidth, beam-scanning, and
beam-forming capabilities compared to conventional HPM
antennas. Furthermore, it offers the potential for flexible and
conformal array configurations [13]. This paper introduces a
novel, compact, wideband phased array active helical antenna
designed for monitoring high-frequency interference. The
proposed antenna array overcomes the size limitations of tra-
ditional multi-element high frequency (HF) antenna designs.
Notably, the front-to-back ratio of this circularly polarized
phased array surpasses 20 dB across its operational range. This
array facilitates the simultaneous monitoring of both vertically
and horizontally polarized signals, providing a practical alter-
native to larger antennas, particularly in scenarios with limited
space [25]. Multifilar helical antennas, comprising multiple
helical elements fed with appropriate phase differences, can
generate circular polarization. These antennas have found
widespread applications in mobile satellite communication and
global positioning systems [14–26]. This work utilizes readily
available paper as a substrate for a 3D-printed helical antenna,
enabling cost-effective and accessible hands-on learning
experiences for students in antenna design and fabrication [33].
The advent of artificial intelligence (AI) presents a transfor-

mative potential across various domains, including enhanced
perception, communication, and medical diagnostics. Within
the 9.4–10.8GHz frequency band, also known as the X-band,
AI technologies demonstrate significant promise in achieving
these advancements [27, 28]. The X-band boasts unique char-
acteristics that make it a perfect match for AI applications. Its
exceptional bandwidth provides the information superhighway
that AI algorithms crave, enabling the transmission of massive
data streams at lightning speed. This bandwidth proves partic-
ularly crucial for applications that deal with complex data, such
as medical imaging and remote sensing [29].
Furthermore, X-band signals travel long distances, making

them ideal for satellite communication and radar systems. Here,
AI steps in to revolutionize these domains. For instance, AI can
analyse radar signals with unmatched precision, enabling the
detection and classification of objects with pinpoint accuracy.
This translates to superior target identification in various ap-
plications, from air traffic control to weather monitoring [30].
The integration of AI and X-band technology extends to the
medical field as well. By analysing medical images acquired
using X-band frequencies, AI algorithms can assist healthcare

professionals in early disease detection and diagnosis. This
can lead to improved patient outcomes and potentially save
lives [31]. The impact of AI on X-band applications transcends
various sectors. In remote sensing, AI algorithms can analyse
X-band radar data to classify land cover, monitor environmen-
tal changes, and even aid in disaster response efforts [28, 29]. In
essence, the X-band frequency band stands as a powerful plat-
form poised to be supercharged by the transformative potential
of AI. This synergy promises to usher in a new era of innova-
tion across numerous disciplines, shaping a smarter and more
sustainable future [28, 30, 32].
This paper presents a novel AI-enhanced, paper-based strip-

helical antenna operating at the 9.4–10.8GHz (X-band) fre-
quency range. The antenna is fabricated by printing a con-
ductive strip on a paper substrate and rolling it into a heli-
cal configuration, achieving circular polarization without com-
plex matching networks. A significant gain enhancement, from
11.5 dBi to 15 dBi, is demonstrated through the application of a
Grey Wolf Optimization (GWO) algorithm. This unique com-
bination of a low-cost, eco-friendly paper substrate, AI-driven
gain enhancement, and a simplified design offers a promising
solution for diverse applications, including satellite communi-
cation, 5G, and select medical imaging modalities such asMag-
netic Resonance Imaging (MRI), where the low-profile and po-
tentially biocompatible nature of the paper substrate could be
advantageous.

2. DESIGN OF HELICAL ANTENNA AND SPECIFICA-
TIONS
Figure 1 depicts the geometrical configuration of the proposed
strip helical antenna. This design involves a cylindrical helix
constructed by patterning a metallic strip onto a paper substrate.
The substrate, exhibiting a consistent strip width (w), is subse-
quently rolled into a hollow cylindrical form, resulting in a he-
lical structure characterized by specific parameters: diameter
(D), inter-turn spacing (S), turn length (L), and the number of
turns (N). To facilitate axial-mode operation, a square ground
plane (substrate B) is integrated beneath the helical structure.
Table 1 provides a concise summary of the critical geometrical
parameters of the helical antenna.

TABLE 1. Parameters of the proposed antenna.

Parameters Width Diameter Spacing
(center-to-center)

Short form W D S

Parameters Number
of turns

Length of
one turn

-

Short form N L -

Empirical expressions for determining helical antenna pa-
rameters

Do =
15NSC2

λ3
o

(dimensionless) (1)
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(a)

(b) (c)

FIGURE 1. The proposed antenna design from various perspectives: (a) a three-dimensional view, (b) a side view, and (c) an unrolled view of a single
helical turn.

In this context, D0 represents the directivity, N the number of
turns, S the spacing between turns, C the helix circumference,
and λ the wavelength.

HPBW =
52

C

√
λ2

NS
(degrees) (2)

FNBW =
115

C

√
λa

NS
(degrees) (3)

Aeff =
Cλ2

4π
meters2 (4)

Impedance at terminal =
140C

λ
Ω (5)

AR =
2N + 1

2N
(6)

In this context, HPBW, FNBW, Aeff, and AR are abbrevia-
tions for half-power beamwidth, first nulls beamwidth, effec-
tive aperture, and axial ratio, respectively. The ratio in question
represents the quotient of the wave velocity along the helix to
its velocity in free space:

p =
Lo

λo

s
λo

+ 1
(7)

The preceding analysis is relevant for standard end-fire radia-
tion. In the case of Hansen-Woodyard end-fire radiation, the
applicable equation is as follows:

p =
Lo

λo

s
λo

+
(
2N+1
2N

) (8)

According to [9] and [10], axial mode operation in helical an-
tennas is achieved when the circumference (C) lies between
3/4λ and 4/3λ.
Figure 2 illustrates the proposed helical antenna design, op-

timized for operation within the 9.4–10.8GHz frequency band.
This antenna incorporates 10 helical turns, carefully arranged
to enhance radiation performance. Key dimensions include a
wavelength (λ) of 30mm, representing the distance travelled
by a single cycle of the electromagnetic wave at the operating

 

FIGURE 2. The proposed helical antenna design.

FIGURE 3. Simulated and measured S11 of the proposed Helical an-
tenna design.

frequency, an overall length of 31.0mm, a height of 70mm, a
turn spacing of 7mm, and a helix diameter of 9.55mm. These
dimensions significantly influence the antenna’s radiation pat-
tern and overall performance characteristics.
Table 2 summarizes the design parameters for a helical an-

tenna operating within the 9.4–10.8GHz frequency band. The
selection of Teflon as the dielectric material and the incorpo-
ration of a square-shaped ground plane are design choices in-
tended to optimize the antenna’s performance characteristics,
such as gain, bandwidth, and radiation efficiency.
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TABLE 2. Design specification of the proposed helical antenna.

Parameter
Dielectric

constant (εr)
Substrate

thickness (h)
Pitch

angle (∝)
Parameter

The total length
of the helical
antenna (L)

Height of
helical

antenna (H)

Ground
Plane (0.75λ)

Value 2.31 0.1mm 13◦ Value 310mm 70mm 22.5mm

Parameter Wavelength (λ) Circumference (C)
Number of
turns (N )

Parameter
Spacing between

turns (S)
Cylindrical
diameter (d)

Length of 1
turn strip (Lo)

Value 30mm 30mm 10 Value 7mm 9.55mm 31.0mm

3. RESULTS AND DISCUSSION

Figure 3 illustrates the simulated and measured S11 parameters
of the proposed helical antenna, designed to operate within the
9.4–10.8GHz frequency band. The antenna exhibits a broad
impedance bandwidth, extending from 9.4GHz to 10.8GHz,
with a return loss (S11) consistently below −10 dB across this
range. A peak return loss of−13.6 dB is observed at 10.6GHz,
signifying effective impedance matching. This minimizes sig-
nal reflections, thereby maximizing power transfer and opti-
mizing radiation efficiency. The measured S11, also depicted
in Figure 3, covers the target frequency band, although minor
deviations from the simulated results are evident. These dis-
crepancies can be attributed to variations introduced during the
fabrication process, such as fabrication tolerances and incon-
sistencies in substrate permittivity, or potential mismatches en-
countered during the measurement procedure, including cable
connections and calibration errors.
Axial ratio is a critical performance metric for circularly po-

larized antennas, with values significantly below −3 dB indi-
cating high circular polarization purity. This study presents the
design simulation and measurement of a helical antenna utiliz-
ing a paper substrate, intended for operation within the 9.4–
10.8GHz frequency band. Figure 4 depicts the simulated and
measured axial ratio of the proposed antenna. The results indi-
cate high circular polarization purity across a considerable por-
tion of the operating band, with axial ratios maintained below
−3 dB within the frequency band 9.4–10.8GHz.

FIGURE 4. Axial ratio of the proposed 3D printed helical antenna.

The 5G helical antenna, fabricated using paper, demonstrated
excellent impedance matching across the 9.4–10.8GHz operat-
ing band. Measured voltage standing wave ratio (VSWR) val-
ues remained consistently low, averaging approximately 1.5,
indicating efficient power transfer and minimal signal losses.
Figure 5 graphically illustrates this, showing VSWR values
consistently below 2 within the operating band. This wideband
impedance matching is crucial for robust and efficient antenna
performance, as it minimizes signal reflections and maximizes
the amount of power radiated. Lower VSWR values generally
correspond to improved antenna performance by minimizing
reflected power and maximizing radiated power.

FIGURE 5. VSWR of the proposed 3D-printed helical antenna.

Figure 6 illustrates the simulated circular polarization (CP)
gain of this antenna. A peak CP gain is observed at 9.8GHz, in-
dicative of efficient radiation and a well-focused radiation pat-
tern at this frequency. A slight decrease in gain is observed
beyond 10.3GHz, potentially attributable to minor variations
in radiation efficiency or a slight broadening of the radiation
beamwidth [24]. The achieved CP gains, reaching 11.7 dBi
at 9.7GHz and 9.8GHz, demonstrate the antenna’s capability
to effectively direct and concentrate radiated energy, crucial
for maximizing signal strength in wireless communication sys-
tems. The compact size and simple design of the antenna of-
fer advantages in terms of ease of fabrication, integration, and
potential cost-effectiveness, making it a promising candidate
for various applications in wireless communication and other
fields.
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FIGURE 6. Simulated CP gain and directivity of the proposed 3D printed
helical antenna.

FIGURE 7. Simulated radiation efficiency of the proposed 3D printed
helical antenna.

FIGURE 8. Surface current distribution of the proposed 3D-printed Helical antenna.

Figure 7 illustrates the simulated radiation efficiency of the
proposed 3D-printed helical antenna. The results consistently
demonstrate high radiation efficiency across the operating fre-
quency band of 9.4GHz to 10.8GHz, ranging from 95% to
92%. This exceptional efficiency, particularly the peak value of
95%, is highly commendable for a 3D-printed helical antenna
design. High radiation efficiency signifies that a significant
portion of the input power is effectively converted into radi-
ated electromagnetic waves, with minimal losses due to ohmic
losses within the antenna structure or dielectric losses within
the substrate material. This minimizes wasted energy and max-
imizes the power effectively transmitted into the surrounding
environment. Such high efficiency is highly desirable for prac-
tical applications, including 5G wireless communication and
satellite systems, as it directly translates to improved commu-
nication performance, enabling longer transmission distances,
higher data rates, and enhanced signal quality [26].
Figure 8 illustrates the simulated surface current distribution

on the helical antenna operating within the 9.4–10.8GHz fre-
quency band. The analysis reveals a peak surface current den-
sity of 35.2679A/m at 10.2GHz and 36.668A/m at 10.3GHz.
A uniform current distribution is crucial for achieving efficient
radiation and minimizing losses in any antenna. In the context
of a helical antenna, a well-distributed current along the he-
lix is essential for optimizing circular polarization, impedance

matching, and overall radiation performance [36]. While the
peak current density provides initial insights, a comprehensive
analysis of the surface current distribution pattern is necessary
to assess its suitability for 3D printing.
3D printing technologies often have limitations in terms

of feature resolution, layer thickness, and material properties.
These limitations can influence the accuracy of the fabricated
structure and, consequently, the antenna’s performance. By
carefully analysing the surface current distribution and consid-
ering the limitations of the 3D printing process, necessary de-
sign adjustments can be made to mitigate potential issues and
ensure optimal performance of the 3D-printed antenna.
Figure 9 depicts the 3D-printed helical antenna under test

within a meticulously controlled anechoic chamber environ-
ment. To comprehensively characterize the antenna’s radia-
tion performance, a series of measurements were conducted.
This experimental investigation aimed to meticulously quan-
tify key radiation pattern characteristics, including beamwidth,
side lobe levels, and polarization purity.
A meticulously calibrated measurement setup, comprising

an anechoic chamber with specialized measurement equipment
such as a vector network analyser and a turntable, was em-
ployed to ensure the acquisition of highly accurate and reliable
measurement data. The anechoic chamber environment effec-
tively minimizes the influence of external electromagnetic in-
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FIGURE 9. The proposed 3D printed helical antenna under test.

terference, while the specialized measurement equipment pro-
vides precise control over measurement parameters and facili-
tates the acquisition of high-fidelity data. This rigorous mea-
surement methodology is essential for obtaining accurate and
meaningful experimental results that can be used to validate the
simulated performance of the 3D-printed helical antenna and
assess its suitability for practical applications.
Experimental measurements revealed a peak CP gain of

11.6 dBi at 9.7GHz, which, while being slightly lower than the
simulated peak gain of 11.7 dBi at 9.7GHz, demonstrates the
antenna’s capability to achieve significant gain in practical im-
plementation as shown in Figure 10.

FIGURE 10. Simulated and measured CP gains of the proposed helical
antenna.

The measured CP gain values provide insights into the an-
tenna’s radiation characteristics, suggesting a directional radi-
ation pattern with potential for optimized performance in spe-
cific orientations. This directional characteristic has significant
implications for the antenna’s intended applications, as it can be
strategically positioned to maximize signal strength and cov-
erage in desired directions. To further enhance the antenna’s
performance beyond the measured results, this research lever-
ages the power of Artificial Intelligence (AI) by employing the
(GWO) algorithm. The details of the GWO algorithm imple-
mentation and the optimization results are presented in the AI
section of this paper. The GWO algorithm is utilized to ef-
ficiently search the design space and identify optimal values

for key parameters, such as the number of turns, helix pitch,
and helix diameter, with the objective of achieving a target
gain of 15 dBi at 10GHz. This AI-driven optimization ap-
proach demonstrates the potential for significant performance
improvements in helical antenna design.
Table 3 presents a comparison of the measured, simulated,

and AI-optimized maximum gain values for the proposed he-
lical antenna. This table provides valuable insights into the
antenna’s performance and the effectiveness of the AI-driven
optimization process.

TABLE 3. The maximum gain results of the proposed antenna.

Parameter Simulated Measured AI
Gain (dBi) 11.7 11.6 15

To validate the helical antenna’s performance, its radiation
patternsweremeasured. Figure 11 presents the normalized sim-
ulated and measured radiation patterns in circular polarization
(RHCP and LHCP) at 9.8GHz and 10.0GHz. The measured
patterns exhibit some asymmetry, particularly at 10.0GHz in
both RHCP and LHCP. The observed asymmetry is likely due
to fabrication tolerances, variations in substrate material prop-
erties, imperfections in the feed structure, or the measurement
environment. Discrepancies between simulated and measured
patterns can also be attributed to measurement uncertainties
and mismatches between simulated and actual antenna struc-
tures. Despite these discrepancies and the pattern asymmetry,
the measured results demonstrate promising characteristics, in-
cluding a wide bandwidth of 1.4GHz. Future work will focus
on minimizing the asymmetry through design modifications,
including adjusting the feed point location, optimizing element
spacing, incorporating a ground plane, investigating different
substrate materials, and refining the mesh density in the sim-
ulation model. Despite the minor deviations and asymmetry,
the measured results demonstrate the feasibility and potential
of the proposed helical antenna for applications including satel-
lite communication, 5G, and MRI. Future work will address
the remaining challenges, including the pattern asymmetry, to
further enhance performance and suitability for these applica-
tions [25, 37].
Table 4 presents a comparative analysis of existing heli-

cal antenna designs, encompassing a wide range of parame-

206 www.jpier.org



Progress In Electromagnetics Research C, Vol. 153, 201–211, 2025

LHCP RHCP

FIGURE 11. Simulated and measured polar radiation patterns at 9.8GHz, and 10.0GHz.

ters such as dimensions, feeding methods, and materials (cop-
per, Paper). The operating frequencies of these antennas span
across various bands, including X-band, satellite, Wi-Fi, and
5G. Researchers have extensively investigated key design fac-
tors, such as helix length, number of turns, and impedance
matching techniques, to optimize antenna performance.
The proposed 3D-printed helical antenna, designed for oper-

ation within the 9.4GHz to 10.8GHz frequency band, demon-
strates superior performance compared to several existing de-
signs. Notably, it achieves a gain of 11.6 dBi at 9.8GHz, ex-
ceeding the gain of 11.5 dBi reported at 7.5–10.5GHz in [15]
and some references [11, 14, 15, 17, 18, 20, 21], and [22]. The
proposed antenna’s key strengths include its compact size, sim-
plicity of design, high gain, and high efficiency which is 95%.
Compared to the designs referenced in Table 4, the proposed

antenna offers significant advantages. It exhibits superior gain
performance and a more compact form factor than references
[11, 17–19, 21, 22]. Furthermore, the proposed antenna demon-
strates broader bandwidth capabilities, encompassing multiple
bands including Wi-Fi, 5G, V2V, wideband, and satellite sys-
tems, surpassing the limited frequency coverage of references
[11, 16, 18], and [21] in Table 4.

4. AI APPROACH FOR GAIN ENHANCEMENT FOR HE-
LICAL ANTENNA
This paper investigates the application of the GWO, an AI-
inspired algorithm, to enhance the gain of a helical antenna [35].

The GWO algorithm, inspired by the social hierarchy and hunt-
ing behavior of grey wolves, is employed to efficiently search
the design space and identify optimal parameters for maximiz-
ing antenna peak CP gain. A simplified gain estimation model
is used in conjunction with the GWO algorithm to determine
the optimal values for key design parameters, namely the num-
ber of turns, helix pitch, and helix diameter. The optimization
process aims to achieve a target gain of 15 dB at 10GHz.
The methodology of the proposed algorithm where a simpli-

fied gain estimation model, as shown in Equation (1), is used to
predict the antenna CP gain is based on the design parameters:

where:

• N is the number of turns

• P is the helix pitch

• D is the helix diameter

This model provides a preliminary estimate of the antenna’s
performance and serves as a fitness function for the GWO algo-
rithm. The GWO algorithm simulates the social hierarchy and
hunting behaviour of grey wolves. A population of “wolves”
is initialized within the defined search space. The algorithm
then iteratively updates the position of each wolf based on the
positions of the alpha, beta, and delta wolves (representing the
leaders of the pack), as shown in Figure 12. This process guides
the search towards optimal solutions within the design space.
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TABLE 4. Previous work.

Ref.∗
No. of
turn/s∗

BW∗ (GHz)
Peak CP∗

gain (dBi)
Rad.

Eff∗(%)
Size (mm)2 Prototype Application

14 1.5 8–12 8.17 - 30× 30× 11.76 Yes X-band
11 4 1.56–2.93 11.3 - 150× 150× 155 Yes L-Band, S-Band
15 8 7.5–10.5 11.5 - 44× 72× 3.175 Yes X-band
16 10 9.5–10.5 11.6 - 22.5× 22.5× 70 Yes X-band

17 10
4–6.7,
6.8–7.1

8.97 92 38.80× 38.80× 120 Yes
5G, sub-6GHz band,

C-band
18 1 5.75–5.85 6.96 73.2 32× 32× 12 Yes aperture efficiency

19 10
4–6.51,
6.8–7.1

12.6 - 38.80× 38.80× 120 No 5G

20 2 5.05–7.05 5.7 95 32× 32× 26.6 Yes Satellite, Wi-Fi
21 4 0.352–0.378 8 - 185× 141 Yes CubeSat-Satellite
22 10 4–8 11.53 99 129.31× 64 No 5G

Proposed 10 9.4–10.8 11.7 95 70× 22.5× 22.5 Yes X-Band
∗Ref. = References, No∗. of turn/s = Number of Turn/s, BW∗= Bandwidth,
CP∗= Circular Polarization and Rad. Eff∗ (%) = Radiation Efficiency (%).

FIGURE 12. Hierarchy of grey wolf (dominance decreases from top down) [34].

The GWO algorithm was implemented in Python. The core
components of the optimization process, including the

function and the

The functions were implemented as described in the code snip-
pet below:

As the results of the proposed AI algorithm, the GWO al-
gorithm provided results showcase the outcome of an antenna
design optimization process. The best design parameters repre-
sent the optimal dimensions or other critical variables of the an-
tenna structure, identified by the algorithm to achieve the most

favourable performance. The specific interpretation of these
values depends on the antenna type and the design variables
used.
The optimization process resulted in the following optimal

design parameters showing the best design parameters:

• Number of Turns (N ): 11.94052785

• Helix Pitch (P ): 8.10017905

• Helix Diameter (D): 11.21441828

The best fitness value of−30479.06 indicates that the estimated
gain of the antenna with these parameters is close to the tar-
get gain of 15 dB. In this context, lower values (more negative)
generally signify better performance.
As shown in Table 5, the antenna exhibits a peak gain of

15 dB at 10GHz within the X-band (8–12GHz). While demon-
strating relatively consistent gain across the majority of the
band, a notable dip is observed in the gain performance around
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TABLE 5. Gain of the proposed helical antenna using AI (WGO).

Frequency (GHz) 8 8.33 8.67 9 9.33 9.67 10 10.33 10.67 11
Gain value (dBi) 12.48 12.48 12.48 11.98 11.98 11.98 15.00 11.78 11.78 11.78

FIGURE 13. The process of optimizing the helical antenna using the Optimization of (GWO) algorithm.

9GHz. This analysis suggests that the optimization process has
yielded a promising antenna design with commendable overall
performance within the X-band. However, the observed gain
dip at 9GHz necessitates further investigation and potential re-
finement of the design to ensure consistent and optimal perfor-
mance across the entire operating frequency range [38].
Figure 13 shows the process of optimizing the proposed heli-

cal antenna using the Optimization of (G.W.O) algorithm. This
flowchart provides a visual representation of the optimization
process, highlighting the key steps and the role of the GWO al-
gorithm in finding the optimal design parameters for the helical
antenna.
Calculate the positions of each wolf in the population based

on the positions of the alpha, beta, and delta wolves using the
GWO equations:

X1 = α_pos−A1 ∗ |C1 ∗ α_pos−X| (9)
X2 = β_pos−A2 ∗ |C2 ∗ β_pos−X| (10)
X3 = δ_pos−A3 ∗ |C3 ∗ δ_pos−X| (11)

X_new = (X1 +X2 +X3)/3 (12)

where:

X: Current position of the wolf

α_pos, β_pos, δ_pos: Positions of alpha, beta, and delta
wolves

A1,A2,A3,C1,C2,C3: Coefficients determined by ran-
dom numbers and the current iteration.

These equations guide the wolves in the population to move
towards promising regions of the search space, influenced by
the positions of the best solutions (alpha, beta, delta) found so
far [39, 40]. The coefficients A and C introduce randomness
and dynamically adjust the influence of the leaders throughout
the optimization process.
This study demonstrates the successful application of the

GWO algorithm for enhancing the gain of a helical antenna.
The GWO algorithm effectively explored the design space and
identified a set of optimal design parameters that aim to achieve
the desired peak gain at a specific frequency. This research
provides a foundation for further exploration and optimization
of helical antenna designs using advanced optimization tech-
niques AI.

5. CONCLUSION
In conclusion, this research successfully demonstrated the fea-
sibility of a 3D-printed helical antenna for industrial applica-
tions operating within the 9.4–10.8GHz frequency band. Ex-
perimental measurements revealed a peak CP gain of 11.6 dBi
at 9.8GHz, slightly below the simulated peak CP gain of
11.7 dBi at 9.8GHz. To further enhance the antenna’s perfor-
mance, this research leveraged the power of Artificial Intelli-
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gence (AI) by employing the Grey Wolf Optimization (GWO)
algorithm. The GWO algorithm successfully optimized the an-
tenna design, achieving a target gain of 15 dBi at 10GHz, show-
casing the significant potential of AI-driven optimization tech-
niques for advancing the design of high-performance antennas
for diverse industrial applications. Future research will explore
design modifications to improve the radiation pattern symme-
try, such as optimizing the feed structure and investigating al-
ternative substrate materials. These efforts will further enhance
the antenna’s performance and broaden its potential applica-
tions.
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