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This study aims to design, fabricate, and validate an axial-mode helical
antenna for enhancing 5G cellular signals at 2.3 GHz, specifically to address
signal attenuation in suburban areas caused by base station distance,
vegetation attenuation, and propagation obstacles. Unlike previous helical
antenna designs that achieved gains below 11 dBi or operated outside 5G
frequency allocations, the proposed antenna was designed using computer
simulation technology (CST) microwave studio and fabricated with 10
copper turns of an optimized winding diameter for 2.3 GHz operation,
equipped with a triangular tapered strip as an impedance-matching element
that generates circular polarization effective for mitigating suburban
multipath fading. Simulation results demonstrate a return loss of —24.55 dB,
a VSWR of 1.125, and a gain of 12.45 dBi, while measurements of the
fabricated prototype confirm this performance with a return loss of —20.1 dB
and a VSWR of 1.26, yielding a simulation—measurement deviation of 4.45
dB that remains within standard fabrication tolerances. Analysis confirms
stable unidirectional radiation and sufficient gain to compensate for
suburban propagation losses. The principal contributions are: (i) an
optimized tapered-strip axial-mode helical antenna for 2.3 GHz suburban
5G, (ii) quantitative simulation—measurement validation, and (iii) a compact
design without complex active components.
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1. INTRODUCTION

The advancement of 5G networks in Indonesia has achieved notable success in metropolitan areas,
yet extending this growth to suburban and remote regions remains challenging due to insufficient base station
density, limited backhaul access, and inadequate technological support [1]. Recent global connectivity
reports indicate that only 40% of rural and suburban populations have 5G access compared to 66% of urban
residents, with suburban mobile download speeds averaging 28% lower than metropolitan centers [2]. This
disparity exacerbates the digital divide between urban and suburban regions, depriving suburban
communities of 5G benefits such as high-speed internet access and intelligent applications.

Beyond infrastructural limitations, suburban environments pose unique radio propagation challenges
that degrade 5G signal quality. The extended distance between base transceiver stations (BTS) and user
terminals amplifies free-space path loss, with measurements reporting path loss exponents of 3-5 in suburban
environments versus 2.7-3.7 in urban scenarios [3]. Vegetation constitutes another major attenuation source,
with recent studies showing foliage can cause up to 14.71% coverage reduction for sub-6 GHz networks,
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where dense-leaved trees produce path loss effects comparable to buildings [4], [5]. Furthermore, low-to-
medium rise suburban morphologies generate complex multipath propagation, obstructed line-of-sight
(OLoS) conditions, and shadow fading that standard ITU-R and 3GPP models often fail to predict accurately
[6]. These combined effects necessitate high-gain directional antennas at the user side to compensate for
cumulative signal degradation [7].

A fundamental element in addressing these challenges is the antenna. Various antenna topologies
have been developed for diverse wireless applications, including Ultra Wideband antennas [8], [9], wideband
omnidirectional antennas [10], reconfigurable antennas [11], [12], and phased array antennas [13], [14].
Resolving suburban 5G coverage requires a specialized antenna engineered for specific frequencies to
amplify the 5G signal at the receiver end, providing the directivity and gain necessary to overcome path loss
and vegetation-induced attenuation. The helical antenna is recognized as an effective solution for 5G
communication [15], [16]. Axial-mode helical antennas, whose operating principles are detailed in classical
antenna theory [17], [18], are particularly suitable for suburban deployments since their circular polarization
mitigates multipath fading, while their high gain compensates for extended-distance path loss [19].

Prior investigations on helical antennas have demonstrated varying success. The design in [20]
achieved 6.7 dBi gain—favorable for 5G but suboptimal for suburban compensation—while [21] reported
8.97 dB gain and —17.30 dB return loss, also modest for overcoming suburban attenuation. A miniaturized
helical antenna for 5G MIMO [22] and a directional antenna for indoor 5G [23] further illustrate this gain
limitation. The advanced design in [24] achieved 11 dBi gain but operates outside 5G allocations, while a
compact helical antenna for 2.1-2.7 GHz [25] yielded return loss below —10 dB with limited suburban
applicability. The optimized helical antenna in [26] operates at 2.4 GHz with 10 turns but remains
insufficiently optimized for suburban 5G propagation challenges.

The deficiencies of these prior designs—insufficient gain, restricted frequency ranges, and the
absence of dedicated optimization for suburban 5G—fail to satisfy reliable suburban coverage demands. To
address these gaps, this paper presents an axial-mode helical antenna operating at 2.3 GHz, comprising 10
copper turns equipped with a tapered strip as an impedance-matching component. The proposed design
optimizes gain at the 5G frequency to enhance transmission efficiency and provides concentrated directional
radiation essential for compensating for the path loss, vegetation attenuation, and shadow fading inherent to
suburban 5G environments.

2. RESEARCH METHOD
2.1. Design of helical antenna and specifications

The initial step in calculating the length and spacing of an axial mode helical antenna is to ascertain
the operating frequency of the antenna [24]. Upon establishing the operating frequency, one may compute the
wavelength (A). This wavelength is employed to ascertain both the dimensions of the coil and the inter-coil
spacing [25].

_ 3x108 1)

c
A= F 2300%x106
A=013m=130mm

In this case, f is the center frequency and C = 3x10”8 m/s. When (D) is the helical antenna's diameter, apply
the following formula [24], [26]:

2% 414mm (2)
s 3.14
4.14 mm = 1.6 inch

The circumference of a helical antenna can be calculated using the following formula [18]:

C=nxD 3)
C =314 x414mm
C =130mm

Furthermore, the following formula is used to determine the separation between helical antenna coils [18]:

tan™! = S 4)
tan 113 = ﬁ

s=30mm
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Next, the following formula is used to determine the helical antenna's length [18]:

A=nxS (5)
A=10x30
A =300mm

The value of the ground plane for a helical antenna can be calculated using the following formula [18]:
Rgp = 3/4/1 =97.5mm (6)
Next, the length of one coil is calculated using the following formula [18]:

2= (2452 (7)
L =133.41mm

The pitch angle of the helical antenna ranges from 12 to 14 degrees [27]. We are entering the value
13 now. The outcomes of the helical antenna computation are presented in Table 1.

Table 1. Helical antenna dimensions

Name Symbol Size
Wave length L 130 mm
Helical antenna diameter D 41.4 mm
Helical antenna circumference C 130 mm
Pitch angle a 13°
Distance between windings S 30 mm
Total length of antenna A 300 mm
Ground plate diameter Dgp 97.5mm

2.2. Impedance matching of axial mode helical antenna

To ensure precise calculations and optimal performance, impedance matching is required during the
construction of an axial-mode helix antenna [28], [29]. The quality of the antenna is influenced by the
acquisition of favourable outcomes antenna impedance may be determined using the formula.

Z, = 150% (8)
Z, = 1500
Three dimensions are needed to create an impedance matching antenna: plate length (1) = 1/4A, plate

thickness (t), and plate width (w). The following equation is used to calculate the space above the ground
plate (h) [23]:

Zyr = \/ZcZa 9)
Zy; = V50 x 150
ZMI = 86.602 Q

For spaces above ground, the following formula is used [23]:

b= (w+t)ln‘1(%)
7.5
B (97.5+1.6)30(10)_1(86:;02)

= =6.13mm
7.5

(10)

2.3. Antenna modeling, optimization, and fabrication

The subsequent step following the calculation of the helix antenna dimensions is to input the
antenna parameter values into computer simulation technology (CST) Studio Suite 2019. The programme
offers antenna element dimensions that were previously computed and documented in Table 1. Figure 1
depicts the settings input into CST Studio Suite.
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Parameter List

V Name Expression Value Description

% Ztube =10 10 tinggi tube

-+ tgnd =1 1 tebal ground

2 =5 5 tebal akrilik

-M  Lmur =60 60 panjang mur

M | s2 =1 3 jarak kawat ke pin port
-4 dtube = 414/2 20.7 diameter tube

-+ dh = 414/2 20.7 diameter helix

-4 dgnd =97.5/2 48.75 diameter ground

- dcopper =1 1 diameter copper

-4 Hix_cst_torrus_phi =13 13 Coil's segmentation angle
-1 Hix_cst_torrus_orienta... =0 0 Coil's Orientation: 0 clockwise, 1 anti-...
- Hix_cst_torrus_N =10 10 Coil's Nr of turns

-4 HIx_cst_torrus_ri =dh 20.7 Coil's minor radius

#  Hix_cst_torrus_ra =dh 20.7 Coil's major radius

#  Hix_cst_torrus_h =wt 300 Coil's height

-« tp =3 3

+H wt = 300 300

A sl =4 4

-+  dpin =0.39 0.39

-+ Isma =76 7.6

% Ipin =47 4.7

Figure 1. The antenna parameters are defined in the software Capture CST Studio Suite 2019

Subsequently, design the ground plate, antenna impedance matching, and copper wire winding
segment in accordance with the calculated dimensions utilising the formula. Upon inputting the parameter
values into CST, a design like Figure 2 will be generated. A parametric study [30], [31] is necessary in many
components of the antenna construction to get the desired performance level. Optimisation can be attained
via trial-and-error methods or specific optimisation techniques [32]-[34]. Moreover, impedance matching is
an essential component of the design to guarantee good antenna performance [35]. The corresponding
impedance values are crucial for attaining the requisite impedance at the operational frequency of 2.3 GHz.
As a result. This axial mode helical antenna design is anticipated to provide effective and efficient
performance according to the specified requirements.

300 mm
—>30mm<— {

—

Figure 2. Geometry of the designed helical antenna

Impedance matching is essential in helix antenna design to guarantee effective power transfer
between the antenna and the transmission line [36]. Inadequate matching can lead to significant power
reflections, diminishing antenna efficacy and risking transmitter damage. In helix antenna design, it is crucial
to align the antenna's impedance with that of the coaxial cable (Zc) to provide optimal power transfer.
Ensuring impedance matching allows the antenna to function at peak efficiency, reducing power loss while
enhancing signal strength and quality [37].

Impedance mismatch can be effectively minimised by replacing the helical wire near the input point
with a triangular copper strip of equivalent length. This approach is distinguished by its simplicity and ease
of execution. To substitute the first section of the helical wire near the input point, coil the copper triangular
strip around the pipe. It is essential to verify that the length of this triangular copper strip corresponds with
the length of the helical wire it substitutes. This method is illustrated in Figure 3.

Subsequent to achieving the optimal antenna design, the fabrication of the antenna will commence.
An antenna employs copper wire with a diameter of two millimetres and a copper plate with a thickness of
one millimetre. In Figure 4 owing to complications in the installation of the SMA port, it was substituted with
a feeder cable. The results of the fabrication are presented in Figures 4(a) and 4(b).

Int J Inf & Commun Technol, Vol. 15, No. 4, December 2026: 1759-1767



Int J Inf & Commun Technol ISSN: 2252-8776 O 1763

Helical Wire

Triangular
copper strip

Copper ground plane

Figure 3. Triangular strip matching impedance helical antenna

Figure 4. Helical antenna fabrications result (a) front view and (b) side view

3. RESULTS AND DISCUSSION

This study aimed to assess the helix antenna developed for 5G networks. The primary focus was on
its VSWR, gain, and return loss at 2.3 GHz operation. Limited study has specifically refined the design of
helical antennas for 5G communication in suburban areas, despite previous studies investigating their
application across many frequencies and functions. Contemporary designs often prove inadequate for high-
efficiency 5G signal transmission due to constraints in gain and return loss performance [7], [8].

The modelling results revealed a return loss of -24.55 dB, whereas the observed return loss at the
operational frequency of 2.3 GHz was -20.1 dB. Both numbers indicate that the antenna effectively
minimises signal reflection, as the measurements are far below the acceptable threshold of -10 dB [5], [21].
The VSWR measurement was 1.26, remaining inside the acceptable range for effective signal transmission,
whereas it was 1.123 in the simulation. The proposed helix antenna achieved a gain of 12.45 dBi,
representing a significant enhancement compared to previous designs [7], [9]. Figure 5 illustrates the contrast
between the simulation and measurement data.

Presents the comparative simulation and measurement results for Figure 5(a) VSWR and
Figure 5(b) return loss against the universal thresholds of VSWR < 2 and Si: < —10 dB. At 2.3 GHz, the
simulation yields VSWR = 1.123, Su = —24.55 dB, and bandwidth = 50 MHz (2.275-2.325 GHz), while
measurements achieve VSWR = 1.26, S = —20.1 dB, and bandwidth = 100 MHz (2.25-2.35 GHz)—
reflecting less than 1.5% incident power and providing a 100% bandwidth improvement with a 10.1
dB margin above the —10 dB threshold. The simulation—measurement deviations (AVSWR = 0.137, ASi =
4.45 dB) fall within standard fabrication tolerances. Notably, the achieved 12.45 dBi gain and —20.1 dB
return loss substantially outperform prior helical antennas reporting only 8.97 dB / —17.30 dB [8], and
overcome the 5G-incompatible lower-frequency limitations of earlier solutions [9], [11], validating the
proposed tapered-strip impedance matching technique.

The radiation pattern derived from this design is unidirectional, demonstrating that the principal lobe
is prominently oriented at 0°, aligning with the attributes of an axial-mode helical antenna that generates
unidirectional radiation, as seen in Figure 6. Figure 6 presents the simulated 2D radiation pattern of the
proposed axial-mode helical antenna at 2.3 GHz in the azimuth plane, obtained using CST Microwave
Studio. The principal radiation lobe is oriented precisely at 0°, confirming that the antenna operates in the
axial mode as theoretically predicted by Kraus, where electromagnetic energy is concentrated along the
winding axis to produce end-fire radiation with circular polarization [17], [18]. This unidirectional
characteristic is critically important for suburban applications because it (i) enables precise targeting of the

An optimised axial-mode helical antenna at 2.3 GHz for 5G signal enhancement in Suburban ... (Nasrul)



1764 O ISSN: 2252-8776

nearest BTS, (ii) provides circular polarization that inherently mitigates multipath fading caused by
reflections from low-to-medium-rise buildings and suburban vegetation, and (iii) delivers superior front-to-
back discrimination that minimizes co-channel interference from neighboring cells.
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Figure 5. Comparison chart of simulated and measured antenna (a) VSWR and (b) return loss

180

Figure 6. Simulation results of the antenna radiation pattern

The —3 dB points are identified at £12° from the main axis, yielding a Half-Power Beamwidth
(HPBW) of 24° [derived from (+12°) — (—12°)], representing a focused beam with high directivity.
Theoretically, an HPBW of 24° correlates with a Kraus directivity of D = 41253/(24 x 24) ~ 18.5 dBi; thus,
the difference from the simulated gain (12.45 dBi) of ~6 dB represents reasonable cumulative practical
losses—including copper conductor ohmic losses, substrate dielectric losses, residual impedance mismatch,
and radiation spillover—indicating a radiation efficiency of approximately 25%, consistent with typical
efficiency ranges for 10-turn helical antennas using conventional copper construction. Several side lobes are
observed at angles of approximately +60°—80° with amplitudes well below the main lobe (SLL < —8 dB),
demonstrating minimal power dispersion and dominant energy concentration along the axial direction,
consistent with the theoretical SLL range (—6 to —10 dB) for standard 10-turn helical configurations [17], [18].

The combined characteristics—main lobe at 0°, HPBW of 24°, gain of 12.45 dBi, and SLL < -8
dB—confirm that the antenna fulfills all design objectives for suburban 5G signal enhancement. Compared
with previous helical antenna designs, the achieved performance surpasses Zeain et al. [20] by +5.75 dB,
Cha et al. [21] by +3.48 dB, and Wu et al. [24] by +1.45 dB, with the additional advantage of operating
precisely within the 5G frequency allocation that is absent in all three reference designs. The focused beam
with HPBW of 24° provides an optimal balance between energy concentration for compensating suburban
path loss (which can reach an exponent of n = 3-5) and adequate angular tolerance for practical installation
without requiring extreme pointing precision, establishing the proposed antenna as an effective solution for
5G signal enhancement in suburban areas with challenging propagation conditions.
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4. CONCLUSION

An axial-mode helical antenna operating at 2.3 GHz for suburban 5G signal enhancement has been
successfully designed, fabricated, and experimentally validated using CST Microwave Studio. The proposed
antenna, comprising 10 copper turns with a triangular tapered strip for impedance matching, achieves
simulation results of return loss —24.55 dB, VSWR 1.125, and gain 12.45 dBi, while measurements yield
return loss —20.1 dB and VSWR 1.26. The close agreement between simulation and measurement, with a
deviation of approximately 4.45 dB attributable to fabrication tolerances, confirms the reliability and
robustness of the proposed architecture.

The principal contributions of this work are threefold: (i) an optimized tapered-strip axial-mode
helical antenna specifically tailored for 2.3 GHz suburban 5G applications, (ii) quantitative simulation—
measurement validation establishing strong correspondence between predicted and realized performance, and
(iii) a compact, efficient passive design that enhances link quality without complex active components.
Compared with previous helical antenna designs, the proposed antenna outperforms by +1.45 dB in gain,
while being the only design optimized for the 5G frequency allocation.

Minor simulation—measurement discrepancies were observed, primarily due to fabrication tolerances
in copper cutting, coiling geometry, and SMA connector substitution. The radiation pattern analysis reveals a
focused beam with HPBW of 24° and gain that compensates for suburban propagation losses, underscoring
the importance of precise manufacturing technigques such as automated winding to further reduce simulation-
to-measurement deviations. The proposed design offers a practical, cost-effective, and passive solution for
enhancing suburban 5G coverage without requiring active equipment such as repeaters or femtocells. By
combining high gain, circular polarization for multipath fading mitigation, and a focused beam for BTS
targeting, the antenna effectively compensates for cumulative signal degradation in suburban paths where
path loss exponents reach n = 3-5, contributing to narrowing the urban—suburban digital divide.

Future research should focus on enhancing manufacturing precision through CNC-based fabrication,
investigating advanced materials such as silver-plated conductors and low-loss substrates, and optimizing
structural parameters including turn count, helix diameter, and tapered-strip geometry. System-level
validation through throughput, bit error rate (BER), and latency measurements in real-world suburban
deployments—deferred from the present antenna-level study—is also recommended to fully establish the
antenna's practical impact on 5G communication applications.
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