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This paper presents the design and implementation of a novel 3D printed microwave laminate consist-
ing of identical circular slots in mesh grid fashion to incorporate the volume fraction of air influencing the
effective permittivity and as a result suitable for antenna fabrication. Along with identical circular slots,
four perturbations are introduced with rectangular shaped polymer partially filling them. This type of
asymmetric structure in the substrate layer that leads to the splitting of the degenerate modes of the pla-
nar antenna, thus emitting circularly polarized electromagnetic waves. This dielectric substrate was man-
ufactured by 3D printing using an opaque, impact-resistant engineering thermoplastic and both sides coat-
ed with thin copper layer. The proposed antenna was implemented with double stack substrate layer to ac-
commodate the hat shaped feeding structure as well as ground in the bottom and circular radiating patch
in the top layer which exhibits axial ratio beamwidth of 177°. Consumer Wi-Fi hotspots & smart home sys-
tems, intelligent transport systems and roadside units, and GPS tracking are probable application areas of

the proposed low- profile antenna.
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1. INTRODUCTION

The use of layered manufacturing technology, com-
monly known as 3-dimensional printing or rapid prototyp-
ing, in the design process of antennas has risen tremen-
dously due to the numerous benefits associated with the
process. Some of these benefits include flexibility in manu-
facturing processes, fast production rates, and lower costs
as compared to the traditional approaches used in manu-
facturing prototypes. First, additive manufacturing allows
the engineers and researchers to manufacture prototypes
very easily, unlike using traditional methods of manufac-
turing, such as etching and machining. This saves on the
time that would have been required to make the antenna.
Secondly, 3D printing offers the benefit of manufacturing
complex geometries, some of which cannot be made using
conventional manufacturing methods. Such geometries
include conformal antennas, antennas embedded in struc-
tures, and substrates composed of dielectric gradients.
Thirdly, another benefit of using additive manufacturing
in designing antennas is that it allows for the fabrication
of lightweight structures because most printing materials
are usually polymer-based. This makes antennas pro-
duced using additive manufacturing technology ideal for
aerospace, UAVs, and wearable devices. Lastly, additive
manufacturing offers the unique capability of controlling
dielectric properties.
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Some popularly used 3D printing materials are Acry-
lonitrile Butadiene Styrene (ABS), Polylactic acid (PLA)
etc. Among these materials Acrylonitrile Butadiene Sty-
rene (ABS) is preferred for 3D printed antenna substrate
for its optimum mechanical and electrical properties. ABS
has dielectric constant of about 2.7 which is suitable for
antennas designed for low to medium frequency applica-
tions such as the 2.4 GHz ISM band and a loss tangent
(tan ) of 0.005, which 1s higher compared to specialized
RF materials, acceptable for prototyping purposes. Moreo-
ver, ABS shows excellent electrical insulation, toughness
and impact resistance to cracking or deformation during
handling and operation as compared to PLA which is
brittle, less durable and has lower heat resistance as it
has lower glass transition temperature of 55-65°C, so it
begins to deform at relatively moderate temperatures.
ABS has a higher glass transition temperature (7g) of
around 105 °C, which means it can withstand higher
temperatures before it starts to soften and lose its shape
thus showing higher thermal stability, durability and
reliability. ABS is scratch resistant and can withstand
temperatures ranging from + 70 to — 50°C [1-5]. Various
properties like thermal and dimensional stability, high-
impact strength, and chemical resistance make ABS par-
ticularly suitable for antennas that need to function in
moderately demanding environments. The paper [12]
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proposes a 3D-printed frequency-reconfigurable circularly
polarized microstrip antenna with reduced parasitic and
wide tuning capability using vertically integrated varac-
tor-loaded L-slot design. A wideband circularly polarized
stacked patch antenna with broad beamwidth is proposed
[13] using a rectangular shell beneath the ground struc-
ture. The antenna achieves over 140° 3 dB beamwidth,
10.2 % CP bandwidth, and 52. 8% impedance bandwidth
at 2.4 GHz, making it suitable for wide-angle scanning
phased array applications.

The proposed work introduces a novel circularly po-
laised coaxial fed antenna comprising of 3D printed
substrate with circular cells in grid pattern and circu-
lar shaped patch. The antenna has high gain and a
wide transmission bandwidth. The Fused Deposition
Modelling (FDM) technology, also known as Fused
Filament Fabrication (FFF) technology has been used
for additively manufacturing the two substrate layers
using thermoplastic material — acrylonitrile butadiene
styrene (ABS) [6-10]. The substrate for the proposed
antenna consists of a dual layer circular grid made up
of both thermoplastic and air. The first reason for this
is that the introduction of two pieces of thermoplastic
in the substrate causes an imbalance that helps create
circularly polarised (CP) waves. The second reason is
that it is possible to change the proportion of air vol-
ume within the substrate, which alters the permittivity
of the substrate and consequently the 3 dB axial ratio
beamwidth. The success of the proposed technique is
supported by fabricating a model whose results show
high correlation with simulation results.

2. PROPOSED ANTENNA GEOMETRY

Fig. 1 illustrates the disassembled view of the pro-
posed coaxial-fed CP patch antenna. Although both
substrates and ground have square shapes with dimen-
sions of [ = 12 cm on all sides, the patch, however, has a
circular shape with radius r = 2.3 cm. In order to match
impedance to the coaxial feeding system with an im-
pedance of 50 Q, a square shaped top hat of 1 cm is
placed under the patch with respect to the diagonal
line, and it occupies two substrate layers. The side
dimension of the top hat is denoted as b. On the other
hand, h1 and hs are the dimensions of the top and bot-
tom layers of the substrate, respectively. The perturba-
tion layer that occurs in the lower layer takes the shape
of a semicircle. Radius of the repetitive circular cells in
the both substrate is represented by rs and the radius is
0.4 cm. Fig. 2 and Fig. 3 represent the detailed views of
the bottom layer and top layer of the additively fabri-
cated substrate, respectively. In order to simplify the
installation process, both substrate layers are glued
together through industrial grade glue. Table 1 pre-
sents the dimensions of the proposed antenna.

The inner region consists of a circular mesh grid ar-
rangement having a fixed radius of r = 0.4 cm for each
cell which is filled with air, except for two sets of cells
that are proportionally arranged on the central line in
the x-direction. Two thermoplastic material pieces par-
tially occupy the special cells, which are located in the
xy-plane at a separation of d from the adjacent polymer
wall. Moreover, the dimensions of W, and W, represent
the distance between two adjacent air-filled slots in the
x and y-directions, consecutively.
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3D Printed Substrate Circular Patch
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Fig. 1 — The dis-assembled view of the proposed circular mesh
CP antenna with two layers of substrate
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Fig. 2 — Detailed view of the bottom layer of air-filled 3D
printed ABS substrate
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Fig. 3 — Detailed view of the top layer of 3D printed ABS
substrate with circular patch

Table 1 — Design specifications of the proposed antenna

Specifications r hi1 l hs
Values in cm 2.3 0.2 12 0.25
Specifications Wi Wy b I's
Values in cm 0.26 0.26 1 0.4
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3. 3D PRINTING OF SUBSTRATE

The double layer substrate of the proposed antenna
has been 3D printed using Acrylonitrile Butadiene Sty-
rene (ABS) material which needed the following settings
for the 3D printer at the time of printing. The 3D print-
ing of two layers of substrate was completed in approxi-
mately five hours. Fig. 4 (a) and Fig. 4 (b) illustrates the
interface of slicing software UltiMaker Cura™.

Table 2 — Settings for the 3D printer for the Acrylonitrile
Butadiene Styrene (ABS) material as substrate

Settings Values
Nozzle Temperature 230 °C+2
Bed Temperature 100 °C+2
Infill Density 10 %
Layer Height 0.15mm
Wall Line Count 3

Top Layers 6
Bottom Layers 4
Cooling During Printing 0%
Build Plate Adhesion Brim
Support No support was required

Fig. 4 — (b) Bottom Layer

Fig. 4 illustrates the interface of the slicing software
showing the printing time required for (a) upper substrate
layer to be 2 hours and that of the (b) lower layer with
thermoplastic polymer blocks to be 2 hours 32 minutes.

4. OPERATING PRINCIPLE OF THE ANTENNA
4.1 Generation of CP

While the process of linear polarization requires
strict oscillations in one plane, the CP method requires
that the electromagnetic wave's electric field vector
should rotate in a circular manner. To convert linear

J. NANO- ELECTRON. PHYS. 18, 05002 (2026)

Fig. 5 — The photograph illustrates the 3D printing process of
one of the layers of substrate
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Fig. 6 — (a) 3D printed top layer (b) 3D top layer of bottom
substrate (c) ground of antenna with coaxial feed (d) side view
of additively manufactured prototype of CP patch antenna

polarization to circular polarization, the CP antenna
does not need any further components. This is because
it might be necessary to have an extra component in
linear polarization antennas to enable the conversion of
the broadcast or reception of a linear signal into circu-
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lar form. This means that single-fed CP antennas can
be designed in a manner that enables the emission of
circular polarization waves.

fe = c/[2Wyy[erx] (1)
fy = c/[2Wy[ery] @)

Taking this feature into account, the single feed CP
antennas would be simpler and more efficient due to
their lack of need for additional components, which
may reduce costs, complexity, and even potential prob-
lems with the design. Moreover, they can simplify the
process of implementation in the case when circular
polarization must be generated. The presented CP
antennas operate based on the basic concept of forming
a circular patch with an aim to achieve non-uniform
effective lengths of two orthogonal sides. An alternate
technique is adopted for generating CP radiation in
this paper, as depicted in Fig. 2, where the substrate
beneath the patch is fabricated using varying effective
dielectric constant in various directions. The two ABS
materials have been presented, where they have longer
sides in the y-direction compared to the x-direction.
This leads to somewhat reduced relative dielectric con-
stant, which is €, and €.

Thus, according to Egs. (1) and (2), it is possible to
separate the two degenerate modes in some way, show-
ing that the impact of the perturbation on shape is
similar to the impact of the difference in the effective
permittivity. In another case, the substrate provides
the required alteration for CP instead of the patch.
Fig. 7 shows the surface current distribution of the
circular patch within the period 7, where t="T/4 at
frequency 2.4 GHz. It is observed that LHCP of the CP
patch antenna is achieved.

4.2 Beamwidth Generation

This CP patch antenna can be conceptualized as an
array of two pairs of parallel magnetic currents in a circu-
lar shape, in accordance with the traditional patch anten-
na theory [11-14]. Consequently, we can express the or-
thogonal, normalized far-field electric field components, Eg
and E, within the xz and yz planes as follows:

Eg = cos(m M) 3)
Sin(nsin(e)Wpe)
¢ = WCOS(Q) (4)
A

Here, W, is the width of effective patch and 4 is the
wavelength of free-space. Assuming that the quadrature
phase is observed in E¢and Ejy, Axial Ratio is obtained as

Axial Ratio = |2010g;0(Eg/Eg)| ®)

From (2) and (3) we find that AR depends on W), /A.
Furthermore,

VVpe =1/2 Sqrt(sreff) (6)

and

1/2

Erepr = l&r +11/2 4 [, — 1]+ [1+ 120/W,, | 7" /2 (7)
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represent the circular patch antenna electrical width
functioning in the dominant TMo: mode. Here, ¢, de-
notes the relative permittivity of the substrate, and
ey the effective relative permittivity of the resulting
patch antenna. &., h, and W, are the factors on which
Wye! A depends, in accordance with Egs. (4) and (5). The
relative permittivity of the substrate is the only factor
that may define the 3 dB axial ratio beamwidth of the
resulting circular patch antenna, which has a constant
height and side length.

To meet realistic design requirements for the sub-
strate's relative permittivity, a circular mesh-grid
structure was 3D-printed, as illustrated in Fig. 2. This
substrate features air-filled cells with walls constructed
from Acrylonitrile Butadiene Styrene (ABS), which has
a relative permittivity of 2.7. Thus, the substrate's
overall permittivity can be tuned by changing the ratio
of the two different materials. Effective relative permit-
tivity of the entire substrate may be calculated using
the Landau and Landau-Lifshitz-Looyenga [7].

(€)% = v1(E11) + v3(€12)5 ®

where v; and v, denote the volume fractions of the
respective constituent materials, represented by
w/(w +wg) and wg/(w + wg), whereas €,; and €,, rep-
resent relative permittivity of thermoplastic polymer
and air, respectively. Moreover, effective permittivity is
calculated and formulated through the Nielsen-Ross-
Weir approach, aided by ANSYS HFSS™. The 3 dB
axial ratio beamwidth (ARBW) of the proposed patch
antenna with dissimilar values of wg along with the
calculated and simulated values of relative permittivity
g, of the air-filled substrate are provided in Fig. 7. A
good level of agreement exists among all the computed
and simulated results. Thus, it is possible to correctly
manage not only the substrate's permittivity but also
the 3dB ARBW of the suggested antenna.

(b)90"

it

N |

(180" (@270

Fig. 7 — Surface current distribution across four phase intervals
on the circular patch at 2.4 GHz (a) 0°, (b) 90°, (c) 180° (d) 270°

5. PARAMETRIC STUDY OF THE ANTENNA

It was found that replacing the substrate material
with FR4 leads to a reduction in antenna gain from
7.15 dBi to 4.81 dBi. Fig. 8 and Fig. 9 presents a com-
parison of the simulated reflection coefficients results
of the fabricated CP antenna prototype under two dif-
ferent conditions: (i) when comparing the antenna with
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a dual-layer ABS substrate against one with a dual-
layer FR4 substrate; (ii) with and without circular gaps
in the both layers of the substrate.
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Fig. 8 — The graph compares the simulated reflection coefficients
for two versions of the fabricated CP antenna prototype: one using
ABS for both substrate layers, and the other using FR4
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Fig. 9 — The graph illustrates the comparative study of simu-
lated results of reflection coefficients of CP antenna prototype
with and without circular gaps in the substrate material

The incorporation of a circular shaped mesh struc-
ture within the substrates produced improved perfor-
mance in terms of reflection coefficient, compared to
substrates without circular shaped structures. Further-
more, a comparison of simulated and measured reflec-
tion coefficients was carried out for designs with FR4 as
a substrate material and ABS as a substrate material.

6. FABRICATION AND EXPERIMENTAL
RESULTS

Fig. 5 presents the 3D printing setup, the printing
process of one of the substrates and the Fig. 6 shows
the fabricated antenna prototype with its circular mesh
substrate respectively. The antenna structure consists
of the ground plane, 3D-printed substrate, and circular
shaped patch, assembled and firmly bonded using in-
dustrial grade adhesive. The top hat is accurately fitted
into the substrate, confirming the mechanical stability
of the design. Fig. 10 shows the comparison between
measured and simulated axial ratio (AR) of the pro-
posed antenna. Minimum AR values of 1.39dB at
2.44 GHz (measured) and 0.84 dB at 2.436 GHz (simu-
lated) are obtained, with bandwidths of 3.4 % and
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3.5 %, respectively. The reflection coefficients in Fig. 11
show close agreement between measurement and simu-
lation, with 10 dB impedance bandwidths of 2.3533-
2.4600 GHz (measured) and 2.3450-2.4525 GHz (simu-
lated). Three-dimensional radiation pattern with the
antenna prototype is illustrated in Fig. 12. 3dB AR
beamwidth of 178° is achieved, indicating suitability for
wide-beam applications. Table 3 compares our design
with previous work in the literature. This comparison
clearly highlights that our proposed antenna achieves a
much simpler and lower-profile design, along with
moderately high gain, wide axial ratio bandwidth, and
broad 3 dB axial ratio beamwidth.
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Fig. 10 — Simulated versus measured axial ratio for the CP
antenna prototype
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Fig. 11 — A comparison of the predicted and experimentally
tested reflection coefficients S;, of the prototype antenna

Fig. 12 — Three-dimensional radiation pattern of the proposed
CP antenna prototype

Table 3 — Comparison between previous works and our work

References [12] [13] Proposed Work
Feed Single | Single Single

AR Bandwidth 3% 10.2 % 3.7%

Gain (dBy) 4.5 3.7 7.15
Height (4¢) 0.006 - 0.45

3dB ARBW — 1750 1770
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7. CONCLUSION

This paper introduces a new coaxially-fed, circularly
polarized (CP) circular patch antenna designed for
2.4 GHz operation, utilizing an inherently asymmetric
circular shaped mesh-grid substrate. The design
achieves a high gain of 7.15 dBi. Asymmetry required
for CP radiation is introduced through four distinct
unit cells arranged along a central axis, resulting in
left-hand circular polarization (LHCP) with an axial
ratio bandwidth of 90 MHz (2.390-2.480 GHz). The
substrate is fabricated using fused deposition modelling
(FDM) 3D printing, enabling a compact, low-profile
structure. The antenna also exhibits a 10 dB imped-
ance bandwidth of 107.5 MHz (2.3450-2.4525 GHz),
making it suitable for applications like IoT devices,
smart home systems, intelligent transportation and
roadside units, and GPS tracking.
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VY crarTi mpeacTaBiIeHO MPOEKT 1 peasidaliiio HOBOrO0 MIKPOXBHJIBOBOTO JIAMIHATY, BUTOTOBJIEHOIO METO-
oM 3D-mpyky. Bin MicTUTh 1IeHTHYHI KPYIJIl OTBOPH, PO3TAIIOBAHI Y BUIJISA/L CITKH, IO J03BOJISE PETYJIIO-
BATHU 00’ €MHY YaCTKy IIOBITPS, IKA BILIUBAE HA e(DEKTUBHY JTieJIEKTPUUHY IPOHUKHICTD, POOJIAYM TAKUN Ma-
TepiaJl IPUIATHUM JJIs CTBOpeHHs auTeH. OKpiM KpyTJIMX OTBOPIB, Y CTPYKTYPY BBEJIEHO YOTHPU €JIEMEHTH
3 ToJTIMepPy TIPAMOKYTHOI (POPMH, SIK1 YACTKOBO 3AIOBHIOIOTH Il OTBOPH. Taka acumerpuyHa OyI0Ba IMiIKJIA-
KU TIPU3BOJUTD 110 POIIIEIJIEHHS BUPOIKEHUX MOJ| IIJIAHAPHOI aHTEHW, 3aBJSAKKA YOMY BOHA BUIIPOMIHIOE
€JIEKTPOMATHITHI XBHJII 3 KPYTOBOIO moJisipu3artieo. JlieqekTpuyny miakIaaky Oyja0 BHTOTOBJIEHO 3 JOIIO-
moroio 3D-IpyKy 3 BUKOPHCTAHHSAM HEIIPO30POro YIapoCTIHKOrO 1H:KEeHEepHOT0 TePMOILIAcTy; o0m/Bl ii cro-
POHM BKPHUTI TOHKUM IIAPOM Mifi. 3amponoHoBaHa aHTeHA Mae JBOMIAPOBY IMIAKJIAIKY, 110 JO3BOJISIE PO3Mi-
CTUTH B HIN KUBUJIBHY CTPYKTYPY «KAIEJIIOIIHOTO» TUITY, 4 TAKOM 3a3eMJIIOBAJIBHUN MIap (3HU3Y) Ta KPyT-
JINH BUIIPOMIHIOBAJIBHUM eJieMeHT (3Bepxy). Taka KOHCTPYKINA 3abesmedye MUPUHY JiarpaMy CIIPIMOBAHO-
CTl 3a 0CHOBUM BimHoIeHHAM y 177°. Cepex MOMKIJINBHUX cep 3aCTOCYBAHHS ITi€l HU3BKOIPOQIIbHOI aHTEeHN
— mobyToBl ToukH moctymy Wi-Fi Ta cucremu «po3yMHOro AoMy», 1HTEJIEKTYAJIbHI TPAHCIIOPTHI CHCTEMU U
IIPUAOPOIKHE 00JIaTHAHHS, a TakosK cucremu GPS-BifcreskenHs.

Kmiouosi ciioBa: MikpoxBuiiboBuii gaminar, Marepias, BurorosiaeHuii merogoMm 3D-mpyky, AHTeHa 3 Kpy-
TOBOIO ToJIApHaaliieo, Kpyria MikpocMy»KKoBa aHTeHA.
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