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ABSTRACT: This paper reports the design and experimental validation of a curved dual-band conformal antenna
integrated into an additively manufactured fiber-reinforced composite UAV winglet module. A curvature-matched
microstrip patch is optimized through full-wave simulation and embedded within a lightweight composite shell
designed to preserve the local leading-edge geometry. The final prototype is characterized by return-loss and far-field
measurements in an anechoic environment, confirming dual-band impedance matching and forward-directed

radiation suitable for wireless communication links.
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1. INTRODUCTION

The aerospace sector is moving toward lightweight multi-
functional structures that combine mechanical support with
sensing, communication, and embedded electronics [1-3].
Smart composite structures are particularly attractive for this
purpose because continuous fiber-reinforced materials can
provide high specific stiffness and strength while enabling
additional functions such as structural health monitoring,
wireless communication, and embedded diagnostics [4-6]. In
this context, electromagnetic-structural smart-skin concepts
have received increasing attention as a route for integrating
antenna systems directly into aircraft composite structures [7].

For wireless structural health monitoring (SHM), embedded
sensing nodes require a reliable radio-frequency interface for
transmitting diagnostic data while reducing wiring complexity
[8-10]. Conventional external antennas may increase aero-
dynamic drag, require additional mounting hardware, and
remain exposed to impact, vibration, and environmental dam-
age. Conformal antennas provide a low-profile alternative by
following the curvature of the host structure and preserving a
smooth aerodynamic surface [11-13]. These features are espe-
cially important for UAV platforms, where mass, volume, and
aerodynamic penalties must be minimized.

Previous studies have explored several approaches for inte-
grating antennas into curved or composite aerospace struc-
tures. Conformal microstrip antennas have been investigated
for aircraft fuselage and UAV surfaces to reduce protrusions
and preserve aerodynamic shape [11-13]. In parallel, confor-
mal load-bearing antenna structures (CLAS) have been stud-
ied as multifunctional smart-skin concepts in which radiating
elements and feed structures are embedded within composite
sandwich panels or aircraft skin structures [14-18]. Additive
manufacturing has also been introduced as an enabling route
for fabricating conformal antenna-support structures and
embedding RF functionality into complex curved geometries
[19]. In addition, compact dual-band and multi-band anten-
nas operating around 2.4 GHz and 5-6 GHz have been
reported for UAV, Wi-Fi, and wireless communication appli-
cations [20-22].

To clarify the novelty of the present study, Table 1 compares
representative conformal, composite-integrated, additively
manufactured, and UAV-oriented antenna studies. The com-
parison focuses on application location, curvature, and com-
posite integration, because these factors strongly affect the
antenna geometry, packaging constraints, and feasibility of
aerodynamic embedding.

As summarized in Table 1, previous studies have addressed
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Table 1. Literature review

Ref. Frequency band Application location Curvature / bending ;?:;fg;gﬁ Antenna type
[12] 5.15-5.68 GHz Aircraft fuselage R =200-300 mm No Conformal patch
[14] 11.7-12.75 GHz Composite sandwich panel Flat Yes Embedded patch
[15] Ku-band Aircraft fuselage skin Curved panel Yes SATCOM array
[19] 6 GHz Curved composite structure R =80 mm Yes A?i:g;l;gia;f;c_
[20] 2.45/5GHz UAV platform Flat / not specified No Dual-band patch
[22] 2.25-3.55/5.6-6.75 GHz Small UAV wing arm R=10 mm No Flexible monopole
Present work 2.4/5GHz UAV winglet leading edge R =~21.8 mm Yes i‘;ﬁ)ﬂiﬁ;:&rﬁd

conformal aircraft antennas, composite-embedded antennas,
additively manufactured conformal antennas, and dual-band
UAV antennas. However, these features are usually demon-
strated separately. Previous composite-integrated antenna
studies mainly focus on flat sandwich panels or large aircraft
skin structures, while additively manufactured conformal
antenna studies are generally single-band or not targeted
toward compact UAV winglet integration. In contrast, com-
pact dual-band UAV antennas are usually implemented as flat,
flexible, or surface-mounted antennas rather than as embed-
ded modules within a fiber-reinforced composite aerodynamic
component. In addition, many previous studies report antenna
validation using return-loss measurements and selected radi-
ation-plane cuts, whereas the present work evaluates the
assembled prototype using a robotic electromagnetic mea-
surement system and hemispherical 3D radiation-pattern
characterization at 5 GHz. This provides a more complete
assessment of the radiation behavior after integration into the
curved composite module.

This paper reports the design, fabrication, and experimental
validation of a curved dual-band conformal antenna intended
for integration into a composite UAV winglet leading edge. A
curvature-matched microstrip patch is optimized using full-
wave simulation and embedded within an additively manu-
factured fiber-reinforced composite shell. The novelty of this
work is the demonstration of a compact, installation-oriented
antenna prototype that combines: (i) dual-band 2.4/5 GHz
operation, (ii) a specific UAV winglet leading-edge application
location, (iii) high-curvature conformal integration with a
radius of approximately 21.8 mm, (iv) embedding within a
fiber-reinforced composite module, and (v) experimental val-
idation of the final assembled prototype using return-loss
measurement and robotic hemispherical far-field radiation
characterization. The present study focuses on electromag-
netic design, fabrication, and antenna-performance validation;
quantitative structural load-bearing assessment of the assem-
bled module is outside the scope of this work.

2. EXPERIMENTAL METHODS

2.1 Design and fabrication

The proposed curved dual-band conformal antenna module
was developed for integration into a UAV winglet leading edge
to enable a fully embedded radiating aperture while main-
taining a smooth aerodynamic surface (Fig. 1). The module
follows the local leading-edge curvature and is designed to
support wireless communication in the 2.4 and 5 GHz ISM
bands. The overall conformal envelope has a footprint of
64mm (length, L) x 43 mm (width, W) with a curvature
radius of approximately 21.8 mm. The total thickness is con-
strained by the aerodynamic shell and ranges from 7.88 to 8.44
mm. The curved antenna layer (patch-substrate—ground) has
a thickness of 1.57 mm, and the assembled module mass is
41 g. The final thickness was determined not only by the aero-
dynamic envelope but also by additive-manufacturing con-
straints, including the minimum printable wall thickness, the
required space for continuous-fiber placement, and the clear-
ance needed for the right-angle SMA feed connector inside the
housing.

The antenna module consists of three functional components:
(i) a fiber-reinforced composite outer cover that preserves the

composite wing

Antenna
module

Fig. 1. Leading-edge antenna-module integration concept
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Fig. 2. Composite-integrated conformal antenna module structure:
(a) exploded view, (b) full assembly, and (c) cross-sectional
view

external aerodynamic contour, (ii) an internal housing that
defines the cavity and supports the feed interface, and (iii) a
curved microstrip antenna layer (Fig. 2). Additive manufac-
turing was selected because the winglet leading edge has a
compact and highly curved geometry that is difficult to realize
using conventional flat-laminate fabrication. The process also
enables accurate reproduction of the curvature-matched shell,
integration of internal assembly features, local fiber reinforce-
ment, and repeatable fabrication of the curved antenna-sup-
port structure.

The structural components were fabricated using a Mark-
forged X7 continuous-fiber composite 3D printer, which uses
separate nozzles for polymer deposition and continuous-fiber
reinforcement. This process was selected because it enables
repeatable fabrication of compact curved parts, local rein-
forcement of selected regions, and integration of internal
assembly features required for the antenna housing and feed
interface. Nylon was used for the antenna housing and curved
dielectric substrate because of its printability, dimensional sta-
bility, and relatively low dielectric constant. The outer cover
was printed as a nylon matrix reinforced with continuous
HSHT fiberglass. HSHT fiberglass was selected instead of car-
bon-fiber reinforcement because glass-fiber reinforcement is
electrically nonconductive and therefore more suitable for RE-
transparent structures with embedded antenna elements.
Compared with standard fiberglass, HSHT fiberglass provides
improved mechanical performance, especially higher flexural
strength, while maintaining a comparable dielectric-property
range. Therefore, the nylon/HSHT fiberglass combination
provides a practical compromise between electromagnetic
compatibility, curvature stability, and mechanical support.

As shown in Fig. 3, two internal continuous-fiber reinforce-
ment layers were assigned within the curved outer cover to
reinforce the shell around the embedded antenna module. The
figure is a schematic visualization of the fiber distribution and

Fig. 3. Continuous-fiber additive-manufacturing layout of the
outer cover: (a) printed cover geometry and (b) sche-
matic visualization of the continuous HSHT fiberglass dis-
tribution assigned as two internal reinforcement layers
within the curved shell region. The fiber paths are shown
schematically and do not indicate the exact number or
thickness of individual fibers

Table 2. Markforged material properties [23]

. HSHT | Carbon
Nylon | Fiberglass Fiberglass| Fiber
Density (g/cm?) 1.1 1.5 1.5 14
Tensile Modulus (GPa)| 1.7 21 21 60
Flexural Strength
(MPa) 50 200 420 540
Flexural Modulus
(GPa) 1.4 22 21 51

does not represent the exact number of individual fiber
strands or their actual thickness. The material properties used
for material selection are summarized in Table 2.

The radiating patch and ground plane were implemented
using adhesive copper tape applied to the curved nylon sub-
strate. The antenna was excited using a right-angle SMA coax-
ial feed connector inserted through the printed housing. The
inner conductor of the SMA connector was connected to the
radiating patch, while the outer conductor was referenced to
the ground plane. This configuration provides a compact and
mechanically supported feed interface compatible with the
embedded curved geometry.

Assembly was performed by first installing the right-angle
SMA connector into the printed housing, then mounting the
curved antenna layer onto the housing, and finally closing the
cavity with the fiber-reinforced composite outer cover. The
final configuration forms a compact composite-integrated
conformal antenna module suitable for UAV winglet leading-
edge installation (Fig. 4). It should be noted that the material
properties and reinforcement layout support the material-
selection and structural-integration rationale; however, quan-
titative structural load-bearing testing of the assembled mod-
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Fig. 4. Fabricated composite-integrated conformal antenna module
shown in different views. The perspective view indicates
the module length (L), width (W), and height (h), while
the bottom view shows the housing and right-angle SMA
feed connector

ule is outside the scope of the present study.

2.2 Simulation and measurement methods

The initial dimensions of the curved microstrip patch
antenna were estimated using conventional rectangular
microstrip patch design equations. The patch width W and
patch length L, used as the main design variables, are defined
in Fig. 2(a). Although these equations are derived for planar
single-band patches, they provide useful starting values for
full-wave optimization. The initial patch width (W) was esti-
mated as

c 2
=L 1
2fN e,+1 W
where c is the speed of light, f, is the target resonant frequency,
and ¢, is the relative permittivity of the substrate. The effective

dielectric constant was calculated as
1

_&tl g1 12k 2
S~ T3 (1+57)

where £ is the substrate thickness. The fringing-field extension
length AL was estimated using

@

(Seff+0-3)(%/ +0.264)
AL =0.412h (3)

(geﬂ—o.zss)(%v + 0.8)

The effective patch length (L,;) and physical patch length
(L) were then calculated as

c

L= (4)
eff
2, ey
L=L,—2AL (5)

These analytical values were used only as the initial design
estimate. Because the final antenna is curved, dual-band, and
embedded within a printed composite module, the final
geometry was obtained through full-wave electromagnetic

(a) Paich Antenna Width (W) Optimization

P e

(b) Palch Antenna Langth (L) Optmization

Fig. 5. Parametric optimization results in Ansys HFSS: (a) effect
of patch-width variation on return loss and (b) effect of
patch-length variation on return loss

optimization.

Full-wave electromagnetic simulations were carried out in
Ansys HFSS to optimize the dual-band response of the com-
posite-integrated conformal antenna module under the target
winglet curvature and surrounding printed structure. The
simulation model included the curved nylon substrate, adhe-
sive copper patch and ground plane, printed nylon housing,
and fiber-reinforced outer cover to capture the dielectric load-
ing and cavity effects introduced by the embedded configu-
ration. The patch width and length were parameterized and
iteratively adjusted to achieve a return loss of less than —10 dB
near the 2.4 GHz and 5 GHz ISM bands. The final optimized
patch dimensions were W = 31.5 mm and L = 34.5 mm. Rep-
resentative parametric results for patch-width and patch-
length tuning are shown in Fig. 5.

The electromagnetic model was used to evaluate both
impedance matching and radiation behavior. The return-loss
response was simulated over the 2-6 GHz frequency range to
cover both operating bands and possible detuning regions
caused by structural embedding. The simulated radiation pat-
tern was also evaluated at 5 GHz (Fig. 8) to confirm the for-
ward-directed radiation behavior required for the UAV
winglet leading-edge application.

Experimental validation was performed in an anechoic
chamber using a vector network analyzer for S-parameter
acquisition and a robotic antenna-measurement system for
far-field characterization (Fig. 6). Return loss (S;;) was mea-
sured over the 2-6 GHz frequency range to verify dual-band
impedance matching. Radiation characteristics were measured
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Fig. 6. Anechoic-chamber measurement setup for electromag-
netic characterization of the composite-integrated
conformal antenna module using a vector network
analyzer (VNA), reference antenna, and robotic posi-
tioning system

at 5 GHz by scanning the antenna under test over a hemi-
spherical angular range while maintaining a fixed antenna ori-
entation and a constant stand-off distance of R = 6 m from the
reference antenna. This distance satisfies the far-field condi-
tion at the measured frequency.

The realized gain of the antenna under test was obtained
using the gain-transfer method. The measured transmission
coefficient S,; was converted to antenna gain using

4R
Gavr=—Gt 2010g10(—;—) 55 (6)

where G, is the realized gain of the antenna under test, G, is
the gain of the reference antenna, (R) is the stand-off distance
between the reference antenna and the antenna under test, A is
the free-space wavelength, and S, is the measured transmis-
sion coefficient in dB. This formulation was applied consis-
tently to the measured radiation data to obtain the angular
gain distribution at 5 GHz.

In the present study, far-field radiation characterization was
performed at 5 GHz as a representative upper-band validation
because the robotic measurement setup and reference antenna
configuration were optimized for this frequency range. The 2.4
GHz band was validated through return-loss measurement,
while full 2.4 GHz radiation-pattern characterization was not
included in the present work. This limitation is considered in
the discussion of the dual-band antenna performance.

Differences between simulated and measured results may
arise from practical fabrication and measurement uncertain-
ties, including dielectric-property variation of the printed
nylon and fiber-reinforced cover, copper-tape alignment tol-
erance on the curved substrate, SMA feed-connector imple-
mentation, small air gaps between the antenna layer and
housing, and alignment errors in the robotic far-field mea-
surement setup. These factors were considered when inter-
preting the simulation-experiment agreement.

3. RESULTS AND DISCUSSION

3.1 Impedance matching and bandwidth

Figure 7 compares the simulated and measured return loss
of the final composite-integrated conformal antenna module.
Two resonances are observed, corresponding to the lower
2.4 GHz band and the upper 5 GHz band. The measured
response shows close agreement with the full-wave simulation,
indicating that the design and tuning procedure can predict
the antenna behavior under the target curvature and embed-
ded composite-module configuration.

The measured lower-band resonance occurs at 2.37 GHz,
compared with 2.375 GHz in simulation. This corresponds to
a very small frequency difference of approximately 5 MHz.
The measured —10 dB bandwidth in the lower band is 2.325-
2.415 GHz, corresponding to approximately 90 MHz. In the
upper band, the measured resonance occurs at 5.01 GHz,
compared with 4.995 GHz in simulation, giving a difference of
approximately 15 MHz. The measured —10 dB bandwidth in
the upper band is approximately 145 MHz. These results con-
firm that dual-band impedance matching is achieved after fab-
rication and assembly within the additively manufactured
fiber-reinforced composite module.

The small differences between the simulated and measured
responses are attributed to practical fabrication and assembly
tolerances. Possible sources include uncertainty in the dielec-
tric properties of the printed nylon and fiber-reinforced cover,
small air gaps between the curved antenna layer and housing,
alignment tolerance of the adhesive copper patch and ground
plane on the curved substrate, and the practical implemen-
tation of the right-angle SMA feed connector. Despite these
uncertainties, both measured resonances remain close to the
simulated values and satisfy the —10 dB matching criterion,
indicating that the embedded composite configuration pro-
duces predictable electromagnetic behavior.

Return Loss (dB)
&

1

R

]
L

8

Measurement
- - - Analysis

20 25 30 3.5 40 45 50 55 60
Frequency (GHz)

Fig. 7. Return-loss performance of the composite-integrated
conformal antenna module: comparison between full-
wave simulation and measurement
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Fig. 8. Three-dimensional radiation patterns of the composite-
integrated conformal antenna module at 5 GHz: compari-
son between measurement and simulation/analysis

3.2 Radiation pattern at 5 GHz

To verify the radiation behavior in the upper operating
band, hemispherical far-field measurements were performed
at 5 GHz for the final composite-integrated conformal antenna
module. The measured radiation distribution shows a for-
ward-biased radiation tendency, which is consistent with the
intended UAV winglet leading-edge placement. Figure 8 pres-
ents the measured and simulated radiation patterns used to
evaluate the overall radiation shape and directional behavior.

The measured radiation pattern follows the main trend pre-
dicted by simulation, including the forward-directed radiation
region and the presence of lower-radiation regions caused by
the curved geometry and embedded cavity configuration. Dif-
ferences in absolute gain level and local pattern shape can be
attributed to practical losses and uncertainties, including con-
ductor loss from the adhesive copper layer, dielectric losses in
the printed polymer and fiber-reinforced cover, SMA feed-
connector loss, assembly tolerance, and alignment uncertainty
in the robotic far-field measurement setup.

To further quantify the radiation behavior, two-dimensional
gain cuts were extracted in the ¢- and 0-planes, as shown in
Fig. 9. In the ¢-plane, the measured pattern exhibits two main
radiation regions, with peak values of approximately —1.43 dBi
at 120° and —0.67 dBi at 10°. The corresponding simulated

[T

3 Radiation Pattern - ¢-plane [ e Radiation Pattern - 8-plane
%0 I anatysts | - 7

Gain (d8i)
& 8 B
&

~

Gain (dBi)
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- 27

s

Fig. 9. Two-dimensional radiation-pattern cuts of the compos-
ite-integrated conformal antenna module at 5 GHz: mea-
sured and simulated gain distributions in the ¢-plane and
B-plane

peaks occur at approximately 2.4 dBi at 120° and —1.3 dBi at
30°. Although the absolute gain levels and peak angles are not
identical, the measured and simulated results show a similar
forward-biased radiation tendency.

In the 8-plane, both simulation and measurement show the
main radiation direction around 90°. The measured peak gain
is approximately —2.94 dBi, while the simulated peak is
approximately 0.28 dBi. The lower measured gain is mainly
attributed to practical losses and measurement uncertainties
introduced by the embedded configuration, including the
adhesive copper layer, printed dielectric materials, SMA feed
implementation, small assembly gaps, and robotic alignment
tolerance. Overall, the 2D radiation cuts support the 3D radi-
ation results and confirm that the integrated conformal
antenna module maintains directional radiation behavior at
5 GHz.

The 5 GHz radiation result confirms that the integrated
antenna module maintains directional behavior suitable for a
forward wireless link in the upper operating band. However,
full radiation-pattern characterization was performed only at
5 GHz in the present study. The 2.4 GHz band was validated
through return-loss measurement, but 2.4 GHz far-field
radiation-pattern measurement was not included because the
robotic measurement setup and reference-antenna configura-
tion were optimized for the 5 GHz range. Therefore, the pres-
ent radiation result should be interpreted as representative
upper-band validation, while complete dual-band radiation
characterization will be addressed in future work.

Overall, the results demonstrate that the proposed com-
posite-integrated conformal antenna module achieves dual-
band impedance matching and maintains forward-directed
radiation behavior at 5 GHz after integration into the curved
additively manufactured composite structure.

4. CONCLUSION

A curved dual-band conformal antenna module for UAV
winglet leading-edge integration was designed, fabricated, and
experimentally validated. The proposed module combines an
additively manufactured fiber-reinforced composite shell, con-
sisting of nylon with continuous HSHT fiberglass reinforce-
ment, with a curvature-matched microstrip patch implemented
using adhesive copper layers on a curved nylon substrate. The
structure was developed to preserve a smooth aerodynamic
surface while enabling embedded wireless communication in
the 2.4 GHz and 5 GHz ISM bands.

Full-wave simulations were used to tune the antenna geom-
etry under the target curvature and surrounding printed struc-
ture. The measured return loss showed two resonances in
close agreement with simulation, with resonances at 2.37 GHz
and 5.01 GHz and -10 dB bandwidths of approximately
90 MHz and 145 MHz, respectively. These results confirm that
dual-band impedance matching was maintained after fabri-
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cation and assembly within the additively manufactured com-
posite module.

Far-field radiation measurements at 5 GHz confirmed direc-
tional behavior consistent with the intended winglet leading-
edge installation. The measured and simulated two-dimen-
sional radiation cuts showed similar forward-biased radiation
tendencies, although differences in absolute gain level and
local pattern shape were observed due to practical fabrication,
material, feed, and measurement uncertainties. Since full radi-
ation-pattern characterization was performed only at 5 GHz,
the 2.4 GHz radiation response remains a limitation of the
present study and will be addressed in future work.

Overall, the results demonstrate the feasibility of integrating
a curved dual-band conformal antenna into an additively
manufactured fiber-reinforced composite UAV winglet mod-
ule. The main contribution of this work is the development
and validation of a compact, installation-oriented antenna
prototype that combines a specific winglet leading-edge loca-
tion, high-curvature conformal geometry, composite-module
integration, dual-band wireless functionality, and robotic
hemispherical radiation-pattern characterization. The pro-
posed workflow provides practical guidance for embedding
RF functionality into compact, highly curved composite aero-
space components while maintaining a flush aerodynamic
form factor.
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