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This paper presents an experimental examination of how unmanned aerial
vehicle (UAV) airframe materials affect the electromagnetic characteristics
of the airborne circularly polarized (CP) payload antenna. This study
specifically investigates the received signal from the circularly polarized
synthetic aperture radar (CP-SAR) antenna installed within the fuselage of
the lapan surveillance UAV (LSU). In the airborne CP-SAR experiment,
broadband CP microstrip subarray antennas were used along with LSU
series airframe material composites comprising E-glass EW-185 and Carbon
C522 Twill. The composite specimens were prepared to have the same size
and thickness to minimize variability in the comparative analysis. The
experimental study measures the transmission loss using S-parameters. At
5.3 GHz, the E-glass EW-185 fiber composite exhibits a material attenuation
of -1.5 dB and a circular depolarization of 0.32 dB. The E-glass EW-185
fiber composite exhibits a material attenuation of -1.5 dB and a circular
depolarization of 0.32 dB. In contrast, the Carbon C522 Twill fiber
composite demonstrates a significantly higher material attenuation of -31.24
dB and a circular depolarization of 10.70 dB. Additionally, this paper
examines the radiation pattern measurements of the CP-SAR antenna at
various frequencies, providing a comprehensive analysis of the materials'
impact on antenna performance.
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1. INTRODUCTION

In the era of advancing technology, the use of unmanned aerial vehicles (UAVSs) for various
applications has become prominent, including mapping, surveillance, and monitoring, all of which rely
heavily on the capabilities of the payload mounted on the UAV [1]. Regarding remote sensing applications,
synthetic aperture radar (SAR), as a UAV-based active imaging radar, has an active imaging radar that
generates a signal to illuminate the target. This capability allows SAR systems to operate in almost
all-weather conditions, including cloudy, foggy, or nighttime scenarios. Compared to conventional airborne
or space-borne SAR systems [2]-[5], UAV SARs also have other advantages, including low cost, low risk,
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high-resolution imagery, improved accuracy, faster data processing, operational efficiency, compact size, and
real-time functionality. Traditional SAR systems primarily use linearly-polarized (LP) microwave supported
by high-power RF amplifiers in various polarimetric modes (VV, HH, VH, and HV) [6]-[9]. Unfortunately,
LP microwaves on a SAR system implementation onboard satellite are sensitive to Faraday rotation
phenomena. This phenomenon slightly alters the LP microwave's orientation angle as it propagates through
the ionosphere layer, resulting in polarization mismatch and reduced received power of the scattering signal
from the target. Therefore, the orientation angle of the received signal must be corrected during SAR data
processing [10], [11]. The polarization mismatch issues in LP microwaves can be mitigated by using
circularly polarized (CP) microwaves [12].

One of the biggest challenges in producing UAVs for SAR applications is managing the material
structure's weight, as it directly affects UAV performance. Generally, to reduce weight while maintaining
structural strength, UAVs are made from composite materials as they have high flexibility, strength, and
lightness compared to metal materials. Indonesia’s National Research and Innovation Agency (BRIN) has
developed UAVs weighing between 10 kg and 80 kg, with various fuselage composite materials such as
fiberglass, carbon, and Kevlar, [13], [14]. Other research has been conducted on the mechanical properties of
composite materials, including comparative studies between E-glass, carbon fiber, and hybrid (carbon &
E-glass). The findings of these studies indicate that while E-glass excels in high strength and ease of
fabrication, with a composite tensile strength of 354.992 MPa and an compression strength of 31.080 Mpa
using UTM test, carbon fiber offers significantly higher structural strength and lighter weight, exhibiting a
composite tensile strength of 217.445 MPa and an compression strength of 12.312 Mpa, hybrid (carbon &
E-glass) exhibiting a composite tensile strength of 314.554 MPa and an compression strength of 21.211 Mpa
using UTM test. These results indicate that carbon fiber outperforms E-glass and hybrid terms of strength and
lightness [15].

Another issue in designing airborne SAR systems is the signal loss caused by microwave
propagation through the material structure of an airborne pod or fuselage. The type, composition, and
thickness of materials used in the pod, radome, or fuselage present a trade-off between their physical strength
and the electrical properties that affect SAR signal propagation. The effect of materials on electromagnetic
characteristics has been investigated in [16], and issues related to circular polarization wave depolarization in
different media have been discussed in [10], [17]. Another research [18] shows that using carbon fiber and
polymaterial materials in the radome installed on the Cesna 172 aircraft to protect the SAR antenna can cause
signal attenuation ranging from 1 dB to 30 dB, significantly impacting the quality of the received signal.
Hence, the installation of the SAR antenna must meet specific electrical property criteria, including gain and
3-dB beamwidth. Table 1 shows the target specifications for airborne SAR antenna installations.

Table 1. Target specifications of the CP-SAR system design onboard airborne [13]

Symbols Parameter Value

fe Center frequency 5.3 GHz

B Operating bandwidth 400 MHz

G Antenna gain >20 dBic

P RF power amplifiers 200 Watt

Ora Range beam-width 10° (E-plane)

Pa Azimuth beam-width 5% (H-plane)
AR Polarization (Tx/Rx) <3dB (RHCP+LHCP)
h Flight altitude 1000 meters

The Center for Environmental Remote Sensing (CEReS), Chiba University Japan, has developed
CP-SAR systems onboard airborne and satellite platforms for environmental remote sensing observation. The
target specifications of the CP-SAR system onboard airborne are listed in Table 1 [18]. The design of the
CP-SAR antenna incorporates a microstrip antenna array installed inside the UAV fuselage. Constraints such
as limited space, weight restrictions, gain requirements, and fuselage material attenuation present significant
challenges in designing the antenna layout and selecting suitable materials [19]. As part of this investigation,
the prototype of the 4x4 broadband CP microstrip antenna is the subarray element of the airborne C-band
CP-SAR sensor. The subarray acts as the electromagnetic source for UAV material characteristic testing. The
study involves two types of UAV materials: WR 185-type glass fiber and UD carbon fiber. This paper
explores how the material composition of the UAV airframe affects the electromagnetic characteristics of the
airborne CP-SAR antenna and is structured into five sections: section 2 briefly describes the properties of the
CP-SAR subarray antenna; section 3 explains the LSU UAV and its airframe material; section 4 discusses the
experimental method and measurement results; and section 5 concludes the findings.
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2. PROCEDURE SPECIFICALLY DESIGNED
2.1. The airborne cp-sar subarray antenna

The experimental investigation of the airborne CP-SAR antenna utilizes the prototype of a 4x4
broadband CP microstrip subarray antenna operating in the right-handed circularly polarized (RHCP) mode.
A photograph of the prototype antenna is shown in Figure 1.

The detailed design and measured performance of this prototype antenna are discussed in [19]. The
antenna prototype is constructed using sandwiched-stacked double substrates which have 1.6 mm thickness
(h), 2.17 dielectric constant (er), 0.0005 dissipation factor (tan-3), and physical dimension on 10x20%15 cm
as shown in Figure 1(a). The antenna design employs a thick substrate with a low dielectric constant to
achieve a broader 10-dB impedance bandwidth (IBW). The circular polarization wave generator utilizes the
square patch radiator with a diagonal curve corner-truncation, the single-feed proximity-coupled microstrip
line feeding. The radiator is placed between two substrates with the construction as shown in Figure 1(b).
The circle-slotted parasitic patch above the radiating patch is an additional design to improve the axial-ratio
bandwidth (ARBW) and antenna gain. To suppress an undesired electromagnetic field emitted by the
complex feeding network in the array configuration, the copper layer covers the top layer of the substrate.

0000
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OO0Q0O0
v

Figure 1. The prototype of 4x4 broadband CP microstrip subarray antenna; (a) top view and (b) the feeding
network configuration

The subarray antenna implements a serial sequential rotation configuration with a uniform patch
separation of 0.5 A. The characteristics of the CP-SAR antenna, such as S-parameter (S11), axial-ratio (AR),
gain, and voltage standing-wave ratio (VSWR), are shown in Figure 2.

The shadowed bar in the graph indicates the bandwidth or the operating frequency of the CP-SAR
antenna. The measured IBW is Si1 parameter values below -10 dB as shown in Figure 2(a) approximately
910 MHz (17.17%) along 4.80 GHz to 5.71 GHz. The ARBW is approximately 1180 MHz (22.17%),
spreading from 4.83 GHz to 6.01 GHz. Figure 2(b) plots the minimum gain of 13.2 dBic at the frequency of
5.22 GHz and the maximum gain of 16.96 dBic at the frequency of 5.42 GHz. Further, the average gain is
15.0 dBic at the center frequency of 5.3 GHz. The performance of the antenna prototype at the center
frequency of 5.3 GHz is summarized in Table 2.
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Figure 2. Electrical characteristics of the CP-SAR antenna; (a) S-parameter (S11) and VSWR and (b) AR and
gain
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Table 2. Summary of the CP-SAR antenna characteristics configured in the uniform separation of dx=dy=0.5 A0

Parameters Value Unit
Return-loss (Si1) fL4.80 GHz 4.80 GHz
fy 5.71 GHz 571 GHz
IBW 910 (17.17) MHz (%)
AR fL 4.83 GHz
fu 6.01 GHz
ARBW 1180 (22.17) MHz (%)
H-plane (4a;) Direction 4.0 degree
BM 22.0 degree
SLL -8.0 dB
E-plane (6rg) Direction 0.0 degree
BM 23.0 degree
SLL -12.0 dB
Gain 15.0 dBic
Polarization RHCP
VSWR (1:2) 13
Dimension (xxy) 132.0x132.0 mm

(Note: BM=beam width, SLL=side-lobe-level, and f, /f,=lowest/highest frequency at the bandwidth)

2.2. Lapan surveillance unmanned aerial vehicle

The center for aeronautics technology, part of the National Institute of Aeronautics and Space of
Indonesia (LAPAN), has been actively developing fixed-wing UAVSs since 2012. In 2021, Lapan and various
other research institutions across Indonesia merged and consolidated to form the BRIN. BRIN has developed
several fixed-wing UAVs for surveillance and environmental remote sensing applications such as disaster
monitoring, agriculture mapping, and crater observation [20], [21]. Until now, BRIN has been successfully
flying four variants of the LSU series, each developed in different sizes and capabilities and equipped with
specialized sensors, namely LSU-01, LSU-02, LSU-03, and LSU-05.Photographs with detailed
specifications of two types of LSU-03 series are shown in Figures 3(a) and (b) respectively.

@ T ©

Figure 3. The LSU-03 series; (a) fiberglass composite and (b) fiber carbon composite

The LSU-03 series is dedicated to airborne remote sensing applications. The LSU airframe
manufacturing uses composite materials, including the main wing, rear wing, fuselage, and landing gear
components. There are two types of LSU-03 series based on the substance of the airframe composite
material, specifically the LSU-03 and LSU-03 NG series. The LSU-03 (see Figure 3(a)) utilizes plain-weave
type woven glass fabric EW-185 composite material and the LSU-03 NG series (see Figure 3(b))
incorporates a carbon C522 twill cloth composite material. The fuselage of the LSU-03 NG employs carbon
C522 material due to its mechanical properties, i.e., particularly its lightweight and high strength, which
provide significant advantages for both aircraft and watercraft platforms [22], [23].

Generally, both of the LSU-03 series have a structure with the exact specification: a 3.5 meter
wingspan, 2.5 meters body length, approximately 10 kg payload weight, equipped with a 100 cc 2-stroke
gasoline engine (single propeller), and the ability to fly in a maximum speed of 150 km/h. These
specifications were obtained from the National Institute of Aeronautics and Space (Lembaga Penerbangan
dan Antariksa Nasional, LAPAN).

3. METHOD
3.1. Structure of composite materials

The LSU airframe components are manufactured by combining layers of epoxy resin and fiberglass
or fiber carbon element [15], [24]. The manufacturing process applies the hand lay-up technique by
considering its advantages; i.e., ease of processing, a minimum requirement of infrastructure and equipment,
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and efficiency on production for a research and development component. In the hand lay-up process, the
composite is manufactured using a rubber plate and manually pressed by hand to remove trapped air inside
the stacked layers of fiber and matrix. In this research, the specimen of the LSU-03 airframe was made from
a composite box with dimensions of 240x140x100 mm. This box will cover the CP-SAR antenna while the
measurements are conducted in the anechoic chamber. Two types of specimen composite boxes of the LSU
airframes, their structure layers, and surface contour captured by scanning electron microscopy (SEM) tool
are depicted in Figure 4.

Figure 4(a) shows the specimen of the composite material consisting of 4 layers of plain-weave type
woven glass fabric EW-185 cloth with 0.03 mm thickness and five layers of epoxy resin (Lycal) with
0.22 mm thickness. Both materials are stacked with alternating layers. The manufacturing product of this
composite structure has a total thickness of approximately 1.2 mm indicated by a white surface color. From
the SEM analysis with 30 times magnification, random surface contours reveal the presence of numerous
small holes. Figure 4(b) illustrates a composite specimen combining two layers of Carbon C522 Twill cloth
and three layers of epoxy resin (Lycal). Both materials have the same thickness of 0.22 m. The stacked
structure of composite CFRP has a total thickness of approximately 1.1 mm, indicated by a woven texture
and a black surface color. SEM analysis with 30 times magnification at random locations shows that the
surface contour is nearly perfect, though small holes remain. These holes are scarce and smaller in size
compared to the EW-185 specimen.

Type of specimen composite Construction layers Scanning electron microscope (SEM)
Fiberglass EW-185 R=Resins Lycal; F=Fiberglass EW-185 30 times zoom in
[R1  Layer1=0.22 mm |
| | e
[R2 Llayer3=0.22mm | {
| | . - _holes
Fiberglass g
— .
[R3  Layer5=0.22 mm | Composite
| R4 lLayer7=0.22 mm |
[R5 Layer9=0.22 mm | —
(a)

Fiber carbon C522 Twill R=Resins Lycal; C=Carbon ¢522 Twill 30 times zoom in

[R1 Layer1=0.22mm )

| R2 lLayer3=0.22mm

[R3 Layer5=0.22mm

(b)

Figure 4. Two types of specimen composites of the LSU airframes with their construction layers and SEM
investigations; (a) plain-weave type woven glass fabric EW-185 cloth [14] and (b) mixing carbon C522 twill
cloth [15]

™ Composite

|
|
| Carbon
|
|

(b)

3.2. Electromagnetic measurement

Figure 5 illustrates the experimental setup for investigating the electromagnetic characteristics of the
CP-SAR signal propagation in the anechoic chamber at Chiba University, Japan. The measurement system
consisted of an E8364C PNA microwave network analyzer integrated with a computerized turntable device.
The transmitter antenna (Tx) used the 3102 conical log spiral antenna with a gain of approximately 2.5 dBi
connected to port 1 of the PNA [25]. The receiver antenna (Rx) used the 4x4 broadband CP microstrip
subarray antenna as the CP-SAR sensor, connected to port 2 of the PNA. The two antennas were positioned
at a distance of 3.0 meters to satisfy the Fraunhofer distance formula and ensure a plane wave in the far-field
region [26], [27].
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Figure 5. Geometry installation of the measurement system to characterize the attenuation of the CP-SAR
antenna onboard the LSU-03 in the anechoic chamber

The methodology of the experimental investigation consists of 3 steps. First, the receiver antenna Rx
was installed on the turntable without being covered by the specimen composite box. This measurement aims
to collect the reference data of the behavior received power with a free space environment or no obstacle
along the line-of-sight (LOS) between Tx and Rx antennas. Second, the Rx antenna was placed inside the
specimen composite box of fiberglass EW-185 and installed on the turntable, as shown in Figure 6(a), then,
the received power characteristics of the CP-SAR antenna were measured. Further, the third step repeats the
second step, with changes in the specimen composite box to fiber carbon C522 Twill box, as shown in
Figure 6(b). Both specimen composite boxes are designed to simulate the fuselage of the LSU series.

@ (b)

Figure 6. Configuration of the 4x4 broadband CP microstrip array antenna as the CP-SAR antenna inside the
composite specimen box; (a) fiberglass EW-185 and (b) fiber carbon C522 twill

In 2-port S-parameters concept, the insertion-loss (Sz1) or received power can theoretically be
expressed using Friis's transmission as (1) and (2):

5212 = [;,_:] 1)

SZldB — PLdB + thB + GrdB (2)

Where P.%, G, and G,*® represent the path-loss in free-space, the gain of transmitter antenna Tx, and gain
of receiver antenna Rx, respectively [17]. The the path-loss in free-space can be written as (3) and (4):

2
P8 = 20.1l0g,, [ﬁ] ©))

P, = —21.98% + 20.10gy, [] @)
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Where A is a wavelength in free space, and d is the distance between the transmitter antenna Tx and the
receiver antennas Rx. By applying (1) to (4), the insertion-loss (Sz1) at the spreading frequency can be
estimated and verified by measuring the received power in port 2. The approximation value of Sy at the
center frequency of 5.3 GHz is 38.97 dB (A=0.056 m, d=3.0 m, G=2.5 dBi, and G,=15 dBi).

The quantifying of circular polarization wave is detailed in [10] and is commonly expressed using
the AR magnitude as (5) and (6):

AR = 20.log,, |R| (5)
1
- 20. loglo |1t_z (6)

where, e=10"9%"20, A perfect circular polarization corresponds to AR=0 dB, while linear polarization field have
AR> 40 dB until infinity. The P® value, representing the power of the cross-polarization, is expressed as (7):

()

EZ|

P = |PRHCPdB - PLHCPdB| = 10.10g10 |5

where E is the electric field and 377 Q is the wave impedance in free space.

The quality of the circular depolarization wave is analyzed by comparing the AR of the received
signal between the receiver antenna Rx placed in the free space and inside the composite specimen. Circular
depolarization deferences are indicated by AR value changes in dB.

4. MEASUREMENT RESULTS

In this work, the material attenuation and circular depolarization caused by the fuselage material of
the LSU were investigated by comparing the values of the receiving power on port 2 under two conditions:
without any obstacle along the path versus with an obstacle along the path (or when the Rx antenna is
installed inside the composite specimens). The fuselage material attenuation was indicated by a reduction in
the receiving power (in dB) measured at the Rx antenna (port 2). The measurements of the CP-SAR antenna's
material attenuation and circular depolarization are plotted in Figure 7.

A shaded bar in the graph’s background marks the operating frequency range of the CP-SAR
antenna. In free space, the measured received power S21 on port 2 at the center frequency of 5.3 GHz is
-39.88 dB. It is close to the estimated value of -38.97 dB. Figure 7(a) shows that the fiberglass EW-185
specimen exhibits relatively lower attenuation than the fiber carbon C522 Twill. The value of insertion-loss
(S21) for the fiberglass EW-185 specimen is also very close to the insertion-loss (S21) value in free space. At
the center frequency of 5.3 GHz, the measured attenuation of the fiberglass EW-185 specimen is -0.25 dB.
The fiber carbon C522 twill contributes significantly to the attenuation with a measuring of -27.66 dB. These
values indicate that the fiber E-glass EW-185 contributes -0.50 dB and the carbon C522 contributes
-55.32 dB of attenuation for the CP-SAR signal strength in a round-trip propagation. Generally, this behavior
is consistent with the circular depolarization data presented in Figure 7(b). The circular depolarization of the
fiberglass EW-185 specimen is measured at 0.32 dB, while the fiber carbon C522 Twill significantly
contributes 10.70 dB. The more detailed measurement value of the material attenuation and circular
depolarization in the several frequencies of the bandwidth is listed in Table 3.

—& — Free-space  —/—E-glass EW-185 - Carbon C522 — @8- .Free-Space —/— E-glass EW-185  --eeeeer Carbon G522
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(a) (b)

Figure 7. Measured characteristics of the CP-SAR antenna in spreading frequency; (a) received power in
port 2 (Sz1) and (b) AR
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Table 3. Summarized material attenuation and circular depolarization of the CP-SAR antenna inside the
composite materials of the LSU, measurement sampling on several frequencies of the bandwidth

Frequency f Received power Material attenuation (dB) Axial- ratio AR (dB) Circular depolarization (dB)
(GH2) Sz (dB) E —glass EW-185 Carbon C522 E-glass EW-185 Carbon C522
5.10 -39.81 0.15 -18.06 2.19 -0.17 69.33
5.15 -39.08 0.05 -22.61 2.96 0.00 14.52
5.20 -39.02 -0.10 -28.51 2.92 0.30 12.09
5.25 -40.25 -0.24 -34.69 1.67 0.18 8.94
5.30 -39.88 -0.25 -27.66 2.19 0.32 10.70
5.35 -39.33 -0.12 -23.98 2.09 0.07 16.51
5.40 -38.20 -0.05 -26.83 0.84 0.32 13.59
5.45 -38.23 -0.22 -23.02 2.04 0.28 29.84
5.50 -39.44 -0.12 -23.29 1.79 0.24 22.10

The experimental investigation of the radiation pattern characteristics of the CP-SAR antenna, when
installed inside the LSU specimen material at frequencies of 5.1 GHz, 5.3 GHz, and 5.5 GHz, is plotted in
Figure 8 (namely Figures 8(a)-(c), respectively). The radiation pattern was performed in the H-plane (¢az) and
was deemed sufficient. Based on the graph, the effect of the composite specimen composed of the fiberglass
EW-185 does not significantly alter the radiation pattern and 3-dB beamwidth of the CP-SAR antenna. The
3-dB beamwidth of the CP-SAR antenna in free space medium was measured at 21° and 23.0° inside the
fiberglass specimen box- closely matching the CP-SAR antenna’s specified 3-dB beamwidth of 22.0°. This
result indicates that the fiberglass EW-185 with a thickness of 1.2 mm is suitable for manufacturing the LSU
airframe.

Fibercarbon = Free_space

Fiberglass ====-Fibercarbon s Free_space

Fiberglass ====-Fibercarbon

.60 3000/ /] N 600 300 /
} % 270° | 90° 270
/ "f'm 240° /1200 240 ;\' \\

- - \ N T TN S
210 150 | 2107~ 150
180 feo® 180

(@) (b) (c)

Figure 8. The radiation pattern of the CP-SAR sensor measured in a H-plane position at several frequencies;
(@) 5.1 GHz, (b) 5.3 GHz, and (c) 5.5 GHz

In contrast, the measurement of the fiber Carbon C522 Twill reveals significant attenuation, and the
main lobe of the CP-SAR antenna is no longer discernible. The 3-dB beamwidth of the CP-SAR antenna
under these conditions becomes unacceptable. Further, the measured azimuth 3-dB beamwidth of the
CP-SAR antenna inside the LSU at several frequencies in the H-plane (¢az) is summarized in Table 4.

Table 4. Summary of the measured azimuth 3-dB beam-width of the CP-SAR antenna inside the LSU at
several frequencies in H-plane (daz)
Azimuth 3-dB beam-width (¢a;)

Frequency (GHz) Free space  Fiber E-glass EW-185  Fiber carbon C522 twill
5.1 22.0° 24.0° N/A
5.3 21.0° 23.0° N/A
5.5 23.0° 23.0° N/A

5. CONCLUSION

The experimental investigation on the effect of airframe materials of the LSU on the
electromagnetic characteristics of the airborne CP-SAR antenna has been demonstrated and presented. The
measurement result of the fiber E-glass EW-185 composite with 1.2 mm thickness at the frequency of
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5.3 GHz shows the attenuation and circular depolarization reached approximately -0.25 dB and 0.32 dB,
respectively. These values indicate the fiber E-glass EW-185 contributes -0.50 dB of attenuation to the
CP-SAR signal strength for round-trip propagation and has no significant effect on the circular polarization
performance. The fiber E-glass EW-185 composite with 1.2 mm thickness is still acceptable for an airframe
material on a CP-SAR platform. On the other hand, the fiber Carbon C522 Twill composite has attenuation
and circular depolarization of approximately -27.66 dB and 10.70 dB, respectively. These values show the
fiber Carbon C522 Twill composite gives a high attenuation on both magnitude power and AR value. This
observation suggests that the Carbon C522 Twill composite with a thickness of 1.1 mm is unsuitable for
manufacturing an airborne remote sensing platform, specifically for accommodating the CP-SAR antenna.
Despite its acknowledged benefits in lightweight properties and strong physical construction, this material
does not meet the necessary criteria for this application. For future works, the research can improve with
some suggestions like material variations, frequency range, and antenna position on the fuselage.
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