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ABSTRACT: Underwater electromagnetic communication is severely limited by the high permittivity and conductivity of water, which
cause strong attenuation at higher frequencies. To overcome this challenge, a compact dual-polarized hexagonal loop antenna is pro-
posed and experimentally validated for low-frequency underwater communication at 40–45MHz. The antenna, fabricated on FR-4 and
sealed with epoxy resin, eliminates bulky waterproof housings while ensuring stable impedance performance with a measured return
loss better than −10 dB. Experiments conducted in freshwater confirm the effectiveness of polarization diversity, achieving an average
received-power improvement of 4.59 dB under maximal-ratio combining. These results demonstrate, for the first time, the feasibility of
a practical dual-polarized hexagonal loop design for robust, low-frequency underwater communication systems and future MIMO-like
implementations.

1. INTRODUCTION

Underwater wireless communication plays a vital role in
modern marine applications such as environmental mon-

itoring, autonomous underwater vehicles (AUVs), and sub-
merged sensor networks. Despite its importance, underwater
communication remains challenging due to the high attenua-
tion of water that possesses both high permittivity and high con-
ductivity. This property significantly impedes the propagation
of electromagnetic (EM) waves, especially at high frequencies.
Therefore, the use of the lowest possible frequency combined
with good antenna design in underwater environments is very
important for underwater communications.
Underwater RF antenna designs have gained increasing at-

tention over the past decade, yet most implementations remain
limited to single polarization. Table 1 summarizes represen-
tative studies from the period. Although various configura-
tions have been explored, including dipoles, patch antennas,
and wire loops, dual polarizations are still uncommon. A no-
table recent work by Hasaba et al. [1] implemented a large oc-
tagonal loop antenna with a diameter of approximately 2m as
part of a Wavelet-OFDM system for AUVs operating in seawa-
ter. While the antenna was not dual-polarized, its robust perfor-
mance, demonstrating a data rate up to 6.8Mbps over several
meters, highlighting the effectiveness of magnetically coupled
loop antennas in lossy underwater environments. This perfor-
mance could be further improved by employing a dualpolarized
loop antenna.
Dual-polarized antennas are conventionally implemented us-

ing square or rectangular patch structures with orthogonal feed-
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ing techniques, or by arranging two dipole elements in a mu-
tually orthogonal configuration. These approaches are widely
adopted in terrestrial and aerial communication systems due to
their well-understood polarization behavior and ease of integra-
tion. However, the usage of dual-polarization loop antenna has
not yet been explored.
Loop antennas, while being traditionally single-polarized,

offer promising alternatives due to their symmetrical current
distribution and magnetic field dominance, particularly bene-
ficial in electrically small or lossy environments. However,
the integration of dual-polarization capability into loop geome-
tries remains largely unexplored. Among various loop shapes,
hexagonal loop stands out for its structural rigidity and poten-
tial for polarization manipulation via orthogonal feeding. De-
spite these advantages, limited research has addressed the dual-
polarization potential of hexagonal loop antennas, especially at
low frequencies or in underwater scenarios.
Research on hexagonal loop antennas has evolved from

theoretical modeling to practical performance evaluation.
Lim etal. [2] provided foundational insights through Method of
Mome nts (MoM) analysis on electrically large thin hexagonal
loop antennas (C = 3λ), where C is the hexagonal loop
circumference, exploring both near- and far-field behaviors.
However, their study was purely theoretical and lacked val-
idation via full-wave simulations or physical measurements.
Patel et al. [3] later conducted a comparative study based on
Numerical Electromagnetics Code (NEC) simulation software
between hexagonal (C = 1.1λ) and circular loop antennas
using thick wire elements, reporting differences in radiation
patterns and return losses across the ultra-high frequency
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TABLE 1. Recent underwater antenna research (last 10 years).

[10]

(UHF). This work also concluded that hexagonal loop antenna
has wider bandwidth than circular loop antenna. However,
their work did not address polarization behavior or include
experimental radiation measurements.
While previous studies have explored various underwater

antenna configurations, most have focused on achieving
impedance matching or bandwidth enhancement rather than
optimizing polarization diversity and structural compactness.
Dipole- and patch-based designs [4–6] provided stable ra-
diation but were limited to single polarization, restricting
their suitability for diversity or multiple-input multiple-output
(MIMO)-like applications. Loop antennas such as those
reported in [1, 7, 8] achieved efficient low-frequency operation
but required large dimensions or complex waterproof hous-
ings. Similarly, compact monopole and J-pole variants [9, 10]
offered simple fabrication yet suffered from narrow band-
width and high inter-polarization correlation. In contrast, the
proposed dual-polarized hexagonal loop antenna integrates
compact geometry (1.5λ circumference), orthogonal polar-
ization capability, and epoxy-sealed FR-4 implementation
that eliminates the need for bulky housings. Moreover, this
work provides the first experimental validation of polarization
diversity in freshwater, demonstrating measurable diversity
gain and independence between polarization ports.

Two key research gaps remain: (1) Although dual-polarized
antennas have been extensively developed for terrestrial ap-
plications [11–14], no prior study has explored the design of
a hexagonal loop antenna with dual polarizations for under-
water communication; and (2) While circular polarization de-
signs [4] can mitigate multipath effects in underwater environ-
ments, they do not provide orthogonal mode separation and are
not suitable for MIMO systems with polarization diversity. In
addition, (3) the existing method of isolating loop antenna con-
ductors from water, such as enclosing the wire inside a pipe as
in [1], was relatively complex, whereas in this studywe propose
a simpler approach using epoxy resin, a material commonly
used in printed circuit board (PCB) fabrication. Our proposed
dual-polarization hexagonal loop implementation directly ad-
dresses these three gaps by combining the unique geometry of
the hexagonal loop with polarization diversity and introducing
a practical isolation technique for reliable underwater commu-
nication systems.
To the best of our knowledge, no previous work has experi-

mentally validated a compact hexagonal dual-polarized antenna
in freshwater, supported by both EM simulation and compre-
hensive S-parameter, radiation, and received power character-
izations. This study also addresses these critical gaps.
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In this work, the antenna was fabricated on a standard FR-
4 substrate and coated with a thin epoxy resin to avoid direct
contact with the surrounding medium. Freshwater was used as
the test environment to provide a controlled, low-conductivity
environment that allows an accurate evaluation of the antenna’s
electromagnetic behavior, particularly in terms of polarization
and isolation characteristics, without the excessive losses com-
monly encountered in saline environments. The findings here
may serve as a foundation for future adaptations to seawater
conditions through material and impedance optimization.
The primary contributions of this study are as follows:
• Design and realization of a compact hexagonal loop an-
tenna with dual polarizations for underwater communica-
tion.

• An easy fabrication process using FR-4 and epoxy resin
sealing, eliminating the need for bulky waterproof hous-
ings.

• Experimental validation of polarization diversity effec-
tiveness via received power-level statistical distribution
analysis using diversity-combining techniques (SC, EGC,
MRC).

The remainder of this paper is organized as follows. Sec-
tion 2 provides details of antenna design and analysis, includ-
ing propagation model, hexagonal geometry, dual-polarization
theory, and EM simulation results. Section 3 describes the
measurement setup, covering S-parameter evaluation, radia-
tion pattern measurements, and dual-polarization test proce-
dure. Section 4 presents and discusses the experimental re-
sults, including S-parameter analysis, far-field radiation pat-
terns, and polarization diversity performance based on received
power level distribution. Finally, Section 5 concludes the paper
and summarizes the main findings.

2. ANTENNA DESIGN AND ANALYSIS
2.1. Underwater Radio Propagation
For underwater communication applications, the operating fre-
quency should be selected as low as possible to reduce signal
attenuation. In this study, 45MHz is chosen as the center fre-
quency for antenna design, offering a balance between practical
antenna dimensions and effective wave propagation in freshwa-
ter environments, as supported by [7, 15].
The propagation characteristics of electromagnetic waves in

a lossy medium are described by the complex propagation con-
stant γ, as expressed in Equation (1):

γ = α+ jβ (1)

where α is the attenuation constant (Np/m), and β is the phase
constant (rad/m). The attenuation and phase constants are given
by:
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where ω is the angular frequency (rad/s), µ the permeability
(H/m), ϵ the permittivity (F/m), and σ the conductivity (S/m).
Freshwater typically exhibits a conductivity (σ) in the range

of 0.005–0.05 S/m, while seawater has a much higher conduc-
tivity of approximately 4 S/m [16]. In this study, freshwater
with a conductivity of 0.0487 S/m and a relative permittivity of
εr = 81 is used, based on reported values in [7]. The low con-
ductivity makes freshwater a lower-loss medium for electro-
magnetic wave propagation at MHz frequencies than seawater,
where attenuation becomes too high to be practical.
Equations (2) and (3) are evaluated using ω = 2πf and

ϵ = ε0εr. A key parameter for classifying the medium is σ
ωϵ ,

which distinguishes conductive (≫ 1) from dielectric (≪ 1)
behavior [17]. At 45MHz in freshwater, this value is approxi-
mately 0.24, indicating that wave-like propagation is supported,
and attenuation remains moderate.
The wavelength in the medium is given by:

λ =
2π

β
(4)

The calculated attenuation constant α is approximately
1.01Np/m, and the phase constant β is 8.55 rad/m. These
values yield a wavelength of approximately 0.735m in fresh-
water according to Equation (4). This wavelength permits
the construction of a loop antenna with a circumference of
1.5λ (around 1.10m), which remains within the fabrication
constraint of a 600mm diameter for a folded or compact
design.
The theoretical formulations in Equations (2)–(4) establish a

direct foundation for determining both the operating frequency
range and physical scale of the proposed antenna. Attenua-
tion constant α represents the exponential decay of wave am-
plitude in the medium and thus governs the feasible commu-
nication range rather than the antenna geometry. At 45MHz,
the calculated α ≈ 1.01Np/m means that the field amplitude
decreases to e−1.01 ≈ 0.36 (about 36% of its initial value) af-
ter one meter of propagation. This corresponds to roughly 13%
of the transmitted power being retained, indicating a moderate
loss that remains acceptable for short-range underwater com-
munication. Therefore, the attenuation level justifies the use of
the 40–45MHz band, where signal degradation is limited com-
pared to higher frequencies.
In contrast, phase constant β directly defines the wavelength

λ = 2π/β, which determines the physical dimensions re-
quired for resonance. The resulting wavelength about 0.735m
in freshwater provides a practical loop circumference of 1.5λ
(approximately 1.10m), which fits within the mechanical fab-
rication constraint of a 600mm folded diameter. Consequently,
whileα constrains the feasible operating distance andmotivates
the frequency selection due to acceptable attenuation, β dictates
the geometric configuration necessary to achieve resonant and
efficient radiation in the underwater environment.

2.2. Antenna Geometry and Feeding Configuration
The hexagonal loop antenna in this study was designed with a
total circumference of 1.5λ as shown in Figure 1, following the
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FIGURE 1. Geometry of the proposed dual-port hexagonal loop antenna
showing orthogonal excitation ports. Each port excites a polarization
orthogonal to the other, and the loop side length is designed as approx-
imately a = λ/4.

theoretical framework presented by Lim et al. [2]. This length
is known to obtain high directivity for loop antennas. The an-
tenna supports two independent feed configurations: one lo-
cated at the center of a hexagonal edge and the other near the
corner, enabling the implementation of orthogonal field orien-
tations. The two ports realize orthogonal linear polarizations.
Although a 90◦ phasing could synthesize circular polarization,
in this work the ports are excited independently to evaluate dual
linear polarizations and polarization diversity.
As discussed in Balanis’ Antenna Theory [18], a loop an-

tenna with a circumference of approximately 1.5λ achieves its
maximum directivity. This configuration yields a high input
impedance (hundreds of ohms), so an impedance-matching net-
work to 50Ω is typically required. The design can be simplified
by designing the radiation resistance to be as close as possible
to 50Ω. To address this, the loop conductor width should be
thicker, which reduces the loop radiation resistance. The di-
mensionless parameter Ω = 2 ln

(
2πa
b

)
serves to estimate the

radiation resistance, where a is the loop radius, and b is the
conductor radius.

2.3. Antenna Design in EM Simulation Software
This section presents the detailed design of the compact dual-
polarized hexagonal loop antenna. The antenna consists of a
copper trace printed on a single-layer FR-4 substrate with a rel-
ative permittivity εr of 4.3–4.6 and a thickness of 1.6mm, as
specified by the manufacturer’s datasheet.
To prevent direct contact between the copper conductor and

water, the antenna is coated with an ultra-thin epoxy resin layer
with εr of 4, as shown in Figure 2. This protective layer not
only ensures that there is no direct contact between the con-
ductor element of loop antenna and water, but also extends the

FIGURE 2. Cross-sectional view of the printed hexagonal loop antenna
illustrating the copper trace on FR-4 substrate and the ultra-thin (≈
0.01mm) epoxy-resin coating used for waterproof sealing.

life of the antenna by reducing corrosion caused by substances
dissolved in water [19].
Figure 3 illustrates the hexagonal geometry of the antenna

modeled in the simulation. The geometric parameters are de-
tailed in Table 2. A feed arm of length LFeed serves to connect
the loop to an SMA connector. Port 1 (bottom) and Port 2 (side)
are designed to have feed lines of the same length, ensuring
minimal phase difference. The loop thickness TLoop and feed
line width WFeed are designed to be equal, as both dimensions
impact the antenna’s radiation resistance Rr.

TABLE 2. Geometric parameters of the hexagonal loop antenna.

Parameter Value (mm) Description
a 185 Side length of hexagon

RLoop 185 Effective loop radius
TLoop 8.12 Loop conductor width
LFeed 24 Feed arm length
GFeed 10 Feed gap
WFeed 8.12 Feed line width

Figure 4 presents the simulated S-parameter responses of
the antenna, including the return loss at Port 1 and Port 2 (S11,
S22). The return loss values remain below −10 dB across
34–56MHz, confirming that the antenna maintains proper
impedance matching and operates effectively as both a trans-
mitter and a receiver within this frequency range. However, a
closer examination shows that the return loss characteristics
at Port 1 and Port 2 are not completely identical. The return
loss at Port 2 (represented by the S22 plot in the green dashed
line) exhibits a narrower bandwidth. This simulation result is
reasonable since the feed positions are different: Port 1 was
located at a corner of the hexagonal loop, while Port 2 was
located at the midpoint of one side of the hexagonal loop. In
addition, the port isolation (S21, S12) remains less than−15 dB
in the 30–46MHz band, which confirms good decoupling
between the two ports. These results validate the suitability of
the antenna for dual-polarization operation in the 34–46MHz
band.
To determine the polarization orientation of the antenna, the

current distributions for both feed ports were analyzed. Fig-
ure 5 shows the surface current distribution and resulting elec-
tric field. For Port 1 excitation, strong currents flow along the
lower and upper arms with zero at the left peak, creating an
electric field directed upward along the y-axis. For Port 2 ex-
citation, currents flow along the left and right arms with zero
at the upper peak, producing an electric field in the orthogonal
x-direction. These results confirm the formation of mutually
orthogonal polarizations.

3. MEASUREMENT SETUP

3.1. S-Parameter Measurement Setup
S-parameter measurements were conducted using a Vector Net-
work Analyzer (Anritsu MS46122B) with the configuration
shown in Figure 6. Port 1 and Port 2 of the antenna were con-
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FIGURE 3. Detailed geometry model of the hexagonal loop antenna used
in full-wave EM simulation, including feedline parameters TLoop,GFeed,
LFeed, andWFeed.

FIGURE 4. Simulated S-parameters (S11, S21, S12, S22) of the hexag-
onal loop antenna showing impedance bandwidth from 34–56MHz.

FIGURE 5. Simulated surface-current distribution and corresponding electric-field vectors for Port 1 and Port 2 excitation. The opposite current
directions confirm orthogonal polarizations between the two ports.

nected to the corresponding VNA ports, which were calibrated
across 10–100MHz. During measurements, the S-parameters
S11, S12, S21, and S22 were recorded in both logarithmic mag-
nitude (LogMag) and complex formats. LogMag data were

used to evaluate reflection and isolation, while complex data
were used to calculate the correlation coefficient between ports
using Equation (8).
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FIGURE 6. Experimental setup for underwater S-parameter measure-
ment showing the dual-port antenna submerged in freshwater. The
antenna is connected through waterproof coaxial cables to a calibrated
VNA.

The Vector Network Analyzer (VNA) was calibrated us-
ing the standard full two-port Short-Open-Load-Thru (SOLT)
method, identical to the procedure applied to antenna measure-
ments in air. Calibration was performed at the SMA connec-
tor reference plane to ensure accurate impedance and scatter-
ing parameter readings. During underwater measurements, the
coaxial extension cables and SMA connectors were sealed with
waterproof compound to prevent water ingress while maintain-
ing identical electrical reference conditions as in air calibration.
This approach ensured that the underwater measurement results
remained accurate and directly comparable with both simula-
tions and air-based reference measurements.
Table 3 summarizes all experimental parameters, including

physical dimensions of the water tank, environmental condi-
tions, and measurement settings, to support reproducibility of
the experiment.

TABLE 3. Experimental setup and environmental parameters for S-
parameter measurement.

Parameter Specification
Measurement location Laboratory water tank

Tank dimensions (L×W ×H) 1048× 728× 559mm
Water type Freshwater

Conductivity (σ) 0.0487 S/m
Relative permittivity (εr) 81

Water temperature 27◦C (room temperature)
Antenna position Fully submerged at mid-depth

Measurement instrument VNA Anritsu MS46122B
Calibration method Full two-port SOLT calibration

Frequency sweep range 10–100MHz
Calibration reference plane SMA-SMA 1.2m RF Cable
Measurement precision ±0.05 dB amplitude, ±0.5◦ phase
Recorded data type LogMag and complex

3.2. Radiation Pattern Characterization in Far-Field Setup
Radiation pattern measurements were carried out in a freshwa-
ter swimming pool with a depth of 1.4 meters. The antenna
under test (AUT) was submerged at mid-depth and placed at a

FIGURE 7. Photograph of the far-field radiation-pattern measurement
setup conducted in a freshwater pool. The antenna under test (AUT)
is positioned opposite the transmitting antenna with a controlled sep-
aration distance.

distance of 1.3 meters from the transmitting antenna, which re-
mained fixed during all measurements. Waterproof sealant was
applied to all connectors to prevent water seeping into the con-
nector. The radiation pattern measurement setup has been set
up and documented as shown in Figure 7.
For each measurement, the AUT was rotated horizontally

(azimuthal sweep from 0◦ to 360◦), while its elevation angle
remained fixed. The step angle increment was 15◦. Port 1 is
assumed to generate horizontal polarization and Port 2 vertical
polarization. Co- and cross-polarization patterns were obtained
by switching the feeding ports of both AUT and the transmit-
ting antenna. The S21 magnitude was recorded during the full
sweep for each configuration.

3.3. Experimental Validation of Polarization Diversity under Dy-
namic Conditions
To verify the polarization diversity performance experimen-
tally, a dynamic signal reception test was conducted. Prior
to the diversity experiment, the actual output power of the
USRP B210 transmitter was characterized to ensure accurate
reference levels. The USRP B210 features a configurable nu-
merical transmitting gain (0–50), whose corresponding actual
power levels were measured using a spectrum analyzer through
a Minicircuits 141-2MSM+ coaxial cable with insertion loss
less than 0.25 dB. The measured power at a gain setting of 0
was−26 dBm, which was used for the underwater transmission
test to minimize potential hardware stress and maintain stable
performance. This characterization ensures that the experimen-
tal power levels reported in this study accurately reflect the real
transmission conditions of the system.
A USRP B210 was used for both transmission and reception.

The transmitter emitted a multitone signal centered at 40MHz
with an actual output power of approximately−26 dBm, corre-
sponding to the minimum numerical gain setting of the USRP.
This power level was selected to ensure stable operation and to
prevent potential overdrive of the RF front-end during under-
water experiments. The transmitting antenna (only single-port
excitation) was randomly shaken and rotated by hand to simu-
late multipath fading and polarization fluctuation, as depicted
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FIGURE 8. Experimental configuration for dynamic signal-reception
test using dual-polarized hexagonal loop antennas connected to
USRP B210 devices for transmission and reception, both controlled
via PC-based LabVIEW software.

in Figure 8. This test approximates the behavior of a 2 × 2
MIMO channel, where independence between ports is impor-
tant for diversity gain.
The received signals at both ports were continuously mon-

itored and recorded using a LabVIEW program with user in-
terface as shown in Figure 9. The fluctuations show that sig-
nal strength tends to alternate between ports, indicating that
when one port receives a weak signal, the other often receives
a stronger signal. This behavior significantly benefits perfor-
mance for diversity-combining techniques.

FIGURE 9. Screenshot of the LabVIEWmonitoring interface used dur-
ing the polarization-diversity experiment. The two vertical bars on the
right display the instantaneous received power at Port 1 and Port 2
(in dBm).

To evaluate the effectiveness of diversity techniques, the re-
ceived power level data were analyzed using three combining
methods: Selection Combining (SC), Maximal Ratio Combin-
ing (MRC), and Equal Gain Combining (EGC)with the formula

as written in Equations (5) to (7).

γSC = max (γ1, γ2) , (5)
γMRC = γ1 + γ2, (6)

γEGC =

(√
γ1 +

√
γ2

2

)2

, (7)

It should be noted that the combining operations were imple-
mented in the power domain, based on the received power (in
dBm) independently recorded from Port 1 and Port 2. No com-
plex (I/Q) combining was performed during the measurements;
instead, SC, MRC, and EGC calculations were conducted of-
fline after data acquisition using the recorded power values.
These techniques were compared to evaluate the improve-

ment in signal-to-noise ratio (SNR) represented by the symbol
γ in the equations, following the reference methods in [20–22].
However, since the noise floor of the measurement hardware
remains constant across all scenarios, the statistical analysis in
this study focuses on the received power levels instead. This ap-
proach still reflects the relative performance differences among
SC, EGC, and MRC, while ensuring that the comparison is not
biased by hardware-dependent noise characteristics.

4. MEASUREMENT RESULT AND DISCUSSION

4.1. S-Parameter
Figure 10 presents the measured antenna S-parameters. The
results show that S11 and S22 are not identical. This is in fact
due to the different feed positions. Port 1 is at the corner of
the hexagonal loop, while Port 2 is at the midpoint of a side.
The return loss measurements on Port 1 (S11) show a wider
bandwidth, with a return loss less than−10 dB in the frequency

FIGURE 10. Measured S-parameters (S11, S21, S12, S22) of the fabri-
cated dual-port antenna in freshwater. The measured impedance band-
width spans 34–54MHz, closelymatching the simulated results shown
previously. The inset photograph illustrates the prototype with indi-
cated Port 1 and Port 2 locations.
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range of 34–64MHz. In contrast, Port 2 (S22) shows a narrower
bandwidth, with a return loss less than−10 dB in the frequency
range of 35–54MHz. This measurement result is consistent
with the simulation results shown in Figure 4, where a minor
impedance mismatch also causes S11 and S22 to differ slightly,
although not as significantly as the measured results.
Moreover, the mutual coupling between the two ports, rep-

resented by S21 and S12, is also critical in evaluating the per-
formance of the dual-polarized configuration. The measure-
ments indicate that S21 and S12 are identical and remain less
than−15 dB across 30–60MHz. It shows enough isolation be-
tween the ports. Based on these findings, the antenna achieves
return loss less than −10 dB and inter-port isolation less than
−15 dB in the frequency range of 34–55MHz.
For dual-polarized antennas, it is important to verify that the

two ports can operate independently. A keymetric for this is the
correlation coefficient, which is shown to be calculated from
the S-parameters in complex format as described by Blanch et
al. [23]. The correlation coefficient ρ is expressed as:

ρ =
|S∗

11S12 + S∗
21S22|2

(1− |S11|2 − |S21|2) (1− |S22|2 − |S12|2)
(8)

where:

• S11, S12, S21, and S22 are the measured scattering param-
eters.

• ρ is the resulting envelope correlation coefficient.

Figure 11 compares the measured and simulated correlation
coefficients in the 10–100MHz range. The measurement re-
sults (black curve) are slightly different from simulated values
(red curve), but follow similar trends. The correlation coeffi-
cient remains less than 0.1 across the entire frequency range,
indicating minimal mutual interaction between the two polar-
ization ports. Within the 34–55MHz band, both measured and
simulated correlation coefficients are close to zero, demonstrat-
ing independent port and good isolation in the antenna’s oper-
ating frequency band.

FIGURE 11. Comparison between simulated and measured envelope-
correlation coefficients of the dual-polarized antenna, demonstrating
low correlation (< 0.1) across the 34–56MHz operating band.

Compared with the simulation results (Figure 4), the mea-
suredS-parameters in Figure 10 show a slight shift in resonance

frequency and a variation in matching depth. Quantitatively,
the simulated |S11| and |S22| below −10 dB occur within 34–
56MHz, while the measured range is 34–55MHz with the S11

having a wider bandwidth than the simulation result. This devi-
ation can primarily be attributed to the boundary effects of the
limited water tank during the S-parameter measurement. The
tank dimensions of 1048 × 728 × 559mm are comparable to
the wavelength in freshwater (λ ≈ 0.735m), with the longest
side about 1.43λ, the width about 0.99λ, and the height about
0.76λ. These proportions introduce additional reactive load-
ing and coupling to the tank walls and water surface, which
can shift the resonance by a few megahertz and modify the
matching depth by several decibels. Interestingly, the mea-
sured port-to-port isolation (< −15 dB across 30–60MHz) is
slightly wider than simulated one (30–46MHz), which is con-
sistent with the altered propagation environment inside the tank.
In addition to the water tank boundary effect, several practi-

cal factors also contribute to observed discrepancies: (i) varia-
tion in epoxy coating thickness and uncertainty in the dielectric
constant of both the epoxy and water medium, (ii) fabrication
tolerances in conductor width, feed gap, and SMA soldering
that change the effective loop inductance and capacitance, and
(iii) underwater measurement artifacts such as the presence of
waterproof sealant around connectors and minor cable move-
ment that introduce parasitic capacitance and amplitude fluctu-
ations on the order of a few tenths of a decibel.
To further analyze the dielectric influence of the protective

epoxy layer, a parametric simulation was performed by varying
the epoxy thickness from 0, 0.01, 0.1, and 1mm, as illustrated
in Figure 12. The fabricated prototype employs an ultra-thin
epoxy coating of approximately 0.01mm, primarily intended
for surface sealing rather than structural reinforcement. The
results indicate that for epoxy layers up to 0.1mm, the return
loss characteristics of Port 1 remain almost identical to those
without coating, demonstrating negligible impedance detuning.
This confirms that the thin epoxy layer does not significantly
alter the effective dielectric loading or the surface current dis-
tribution along the loop conductor. Conversely, a thicker 1mm

FIGURE 12. Simulated return-loss characteristics of Port 1 under dif-
ferent epoxy-coating thicknesses (0, 0.01, 0.1, and 1mm). The results
confirm that coatings up to 0.1mm cause negligible impedance detun-
ing, whereas a 1mm layer introduces a minor frequency shift due to
increased dielectric loading.
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FIGURE 13. Measured far-field radiation patterns for Port 1 and Port 2
at the center frequency. Strong co-polarized components and low
cross-polarization levels validate the orthogonal dual-polarization per-
formance of the antenna.

coating introduces a minor frequency shift and slightly reduced
return loss due to an increase in the effective permittivity sur-
rounding the radiating structure. However, such thickness ex-
ceeds the actual fabrication condition and is therefore not prac-
tically relevant. These findings validate that a thin epoxy-
coated antenna can be effectively used for underwater operation
without requiring bulky waterproof housing, thus maintaining
compactness while minimizing additional dielectric losses.
Overall, these combined effects are sufficient to account for

the deviations between simulation and measurement, and the
consistent trend of the S-parameter responses confirms the re-
liability of the design validation.

4.2. Far-Field Pattern

The measured far-field radiation patterns of the proposed dual-
polarized hexagonal loop antenna are presented in Figure 13.
The results demonstrate strong co-polarization (Co-Pol) and
low cross-polarization (Cross-Pol) levels for both ports. An ax-
ial ratio of approximately 15 dB is observed in the main lobe
(see Figure 14), indicating effective polarization isolation and
confirming the dual-polarization capability of the antenna.
Port 1 radiates a horizontally polarized wave, while Port 2

radiates a vertically polarized wave. This polarization orthogo-
nality is further supported by the simulated current distributions
and electric field vectors shown in Figure 5.
For Port 1 excitation, the surface current is positive on the

lower arm and negative on the upper arm of the hexagonal loop,
producing a null at the left vertex. This configuration results
in a y-directed electric field, which corresponds to horizontal
polarization. In contrast, Port 2 exhibits positive currents on
the left and right arms, with a null at the top vertex, generating
an x-directed electric field consistent with vertical polarization.
These results validate the measured polarization characteris-

tics. The alignment between the simulated andmeasured results

FIGURE 14. Measured axial-ratio patterns of Port 1 and Port 2, indicat-
ing an average axial ratio of approximately 15 dBwithin the main-lobe
direction, confirming high polarization purity.

provides evidence that the antenna structure supports orthogo-
nal polarization modes with minimal mutual coupling, making
it suitable for dual-polarization applications in underwater en-
vironments.
The orthogonality observed in themeasured far-field patterns

arises directly from the geometrical symmetry and feed place-
ment of the hexagonal loop. Each port excites a pair of current
paths oriented 90◦ apart, resulting in electric fields polarized
along orthogonal axes, as confirmed in Figure 5. The equal
loop length and symmetric arm configuration ensure that the
two modes experience nearly identical impedance and radia-
tion conditions, thereby minimizing polarization leakage and
maintaining a low cross-polarization level. In the freshwater
medium, characterized by εr ≈ 81 and σ ≈ 0.0487S/m, the
attenuation predominantly affects the overall field amplitude
rather than the polarization state, since both orthogonal compo-
nents undergo comparable dielectric and ohmic losses. This ex-
plains the consistent co-/cross-polarization ratios and the mea-
sured axial ratio about 15 dB, confirming that polarization pu-
rity is preserved even under lossy underwater conditions.
Building upon the above pattern evidence, the underlying

electromagnetic mechanisms that govern the observed perfor-
mance can be summarized as follows. The six-fold symme-
try of the hexagonal loop, together with the orthogonal feed
placement, excites two near-orthogonal surface-current modes
whose magnetic-field axes are rotated by approximately 90◦.
Each port predominantly drives a current pair that encloses
a magnetic loop normal to the opposite side of the structure,
so the induced fields are naturally decoupled, and the cross-
polarized component is minimized. This modal orthogonality
explains the consistently low envelope-correlation coefficient
(ρ < 0.1) and the inter-port isolation better than −15 dB ob-
served in the measurements, and is also consistent with the sim-
ulated current vectors in Figure 5. In freshwater, characterized
by εr ≈ 81 and σ ≈ 0.0487S/m, attenuation is dominated by
ohmic and dielectric losses that act almost uniformly on both
orthogonal components; therefore, the lossy medium primarily
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TABLE 4. Statistical summary of measured received power.

Scheme Mean [dBm] Std. Dev. [dB] SE of Mean 95% CI [dBm] Min [dBm] Max [dBm]
Port 1 −54.18 5.00 0.039 [−54.26, −54.10] −77.30 −45.47

Port 2 −54.12 4.94 0.039 [−54.20, −54.04] −77.30 −45.68

SC −50.78 1.98 0.015 [−50.81, −50.75] −63.15 −45.47

MRC −49.59 1.80 0.014 [−49.62, −49.56] −62.83 −44.72

EGC −50.21 1.92 0.015 [−50.24, −50.18] −64.03 −44.88

reduces the magnitude of the radiated fields without disturbing
their polarization states. This accounts for the measured co-
/cross-polarization contrast and the ∼ 15 dB axial-ratio in the
main lobe. Finally, the epoxy sealing used in the prototype is
ultra-thin (∼ 0.01mm), so its dielectric loading is negligible for
field formation along the loop; parametric simulations corrob-
orate that coatings up to 0.1mm do not detune the return loss or
alter modal balance, which preserves polarization purity while
enabling a compact, housing-free implementation.
Beyond the radiation pattern characteristics, the overall

transmission performance was also analyzed to estimate the
realized gain and radiation efficiency of the antenna under
the same measurement conditions. To quantify the radiation
efficiency, a two-antenna link measurement was performed
in freshwater at f = 42.5MHz with an antenna separation of
R = 1.3m. The electromagnetic properties of the medium
are εr = 81, σ = 0.0487S/m, µ = µ0, and ε = ε0εr.
The complex propagation constant is expressed as in Equa-
tions (1), (2), and (3). From the equations, the attenuation
constant and wavelength in water are α ≈ 1.011Np/m and
λ = 2π/β ≈ 0.778m. The total channel loss, excluding an-
tenna effects, is the sum of absorption and geometric spreading
losses, which can be evaluated using the Friis formula [24]:

Labs = 8.686αR ≈ 11.4 dB, (9)

Lspread = 20 log10
(
4πR

λ

)
≈ 26.5 dB, (10)

yielding Lchan = Labs + Lspread ≈ 37.9 dB. Using the mea-
sured transmission coefficient of S21 = −31.6 dB and assum-
ing identical antennas, the realized gain per antenna follows

S21 = Gt +Gr − Lchan ⇒ 2G = S21 + Lchan, (11)

resulting in G ≈ 3.13 dBi. With the measured directivity at
42.5MHz of D = 3.56 dBi, the radiation efficiency is

η = 10(G−D)/10 ≈ 10(3.13−3.56)/10 = 0.905(90.5%). (12)

4.3. Experimental Verification of Polarization Diversity Perfor-
mance
To evaluate the effectiveness of polarization diversity, an ex-
perimental analysis was performed using a dual-polarized an-
tenna system, as described in Section 3.3. The received signal
power levels were captured and recorded from two orthogonal
polarization ports, CH0 (Port 1) and CH1 (Port 2), resulting in
more than 16,000 samples.

FIGURE 15. Time-varying received power at Port 1 (CH0) and Port 2
(CH1) recorded during the dynamicmotion test. The alternating power
levels between ports demonstrate polarization diversity under multi-
path fading conditions.

As a preliminary observation, Figure 15 illustrates the fluc-
tuation in signal amplitude over the first 100 samples at both
ports. Clearly, both Port 1 and Port 2 exhibit significant varia-
tion in signal amplitude over time, and the fluctuation patterns
between the two ports are not identical. This provides evidence
that the received signals are not fully correlated. Such partial
de-correlation is important for polarization diversity, as it al-
lows different fading characteristics to be exploited to improve
signal reconstruction and reliability.
To quantify the gain obtained from polarization diversity,

we analyzed the distribution of received power level across
all 16,000 samples. The analysis includes individual received
power levels from Port 1 and Port 2, as well as combined re-
ceived power levels using three signal combining techniques:
Selection Combining (SC), Equal Gain Combining (EGC), and
Maximal Ratio Combining (MRC). The resulting distribution
of received power levels is shown in Figure 16.
To strengthen the statistical validity of the experimental re-

sults, the mean received power, standard deviation, and 95%
confidence intervals (CI) were computed based on more than
16,000 samples for each scheme, as summarized in Table 4 and
can be seen in Figure 17. The resulting 95% CI values are no-
tably narrow (less than ±0.05 dB), indicating a high degree of
statistical confidence and measurement repeatability.
The standard deviation values for Port 1 and Port 2 are signif-

icantly larger (around 5 dB) than those of the diversity combin-
ing schemes. This behavior is expected since the experiment in-
tentionally employed randomly generated polarization states at
the transmitter to emulate time-varying polarization mismatch

235 www.jpier.org



Suryana, Rhomadoni, and Izzuddin

(a) (b)

(c)

FIGURE 16. (a) Power-level distribution of MRC versus Port 1, (b) EGC versus Port 1, and (c) SC versus Port 1. All combining schemes exhibit a
rightward shift compared to single-port reception, confirming diversity gain in average received power.

FIGURE 17. Statistical report of received powermeasurement on Port 1,
Port 2 and all combining schemes.

conditions. Consequently, the instantaneous received power at
each single port fluctuated substantially depending on the polar-
ization alignment between the transmitter and receiver. In con-
trast, the diversity combining schemes (SC, EGC, and MRC)
effectively mitigated these variations by jointly exploiting both
polarization channels, which resulted in much smaller stan-
dard deviations (approximately 2 dB) and more stable received

power distributions. A standard deviation around 2 dB is con-
sidered relatively small in this measurement context, indicating
that the received power levels were stable, and the combining
algorithms consistently enhanced the effective signal strength.
Moreover, the small deviations observed in the combining

schemes confirm that the higher average received power is not
caused by random fluctuations but represents a statistically con-
sistent polarization diversity gain. Figure 18 further illustrates
the mean received power with 95% CI error bars. The results
clearly show the progressive enhancement from single-port re-
ception (Port 1 and Port 2) to diversity combining techniques
(SC, EGC, andMRC), withMRC achieving the highest average
power and the smallest variance.
Among the combining methods, MRC achieves the high-

est performance gain, both in terms of average received power
level and distribution sharpness. This result aligns with the-
oretical expectations, as MRC optimally weights the received
signals based on their individual received power level contri-
butions.
Overall, both the signal fluctuation patterns and statistical re-

ceived power level distributions validate the effectiveness of
polarization diversity in enhancing signal quality. The experi-
ment provides evidence that dual-polarized antennas, when be-
ing combined with advanced combining methods, can signifi-

236 www.jpier.org



Progress In Electromagnetics Research C, Vol. 161, 226–238, 2025

FIGURE 18. Comparison of mean received power levels with 95% con-
fidence intervals for SC, MRC, and EGC combining schemes. The
MRC method provides the highest mean received power, demonstrat-
ing the best diversity performance.

cantly improve the robustness and reliability of wireless com-
munication systems.

5. CONCLUSION
This paper has presented the design, fabrication, and experi-
mental validation of a compact dual-polarized hexagonal loop
antenna for underwater communication at 40–45MHz. Unlike
prior studies that focused primarily on single-polarized or large-
scale loop configurations, the proposed antenna introduces a
practical dual-polarization geometry that enables polarization
diversity in low-frequency underwater environments. By em-
ploying FR-4 substrate with epoxy resin coating, the antenna
eliminates the need for bulky waterproof housings while main-
taining reliable performance.
The measured results confirmed good impedance matching

with return loss values below −10 dB and inter-port isolation
consistently better than−15 dB, while the envelope correlation
coefficient remained below 0.1 across the operating band of 34–
55MHz. Far-field radiation measurements demonstrated clear
orthogonality between the two polarizations, validating the in-
dependent operation of both ports. Most importantly, exper-
imental evaluation of diversity combining showed significant
performance enhancement: selection combining, equal gain
combining, andmaximal ratio combining improved the average
received power by 3.40 dB, 3.96 dB, and 4.59 dB, respectively,
compared with single-port reception.
These findings establish, for the first time, the feasibility of a

compact hexagonal dual-polarized antenna for underwater ap-
plications with experimentally verified polarization diversity.
The demonstrated robustness against polarization fluctuations
highlights the antenna’s potential as a fundamental building
block for future low-frequency MIMO-like systems in under-
water wireless sensor networks, autonomous vehicle commu-
nications, and related marine applications. Future work will
extend this study toward seawater environments, material op-
timization, and integration into multi-antenna communication
platforms.
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