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Abstract

Interferometric fiber-optic hydrophones are widely deployed in passive underwater acous-
tic detection systems due to their high sensitivity, broad dynamic range, and immunity
to electromagnetic interference. However, their adoption in active acoustic systems has
been largely constrained by the limited operational bandwidth of conventional architec-
tures. Through coupled acoustic—structural simulations, this work identifies the operational
bandwidth bottleneck as arising from low-order mechanical resonance of high-modulus
mandrel structures combined with acoustic cavity resonance and near-field scattering
within the enclosed cylindrical geometry. To address these limitations, an optimized
push—pull mandrel structure, featuring a miniaturized profile of ¢16 mm x 16 mm and
a low-acoustic-impedance material, is implemented to eliminate mechanical resonance
within the operational bandwidth. Additionally, an integrated acoustic metamaterial liner
is incorporated into the inner tube to mitigate scattering and reverberation effects. Exper-
imental characterization of the prototype demonstrates an average phase sensitivity of
—132 dB re 1 rad/pPa, with fluctuations below +1.5 dB across 20 Hz to 31.5 kHz. Utilizing
a custom-built demodulation system, the hydrophone achieves a minimum detectable
pressure of 42 dB re 1 pPa/\/Hz (126 uPa/\/Hz) at 20 Hz and 27 dB re 1 pPa//Hz
(22 uPa/\/Hz) above 2 kHz, remaining over 28 dB below the deep-sea state zero ambient
noise floor at 20 Hz, and hence confirms its passive acoustic monitoring capability. In
the high-frequency regime above 2 kHz, the hydrophone maintains +1.5 dB sensitivity
flatness with a horizontal directivity variation of only +1.51 dB at 30 kHz, providing a
robust platform for broadband active acoustic applications, including active sonar, un-
derwater acoustic imaging and acoustic communications. These results establish a viable
pathway toward next-generation dual-mode underwater acoustic systems requiring both
high-fidelity passive listening and broadband active detection.

Keywords: acoustic detection; interferometric sensor; fiber-optic hydrophone; acoustic
metamaterial; phase sensitivity

1. Introduction

Interferometric fiber-optic hydrophones (FOHs) have emerged as critical tools for
underwater acoustic detection due to their exceptional sensitivity, immunity to electromag-
netic interference, and suitability for large-scale multiplexed arrays [1-4]. While extensively
employed in passive systems for marine monitoring [5-7], seismic surveys [8-11], and
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underwater target detection [2—4,12,13], their deployment in active acoustic systems, in-
cluding sonar imaging and underwater acoustic communication, has been limited by
bandwidth and sensitivity flatness constraints. These limitations primarily stem from low-
order mechanical resonance of high-modulus mandrel structures combined with acoustic
cavity resonance and near-field scattering within the enclosed cylindrical geometry in
conventional designs.

The evolution of FOHs has been marked by progressive improvements in sensitiv-
ity [14-16], multiplexing capacity [17-20], and environmental robustness [21,22]. Notably,
early work by Bucaro et al. established the feasibility of fiber-optic acoustic transduction
through sound-induced phase modulation in a submerged fiber coil, with sensitivity com-
parable to leading hydrophones of the time [23]. Subsequent efforts have been spent on
enhancing sensitivity through mandrel-based designs. Cranch et al. developed large-scale
interferometric arrays for seabed applications, achieving —127.5 dB re 1 rad/ uPa sensitivity
over 10-1000 Hz but with bandwidth limited by structural resonance [24]. A breakthrough
came from Yang et al., who introduced a push—pull interferometric hydrophone with a
bilayer elastic mandrel, achieving —134.39 dB re 1 rad/uPa sensitivity and a 1 Hz-2 kHz
bandwidth, but with resonance-induced fluctuations at low frequencies [25]. Meanwhile,
Li et al. optimized mandrel winding ratios and dual-layer structures to achieve —113 dB
re 1 rad/pPa sensitivity and £1.5 dB flatness from 10 Hz to 1 kHz, yet high-frequency
performance remained unaddressed [2]. Similarly, Plotnikov et al. demonstrated a thin-
cable FOH array with —116 dB re 1 rad/pPa sensitivity at 495 Hz and direction-of-arrival
estimation capabilities, though operational bandwidth was confined below 500 Hz [3].
Beyond mechanics, considerable attention has been paid to fiber transmission physics.
Birri et al. and Savovi¢ et al. reported that thermally induced bend loss and temperature-
dependent mode coupling introduce non-negligible noise and bandwidth instability under
environmental fluctuations [26,27].

Collectively, despite mature strategies for sensitivity enhancement, the fundamental
challenge of jointly achieving a wide operational bandwidth, high sensitivity, and a flat
frequency response remains largely unaddressed. To bridge this gap, we propose an opti-
mized push-pull configuration featuring a miniaturized, low-acoustic-impedance mandrel
to suppress mechanical resonance and incorporating an internal acoustic metamaterial
liner [28-30] to mitigate scattering and reverberation. Experimental characterization vali-
dates an average sensitivity of —132 dB re 1 rad/uPa with +1.5 dB flatness over 20 Hz to
31.5 kHz, representing an order-of-magnitude extension in flat-response bandwidth relative
to conventional FOHs [2,3,24,25]. By delivering an minimum detectable pressure (MDP)
over 28 dB below the deep-sea state zero [31] ambient noise floor at 20 Hz, alongside a flat
frequency response and minimal directivity distortion above 2 kHz, this architecture estab-
lishes a viable pathway toward next-generation dual-mode underwater acoustic systems
unifying high-signal-to-noise-ratio passive detection at low frequencies with high-fidelity
signal acquisition at high frequencies.

2. Design and Optimization

The interferometric fiber-optic hydrophone is configured as a Michelson interferom-
eter with a push—pull sensing architecture, as shown in Figure 1a, comprising a narrow-
linewidth laser source, a fiber-optic coupler, two fiber arms terminated with Faraday
Rotator Mirrors (FRMs), a photodetector, and a signal processing unit (SPU). The laser
source emits highly coherent light at wavelength A, which is split by a fiber coupler into
two optical beams, one of which travels through the reference fiber arm while the other
propagates through the sensing fiber arm. As illustrated in Figure 1b, the two fiber arms are
wound on the inner and outer elastic tubes, respectively, forming a push—pull configuration.
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Both arms are terminated with FRMs that reflect the light with a 90° polarization rotation,
effectively suppressing polarization-induced fading by ensuring the return state of polar-
ization (SOP) remains orthogonal to the input SOP regardless of birefringence fluctuations
in the fiber link. The counter-propagating beams recombine at the coupler, producing an
interference pattern detected by a photodetector (PD) and processed by an SPU.
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Figure 1. Schematic of the interferometric FOH. (a) A Michelson interferometer configuration, (b) a
push-pull sensing mechanism.

When an acoustic pressure p acts on the hydrophone probe, the compliant mandrel
undergoes radial deformation. In the push—pull configuration shown in Figure 1b, the
inner elastic tube expands outward under tensile loading while the outer tube contracts
inward due to the pressure differential across the air-backed cavity. Optical fibers wound
on the respective tubes consequently experience opposite axial strains linearly proportional
to the acoustic pressure p, one in tension and the other in compression, which doubles the
acoustic-to-phase transduction efficiency:

€ = +ATL11 o p (inner arm, tensile), e; = —AL—I;z o p (outer arm, compressive) (1)
where L; and L, represent the total length of the two fiber arms, respectively. The optical
phase accumulated in a fiber segment is given by

¢ =4mnL/A (2)

where 1 is the effective refractive index, L is the length of the fiber arm, and A is the
operating wavelength. An acoustic pressure induces both axial elongation and a strain-
dependent refractive index shift on the fiber arms via the elasto-optic effect. The resulting
phase variation in each arm is expressed as

4
Ap; = Tn(niALi +AniLi), i=1,2 ®)

where AL; is the length variation in the fiber arm proportional to € and An; is the refractive
index shift in the fiber core proportional to —¢. In the push—pull mandrel illustrated in
Figure 1b, the inner and outer sensing fiber arms undergo equal-magnitude but opposite-
sign strains, such that the net phase difference at the coupler is given by
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where A¢; and A¢, are the phase modulations of the two fiber arms, respectively.
Equation (4) reveals the core advantage of the push—pull architecture, where the acoustic-
induced phase difference is doubled compared to a single-arm modulation scheme, directly
improving the hydrophone sensitivity by a factor of two.

The two counter-propagating beams recombine at the fiber coupler. For a 3 dB coupler
with an equal splitting ratio and neglecting insertion loss, the output optical power at the
photodetector is given by

1) = {1+ Veos[g + A8 (1) + 2 (1]} 5)

where [;;, is the incident optical intensity, V is the fringe visibility of the interferometer,
@ is the initial phase offset between the two fiber arms, A@(t) is the acoustic-induced
phase difference and @, (¢) represents phase noise due to temperature and environmen-
tal perturbations.

The acoustic pressure is recovered from the interference intensity signal described by
Equation (5) via standard interferometric demodulation, including the phase-generated
carrier (PGC) scheme or 3 x 3 coupler arctangent algorithm [5,13]. The hydrophone phase
sensitivity is defined following established convention as [1,4]

M, = 20log,, qu) [dB re 1 rad/pPa] (6)
0

where A® denotes the phase difference induced by acoustic pressure and py = 1 uPa is the
reference acoustic pressure used for quantitative characterization.

To quantify the performance limits of conventional designs, a numerical model of
an interferometric fiber-optic hydrophone is developed using COMSOL Multiphysics 6.0.
Multiphysics. As shown in Figure 2a, the model comprises two concentric thin-walled
hollow cylinders separated by an air gap, with the two sensing fiber arms represented as
thin elastic layers wound around the outer and inner cylinders, respectively. Figure 2b
presents the corresponding simulation domain, where the acoustic—structure interaction
interface couples the ambient fluid pressure field to the mechanical deformation of the
cylinders and fiber layers, while the Solid Mechanics module computes the induced strain
and displacement. A frequency-domain study with a parametric sweep over the acoustic
excitation frequency is conducted to evaluate the deformation response. As visualized in
Figure 2c, the total axial strain of the fiber layers, serving as the key transduction parameter
for sensitivity and bandwidth evaluation, is calculated and visualized, demonstrating
the enhanced sensitivity of the push—pull configuration through opposite deformations
in the two fiber layers. This simplified yet effective model provides valuable insights
into the mechanical response of the hydrophone responsible for bandwidth limitation,
offering a robust framework for structural optimization toward high-frequency underwater
acoustic sensing.

(a) (b)
7075 Al
Alloy

Optical
Fiber

Figure 2. Numerical modeling and analysis of the FOH. (a) The cross-section diagram of the numerical
model, (b) the simulation domain, and (c) the deformation distribution under acoustic pressure.
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To quantify the intrinsic performance limits of conventional mandrel-based FOHs, a
numerical baseline model is established with key geometric dimensions listed in Table 1.
The sensing arms adopt the BI1017-A fiber from Yangtze Optical Fiber and Cable Company
(Wuhan, China), featuring a standard 60 um cladding diameter and 100 um acrylate coating
diameter, while the hydrophone skeleton is constructed from aluminum alloy 7075. The
mechanical properties of these two materials are summarized in Table 2. It should be noted
that the mechanical parameters of the fiber layers are equivalent properties derived from a
multilayer homogenization of the core and cladding [32,33]. In the Multiphysics framework
setup, the external water region and the internal air cavity are defined as pressure acoustics
domains, while the fiber layers and mandrel skeleton constitute the solid mechanics domain.
All fluid-solid interfaces are assigned acoustic—structure boundary conditions to enable full
coupling of the acoustic pressure field to the structural strain. Within the pressure acoustics
domain, a 1 Pa plane wave excitation is imposed via a spherical wave radiation setting,
with the incident direction initialized perpendicular to the hydrophone central axis, and the
azimuthal angle is parametrized to vary the acoustic angle of arrival. In the solid mechanics
domain, both circular end faces of the mandrel skeleton are set to fixed constraints to
provide mechanical grounding. A frequency-domain sweep (20 Hz-31.5 kHz) is performed
to compute the total axial strain in the fiber layers at each step, which is then analytically
converted to phase sensitivity to obtain the hydrophone’s frequency response and angular
directivity characteristics.

Table 1. Geometric parameters of the FOH used in modeling.

Parameter Definition Value
R4 Outer diameter of the reference-arm mandrel 4.9 mm
Ry Outer diameter of the sensing-arm mandrel 6.6 mm
Wy Fiber-winding width of the reference-arm mandrel 12.5 mm
W, Fiber-winding width of the sensing-arm mandrel 9.6 mm
T Wall thickness of the sensing-arm mandrel 0.4 mm
Ts Wall thickness of the reference-arm mandrel 0.4 mm
L1 Sensing-arm fiber length 42.6 m
L Reference-arm fiber length 42.0m

Table 2. Material parameters of the FOH used in modeling.

Materials Domain Density Young's Poisson’s Acoustic
(kg/m3) Modulus (Pa) Ratio Velocity (m/s)
Optical fiber Solid Mechanics 1400 20 x 10° 0.341 5970
Aluminum alloy 7075  Solid Mechanics 2700 69 x 10° 0.33 6270
Water Pressure Acoustics 1000 / / 1481
Air Pressure Acoustics 1.2 / / 343

As shown in Figure 3a, the simulation results demonstrate that the phase sensitivity—
frequency response curve of the hydrophone remains nearly flat below 10 kHz. However,
above 10 kHz, the sensitivity gradually increases, peaking near 23 kHz before declining.
This behavior indicates that the hydrophone’s response bandwidth is effectively limited
to frequencies below 10 kHz, rendering it unsuitable for mid-to-high-frequency applica-
tions. Notably, the observed peak in the frequency response is attributed to the first-order
mechanical resonance of the hydrophone skeleton. As illustrated in the inset of Figure 3a,
the simulation results further confirm that the first-order mechanical mode of the skeleton
occurs at approximately 23 kHz. Figure 3b presents the sensitivity of the FOH to acoustic
waves from different directions. The results indicate a sensitivity difference of at least 5 dB
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(peak to peak) between waves incident perpendicularly and those incident parallelly to the
sensor. These findings highlight the significant influence of the skeleton’s mechanical prop-
erties on the hydrophone’s frequency response characteristics, providing critical insights
for optimizing its structural design and performance.
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Figure 3. Numerical simulation results of the conventional FOH. (a) Frequency response and
(b) horizontal directivity at 25 kHz.

To evaluate the response of the FOH to high-frequency acoustic waves, frequency-
domain acoustic simulations were performed, extracting near-field acoustic scattering
characteristics of different frequencies. The acoustic field distribution at 2 kHz is uniform
in the inner cavity of the FOH and closely matches the free-field profile without the sensor
as shown in Figure 4a, while it exhibits a pronounced resonance phenomenon in the inner
cavity of the FOH when the frequency of the incident acoustic wave increases to 28 kHz
as illustrated in Figure 4b. The nonuniform acoustic field distribution leads to energy loss
or enhancement, thereby introducing fluctuations in the frequency response as well as
the directional response of the FOH. The acoustic resonance phenomenon is primarily
attributed to acoustic impedance mismatch between the mandrel and the surrounding
medium, as well as the interaction of high-frequency waves with the hydrophone’s ge-
ometric features. These findings highlight the critical need for structural and material
optimization to mitigate these effects, minimize impedance mismatches, and hence achieve
a broadband operational bandwidth.

(@) (b)

f=28kHZ Pa

0.0

Figure 4. Numerical simulation results of the near-field distribution of the incident acoustic waves at
(a) 2 kHz and (b) 28 kHz.
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Building on the identified bottlenecks of low-order skeleton resonance and internal
acoustic reverberation, an optimized push—pull mandrel is optimized to extend the flat
operational bandwidth, as illustrated in Figure 5. A central supporting plate is integrated
into the inner elastic tube to stiffen the structure against flexural deformation, effectively
suppressing mechanical resonance within the target band. Simultaneously, a periodic
acoustic metamaterial liner is embedded into the inner cavity to mitigate scattering and
reverberation effects. To minimize impedance mismatches, the material of the push—pull
structure is replaced by PPSU (polyphenylene sulfone resin), which exhibits exceptional
mechanical strength, high-temperature resistance, ease of processability, and an acoustic
impedance closely matching that of water. The acoustic metamaterial is made of engineer-
ing plastic ABS-M30, with cross-sectional and longitudinal sectional views of its internal
structure as shown in Figure 5b,c. The cylindrical structure is filled with cavity structures
arranged in a periodic pattern, as illustrated in Figure 5c. The material parameters of PPSU
and ABS-M30 used in the optimized model are summarized in Table 3.

(a) (b) ©

PPSU

ABS-M30

Optical
Fiber

Air

Figure 5. Optimization of the FOH. (a) Enhanced push—pull structure, (b) perspective view and
(c) cross-sectional view of the acoustic metamaterial insert.

As a direct validation of the optimization strategy, Figure 6 presents the simulated
performance of the improved FOH, integrating a PPSU mandrel, an internal supporting
plate, and an acoustic metamaterial liner, while strictly preserving the geometry and fiber
parameters specified in Table 1. As depicted in Figure 6a, the optimized design exhibits a
significantly flattened phase sensitivity across a wideband spectrum from 20 Hz to 31.5 kHz,
maintaining variations within an exceptional 1.5 dB. Critically, the detrimental resonance
at 23 kHz inherent to the original design is effectively suppressed. Correspondingly,
Figure 6b demonstrates a dramatic improvement in directional uniformity. The optimized
structure exhibits less than 1.5 dB variation (peak to peak) between broadside and end-on
incidences throughout the operational bandwidth, in stark contrast to the severe lobing
(>5 dB variation) exhibited by the conventional configuration. These results confirm
that the incorporation of low-impedance materials and metamaterial liners successfully
mitigates mechanical and acoustic resonances, thereby extending the effective flat-response
bandwidth and validating the optimized design for broadband underwater sensing.

Table 3. Material parameters of the optimized FOH used in modeling.

Densi Young's Poisson’s Acoustic

Materials Domain (k g/m?)’ Modulus Ratio Velocity
(Pa) (m/s)
PPSU Solid Mechanics 1290 2.35 x 10° 0.38 1900
ABS-M30  Solid Mechanics 1040 2.2 x 10° 0.35 1900
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Figure 6. Numerical simulation results comparing the conventional and optimized FOHs. (a) Fre-
quency response and (b) horizontal directivity at 25 kHz.

3. Fabrication and Characterization
3.1. Sensor Fabrication

Based on the optimized design, a prototype of the enhanced push-pull interferometric
FOH was fabricated, as illustrated in Figure 7. Figure 7a shows the exploded view of
the components, highlighting the PPSU mandrel skeleton and the 3D-printed acoustic
metamaterial insert (ABS-M30). Figure 7b presents the optical fiber interferometer ready
for winding onto the mandrels. Figure 7c displays the fully packaged sensor ready for
underwater testing, featuring a miniaturized profile of @16 mm x 16 mm.

Figure 7. Pictures of the fabricated FOH. (a) Exploded view showing the PPSU mandrel, metamaterial
insert, (b) optical fiber interferometer and (c) fully packaged sensor ready for deployment.

The production process strictly adhered to the simulated parameters listed in Table 1.
The mandrel skeletons were machined from PPSU using high-precision CNC milling.
PPSU was selected not only for its close acoustic impedance match with water but also
for its excellent dimensional stability. The acoustic metamaterial insert was fabricated via
3D printing using ABS-M30 material, ensuring the periodic cavity structures maintained
tight tolerances. The sensing and reference fibers (BI1017-A, Yangtze Optical Fiber and
Cable Company) were wound onto the cylinders under a controlled tension to prevent
micro-bending losses while ensuring intimate contact with the mandrel surface.

3.2. Experimental Setup for Characterization

The acoustic performance of the fabricated FOH prototype, including phase sensi-
tivity and directivity, was characterized following standardized calibration procedures
in accordance with the national standard GB/T 42559-2023 for fiber-optic hydrophone
testing. Due to the wide operational bandwidth, the measurement was partitioned into
two complementary regimes covering 20 Hz to 2 kHz and 2 kHz to 31.5 kHz, respectively.

As schematically illustrated in Figure 8, the testing infrastructure comprised a signal
generator, a broadband power amplifier driving an underwater acoustic projector, and a
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synchronized data acquisition system. For the low-frequency regime, measurements were
conducted in a calibrated standing wave tube utilizing the transfer function comparison
method with a reference hydrophone (B&K 8103), yielding an expanded uncertainty of
plus or minus 0.6 dB traceable to national metrology standards, as shown in Figure 8a. For
the high-frequency regime, measurements were performed in a standard anechoic water
tank with the sensor rotated on a rotational stage, yielding an expanded uncertainty of plus
or minus 1.0 dB, as shown in Figure 8b. The two datasets were cross-validated at the 2 kHz
transition node with a residual offset below 0.5 dB, ensuring a total combined uncertainty
below 1.5 dB across the full band.
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\/
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[ —
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Figure 8. Schematic of the experimental setup for calibrating the FOH. (a) Standing wave tube setup
for 20 Hz-2 kHz, and (b) anechoic water tank setup for 2 kHz-31.5 kHz, including the rotational
stage for directivity testing.

During the calibration process, the standard reference hydrophone and the prototype
FOH were positioned at the same depth and aligned to ensure they experienced identical
acoustic excitation. The signal generator emitted discrete 1/3-octave center frequencies
spanning 20 Hz to 2 kHz in the standing wave tube and 2 kHz to 31.5 kHz in the standard
anechoic water tank. The electro-optic demodulation system of the FOH acquired the out-
put signals. By comparing the sound pressure level obtained from the standard hydrophone
with the phase amplitude of the output signal from the FOH, the phase sensitivity (in dB re
1 rad/uPa) was precisely calculated, as illustrated in the following equation:

M, = My + 20log1o(A®/AV) @)

where M, denotes the phase sensitivity of the FOH, and My denotes the sensitivity of the
reference standard hydrophone. A® and AV correspond to the output phase shift (rad) of
the FOH and the output voltage (V) of the reference hydrophone, respectively.

To characterize the directivity pattern, the FOH was mounted on a computer-controlled
rotational stage in the anechoic tank. The sensor was rotated horizontally in increments of
10° to change the horizontal angle relative to the incident acoustic wave. At specific test
frequencies, the phase sensitivity was recorded for each angular position. This rotational
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scanning process allows the construction of a complete 360° polar response plot, revealing
the sensor’s omnidirectionality or any angular dependence.

Additionally, the system noise floor was evaluated by acoustically isolating the FOH
in a quiet environment with the acoustic projector disabled, thereby ensuring the mea-
sured spectrum reflects the noise of the PGC demodulation chain rather than ambient
acoustic perturbations.

3.3. Results and Analysis

Figure 9 presents the core performance metrics of the fabricated FOH. Figure 9a
compares the measured phase sensitivity against the simulated prediction and the con-
ventional design. The experimental results demonstrate an average sensitivity of —132 dB
re 1 rad/pPa across the entire 20 Hz to 31.5 kHz band, with a fluctuation of less than
£1.5 dB. This validates the effectiveness of the enhanced push—pull structure in suppress-
ing mechanical resonance and the metamaterial layer in mitigating acoustic scattering. The
measured phase sensitivity tracks the numerical prediction with a peak-to-peak deviation
of ~3.0 dB, primarily ascribed to inherent discrepancies between the idealized isotropic
material parameters assigned in simulation and the as-built mechanical properties of the
manufactured ABS-M30 metamaterial, CNC-machined PPSU skeleton and fiber layers,
compounded by minor variability in fiber winding tension affecting local strain transfer.

@ (b)
20 ] R ] | Conventional (Sim.) Optimized (Exp.)
s Conventional (Sim.) f=23kHz 90 i o
=Rr A L . I = 136 Optimized (Sim.)
= Optimized (Sim.) i & 60
= . =
S 124 Optimized (Exp.) | 3 132 F
= | S s
2126 | I —
=2} 1 2 -124 |
S b I 2
z | T -120
2130 | [ & 120
P I 2
2-132 |- 1 =z - B
S ' & |
&-134 | | 7
= L 1 2 -132 |
R =
136 L L Ll = 36 b 300
10 100 1000 10000 270 f=25kHz
(C) Frequency (Hz) Horizontal angle (°)
The Minimum Detectable Pressure (MDP) The local noise floor of the demodulation system
MDP: 42 dB at 20 Hz
* MDP: 27 dB above 2 kHz
___________________________ g G ey W
1 1 1
20 100 1000 10000
Frequency (Hz)

Figure 9. Characterization results of the fabricated FOH. (a) Measured vs. simulated frequency
response (20 Hz-30 kHz); (b) horizontal directivity pattern comparison at 25 kHz and 30 kHz
(Conventional vs. Optimized); (c) local noise floor of the demodulation system and calculated
minimum detectable pressure (MDP). Sim. denotes simulation, and Exp. denotes experiment.

Figure 9b presents the measured horizontal directivity of the optimized FOH at 25 kHz,
obtained via stepwise rotation on a calibrated rotational stage in the anechoic tank. The
conventional design exhibits a pronounced lobed pattern with a peak-to-peak sensitivity
variation exceeding 5 dB (peak to peak). In contrast, the optimized mandrel with the
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internal metamaterial liner maintains a near-omnidirectional profile, with the peak-to-peak
variation suppressed to below 2.0 dB corresponding to plus or minus 1.0 dB about the
mean response. The directivity at 30 kHz was measured at £1.51 dB, slightly higher
than the 25 kHz result, due to residual edge diffraction effects at the upper limit of the
operational band. This confirms that the metamaterial insert and minimized mandrel
dimension effectively homogenize the local acoustic pressure distribution along the fiber
windings, mitigating directional distortion without compromising broadband sensitivity.
To evaluate the resolution limit, Figure 9c overlays the demodulation noise floor
with the calculated MDP alongside the deep-sea state zero ambient noise profile for direct
comparison. The noise floor was measured by shielding the FOH from acoustic waves
while maintaining full system operation. Based on these results, the MDP, defined as the
difference between the local noise floor and the system’s sensitivity in dB, was calculated

as follows:
MDP = Nsystem - SFOH (8)

where Sgopy is the phase sensitivity of the hydrophone and Nsystem is demodulation noise
floor. Consequently, the hydrophone achieves an MDP of 42 dB re 1 pPa/+/Hz, equiv-
alent to 126 pPa/+\/Hz at 20 Hz, and 27 dB re 1 pPa/+/Hz above 2 kHz, equivalent to
22 uPa/+/Hz, remaining over 28 dB below the deep-sea state zero ambient noise floor
at 20 Hz [31], and hence confirms its passive acoustic monitoring capability. The low-
frequency penalty arises from the 1/f electronic noise floor of the custom PGC demod-
ulation chain. The results experimentally validate that the optimized broadband design
reconciles low-frequency sensitivity requirements with the bandwidth needed for active
sonar deployment scenarios.

4. Discussion

The experimental results validate the efficacy of integrating an enhanced push—pull
mandrel with an acoustic metamaterial layer to overcome the inherent bandwidth limita-
tions of conventional interferometric FOHs. As revealed by the numerical simulations, the
primary constraints on bandwidth are mechanical resonance and acoustic scattering. The
substitution of the aluminum alloy skeleton with PPSU, combined with the adoption of a
compact winding scheme utilizing a 60/100 pum fiber (BI1017-A, Yangtze Optical Fiber and
Cable Company), reduced the overall device footprint while maintaining sensitivity. Cru-
cially, this modification elevated the first-order mechanical resonance frequency beyond the
operational bandwidth. Concurrently, the integration of the acoustic metamaterial insert
mitigated the near-field scattering and cavity resonance, resulting in a uniform acoustic
field distribution and a flat frequency response up to 31.5 kHz.

To contextualize the performance of the optimized FOH, Figure 10a—c presents a
multi-metric comparison with representative broadband FOHs in the literature. Cranch
et al. [24] achieved —127.5 dB re 1 rad/pPa sensitivity with £0.2 dB flatness, but limited to
20 Hz-1 kHz. Yang et al. [25] obtained a mean sensitivity of —134.39 dB re 1 rad/pPa over
1 Hz-2 kHz using a concentric dual-tube push—pull structure. The sensitivity response
fluctuated within +3 dB from 1 Hz to 100 Hz and within +1.5 dB from 100 Hz to 800 Hz,
followed by an approximately 5 dB increase between 800 Hz and 2.2 kHz as the response
approached the mechanical resonances of the two elastic tubes. Li et al. [2] achieved a
substantially higher sensitivity of —113 dB re 1 rad/uPa with +£1.5 dB flatness, although
its verified bandwidth was limited to 10 Hz-1 kHz. More recently, Uyar et al. [34] demon-
strated —135.28 dB re 1 rad / uPa over 250 Hz-8 kHz with a maximum variation of +1.38 dB.
In contrast, the present work combines an enhanced PPSU push—pull mandrel with an
internal acoustic metamaterial hollow cylinder to maintain +1.5 dB flatness from 20 Hz to
31.5 kHz. The directivity performance further underscores the value of the metamaterial

https://doi.org/10.3390 / photonics13090834


https://doi.org/10.3390/photonics13090834

Photonics 2026, 13, 834 12 of 14

integration. At 25 kHz, the optimized FOH exhibited a horizontal directivity variation of
only £1.0 dB, leading to a significant improvement over the >5 dB peak-to-peak deviation
observed in the conventional design. This uniformity is attributed to the homogenization
of the acoustic impedance at the sensor—water interface by the periodic cavity structures.
The directivity at 30 kHz was measured at +1.51 dB, slightly higher than the 25 kHz result,
due to residual edge diffraction effects at the upper limit of the operational band.
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Figure 10. Performance comparison of representative interferometric FOHs. (a) Mean phase sensitiv-
ity; (b) phase-sensitivity flatness; (c) operating bandwidth.

Despite these advancements, several practical considerations merit further attention
before full-scale deployment. First, while the PPSU material offers excellent impedance
matching and processability, its long-term stability under deep-sea hydrostatic pres-
sures and varying temperatures remains to be verified. Second, the equivalent MDP
is 27 dB re 1 pPa/\/Hz above 2 kHz and 42 dB re 1 uPa/+/Hz at 20 Hz, consistent with the
PGC system noise floor. Future integration of closed-loop phase tracking or array-level
denoising may further suppress this limit. Third, scaling to multiplexed towed arrays will
necessitate evaluating element-to-element variability and potential inter-element acoustic
crosstalk introduced by the periodic liner geometry.

5. Conclusions

This work demonstrates a broadband interferometric fiber-optic hydrophone targeting
active and passive underwater acoustic sensing. By identifying low-order mechanical
resonance and near-field scattering as the dominant bandwidth constraints, two synergistic
modifications were implemented, specifically a low-impedance PPSU push—pull mandrel
to elevate the mechanical resonance beyond 31.5 kHz and an internal acoustic metamaterial
liner to homogenize the local pressure field and suppress cavity modes.

Experimental characterization confirms that the optimized prototype achieves an
average phase sensitivity of —132 dB re 1 rad/puPa with peak-to-peak fluctuations below
3.0 dB, corresponding to plus or minus 1.5 dB about the mean, across 20 Hz to 31.5 kHz,
representing a threefold bandwidth extension over conventional mandrel designs. The
horizontal directivity exhibits a peak-to-peak variation of less than 2.0 dB at 25 kHz,
validating effective mitigation of cylindrical scattering. Referenced to the measured phase
sensitivity, the system yields a minimum detectable pressure of 27 dB re 1 uPa/+/Hz above
2 kHz and 42 dB re 1 uPa/+/Hz at 20 Hz, remaining over 10 dB below the deep-sea state
zero noise floor.

These results substantiate that integrating polymer-based structural optimization with
subwavelength acoustic liners provides a practical route to reconciling low-frequency
quiet reception with broadband active sonar bandwidth requirements. The optimized
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architecture offers a compact and robust platform for next-generation marine exploration,
seabed mapping, and autonomous underwater vehicle acoustic payloads.
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