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Abstract

This paper presents an integrated fiber phase modulation device (FPMD) to suppress front-end
optical path difference (OPD) noise in heterodyne interferometry systems, particularly address-
ing noise induced by acoustic-optic modulator sideband coupling. To achieve real-time optical
path stabilization, the FPMD employs a polarization-maintaining fiber coupled with piezoelec-
tric ceramics in a monolithic aluminum structure. The compact, all-fiber design offers enhanced
immunity to environmental disturbances while simplifying integration into precision interfero-
metric systems. Through systematic characterization, the FPMD exhibits a highly linear response
(270.5949 nm V1, R* = 0.99914) and effective noise suppression in the critical sub-10 mHz fre-
quency band, achieving picometer-level ranging accuracy across the entire frequency band above
2 mHz. This work provides a theoretical framework and experimental validation for a robust solu-
tion to OPD noise in ultra-high-precision metrology applications.

1. Introduction

The space-based gravitational wave detection project detects gravitational wave signals by precisely mon-
itoring the distance between two free-floating test masses [1-3]. Achieving the required ranging precision
requires laser interferometry systems capable of picometer-level displacement measurement accuracy in
the millihertz frequency band [4-6]. Heterodyne interferometers, serving as the primary measurement
tool for test mass positioning on optical benches, typically employ hydroxide catalysis bonding techno-
logy and ultra-low thermal expansion materials to minimize optical noise [7-9]. However, when meas-
urement precision surpasses the mrad (nm) level, the influence of front-end optical path noise in the
system can no longer be neglected [10, 11].

The front-end optical path difference (OPD) noise primarily originates from electromagnetic
crosstalk within the acoustic-optic modulator (AOM) drive signal [5, 12]. Sidebands in the AOM
drive signal introduce additional beat frequency components into the interference signal, generating
OPD noise that degrades the phase measurement accuracy of the interferometer [10, 12]. The stray
light originating from AOM frequency coupling can introduce a phase error to interferometric phase
measurement [13]. Two principal approaches exist for mitigating the impact of OPD noise and improv-
ing measurement precision in the low-frequency mHz band [5]: (1) enhancing the spectral purity of
the AOM drive signal by reducing sideband amplitudes through optimization of the AOM driver cir-
cuit to minimize electromagnetic interference, or through employing low-noise RF signal sources and
power amplifiers to suppress spurious frequency components; (2) establishing a coupling model between
sideband-induced OPD noise and front-end OPD noise, followed by implementing either post-processing
algorithms [14] or real-time dynamic optical path compensation to compensate for sideband-induced
OPD fluctuations [12, 15]. The method for real-time dynamic optical path compensation requires a
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feedback control loop to regulate the optical path. This method can reduce the design and manufactur-
ing requirements for AOM driving circuits, while maintaining adaptability to environmental variations
such as temperature fluctuations and mechanical vibrations. Additionally, it is worth noting that integ-
rated acousto-optic platforms, such as those based on silicon photonics [16], may offer inherent advant-
ages in reducing such electromagnetic crosstalk. However, the focus of the present study remains primar-
ily on mitigating noise in conventional bulk AOM systems.

The adjustment of the front-end optical path can be implemented by employing a piezo-electric
transducer (PZT) as the actuator. This configuration establishes a mechanical linkage between the mirror
(or optical fiber) in the modulated optical path and the piezoelectric ceramic. Through precise voltage
regulation in a feedback control system, the optical path length can be actively adjusted to compensate
for OPD fluctuations caused by AOM sideband noise and other disturbances, thereby improving inter-
ferometric measurement accuracy [17]. Compared to reflector position control, fiber-coupled PZT offers
superior precision while eliminating assembly and alignment errors. Currently, in the field of front-end
OPD noise suppression, the optical fiber is directly wrapped and glued around the cylindrical surface of
PZT [7, 12]. However, this method leaves the fiber highly susceptible to external environmental influ-
ences, and uneven adhesion can cause non-uniform deformation in the fiber, compromising the device’s
response accuracy. To address these limitations, this paper presents an integrated high-sensitivity fiber
phase modulation device (FPMD) and evaluates its performance and OPD noise suppression capabilities.

To systematically address the aforementioned challenges, this paper is structured as follows: section 2
establishes the theoretical model of OPD noise induced by sideband coupling in AOM; section 3 details
the design and implementation of a novel FPMD for active optical path compensation; section 4 val-
idates the device’s performance and demonstrates its effect in noise suppression through experimental
characterization; finally, conclusions are drawn in section 5, highlighting the device’s capability for
picometer-level ranging accuracy.

2. Principle of OPD noise suppression

In the laser heterodyne interferometry optical path shown in figure 1, the two frequency-shifted beams
generated by the AOMs are guided into the optical platform through collimators and are directed into
the detector after passing through a series of optical components, enabling the acquisition of heterodyne
interference signals. They are ultimately post-processed in the phasemeter (P.M.) for phase extracting
[18, 19].

Taking the reference interferometer as an example, the two beams entering the detector can be
expressed as:

E; (t) = cos[(wo +wm)t+ k- (L + Lir)],

Ez (t) = COS (th+ k- (Lz + LZR)) 5

where wy, is the differential frequency of the two beams. k Is the wavenumber. L; And L, are the front-
end optical path lengths. Lig And Lyr represent the optical path length of the reference interferometer
on the optical bench.

To demonstrate the effect of sidebands on interferometric phase, we consider the representative case
where beam E2 includes an extra sideband, as follows:

E; () = cos (wot + k- (Ly + Lor)) + € - cos[(wo + ws) t+ k- (Ly + Lar)],

where ¢ and ws are the amplitude and frequency of the sideband signal, respectively. The interference
signal in the reference detector is

1(t) = |Ey (1) + B2 (r) .

Taking the second-order sideband (ws = +2w,,) as an example, the w,, —frequency components of
the interference signal can be expressed as:

I, x cos(wmt+ AF+ AR) +¢ - cos (w,t — AF— AR).

where A denotes the optical path phase difference. AF=k- (L; — L;) Denotes the front-end OPD, and
AR =k- (Lir — Lyg) for that in the reference interferometer.

2



10P Publishing Class. Quantum Grav. 43 (2026) 015001 ] Wang et al

o

Pr
[ —)
L
Lag Lim
Lo
i E

Figure 1. Schematic diagram of a heterodyne interferometer.

Table 1. The phase errors for different sideband frequencies.

Ws %)

+2wWm 2e - cos (2AF + AM + AR) - sin (AM — AR)
“+wWm 2¢e - cos (AFJr AM;AR) -sin (AM;AR)

—Wm 2e - cos (AFJr AM';AR) - sin (AM;AR)
—2Wwm 0

The phase of the reference interferometer can be extracted as

I, « cos (Wpt)

@R:arctan( >%AF+AR—5-sin(2AF+2AR).

I, - sin (wpt)

Similarly, the phase of the measurement interferometer is:
om~AF+AM—c-sin(2AF+2AM).

Therefore, the final differential phase of the two interferometers can be calculated as

P=PRT¥PM
=AM — AR —2¢-cos(2AF+ AM+ AR) - sin (AM — AR).

Thus, the phase error can be expressed as:

0p = — (AM— AR)
=2e-cos(2AF+ AM+ AR) - sin(AM — AR).

The expression demonstrates that the differential phase is not only related to the disturbance of
the optical bench but also varies with twice of AF in a trigonometric functional relationship, which is
caused by the cross-coupling between the two AOMs.

When different sideband couplings in the optical beam are considered, the resulting phase errors
vary. Based on the above analysis, the phase error results corresponding to the different sidebands in
beam E2 are summarized in table 1. A more comprehensive derivation can be found in [12]. As evid-
enced, phase measurement errors in the interference signals are correlated with fluctuations in the front-
end optical path.

To eliminate the influence of external disturbances on the front-end optical path and improve inter-
ferometric measurement accuracy, the adjustable optical fiber can be introduced into the front-end
optical path to lock the AF at a specific value. This approach can be implemented by coupling the
optical fiber with PZT, whereby the fiber length is precisely adjusted through voltage control of the PZT,
thereby achieving front-end optical path stabilization.

3. Implementation of FPMD

To achieve precise control of the front-end optical path variation, i.e. AF, an integrated high-sensitivity
FPMD is developed, with its schematic and physical diagrams shown in figures 2 and 3.

3



I0OP Publishing

Class. Quantum Grav. 43 (2026) 015001 ] Wang et al

(2) The internal structural diagram of FPMD

Figure 2. Schematic diagrams of FPMD. (1: Main body; 2: enclosure; 3: PZT; 4: T-shaped platform; 5: fiber optic mating sleeves).

Figure 3. Physical diagrams of FPMD.

A polarization-maintaining optical fiber is encapsulated within the device, with a specific segment
coupled to PZT. This configuration enables real-time dynamic feedback compensation of front-end OPD
noise by actively adjusting the sensitive fiber segment’s length through PZT voltage modulation.

The device primarily consists of three core components: the main body, optical fiber, and PZT.

The main body is fabricated from monolithic aluminum, featuring some precision-machined surface
grooves designed for several functions, such as mounting of fiber optic mating sleeves, routing of optical
fiber paths, positioning of PZT, and organized channeling of PZT power supply wiring. For example,
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two T-shaped platforms are integrated at the central section of the main body for fiber guiding and
PZT positioning. The transverse arms of the T-shaped platforms are monolithically fabricated with the
main body, while the longitudinal arms feature head-end clearances. Semi-circular grooves are precision-
machined along the fiber routing direction on the upper surfaces for fiber adhesive bonding. To isolate
the optical fiber from environmental disturbance, the upper surface of the main body is sealed by the
housing enclosure.

The optical fiber, serving as the core component for front-end optical path adjustment, is integrated
into the system via two fiber optic mating sleeves. Within the device, the fiber is routed through two
circular fiber grooves with a horizontal middle section traversing both T-shaped platforms. The fiber
segments on the upper surface of the T-shaped platform are adhesively bonded, while the intermediate
section remains suspended.

The optical path adjustment of the optical fiber is realized by the PZT. The PZT is positioned
between the transverse arms of the two T-shaped platforms, and the bottom of the PZT is secured by
clamping grooves. Both end faces are adhesively bonded to the T-shaped platform. The electrodes are
attached to the front and rear surfaces of PZT, with associated wires routed externally to the PZT con-
troller for real-time voltage regulation, as shown in figure 3.

4. Performance test and noise suppression of FPMD

4.1. Performance test of FPMD

To characterize the response of FPMD, an optical path was configured as shown in figure 4. One FPMD
is integrated into one arm of the heterodyne interferometer. Its driving voltage, controlled by a PZT
amplifier, can be adjusted to change the front-end path length fluctuation. To characterize the intrinsic
response of FPMD, the optical fiber displacement measurement noise caused by path length fluctuation
is recorded. Two signals are ultimately input to the P.M. for phase extracting:

1) 1 MHz reference signal () derived from the AOM driving signals through frequency mixing and
low-pass filtering.
2) Reference interferometric signal (¢g).

The phase difference ¢ — ¢ reflects the OPD fluctuation of the measurement system. It is domin-
ated by the front-end OPD (AF) fluctuations, as the interferometer optical platform is more stable than
the front-end modulated optical path.

In one experimental set, the PZT amplifier’s output voltage was incremented from 10 V in 0.1 V
steps at 1 s intervals until reaching 24.3 V. The phase difference of the interferometric signal measured
by P.M. yielded the corresponding displacement measuring information as follows:

As=FPRP0y
27

The result of the performance test is shown in figure 5.

It demonstrates that the displacement result exhibits a stepwise increase, where each step corresponds
to a change in the PZT amplifier’s output voltage (indicated by black arrows). For coupling coefficient
calibration, the coupling coefficient was extracted by analyzing an 80 s dataset, where the displacement
noise at each voltage level was evaluated using five randomly sampled data points, as displayed in the
inset. Based on this dataset, the relationship between displacement noise and voltage of the PZT ampli-
fier is shown in figure 6.

The resulting error bars represent the mean values with standard deviations as error margins. The
minimal error bar magnitude indicates low measurement noise, demonstrating the high precision per-
formance of FPMD.

Besides, the fitting curve between displacement noise y (nm) and voltage of PZT amplifier x (V) is:

y = 270.5949 * x — 3003.5285
with goodness-of-fitting of:
R*=0.999 14.

Thus, we have determined the OPD response coefficient of the FPMD as 270.5949 nm V~!, confirm-
ing the linear relationship between applied voltage and optical path length variation in the device control
process.
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Figure 4. The optical path diagram for a performance test of FPMD.
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Figure 5. The displacement response for FPMD voltage adjustment.
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Figure 6. The displacement response fitting curve for FPMD.

4.2. Interference signal response to OPD fluctuation

Subtracting the two interference signals can, in principle, suppress common-mode noise [20, 21]. The
effect of the front-end OPD is expected to be eliminated by this method. However, as derived theoret-
ically above, the subtraction result remains correlated with the front-end OPD. It is therefore necessary
to examine the relationship between the detected displacement measurement result (¢ g — ¢ ») and the
front-end OPD fluctuation. The optical path is characterized by the experimental setup in figure 7. Two
FPMDs, powered by PZT amplifiers, are totally the same in design, so that the equal beam interfero-

metry is guaranteed to decrease the laser frequency noise [7, 22, 23].
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Figure 8. The displacement noise responses to OPD fluctuation.

During this procedure, the voltage of FPMDI is incremented from 10 V in 0.1 V steps at 10 s inter-
vals. To realize common-mode noise suppression, the displacement measurement result (o g — @ M) is
processed in PM. and shown in figure 8.

It can be observed that the displacement noise under the influence of OPD fluctuations exhibits a
periodic variation with the increase of the external voltage applied to FPMD1. Specifically, the noise con-
sists of two terms, sin(AF) and sin(2AF), as predicted by the theoretical derivation of phase error d¢p.

4.3. Effect of OPD noise suppression

To suppress the OPD noise described above, FPMD?2 is applied to establish an OPD noise suppression
loop, as shown in figure 7. The loop is completed by mixing optical reference phase ¢ g and the 1 MHz
electrical reference signal ¢, which is clock synchronized with the AOM driver signal, low-pass filtering,
PID controlling, and voltage feedback to FPMD2 through the PZT amplifier. The final detected differ-
ential interferometric signal (¢ g — ¢ m) is processed in P.M. to reflect the interferometric displacement
measurement result.

The corresponding displacement noise amplitude spectrum density (ASD) curve (red curve) is shown
in figure 9, in which situation the OPD noise suppression loop is not functioning. To show the suppres-
sion effect of the OPD noise suppression loop, the next step is to suppress the system OPD noise based
on FPMD2. The phase difference (¢ g — ;) is used as an error signal, and the error signal is PID con-
trolled to be zero, which means the optical path of two beams in the reference interferometer is kept the
same, i.e. the front-end OPD in the reference interferometer is stabilized at zero. In this case, the dis-
placement noise ASD curve (blue curve) is also shown in figure 9.

As illustrated in figure 9, the displacement noise ASD curve prior to loop locking (red curve) exhib-
its significantly higher values compared to the post-locking state (blue curve) across the measurement
range below 10 mHz. It demonstrates that by stretching or shortening the fiber length of FPMD, the
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Figure 9. The displacement noise ASD curves.

OPD fluctuation between reference and measurement beams can be compensated via a feedback loop.
After the OPD noise suppression, an optimized displacement noise performance is obtained. Specifically,
the system attains picometer-level ranging accuracy across the entire frequency band above 2 mHz.

5. Conclusion

This study presents an integrated FPMD to suppress front-end optical path noise in heterodyne inter-
ferometry, specifically addressing noise induced by the coupling of sidebands in the AOM. We systemat-
ically addressed this problem by: (1) describing the theoretical framework for OPD noise, (2) designing
and fabricating a compact FPMD, and (3) validating its noise suppression performance through com-
prehensive testing. The FPMD demonstrates exceptional performance characteristics, including a highly
linear response (270.5949 nm V') and significant noise reduction capability in the critical sub-10 mHz
frequency range. Experimental results confirm the device’s capability to achieve picometer-level ran-
ging accuracy across the entire frequency band above 2 mHz, offering a compact and robust solution
for gravitational wave detection and other precision interferometric systems. In the future, a more com-
prehensive system noise analysis will be conducted, such as the impact of different optical fibers on the
noise suppression performance.
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