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Abstract

Nonlinear interferometers offer a robust platform for quantum sensing beyond the standard
quantum limit. Specifically, the generation of high-quality intensity-difference-squeezed (IDS)
states provides a distinct advantage by circumventing the need for complex phase-coherent
local oscillators. However, practical imperfections such as asymmetric inter-stage transmission
and unbalanced detection losses severely degrade the generation of these states. In this work,
we analyze IDS state generation within fiber nonlinear interferometers utilizing cascaded para-
metric amplifiers. Using a single-mode theoretical framework and experimental demonstration,
we derive an optimal electronic gain ratio for differential detection to compensate for asym-
metric detection-induced noise mismatches, extending achievable squeezing into the high-gain
regime. We further analyze system tolerance to inter-stage losses and path delays. Experi-
ments demonstrate that while higher initial parametric gain improves quantum correlations,
it amplifies intensity noise and accelerates gain saturation, resulting in optimal squeezing at
balanced low-gain configurations. These findings establish a robust framework for the design
and optimization of all-fiber quantum sensors.

Keywords: fiber nonlinear interferometer; intensity-difference squeezed states; asymmetric
inter-stage transmission; detection losses; quantum sensors

1. Introduction
With the rapid advancement of quantum information science, quantum precision

measurement has emerged as a prominent frontier in both physics and engineering [1]. By
exploiting the non-classical properties of optical fields, such as entanglement and squeez-
ing, researchers can achieve measurement sensitivities beyond the standard quantum
limit (SQL). This capability holds immense potential for applications including weak force
detection, gravitational wave observation, biological imaging, and sub-shot-noise phase
measurement [2,3]. Among various continuous-variable quantum states, the intensity-
difference-squeezed (IDS) state, commonly referred to as twin beams, has attracted sig-
nificant interest due to its strong non-classical intensity correlations [4]. In practice, IDS
significantly advances high-sensitivity measurements. For example, it has enabled high-
precision raster-scanning microscopy, sub-shot-noise quantum imaging, and stimulated
Brillouin scattering spectroscopy with sensitivities well below the SQL [5–8]. Compared
with quadrature-squeezed states, IDS detection circumvents the need for a complex phase-
coherent local oscillator. Substantial suppression of quantum noise can be achieved simply
via direct detection of the intensity difference between the signal and idler beams, signif-
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icantly simplifying the configuration and reducing the implementation cost of practical
quantum sensing systems [9,10].

Traditionally, IDS states are generated using a single-stage optical parametric amplifier
(OPA) via spontaneous parametric down-conversion or four-wave mixing (FWM) [11].
Although demonstrated in atomic vapors and all-fiber platforms operating within telecom-
munication bands, single-stage architectures are fundamentally constrained by their ex-
treme susceptibility to external losses [12–15]. Even marginal dissipation couples vacuum
fluctuations into the system, severely degrading the squeezing. Furthermore, the intrin-
sic lack of phase-sensitive coherent pre-amplification in single-stage architectures leaves
the signal readout highly vulnerable to classical detection noise in practical metrology.
To circumvent these bottlenecks, nonlinear interferometers (NLIs) formed by coherently
cascading two OPAs have emerged as a robust alternative [16,17]. NLIs harness precise
quantum interference for coherent noise cancelation at specific operating phases [18]. This
phase-sensitive amplification concurrently enhances quantum correlations, phase sensi-
tivity, and resilience against detection losses in ideal configurations [19–22]. However,
maintaining such robustness under realistic asymmetric loss conditions requires novel
compensation strategies.

Integrating non-classically correlated states into practical measurement schemes holds
significant promise for precision metrology. Beyond circumventing the limitations of
infrared detectors, NLIs are highly attractive for their theoretical robustness against envi-
ronmental and detection losses [23–26]. For broader applications in photonic information
and advanced sensing, it is important to distinguish this NLI-based quantum approach
from emerging classical technologies such as optical microcombs. Microcombs provide
compact frequency rulers, wavelength-parallel channels, and time-frequency resources, and
their state-of-the-art sensing mechanisms primarily rely on multi-wavelength readouts and
frequency-to-sensing mapping [27,28]. In contrast, NLIs address distinct system-level needs
by targeting sub-shot-noise measurements. Specifically, the present IDS-based NLI configu-
ration achieves sensitivity enhancements fundamentally through the direct suppression of
correlated intensity noise. However, while the existing literature predominantly focuses on
optimizing NLI phase sensitivity, a systematic analysis of how internal system parameters
govern the achievable IDS remains largely unexplored. Specifically, pulse-pumped fiber
OPAs possess inherent multimode complexity due to their broadband interacting fields [29].
In practical all-fiber cascaded configurations, this complexity is compounded by systematic
imperfections such as inter-stage path differences, asymmetric transmission losses, and
unbalanced photodetector efficiencies, all of which inevitably induce a severe quantum
noise unbalance between output ports [30]. In the high-gain regime, this mismatch couples
excess noise and anti-squeezing into the detection channels, fundamentally constraining
measurable squeezing levels and hindering the transition of NLIs from proof-of-principle
demonstrations to engineered quantum sensors.

To address these challenges, this paper presents a systematic theoretical simulation and
experimental demonstration of IDS state generation based on a pulsed-pumped all-fiber
NLI. By constructing a high-performance cascaded OPA system, we explore the joint effects
of critical parameters on IDS quality, aiming to provide a highly stable, integrated, and
deeply squeezed quantum light source for precision metrology. First, we analyze the joint
impact of the OPA amplitude gain factors (g1, g2). By comparing squeezing distributions
under standard (r = 1) and optimized (ropt) electronic gain ratios, we demonstrate how
optimized photoelectric detection fundamentally mitigates noise mismatch induced by
system asymmetries. Second, we investigate the sensitivity of IDS to inter-stage transmis-
sion efficiencies, evaluating squeezing degradation under localized losses in the idler arm
versus simultaneous losses in both arms. Furthermore, we explore the temporal dynamics
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of the system by analyzing the impact of a physical inter-stage path delay. Experimentally,
we validate these theoretical models by investigating the dependence of IDS evolution
on OPA2 pump power across various OPA1 idler intensity gains under the optimized
condition (r = ropt). Finally, we quantify the system’s resilience to practical imperfections
by evaluating squeezing under extreme conditions: complete blockage of the inter-stage
idler beam and the introduction of a discrete path delay corresponding to the adjacent-
pulse interval. Collectively, this work bridges the gap between ideal cascaded models and
systematic imperfections, offering a framework for designing robust and practical quantum
sensing systems.

2. Theoretical Methods
The schematic diagram is shown in Figure 1, where the NLI consists of OPA1 and

OPA2. The signal âs and idler âi, with corresponding amplitudes |α⟩ and |β⟩, are injected
into the OPA1; the input–output relationship of the parametric process can be expressed
as [16,17] ,

as1 =G1 âs + eiφ1 g1 â†
i , (1)

ai1 =G1 âi + eiφ1 g1 â†
s , (2)

where G1 and g1 with G2
1 − g2

1 = 1 are the amplitude gains of OPA1, the signal input is in a
coherent state, and the idler input can be either in a coherent or vacuum state. φ1 is the
relative phase of the input field of OPA1.

Figure 1. Schematic diagram of NLI based on two OPAs. OPA1-2, optical parametric amplifier; Ds(i),
detector. The signal field âs and idler field âi are injected into OPA1 with a coherent state |α| > 0
and vacuum state |β| = 0, respectively. The beam splitters at the dashed lines are used to model
the photon losses in the system, thereby introducing the corresponding vacuum noise (v̂1, v̂2, v̂s, v̂i).
After OPA2, the final intensity difference signal It is output via differential detection.

In practice, internal losses between the cascaded parametric amplifiers inevitably
degrade the quantum correlation. By incorporating the standard beam splitter (BS) model
with transmission efficiencies η1 and η2, the intermediate field operators propagating into
OPA2, denoted by â′s1 and â′i1, are linearly coupled with vacuum noise. Consequently, the
input–output relationships of OPA2 (with a phase shift φ2) can be directly expressed as:

âs2 =G2 â′s1 + eiφ2 g2 â′†i1
=Gs âs + gs â†

i +
√

1 − η1G2v̂1 +
√

1 − η2eiφ2 g2v̂†
2, (3)

âi2 =G2 â′i1 + eiφ2 g2 â′†s1

=Gi âi + gi â†
s +

√
1 − η2G2v̂2 +

√
1 − η1eiφ2 g2v̂†

1, (4)

where G2 and g2 with G2
2 − g2

2 = 1 are the amplitude gains of OPA2, v̂1 and v̂2 denote
the vacuum fields coupled via the unused BS ports. The effective amplitude gains of the
cascaded system are given by

Gs =
√

η1G2G1 +
√

η2ei(φ2−φ1)g2g∗1 , gs =
√

η1eiφ1 G2g1 +
√

η2eiφ2 g2G∗
1 , (5)

Gi =
√

η2G2G1 +
√

η1ei(φ2−φ1)g2g∗1 , gi =
√

η2eiφ1 G2g1 +
√

η1eiφ2 g2G∗
1 . (6)
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The generated signal and idler fields were measured using detectors Ds and Di. The average
photon number Is(i) and the photon-number fluctuation ∆I2

s(i) of the signal (idler) fields are
converted to the direct current (DC) and alternating current (AC) of Ds and Di, respectively.
When the transmission and detection efficiencies of the detectors are ideal, the average
photon numbers of the signal and idler fields can be written as

Is =⟨â†
s2 âs2⟩, ∆I2

s = ⟨(â†
s2 âs2)

2⟩ − ⟨â†
s2 âs2⟩2, (7)

Ii =⟨â†
i2 âi2⟩, ∆I2

i = ⟨(â†
i2 âi2)

2⟩ − ⟨â†
i2 âi2⟩2 (8)

In practical experimental scenarios, the output fields from the NLI experience additional
propagation losses and non-ideal quantum efficiencies, collectively characterized as detection
efficiencies ηs and ηi. Modeling these imperfections via standard BS transformations, the
field operators arriving at the detectors, denoted by b̂s and b̂i, are coupled with vacuum noise
operators v̂s and v̂i. The measured average photon numbers are thus given by

I
′
s =⟨b̂†

s b̂s⟩ = ηs Is = ηs(|Gs|2|α|2 + G∗
s gsα∗β∗ + g∗s Gsαβ + |gs|2(|β|2 + 1) + |g2|2(1 − η2)), (9)

I
′
i =⟨b̂†

i b̂i⟩ = ηi Ii = ηi(|Gi|2|β|2 + G∗
i giβ

∗α∗ + Gig∗i αβ + |gi|2(|α|2 + 1) + |g2|2(1 − η1)), (10)

and the intensity noise of the individual signal and idler fields are written as

∆(I′s)
2 =⟨(b̂†

s b̂s)
2⟩ − ⟨b̂†

s b̂s⟩2 = η2
s ∆I2

s + ηs Is − η2
s Is, (11)

∆(I′i )
2 =⟨(b̂†

i b̂i)
2⟩ − ⟨b̂†

i b̂i⟩2 = η2
i ∆I2

i + ηi Ii − η2
i Ii, (12)

When measuring the IDS generated by the NLI, the practical response functions of
the detection system must be carefully considered. We characterized the overall response
functions of the two detectors as Qs(Ω) and Qi(Ω), where Ω represents the radio frequency.
The DC response of the detectors, Qs(i)(0), is fundamentally determined by their quantum

efficiencies through the relation Qs(i)(0) =
eηs(i)
h̄ω , where e is the elementary charge, ηs(i) is

the detection efficiency of Ds(i) (if the transmission efficiency is ideal, ηs(i) is the quantum
efficiency of the detector), and h̄ω is the photon energy. Conversely, the AC response
Qs(i)(Ω) in the high-frequency regime (Ω ̸= 0) is governed not only by the intrinsic high-
frequency response of the respective photodiodes Ds(i)(Ω) but also by the electronic gain
of the subsequent radio-frequency amplifiers As(i)(Ω). To accurately evaluate the degree
of IDS, characterizing the asymmetry between the two detection channels is crucial. For
convenience, the AC response ratio r between Ds and Di is defined as

r(Ω) =
ηs As(Ω)Ds(Ω)

ηi Ai(Ω)Di(Ω)
(Ω ̸= 0) (13)

Experimentally, r can be optimized by adjusting As or Ai. The measured intensity difference
operator for the twin beams is then formulated as Ît = b̂†

s b̂s − rb̂†
i b̂i. Consequently, the

intensity difference noise variance is evaluated as

∆I2
t =⟨(b̂†

s b̂s − rb̂†
i b̂i)

2⟩ − ⟨b̂†
s b̂s − rb̂†

i b̂i⟩2 = ∆(I′s)
2 + r2∆(I′i )

2 − rHsi − rHis, (14)

where Hsi and His denote the quantum correlation terms. Normalizing this variance against
the shot noise limit (SNL) yields [13]

Rt =
∆I2

t
∆(I′cs)

2 + r2∆(I′ci)
2 =

∆(I′s)2 + r2∆(I′i )
2 − rHsi − rHis

I′s + r2 I′i
, (15)
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where ∆(I′cs,ci)
2 = I′s,i represents the corresponding SNL of the detected signal and idler fields.

The analysis in this paper is conducted under the single-mode theory, although pulse-
pumped fiber parametric processes are fundamentally multimode in nature, characterized
by intricate joint spectral functions and multi-frequency coupling. A single-mode theo-
retical framework is implemented here as a primary formulation to transparently distill
the foundational physics of cascaded quantum interference and loss compensation [29].
To study the factors affecting the intensity noise Rt, we first consider that OPA1 is phase
non-sensitive, that is, |α| ≫ 0, |β| = 0. At this point, the output intensity of the NLI varies
with the relative phase φ2 between OPA1 and OPA2. To obtain the IDS, the phase should
be locked to the position of the bright beam, that is, φ2 = 0. Assuming that the inter-stage
transmission efficiencies η1 and η2 are ideal, the ratio r is equal to 1, and by varying the
detection efficiencies ηs and ηi, the variation of Rt with g1 and g2 is shown in the contour
maps in Figure 2. The efficiencies of Ds and Di can each independently be 85% or 80%, and
the contour lines reflect the partial IDS values. As shown in Figure 2a, when the efficiencies
of Ds and Di are both fixed at 85%, the values of IDS can reach a relatively large value within
the range where g1 and g2 are both greater than 1. As the amplitude gains increase, the
increase in the IDS values gradually slows down. However, in Figure 2b,c, the unbalance
in the detection efficiency causes the IDS value to take a larger value within a certain gain
range. Comparing Figure 2b,c, it can be seen that when the detection efficiency of the
signal beam is lower than that of the idler beam, it is easier to obtain a larger IDS value.
This is because we assume that the injected signal field has |α⟩ > 0, and the parametric
amplification process in the NLI adds excess noise to the signal beam.

Figure 2. Numerical simulation of the IDS as a function of the amplitude gain factors g1 and g2

for r = 1 under different detection efficiencies (a) ηs = ηi = 85%, (b) ηs = 85% and ηi = 80%,
(c) ηs = 80% and ηi = 85%. The dashed lines represent the specific contour levels of squeezing in the
logarithmic scale.

From Equation (15), we can infer that Rt is related to the given values of η1, η2, ηs, ηi,
g1 and g2. Rt can take the extreme value when the ratio r takes the optimized value:

ropt =
(I′i ∆I′2s − ∆I′2i I′s)±

√
(I′i ∆I′2s − ∆I′2i I′s)2 + I′i I′s(Hsi + His)2

I′i (Hsi + His)
(16)

According to the above expression, we plotted Rt as a function of g1 and g2 by
maintaining the same detection efficiency combinations as in Figure 2. Figure 3 illustrates
the simulated IDS contour maps for r = ropt. As illustrated in Figure 3a, with the efficiencies
of Ds and Di symmetrically fixed at 85%, the IDS level is monotonically enhanced with
the increase of g1 and g2. Although the overall evolution profile is consistent with that in
the r = 1 case, using the optimized gain ratio enables the system to achieve equivalent
squeezing levels at lower parametric amplitude gains. The introduction of unbalanced
detection efficiencies yields the distinct profiles shown in Figure 3b,c. In contrast to the
unoptimized condition, the IDS level continuously improves as both amplitude gains scale
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up. Furthermore, the exact equivalence of the squeezing contours in Figure 3b,c verifies
that applying the optimal gain ratio r = ropt makes the intensity noise Rt independent
of the specific assignment of channel efficiencies. Consequently, this inherent symmetry
provides the system with enhanced robustness against asymmetric channel losses.

Figure 3. Numerical simulation of the IDS as a function of the amplitude gain factors g1 and g2

for r = ropt under different detection efficiencies (a) ηs = ηi = 85%, (b) ηs = 85% and ηi = 80%,
(c) ηs = 80% and ηi = 85%. The dashed lines represent the specific contour levels of squeezing in the
logarithmic scale.

A comparison between Figure 2 (r = 1) and Figure 3 (r = ropt) elucidates the physical
mechanism by which the optimized ratio preserves the squeezing performance under
unbalanced conditions. For balanced detection efficiencies [Figures 2a and 3a], the contour
maps are qualitatively similar, as the symmetric channel configuration yields an optimal
ratio approaching unity (ropt ≈ 1). However, in the presence of asymmetric detection
losses, the squeezing characteristics exhibit a significant departure, most notably in the
high-gain regime. When fixing r = 1 under these conditions [Figure 2b,c], the excess noise
from the parametric amplification process introduces a substantial unbalance between the
twin beams. As g1 and g2 scale up, this noise asymmetry accelerates the deterioration of
quantum correlations, confining high IDS levels to a narrow, low-gain region. Conversely,
by adopting r = ropt [Figure 3b,c], the differential photon losses are effectively compen-
sated in the electronic domain. Consequently, the degradation in the high-gain regime is
substantially suppressed, enabling the system to sustain strong quantum correlations and
achieve improved IDS performance across a broader parameter space.

In fact, in NLI-based applications for quantum precision measurement and quantum
sensing, the optical loss inevitably introduced by inserting the probe sample between
two amplifiers has a critical impact on the overall performance. Such samples are placed
between the two OPAs and can introduce either symmetric or asymmetric inter-stage losses.
In extreme cases, one of the arms may become completely opaque. Figure 4 illustrates
the dependence of IDS on the amplitude gains g1 and g2 under three distinct inter-stage
efficiency configurations, assuming detection efficiencies of 85% for both channels, and
the ratio r is optimal (r = ropt). Figure 4a depicts an asymmetric loss scenario (η1 = 100%,
η2 = 50%) where the sample attenuates only the idler arm. Although the quantum
correlation of the output field from OPA1 is partially attenuated, a high degree of IDS (e.g.,
exceeding −7.95 dB under current conditions) is still preserved in the high-gain regime,
demonstrating the robustness of the NLI when coupled with optimal gain tuning. The
results of the extreme sensing case, where the sample is completely opaque (η1 = 100%,
η2 = 0%), are shown in Figure 4b. Physically, the complete absorption in the idler arm
entirely severs the quantum correlation established by the OPA1. Consequently, OPA2 is
seeded by the amplified signal field from OPA1 but is driven by a vacuum state in the idler
port. This phase-insensitive amplification of uncorrelated noise degrades the squeezing,
confining the optimal IDS to a reduced parameter space and requiring a gain unbalance
to achieve quantum advantage. Finally, Figure 4c shows the symmetric loss (η1 = 50%,
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η2 = 50%), similar to a balanced sensing configuration where the sample imparts equal
attenuation to both arms. A comparison between Figure 4a,c reveals that while symmetric
attenuation introduces a higher internal loss, the trend of the IDS contours remains similar.
Ultimately, these results indicate that while inter-stage attenuation inevitably constrains
the maximum achievable IDS values, we can strategically extract the optimal quantum-
enhanced measurement sensitivity by carefully tailoring the parametric gain regime.

Figure 4. Numerical simulation of the IDS as a function of the amplitude gain factors g1 and g2 for
r = ropt and detector efficiencies of ηs = 85% and ηi = 85%. (a) Asymmetric inter-stage transmission
efficiency with η1 = 100% and η2 = 50%. (b) Asymmetric inter-stage transmission efficiency with
η1 = 100% and η2 = 0%. (c) Symmetric inter-stage transmission efficiency with η1 = 50% and
η2 = 50%. The dashed lines represent specific contour levels of squeezing in the logarithmic scale.

To evaluate the practical application of the NLI, it is essential to account for the in-
evitable optical path delay introduced by placing a physical sample between two OPAs.
During the inter-stage propagation, these fields experience asymmetric transmission ef-
ficiencies η1 and η2, evolving into the intermediate fields â′(j)

s1 and â′(j)
i1 (which implicitly

incorporate the corresponding vacuum noise contributions). Furthermore, introducing an
interval ∆T between two adjacent pulses in the idler arm corresponds to a phase shift eikL

and causes the j-th pulse of the signal to couple with the (j − 1)-th pulse of the idler at
OPA2. Equations (1)–(4) can be replaced with

â(j)
s1 = G1 â(j)

s + eiφ1 g1 â(j)†
i , â(j)

i1 = G1 â(j)
i + eiφ1 g1 â(j)†

s , (17)

â(j)
s2 = G2 â′(j)

s1 + eiφ2 eikLg2 â′(j−1)†
i1 , â(j−1)

i2 = e−ikLG2 â′(j−1)
i1 + eiφ2 g2 â′(j)†

s1 . (18)

The superscript (j) denotes the pulse index. After calculation, Equations (5) and (6) can be
expressed as

Gs =
√

η1 G2G1 +
√

η2 ei(φ2−φ1)eikLg2g∗1 , gs =
√

η1 eiφ1 G2g1 +
√

η2 eiφ2 eikLg2G∗
1 , (19)

Gi =
√

η2 e−ikLG2G1 +
√

η1 ei(φ2−φ1)g2g∗1 , gi =
√

η2 eiφ1 e−ikLG2g1 +
√

η1 eiφ2 g2G∗
1 . (20)

It can be seen that, within the framework of single-mode theory, the optical path delay
effectively introduces an additional phase shift eikL to the NLI amplitude gain factors. The
subsequent calculations of the output port intensity and noise are similar to those without
delay; they only require an analysis of the impact of the theoretically introduced phase
shift on IDS.

To isolate the effect of this inter-stage delay on the IDS and exclude the influence of
system losses, we assumed an ideal inter-stage transmission efficiency and fixed the detec-
tion efficiencies of 85% for both the signal and idler. Without loss of generality, Figure 5a,b
illustrate the dependence of the IDS on g2 for different delay lengths L introduced in the
idler arm. The selected lengths corresponded to the absence of a sample (L = 0 m), a short
sample length (L = 0.1 m), and a distance approximating the separation between adjacent
mode-locked pulses in the fiber (L = 4.08 m), respectively. Here, g1 is fixed at a relatively
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high value of 5, to ensure strong quantum correlations in the output fields of OPA1. While
Figure 5a depicts a symmetric gain ratio configuration (r = 1), Figure 5b shows the optimal
case (r = ropt). A comparison revealed that the difference in the IDS values was noticeable
only in the low-gain regime, and the curves converged and became almost indistinguish-
able at higher gains. Notably, the ideal zero-delay case (L = 0 m) maintains maximum
squeezing. A short delay (L = 0.1 m) destroys the temporal overlap of the interacting pulses
in OPA2, severely degrading the IDS. However, setting L = 4.08 m effectively recovers the
squeezing by synchronizing the delayed idler with the subsequent pump and signal pulses.
The slight deviation between the L = 4.08 m and L = 0 m curves arises because 4.08 m
is an approximated separation, which introduces a minor temporal mismatch, leading
to incomplete mode overlap and a slight reduction in interference efficiency. Figure 5c,d
present an alternative strategy for scenarios in which precisely tuning r to ropt is experi-
mentally challenging. By adopting a symmetric coherent state injection (|α| = |β| > 0),
OPA 1 operated effectively in a phase-sensitive regime. Under this condition, the simplified
symmetric configuration (r = 1) [Figure 5c] achieves a performance identical to that of the
optimally tuned configuration (r = ropt) [Figure 5d]. In essence, rather than optimizing the
ratio r, this approach relies on modifying the input light to make the OPA1 phase-sensitive,
which consequently shifts the experimental requirement to rigorous phase stabilization.
Through calculations based on our theoretical models, we established that the relative
phases of the input fields for both OPA1 and OPA2 must be precisely locked to 0, which
corresponds to the bright fringe condition. Despite the increased complexity of phase
management, attaining an optimal IDS remains experimentally feasible, provided that the
phase-locking system is sufficiently stable.

Figure 5. Numerical simulation of the IDS as a function of g2 for different delay lengths L introduced
on the idler arm between OPA 1 and OPA 2. The selected lengths correspond to the absence of a
sample (L = 0 m), the introduction of a short sample (L = 0.1 m), and a distance approximating the
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separation between adjacent mode-locked pulses in the fiber (L = 4.08 m). (a,b) Single-mode
coherent input (|α| > 0, |β| = 0), corresponding to a phase-insensitive OPA1, under r = 1 and
r = ropt, respectively. (c,d) Symmetric two-mode coherent input (|α| = |β| > 0), corresponding to a
phase-sensitive OPA1, under r = 1 and r = ropt, respectively.

3. Experimental Demonstration
The experimental setup for generating the IDS state based on the NLI is illustrated

in Figure 6. The pulse train generated by a mode-locked laser (repetition rate 50 MHz,
central wavelength 1560 nm) was filtered and divided into a pump field, an injected signal,
and an idler field. The pump field was further split to drive OPA1 and OPA2. Both OPAs
consisted of 150 m of dispersion-shifted fiber (DSF1 and DSF2) and coarse-wavelength
division multiplexers (CWDMs). To suppress spontaneous Raman scattering, the DSFs
were immersed in liquid nitrogen at 77 K. The pump pulses for both OPAs (Pump 1 and
Pump 2) shared a central wavelength of 1549.32 nm and a 3 dB bandwidth of 0.5 nm, and
were amplified by using erbium-doped fiber amplifier (EDFA). For OPA1, the injected
signal (1532.5 nm) and idler (1566.5 nm) fields, each with a bandwidth of 1.2 nm, were
multiplexed with Pump 1 via CWDM1 and launched into DSF1. OPA1 can operate as either
a phase-insensitive or phase-sensitive amplifier (PIA/PSA) by selectively injecting the idler
field via a flip mirror (F). After separation from Pump 1 via CWDM2, the correlated signal
and idler fields generated by OPA1 were directly injected into OPA2 to drive it as a PSA.
Prior to entering OPA2, Pump 2 was phase-modulated by a piezoelectric transducer (PZT),
recombined with the OPA1 output via CWDM3, and co-propagated through DSF2. Finally,
the output fields from the NLI were separated by CWDM4 and directed into a balanced
photodetector (Thorlabs PDB450C). The generated photocurrents, is and ii, were directly
subtracted to yield the difference current it. This signal was amplified by a transimpedance
amplifier (TIA), low-pass filtered (LPF), and routed to a data acquisition (DAQ) system
to measure intensity-difference noise fluctuations. The SNL baseline was calibrated by
illuminating the detector with coherent pulses from the same mode-locked laser. A linear
fit of the measured noise variance against varying incident optical powers was performed
to establish the 0 dB reference, which was then applied to the twin beams by accurately
matching their DC photocurrents.

Figure 6. Schematic of the experimental setup based on an all-fiber NLI and a differential detection
system. ∆T is the time interval between two adjacent pulses. OPA1-2, optical parametric amplifier;
CWDM1-4, coarse wavelength division multiplexing; DSF1-2, dispersion-shifted fiber; SMF, single-mode
fiber; BS, beam splitter; F: flip; M, mirror; T, terminator; PZT, piezoelectric transducer; VOA, variable
optical attenuator; TIA, transimpedance amplifier; LPF, low-pass filter; DAQ, data acquisition.

We measured the IDS evolution of the output beams as a function of OPA2 pump
power across various OPA1 idler intensity gains, controlled by adjusting the respective
pump powers P1 and P2. During co-injection into OPA2, the seed power of OPA1 was
actively adjusted alongside its intensity gain to maintain constant output signal and idler
powers of 0.4 µW. The inter-stage transmission efficiencies (η1 and η2) were 65% and 67%,
while the detection efficiencies (ηs and ηi) were 87% and 85%, respectively. To optimize the
electronic gain ratio r for each measurement, we finely tuned the pre-detection transmission
efficiencies of the signal and idler beams by mechanically adjusting the fiber coupling and

https://doi.org/10.3390/photonics13080724

https://doi.org/10.3390/photonics13080724


Photonics 2026, 13, 724 10 of 14

monitoring the noise variance in real-time to maximize the IDS, which had a negligible
impact on the measured squeezing level.

As illustrated in Figure 7, the IDS evolution was measured across OPA1 idler intensity
gains of g2

1 = 0, 2, 4, 9, and 27, with the OPA2 pump power (P2) increasing from 0 to
5 mW. For g2

1 = 0 (P1 turned off), OPA1 merely transmits the coherent signal and idler
fields, rendering OPA2 a PSA with coherent-state injection. As P1 increases, the fields
injected into OPA2 gradually transition into correlated beams. At P2 = 0 mW, the data
points reflect the initial degree of correlation from OPA1, which evidently strengthens
with higher P1. In the low-power regime (P2 ≤ 1 mW), higher initial correlation yields
a stronger final IDS, indicating that the correlation of OPA1 dominates the evolution of
the entire system and effectively enhances the squeezing performance. However, as P2

increases further, the dynamics diverge. Notably, for P2 ≥ 1 mW, the IDS for the highest
initial correlation (g2

1 = 27) degrades rapidly. Conversely, at P2 = 3 mW, the coherent-
state injection (g2

1 = 0) achieves the optimal IDS of −5.85 ± 0.16 dB. For P2 > 3 mW, this
disparity amplifies, with high-gain configurations degrading significantly faster than their
low-gain counterparts. These dynamics reveal a fundamental competition between the
initial correlation, intensity noise, and amplifier gain saturation. While ideal theoretical
models suggest that higher injected correlation should unconditionally improve the final
IDS, practical cascaded amplification dictates that output intensity noise increases sharply
with OPA1 intensity gain. At higher P2, the excessive initial intensity noise accompanying
a high OPA1 intensity gain (e.g., g2

1 = 27) begins to dominate. The superposition of
high gains from both OPAs exacerbates gain saturation in OPA2, which impairs quantum
interference and severely degrades the measurable squeezing. Consequently, producing
high-quality IDS states via cascaded amplifiers cannot solely rely on pursuing highly
correlated inputs; mitigating the intensity noise of the injected fields is equally imperative.
Ultimately, maximizing the final IDS requires injecting fields with an optimal balance of
high correlation and low intensity noise, alongside a precise distribution of gain between
the two amplifiers.

Figure 7. IDS as a function of the average pump power P2 for various idler intensity gains g2
1 of OPA1.

For the baseline measurement at g2
1 = 0, pump P1 was turned off, and the coherent signal and idler

beams were injected simultaneously into OPA1. As g2
1 increases (g2

1 > 0), the external idler injection
is blocked, and P1 is turned on. The solid gray line denotes the SNL. Note that the IDS values shown
are raw measured data without any loss correction.
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Despite precise parameter optimization, the optimal IDS of −5.85 ± 0.16 dB remains
inherently constrained by broadband multimode dynamics that extend beyond the single-
mode framework. Multimode theory dictates that minimizing intensity-difference noise
requires perfect spectral matching between the interacting fields [29]. In practical all-fiber
systems, however, high-peak-power pulses induce significant spectral broadening via
self-phase and cross-phase modulation, thereby degrading this matching condition. Fur-
thermore, broadband parametric processes exhibit a nonfactorable joint spectral function,
distributing quantum correlations across multiple frequency modes. Because the pump
pulses undergo independent nonlinear reshaping in each OPA stage, the gain profile of
OPA2 cannot perfectly overlap with the multimode quantum state generated by OPA1.
Consequently, differential detection integrates over these mismatched modes, effectively
averaging down the measurable squeezing. Together with the excess noise of mode-locked
lasers, higher-order FWM, and gain saturation, these multimode effects limit the maximum
achievable squeezing below the single-mode theoretical predictions.

For practical quantum sensing applications, placing a sample within the NLI inher-
ently introduces inter-stage transmission losses and path delays in the signal and idler arms.
First, we investigate the extreme scenario of inter-stage loss by completely blocking the
inter-stage idler arm, utilizing a variable optical attenuator (VOA). As previously described,
transmission efficiencies were fine-tuned for each measurement to optimize the IDS. By
varying P1, the OPA1 idler intensity gain was set to g2

1 = 0, 2, 4, 9, and 27, transitioning the
OPA2 injection from a single-arm coherent state to a single-arm thermal field. Simultane-
ously, the power of the signal seed for OPA1 was actively adjusted to maintain a constant
0.4 µW injection into OPA2. Figure 8a illustrates the measured IDS as a function of P2 under
these conditions. Across all gains, the squeezing initially improves with P2, reaches an
optimum, and subsequently degrades. Higher OPA1 gains introduce excessive thermal
noise, thereby deteriorating the overall squeezing. Optimal squeezing typically occurs at P2

between 3 and 4 mW; notably, configurations with g2
1 = 0 and 2 achieve squeezing levels

approaching −6 dB, consistent with Figure 7. Beyond 4 mW, gain saturation degrades the
squeezing across all conditions. Crucially, these results indicate that higher injected thermal
noise significantly narrows the optimal P2 range for sustaining high-quality squeezing.

Figure 8. Dependence of the IDS on the average pump power P2 under different idler intensity gains
g2

1 of OPA1 in the following two cases: (a) The idler beam between the two stages is blocked. (b) A
4.08 m standard single-mode fiber (SMF) was inserted into the idler arm between the two OPAs to
introduce a delay corresponding to one pulse interval. The solid gray line denotes the SNL. Note that
the IDS values shown are raw measured data without any loss correction.

Next, we characterized the dependence of the IDS on P2 by introducing a physical
delay of one pulse interval in the inter-stage idler arm. A 4.08 m standard single-mode fiber
(SMF) was inserted to emulate the inherent optical path delay caused by a sensing sample.
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With g2
1 again set to 0, 2, 4, 9, and 27, the IDS evolution is presented in Figure 8b. Similar

to the blocked-arm scenario, the squeezing exhibits an initial enhancement followed by
degradation as P2 increases. Higher OPA1 intensity gains gradually reduce the maximum
achievable IDS, which is attributed to the amplification of delay-induced excess noise.
Specifically, introducing a delay of one pulse interval causes the delayed idler and the
current signal to originate from independent vacuum fluctuations. This pulse-to-pulse
decorrelation introduces uncorrelated excess noise that cannot be fully canceled by standard
differential detection, thereby establishing a limit on the achievable squeezing level. The
optimal squeezing generally occurs at approximately 3 mW of P2, approaching −6 dB for
low-gain injections (g2

1 = 0, 2). Conversely, extreme intensity gains (e.g., g2
1 = 27) severely

limit the optimal squeezing to approximately −3 dB. For P2 > 3 mW, the squeezing
degrades uniformly across all conditions due to OPA2 pump depletion, gain saturation,
and higher-order FWM generation. These experimental observations align with theoretical
predictions [29], confirming that accurate modeling of high-gain fiber parametric devices
must incorporate these saturation and higher-order nonlinear mechanisms. Collectively,
both sets of results demonstrate a key characteristic: operating OPA1 at a lower gain is
essential for maintaining high-quality, stable IDS over a broader P2 operational range.

4. Summary and Conclusions
In summary, formulated within a single-mode framework, this study presented a

theoretical and experimental investigation of the generation and optimization of IDS states
within an all-fiber NLI system. We systematically analyzed the physical mechanisms under-
lying squeezing degradation and revealed that practical imperfections, namely, asymmetric
detection efficiencies and inter-stage path delays, trigger severe excess noise mismatches in
the high-gain regime. To overcome this bottleneck, we analytically derived and verified an
optimal electronic gain ratio that restores system symmetry and effectively compensates for
differential photon losses, thereby obtaining optimized squeezing levels across a broad gain
range. Furthermore, our experimental results elucidate the complex interplay between the
initial field correlation, gain allocation, and pump saturation effects. By demonstrating that
maintaining a precisely balanced, lower-gain state in OPA1 is indispensable for mitigating
thermal noise, we provide a strategy for parameter optimization. Beyond our specific
fiber implementation, this gain–noise trade-off reflects universal design challenges for
gain-assisted nonlinear photonic systems. The joint control of gain, nonlinear dynamics,
and noise demonstrated here provides a conceptual framework applicable to other architec-
tures, such as active-microcavity solitons where stable frequency comb formation requires
similar coordinated optimization [31]. Together, these theoretical insights and experimental
demonstrations offer a reliable resolution to noise mismatch issues in cascaded configura-
tions, highlighting the distinctive potential of the NLI as a stable, loss-tolerant architecture
for integrated quantum sensing.

While the current single-mode framework successfully isolates the primary physical
mechanisms of quantum noise compensation, the intrinsic spatiotemporal dynamics of
pulse-pumped parametric processes in optical fibers inherently extend beyond this ap-
proximation. As established in multimode theories for single-stage OPA [29], parameters
such as the joint spectral function and temporal mode matching strictly govern individual
beam noise and final collection efficiency. Although our framework provides an excellent
qualitative account of experimental trends, the precise quantitative squeezing levels are
further modulated by these multimode effects. Therefore, incorporating these multimode
dynamics into the NLI framework is essential for a rigorous quantitative description of
realistic all-fiber quantum sensors. Future investigations will expand our theoretical model
into the multimode regime to accurately capture these broadband interactions. Ultimately,
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building upon the noise compensation strategies and parameter optimization protocols
established herein, subsequent research will focus on advancing these integrated interfero-
metric schemes toward practical implementation in precision metrology.
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