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Abstract

Quantum sensing leverages quantum resources to enable ultra-precise measurements
beyond classical limits, driving transformative advancements in metrology. Optical fiber
quantum sensing, integrating optical fiber sensing with quantum technologies, enhances
measurement precision and sensitivity from multiple perspectives, such as exploring
high-sensitivity optical fiber sensing installations and generating high-quality optical fiber
quantum states. Following decades of comprehensive investigations and remarkable
advances in optical fiber quantum sensing technology, this review systematically examines
research achievements in this field through two complementary perspectives: one is the
basic principle of generating optical fiber quantum states and their applications in sensing
and the other is optical fiber quantum interferometers and their applications in sensing.
Finally, examine current opportunities and challenges as well as the future development of
optical fiber quantum sensing.

Keywords: optical fiber sensing; quantum states; optical fiber quantum interferometers;
sensitivity

1. Introduction

Optical fiber sensors offer several significant benefits, including their compact size,
ease of operation, immunity to electromagnetic interference, and high reliability [1-3]. They
are commonly utilized for precise measurements of pressure [4], temperature [5], refrac-
tive index [6], strain [7], and curvature [8,9] and find extensive applications in medicine,
aerospace, manufacturing, and national defense. The working principle of optical fiber
sensing technology is that when light is transmitted to the sensing element, the optical fiber
sensor is affected by the measured external parameters (such as temperature, refractive
index, strain, etc.), causing the light wave parameters (intensity, wavelength, frequency,
phase, etc.) in the optical fiber to be modulated. After modulation, the signal is then
sent to a detector for conversion, and the processing system analyzes the signal to extract
information about the external parameter being measured, fulfilling the sensing function.
By leveraging the fact that the properties of light in optical fibers are altered by external
factors, a variety of types of sensors with excellent sensing capabilities can be developed
and successfully commercialized.

Elevating measurement sensitivity opens new pathways to decoding fundamental
natural phenomena while identifying faint signals or nanoscale materials that remain
indetectable with standard approaches (for example, gravitational waves [10,11], weak
magnetic field [12], charge [13]). There is no doubt that the precision of optical fiber sensing
in the classical field is limited by the shot noise limit (SNL): ﬁ, where N represents the
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count of repeated measurements and, when detecting physical quantities with a light
field, N is the fluctuation in the number of photons in the detection beam. Its presence
causes signals that are weaker than its amplitudes of noise to go undetected. The advent
of lasers has enabled the rapid development of quantum optical technology. Quantum
sensing, through quantum systems, utilizes quantum properties (such as quantum en-
tanglement, quantum coherence, and squeezed states) to achieve measurement precision
break through the SNL, significantly enhancing the sensitivity and precision of quantum
sensors [14-19]. As a result, it can be extensively utilized in areas such as gravitational
wave detection [20,21], microscopy [22], and biological detection [23]. Although quantum
sensing has prospects and advantages in many aspects, the vast majority of research is
still at the stage of principle and experimental demonstration, lacking mature and easily
exercisable practical applications. The integration of quantum technology with optical fiber
sensing is anticipated to usher in a new era for the real-world use of quantum sensing
technology. The optical parametric amplifier based on the second-order nonlinear effect
(x?) of nonlinear crystals is an effective device to generate quantum light sources [24-26].
Although the third-order nonlinear effect (x(®)) in optical fibers is much weaker than the
second-order nonlinear effect (x(?)), optical fibers have the advantage of a long nonlinear
action length. Therefore, the third-order nonlinear effect (x(®)) in optical fibers can also
generate quantum light sources. In addition, the Kerr effect in optical fibers can generate
the polarized squeezed light [27-29]. Quantum light sources generated by optical fibers can
be well effectively coupled with high-performance optical fiber couplers, filters, and polar-
ization control devices. This integration minimizes optical loss during the quantum sensing
implementation, promoting the miniaturization and practical use of quantum light sources.

By utilizing the property of light transmitted through optical fibers, which can be easily
influenced by external factors, a variety of sensors with excellent sensing capabilities can be
created [30-33]. According to the working principle, they can be classified into two types.
One is the incoherent sensor: there is no interference effect of light in the structure [34,35]
and the measured physical quantity directly changes the parameters of light. Another type
is the coherent optical fiber sensor: there is an interference effect of light in its structure.
A variation in the measured physical quantity will affect the interference properties of the
light. The output light field of the interferometer contains all the information such as the
frequency, phase, and amplitude of the detected light field, and its signal-to-noise ratio
(SNR) is higher than that of direct measurement. The coherent-type optical fiber sensor is an
effective sensing tool. Most quantum sensing systems and optical fiber sensing installations
are constructed based on interferometers (Sagnac interferometer [36,37], Mach-Zehnder
interferometer [19,38], Michelson interferometer [20,39,40], etc.). Coherent-type sensors
have the advantage of high measurement precision and can be widely applied in scenarios
that require high precision.

This paper reviews the current research status of quantum sensing based on optical
fibers. The structure of this paper is as follows: Section 1 highlights the importance
of optical fiber quantum sensing for high-precision measurements. Section 2 presents
the fundamental principles and experimental findings related to quantum light sources
produced by optical fibers, along with several applications in optical fiber quantum sensing.
Section 3 focuses on quantum sensing that employs optical fiber interferometers and its
various applications. Lastly, Section 4 discusses future perspectives and opportunities for
the advancement of quantum sensing using optical fibers.

2. Preparation and Application of Quantum States in Optical Fibers

In this section, we first summarize the quantum characteristics of quantum light fields
and then introduce two methods for generating quantum light fields in optical fibers and



Photonics 2025, 12, 763

30f29

their basic principles, including the four-wave mixing optical parametric process based
on third-order (x®)) nonlinearity and the Kerr effect. We also review the system and
experimental progress of generating quantum light fields in optical fibers, including the
generation of quantum-correlated beams and squeezed states.

2.1. Properties of Quantum States

Squeezed state—with the maturation of quantum optical states, researchers have
discovered a non-classical quantum state (squeezed state) in which the fluctuation noise of
a certain quadrature component is lower than that of the SNL. It has the following form:

A

S() = exp[%(@*flz —a'?), (1)

where 4 and 4" are the annihilation and creation operators of electromagnetic fields in
quantum mechanics, respectively. { = re' is the squeeze parameter, r is the degree of
squeeze, @ is the squeezed angle of the squeezing direction, and the squeezed operator ()
has the following properties:

$'(0)a8(7) = acoshr —a'esinhr,

)
SY(0)a's(g) = a'coshr —ae " sinhr. ?)

The annihilation operator 4 is a non-Hermitian operator that cannot be measured
directly, but the annihilation operator of the states can be obtained by measuring its
quadrature amplitude X = (4 + 4") and quadrature phase Y = —i(4 — 4%). In particular,
AX = 1and AY = 1 represent the vacuum state |0) and coherent state |a), which are
the least uncertain states. There is no doubt that the squeezed stated also satisfies the
Heisenberg uncertainty relation AXAY > 1. Interestingly, AX < 1 and AY > 1 (the
squeeze angle § = 0) is the quadrature amplitude squeezed state, while AX > 1 and
AY < 1 (the squeeze angle 6 = 1) is the quadrature phase squeezed state. The phase space
quadrature component fluctuation of quantum states is shown in Figure 1.

(a) (b) (©)

Y Y Y

(d) (e)

X
Figure 1. The phase-space distributions of the states. (a) Coherent state. (b) Vacuum state. (c) Vacuum-
squeezedstate. (d) Quadrature phase squeezed state. (e) Quadrature amplitude squeezed state [41].

The form of the SNL makes it clear that the SNL can be reduced by increasing the
intensity of the detection light field. This is one of the methods to improve measurement
sensitivity in the classical field, such as the earliest Laser Interferometer Gravitation Wave
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Observatory (LIGO) [10,11]. However, enhancing the light field’s intensity also introduces
additional radiation-pressure shot noise [42], which is a part of the standard quantum limit
(SQL). Thus, the characteristic of squeezed state, where one of the quadrature components
has less fluctuation than vacuum noise, enables the definite detection of signals that
are lower than the SNL. This feature has absolute effectiveness in breaking through the
SQL in quantum optics and is widely applied in quantum metrology [19,43], quantum
sensing [44], and other fields [25,45-48]. Squeezed state fields can be generated through
several methods, including the Kerr effect in optical fibers [49], polarization self-rotation in
atomic ensembles [50], and optical parametric processes [51,52].

Entanglement state—when the output of a quantum system is a dual-mode light field,
although both their quadrature amplitudes and phase fluctuations are greater than the SNL
(AX,; > 1and Af/s,i > 1), the sum of their quadrature amplitudes or the difference between
their quadrature phases is less than the SNL ({(AX; + AX;)?) — 0, ((AYs +AY)?) —
oo;0r {(AYs — AY;)?) — 0, ((AXs — AX;)?) — o). Such a dual-mode squeezed state is
called a quantum entanglement state. The entanglement state can be directly generated by
a nondegenerate parametric amplifier or obtained by the linear superposition of two single-
mode squeezed states with the same frequency. O. Morin et al. experimentally achieved a
mixed entanglement state of continuous variables and separated variables through type I
and type Il optical parametric oscillation cavitys [53]. T. Eberle et al. generated a continuous
variable entanglement state by using the parametric down conversion of nonlinear crystals,
and its inseparability was 10.45 dB lower than the SNL [54]. There is a strong correlation
between entangled light fields, which can be widely applied in quantum teleportation [55],
quantum sensing, and quantum precision measurement.

The intensity-difference squeezed state—when the fluctuation of the intensity differ-
ence between the two light fields generated by the quantum system is less than the SQL
({((A%(Is — I)) < 1, = X?), itis called the intensity-difference squeezing light field or twin
beam. Nondegenerate optical parametric processes (including nondegenerate parametric
down-conversion and four-wave mixing) are effective methods to generate intensity differ-
ence squeezed states [56,57]. Due to the quantum intensity correlation between the signal
idler light in them, they can be effectively used for quantum imaging sensors [58] and other
fields [59,60].

The polarized squeezed state—at least one Stokes component of a quantum system’s
output light field is lower than the quantum noise limit. The Stokes component of polar-
ized squeezing light corresponds to the spin component of an atom and can be used as a
quantum memory or quantum information processor [61]. F. Wolfgramm et al. utilized
polarized squeezed light with a degree of 3.6 dB and improved the sensitivity of an optical
magnetometer based on the Faraday effect by about 3.2 dB [62]. Professor J. M. Wang's
research group conducted an experimental study on enhancing the SNR of spin-noise
spectra using polarized squeezed light [63]. G. Leuchs’s research group utilized the non-
linear Kerr effect of optical fibers and generated pulsed-polarized squeezed light through
an asymmetric optical fiber Sagnac interferometer [49]. Furthermore, the Stokes operator
is a conjugate variable that can be fully measured in direct detection (the measurement
device is shown in Figure 2), and the measurement is relatively simple. It has significant
application prospects in the construction of quantum networks [64,65].
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Figure 2. Measurement schemes for the Stokes operators’ variances. Note: The sum of the intensities
of the quadrature polarization components of the output light is the Stokes parameter $y. After pass-
ing through the polarization beam splitting prism, the difference in the intensities of the quadrature
polarization components of the output light is the Stokes parameter Sy [49].

The polarized squeezing light field can be prepared by coupling the quadrature
amplitude squeezed state and a strongly coherent light with polarization perpendicular to
a polarized beam splitting prism; it has the following form:

So = alay+ajay,
S ata, — a;ay,
$ By + )iy,
S5 = i(aja, —alay), 3)

with the commutation relation of [ﬁo, §j] =0, [ﬁi, éj] = 2i8,{i,j,k} = 1,2,3. Non-zero
means that these two operators cannot be measured simultaneously, and the uncertainty re-
lationships of the variance of operator are ViV, > | (S5) |2, V3Vp > | (S) |2, VoV3 > | ($1) |2,
where V; = <§]2> — <§ j>2. One of the Stokes variances is not only lower than the coherence

limit but also lower than their respective minimum uncertainty limits (V;V, = |<§3> 2,
V3V = [(S2) 2 Vs = }<§1>\2) [66]:
Vi <{(S1) <Vij#k#L )

When a linearly X-polarized quadrature amplitude squeezed beam (AX, < 1, AYy > 1)
overlaps with a linearly Y-polarized coherent beam with the same intensity (AX,, = Af/y =1),

(So) 202,($1) = 0,(S) = 2a%,(53) = 0;
VW > 0,3V >0,V >1, 5)

the normalized variance is
- - AX+1

>1, (6)

VO = <1,

o AY+1
N 2

<

; in this situation Sy, 1, and S, are squeezed. Sy is conjugate to S, and S is

where V] =T

anti-squeezed.

]
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When the polarized squeezing light field is prepared by coupling a linearly X-polarized
quadrature amplitude squeezed beam (AX, < 1, AYy > 1) with a linearly Y-polarized and
equally intense quadrature amplitude squeezed beam (AX,, < 1, Affy > 1) on a polarized
beam splitting prism,

<§0> = 20(2, <§1> =0, <.§2> = 20(2, <S3> =V,
Vo = M=Wh=AX<1V;=AY>1, ?)
in this situation, Sy, S1, and S, are squeezed to the same extent as a single amplitude

squeezed beam to be ideal light sources in quantum information. Their more intuitive
uncertainty is shown in Figure 3.

Figure 3. The variances of different polarization squeezed states. (a) Coherent states are represented
by spherical uncertain volumes. (b) Coupling of quadrature amplitude squeezed state optical fields
and vacuum states; only the squeezing below the coherence limit is observed, while no antisqueezing
exists, indicating that no polarized squeezed light is generated. (c) By coupling the quadrature
amplitude squeezed state light field with the coherent state or the quadrature amplitude squeezed
state, respectively, the squeezing relative to the coherent beam can be observed [49].

In the above, we summarize the commonly used single-mode and multimode quan-
tum states in optical fiber quantum sensing, revealing their reliability in achieving high-
sensitivity single- and multi-parameter sensors. The introduction of the characteristics
of different quantum states can help us deepen our understanding of the quantum light
source generated by the fiber optic quantum sensing experimental system shown in the
following content. Table 1 highlights the enhancements in the performance of the quantum
sensing platform by certain quantum states.

Table 1. The performance metric of quantum sensing technology.

The Improvement of

Years Quantum Devices Quantum States P: hseiCIZ{eSiL::t(ii t SNR (SNRI)
y y Compared to SNL
2010 [62] Ooro the polarized squeezed optical magnetometer 3.2dB
state 3.6 dB P & '
2014 [67] FWM in atomic ensemble entanglement state phase 4.1dB
micro-electro-
2015[18] FWM in atomic ensemble entanglement state mechanical-systems 4dB
cantilever displacement
2019 [20] DOPO squeezed state 7.2 dB gravitational 3dB

waves (LIGO)
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Table 1. Cont.

The Improvement of

Years Quantum Devices Quantum States P}rll* };?Cgeéil::g t SNR (SNRI)
y y Compared to SNL
2020 [22] FWM in atomic ensemble entanglement state P atgrmc 3dB
orce microscope
2020 [19] DOPA squeezed state 5.57 dB phase 4.86 dB
3 dB/advances the
record of SNR so far
2025 [68] PA dual pairs of entangled dlstr1butgd achieved in
twin beams phase sensing photon-correlated

interferometers by three
orders of magnitude

2.2. Generation of Quantum States in Optical Fibers Based on Four-Wave Mixing Process

The optical parametric amplifier process based on the second-order nonlinear effect
(x'?)) of crystals is an effective device for generating squeezed states and entanglement
states. Although the third-order nonlinear effect ( x®)) on optical fibers is much weaker than
the second-order nonlinear effect, the long nonlinear action length of optical fibers enables
the four-wave mixing (FWM) process based on third-order nonlinearity to also generate
quantum light sources such as entanglement states and intensity difference squeezed states.
The fiber optic parametric amplifier (FOPA) amplifies the signal lights by utilizing the
FWM in the optical fiber, and its structure is shown in Figure 4.

Injecting the strong pump light and the weak signal light together into the optical fiber
gives the optical fiber as the nonlinear medium. When they satisfy the phase matching
condition, the signal light will be amplified by the pump light and at the same time
generate idler light that has a phase conjugate relationship with the signal light. The FWM
process is prone to occurring in optical fibers and usually requires the pump light to be a
single-frequency laser; then, the light field satisfies the energy conservation relationship
(2wp = ws + w;) and the momentum conservation relationship (2k, = ks + k;). The input-
output relationship of FOPA follows the Bogoliubov transformation [69]:

Bs,i = Gﬁs,i + gﬁ:'r,s/ ®)

where G = cosh(x(®|4, |2T),g = sinh(x(® |4, |2T) and |G]* — [g]* = 1, |4, |2 is the
intensity of pump light, T = nL/c is the action time in the optical fiber, and L is the length
of the optical fiber in FOPA.

When the injected light is the coherent state |a) and the idler light is the vacuum state

|0), the noise of the quadrature components of the output signal and the idler light of the
FOPA is

(M%) = (B) = G2+ &2, ©)
when the amplifier gain G > 1, the quadrature component noise is all higher than the
SNL. However, due to the strong correlation between the output signal and idler light,
the correlated noise can be removed in measurement by coherent addition or coherent

subtraction. The normalized noise fluctuation of the quadrature amplitude difference and
the quadrature phase sum between the two output fields are

<A25<_> = <A2(Xs—Xi)>:(G—g)2,
(W7,) = (M(V+1)) = (G-, (10)



Photonics 2025, 12, 763

8 of 29

it is obvious that the output state of FOPA is an entanglement state light based on para-

metric processes, and the degree of entanglement can also be characterized by the degree

of inseparability:

(R ()
2

it can quantitatively reflect the degree of quantum -characteristics possessed by

I (G—-g)? <1, (11)

entanglement states.

FOPA
Amplified

L, &S /b\s signal
Input X

signal
__) Residual
Pump Pump
> —_
Generated
idler

Figure 4. A typical diagram of the non-degenerate phase-insensitive FOPA. The pump light (Pump)
and the weak signal light (Signal) are injected together into the optical fiber. The output of the
optical fiber includes the amplified signal light (Amplified signal), the newly generated idler light
(Generated idler), and the residual pump light (Residual pump) [70].

The normalized intensity noise of the output signal and idler light of FOPA are
Rs = R; = G? + ¢* [70]; the noise characteristics of FOPA are usually described by the
noise figure (NF) NF = 1+ (g;—zz Combining the quantum operators of the differential
current (f; = btbs — rlAJ;r b;, r represents the ratio of the alternating current response during
the detection process) in the correlation detection process of the two light fields (i.e., twin
beams) generated by FOPA, the normalized intensity difference noise (i.e., the degree of
intensity difference squeezed state) of the twin beams can be obtained as

R — A(L)?
Y Ny
ML)+ PPA(L)? — 2rGRgR a)?
N Is + r2I;
1
1 G
Ri= —— (r = topt = =), 13
t (G +9)2 (r = ropt g) (13)

where (I;;) = <3§,il35,i>' Although the intensity noise of the signal light or idler light
of FOPA is significantly higher than the SNL, the fluctuation of the intensity difference
between the signal and the idler light generated by FOPA is lower than the SNL.

The twin beams generated by FOPA have the characteristic of intensity difference
squeezing and the quadrature components of the generated signal and the idler light
have entanglement characteristics. Optical fibers have the performance of lower loss in
transmitting optical fields, which is conducive to the long-distance implementation of
quantum technology. Therefore, it is of great practical significance to generate a quadrature
amplitude entanglement state and intensity difference squeezed state in optical fiber sys-
tems [71-74]. As early as 1986, R. Shelby et al. generated quadrature amplitude squeezed
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states with a squeezed degree of 0.6 dB by using the degenerate parametric amplifier pro-
cess of optical fibers [75]. However, due to the influence of Raman noise and others, it was
not until 2001 that ]. Sharping et al. improved the squeezed degree of intensity difference
squeezing generated by optical fibers to 1.1 dB [56]. Since then, researchers have devoted
themselves to the generation and application research of quantum correlation light sources
based on different optical fibers and have achieved good experimental results [76-80].

X. S. Guo et al. [57] demonstrated a compact and stable pulse intensity difference
squeezed dual-beam based on an all-optical-fiber system. High-gain FOPA was achieved
by pumping a 300 m long dispersion-shifted fiber (DSF) with a mode-locked fiber laser.
The experimental setup is shown in Figure 5a. An optical fiber mode-locked laser (with
a central wavelength of 1560 nm, a frequency bandwidth of 40 MHz, and a pulse width
of approximately 150 fs) was used to generate both the signal and pump light through
grating splitting to maintain coherence. A 90:10 fiber coupler was employed to couple
90% of the pump pulses (with a central wavelength of 1550 nm) and 10% of the signal
pulses (with a central wavelength of 1570 nm) into the DSF, generating intensity difference
squeezed light. The signal and idler lights were then coupled into free space via a fiber
collimator and the degree of intensity difference squeezing of the generated twin pulse
beams was assessed used a direct differential detection method. When the average power
of the injected signal light was 1.2 mW and the average power of the pump light was
1.7 mW, the intensity difference squeezed degree was 2.6 dB at 3 MHz (as shown in
Figure 5b). The effects of injection wavelength, pump bandwidth, and temperature on
the twin pulse beams were discussed. After the gain optical fiber was cooled by liquid
nitrogen, the temperature drop suppressed the noise caused by Raman scattering in the
DSF. When the temperature of DSF was below 77 K, the injection power was 2 pW, and the
gain g = 56, the system achieved the best intensity difference squeezed degree of 3.1 dB (as
shown in Figure 5c). This advancement not only facilitates the implementation of quantum
communication protocols within existing fiber networks but also has potential applications
in high-precision measurement and sensing.

In addition, X. S. Guo et al. demonstrated an experiment of generating quadrature
amplitude entangled light field at 1550 nm using a FOPA composed of two coarse wave-
length division multiplexers (CWDMs) and a 300 m long DSF. The pump and the injected
seed (with central wavelengths of 1552.5 nm and 1569 nm, respectively) were coupled
into the DSF by CWDM1 [81]. The DSF served as the nonlinear medium to conduct the
FWM process, generating signal and idler beams with entanglement. After separating
the amplified signal and idler beams by CWDM?2, the noise variances of the quadrature
phase and quadrature amplitudes of the individual signal or idler beam were measured
by homodyne detection systems (HDs/HDi) (as shown in Figure 6a). The noise variance
of the difference and sum of the quadrature amplitudes between the pulse dual beams
were approximately 1 and 0.8 dB below the SNL (as shown in Figure 6b, considering the
efficiency, they were corrected to 4.2 and 3.6 dB, respectively). The obtained inseparability
was I = 1.63 (as shown in Figure 6¢), indicating that the generated entanglement state
satisfied the Einstein-Podolsky—Rosen (EPR) criterion. This scheme has the potential to be
developed into all-optical-fiber devices and is of great significance for practical applications
in continuous variable quantum sensing.
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Figure 5. (a) The experimental configuration of a pulsed twin beam system using all-optical fiber.
(b) (i) The noise level of the different photocurrents for the twin beams, (ii) SNL, (iii) electronic noise.

(c) The noise reduction R; = I? /12 in relation to gain g for an injection power 2 pW with the DSF at a
temperature of 77 K [57].
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Figure 6. (a) The generation of continuous variable quantum entanglement. FOPA consisted of
two CWDM s and a 300 m long DSF. (b) The variances A2X_and A?Y, were plotted as a function of
the pump power, with the injected seed power set at approximately 2 nW. (c) The inseparability of
twin beams was analyzed in relation to the average pump power [81].

It is obvious that the entangled degree of the entanglement states and the squeezed
degree of the intensity difference squeezing generated by the above-mentioned FOPA
have not reached a very high level, which is affected by Raman scattering and the lower
detection efficiency of the measurement system. Y. H. Liu et al. focused on addressing these
unfavorable factors in the FOPA system, optimized the dual-beam light source, further
enhanced the intensity difference squeezed degree, and achieved a record intensity differ-
ence squeezed degree of 6.1 dB in the FOPA [82]. W. Zhao et al. achieved the time-domain
measurement of the intensity difference squeezing of the two pulsed beams generated in
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optical fibers through a fast-response differential detection system. The intensity difference
squeezed degree of 3.8 dB (8.1 dB after correcting the detection loss) was measured in the
time domain. This study provides support for the generation of multimode entanglement
states in time-division multiplexing in optical fiber systems [83]. J. M. Li et al. used a
high-gain phase-sensitive amplifier (PSA) to assist a balanced, pure difference detector in
measuring the continuous variable entanglement state. They simultaneously coupled the
two entangled fields produced by the pulse-pumped FOPA into the PSA and found that
the normalized noise for both the difference and sum of the quadrature amplitudes of the
two entangled fields was approximately 4.6 dB below the SNL [84]. In addition, quantum
noise was usually coupled into the system by the internal degree of the amplifier during the
amplifying process. Coupling the squeezed state or entanglement state with the internal
degree could suppress the additional noise [85]. X. S. Guo et al. adopted the method of
injecting the entangled beams generated by the FOPA into another FOPA. By making the in-
put signal and idler light field in the second FOPA have quantum entangled characteristics,
they could achieve destructive quantum interference, thereby reducing noise. The output
noise of the signal and the idler light field was further reduced by 0.7 dB and 0.84 dB,
respectively [86].

Many excellent achievements have been reported in quantum sensing experiments
using entangled beams as sensing light. J. Kong et al. generated an entangled light through
a parametric amplifier, in which one beam interacted with the physical quantity that affected
the phase of light and then superimposed with another beam in a linear beam splitter,
which was them eliminated through interference. The phase measurement sensitivity broke
through the SNL [87]. C. Raphael et al. utilized the entangled light field generated by the
FWM process of the rubidium atom gas as the sensing light source. This was combined with
the micro-electro-mechanical-systems cantilevers (MEMSCs) to measure the displacement
sensitivity of the MEMSCs. The displacement of the MEMSCs beyond the SNL was 4 dB,
achieving a quantum MEMSC sensor [18]. R. C. Pooser et al. also used the entangled
light generated by the FWM process of the rubidium atom gas as the sensing light to
measure the displacement of an atomic force microscope microcantilever, achieving the
first practical application of nonlinear interferometry. The quantum noise was lower than
the SNL by about 3 dB, corresponding to the displacement of the quantum, enhanced by
about 1.7 fm/+/Hz [22]. These studies were all based on atomic ensemble or second-order
nonlinear parametric processes to achieve quantum sensing. There are also reports on
optical fiber quantum sensing that generates entangled light based on FOPA systems.

H. L. Wang et al. [88] conducted experiments to showcase a quantum-enhanced
tapered optical fiber sensor that utilized intensity difference squeezed light along with a
traditional tapered optical fiber design (as shown in Figure 7a). A sensing beam, derived
from a pulsed dual-beam generated by a FOPA, was coupled into the tapered optical
fiber sensor, which was formed by connecting two tapers to a single-mode optical fiber.
This sensing beam was then measured in conjunction with a reference beam that passed
through a variable optical attenuator (VOA). The curvature and temperature were measured
simultaneously. Since the pulsed dual-beam was intensity difference squeezed light, it
effectively improved the SNR and sensitivity of the tapered optical fiber sensor. The VOA
was introduced into the reference beam to achieve two kinds of measurements: one was
a balanced measurement where the intensity of the sensing and the reference beams
were exactly equal and the other was an unbalanced measurement where the intensity
of the sensing and the reference beams were different. The squeezed degree of intensity
difference squeezed light generated by the FOPA was 2.9 dB (as shown in Figure 7b).
The SNR of curvature sensing was maximally improved by about 1.10 dB under balanced
measurement conditions and 0.98 dB under unbalanced measurement conditions. The
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SNR of temperature sensing was maximally improved by about 1.14 dB under balanced
measurement conditions and about 0.64 dB under unbalanced measurement conditions
(as shown in Figure 8). This quantum-enhanced tapered optical fiber sensor demonstrates
greater sensitivity and has potential applications in surface plasmon resonance sensing and

humidity detection.
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Figure 7. (a) Experimental setup. The light source was a femtosecond laser (with an average power of
104 mW, pulse width of 65 fs, and repetition frequency of 50 MHz). FOPA consisted of two CWDMs
and one DSF. The lengths of the first and second tapers in the tapered fiber structure were 300 pm
and 400 pum, respectively, with a distance of 1.2 cm between the two tapers. (b) The noise power of
the intensity difference [88].
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Figure 8. The relationship between the degree of intensity difference squeezing (DS) and curvature
examined under (a) balanced detection conditions and (b) unbalanced detection conditions. Addi-
tionally, the dependence of DS on temperature was analyzed under (c) balanced detection conditions
and (d) unbalanced detection conditions. The balanced detection condition occurred when the ref-
erence beam was reduced to the same intensity as the sensing beam; if not, it was referred to as
the unbalanced detection condition. In balanced detection conditions, the two beams could more
effectively eliminate quantum noise, resulting in improved sensitivity [88].
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2.3. Generation of Quantum States in Optical Fibers Based on Kerr Effect

The Kerr effect based on the third-order nonlinearity of optical fibers causes the
refractive index of the material to change with the variation of optical power when light
propagates in the material:

n=mng+nyl (14)

where n the refractive index in optical fibers and I is the intensity of light.

As different amplitudes undergo different rotations in the phase space, the phase of
the light field is modulated, the noise between the quadrature components of the light is
reduced, and the coherent state is converted to the squeezed state (as shown in Figure 9).
Researchers have also paid considerable attention to theoretical and experimental research
on generating quantum states based on the Kerr effect in optical fibers [28,89-94].

Figure 9. Schematic representation of the effect of a Kerr medium on a single mode in the phase
space. ¢ is the polar angle in phase space [95].

R. F. Dong et al. [96] conducted an experiment to generate a polarized squeezed state
using ultrasort photonic pulses passing through a birefringent fiber in a single pass (as
shown in Figure 10). Ultrashort pulses with the same optical power were coupled into two
quadrature polarization axes x and y of a 13.2 m long polarization-maintaining (PM) fiber
(with a nonlinear refractive index of 1, = 2.9 x 1072 m?/W). Due to the Kerr effect of
optical fiber, two independent Kerr squeezed beams were obtained at the output end of the
optical fiber. Birefringence compensators were utilized to give them a relative phase shift of
7. Stokes measurements were carried out using a half-wave plate % and a polarization beam
splitter. Theoretical analysis revealed that if A>Sy < | (S5) | = a2, a polarized squeezed state
was generated. A28y = a?2A?X, indicated that the noise of the Stokes parameter Sp was
connected to the noise of the Kerr squeezed mode at the same angle, and the noise statistics
of the optical fiber squeezed state could be directly described by measuring the polarized
squeezed state. The experiment measured the maximum squeezed degree observed at an
energy of 98.6 pJ, which was 6.8 dB. Meanwhile, experimental evidenced that depolarizing
guided acoustic wave Brillouin scattering (GAWBS) led to a decrease in squeezing at lower
pulse energies. Beyond the soliton energy of approximately 120 pJ, the decline in squeezing
was attributed to Raman effects. Furthermore, the measurement system did not require
local light. Quantum noise detection could be achieved by directly measuring the output
light of the optical fiber. Besides reducing detection loss, it was also conducive to improving
the stability of the measurement system and reducing the measurement difficulty, which
can further enhance the sensitivity of quantum sensing.
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In the above-mentioned practical measurements, the quantum states generated by the
Kerr effect in the optical fiber had lower noise than those generated by the FWM in the
optical fiber. Employing optimized photodiodes with all-fiber architectures suppresses
signal attenuation to improve squeezing levels; the precision trimming of waveguide length
may further improve quantum state squeezed degree.

Stokes measurements
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Figure 10. Experimentalsetup for efficient polarization squeeze generation. The central wavelength
of the pulsed light was 1.5 pm with a bandwidth of 19 nm (pulse width of 140 fs, repetition frequency
of 163 MHz). The squeezed angle is fsq (the rotation angle of squeezed quadrature relative to
amplitude quadrature).

The loss during the quantum state transmission process will greatly reduce its noise
suppression degree. When generating quantum states by the optical parameter amplifi-
cation process and the Kerr effect in optical fibers, the loss of the optical fiber system is
lower. Compared with the method generated by second-order nonlinear crystals, it has the
advantage of being easier to couple into optical fibers, which also minimizes loss during
the transmission process. F. Kaiser et al. [97] conducted the first squeezing experiment
entirely based on optical fiber components at a telecom wavelength, achieving the collection
and transmission of the squeezed light using only telecom fiber components. On the one
hand, this provided a more compact and stable nonlinear optical device. On the other
hand, there was no need for the calibration work of spatial pattern matching, with direct
modification possible by connecting additional optical fiber components. This paved the
way for universal experiments of continuous variable quantum sensing. If optical fiber
nonlinear technology can replace the waveguide nonlinear technology in this scheme, a
practical, all-optical-fiber quantum sensing system may be achieved [97,98].

3. Optical Fiber Quantum Interferometer in Quantum Sensing

Optical interferometers or the interference effects of light are effective and widely
used measurement methods in the field of optics. A number of studies have proved
that interferometers have high measurement precision that is difficult to surpass through
direct detection. With the maturation of quantum technology, interferometers tend to
construct high-precision structures and optimize anti-loss mechanisms. This section reviews
the relevant research on all-optical-fiber nonlinear interferometers, optical fiber Sagnac
interferometers, and optical fiber Mach—Zehnder interferometers in quantum sensing.
There are mainly two methods for quantum sensing based on optical fiber interferometers:
one is combining the quantum source generated by the nonlinear process in the optical
fiber with the optical fiber interferometer to achieve material measurement; the other is
combining the quantum source generated by other nonlinear processes with the optical
fiber interferometer. Both of these two methods are covered in this section.

3.1. The All-Optical-Fiber Nonlinear Interferometer

The phase difference between the two beams in an interferometer is highly sensitive
to the changes in physical quantities that affect the two interference paths. Therefore, high-
precision quantum sensing measurements have been achieved for biological tissue [99],
displacement [18,22,100], phase [101], and angular rotation measurement [102]. With the
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increasingly high demand for sensing precision, researchers not only use quantum light
fields as sensing light beams but also continuously design and optimize the structure of
interferometers to achieve higher sensitivity and precision [17,19,67,103], further expanding
the application scope of quantum sensing.

The nonlinear interferometer was proposed by Yurke et al. [104] in which the nonlinear
beam splitter is used to replace the linear beam splitter of the traditional interferometer.
The entanglement state light is generated by the first nonlinear beam splitter (NBS1).
By applying the entangled signal and idler light as the sensing light, the signal of the
measured object (the signal generated by the phase or amplitude modulation of the light
during the interaction process between the measured object and the light field) can be
loaded onto the entangled beam. Then, the two beams of light carrying the measured
signal are simultaneously input into the second nonlinear beam splitter (NBS2). There is
quantum entanglement between the signal and the idler light output by NBS1, when the
two light beams interfere in NBS2, the correlated noise is coherently eliminated, reducing
the output noise and achieving quantum-enhanced precision measurement. Processes
such as parametric down conversion and FWM can be used as a nonlinear beam splitters.
The gain characteristics of nonlinear parametric processes are affected by the phase rela-
tionship between the two levels of NBS and exhibit nonlinear interference effects; thus,
this device is called a nonlinear interferometer. In recent years, there have been many
quantum enhanced sensing experiments based on nonlinear interferometers [67,105,106].
Y. H. Liu et al. [107] also utilized a nonlinear interferometer based on the FWM process
in FOPA to achieve multi-parameter measurement and joint measurement beyond SNL.
Taking the nonlinear interferometer based on OPA as an example (as shown in Figure 11),
introducing the basic principle of its measurement precision can help us deepen our under-
standing of the measurement performance and anti-loss characteristics of this nonlinear
interferometer (NLI).

iSccd - I, ™M o .. HDI ;

=|opal Signal —lopa Signal out Bé}_q ] Vs
i G, g | /\ldler 2 G,, & | Idler out B%,- - }}HD’
s P s - HD2 )

Entangled source

Figure 11. Phase measurement schemes by OPA-based NLI. BS, beam splitter with transmission effi-
ciency of 1 — 57 was used to model non-ideal detection efficiency; HD;_;, homodyne detection [107].

When applying homodyne detection (HD) to measure phase sensing, the measured
quantities are the signal and noise power of the quadrature amplitude (phase) of the output
state. The noise fluctuation of the quadrature phase of NLI's output states are (& = )

<A2Y/HD1> <Y12{D]> - <YHD1>2
= (G162 — 2192)* + (§1G2 — G192)?, (15)

contracting to Equation (9), we find that the noise suppression ratio of NLI is

(G1G2 — 8182)* + (81G2 — G1£2)?
(G2 +g2)?
(G —g1)% <1, (16)

Rnrr =

Q
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the nonlinear interferometers can achieve noise suppression, and the SNR is
21,562
SNRpyp1 ~ ———— = 2(Gy + g1)*Ips0%. (17)
(G1—81)? 8107l

The SNR surpasses its in traditional interferometer. When only OPA2 is used for phase
measurement (G; = 1,¢1 = 0), the SNR is

47 G31ps6?

SNR =~
n(G3+83)+1—1

~ 2Ip66°%, (G > 1) (18)

it is certain that adding an amplifier prior to beam splitting will not affect the SNR of the
output signal; however, it can render the output signal less susceptible to detection loss.
As a result, NLI can attain precision measurements that surpass SNL and possesses the
ability to withstand losses from external detection.

Y. H. Liu et al. [108] utilized two FOPAs based on the FWM as the nonlinear beam
splitters to constructe a nonlinear interferometer and achieve a scheme for the simultaneous
high-precision measurement of quadrature amplitudes and quadrature phases and the
joint measurement of multiple non-commutation physical quantities in light fields. All the
sensitivities of them were beyond the SNL (as shown in Figure 12a). Each FOPA consisted
of a 300 m long DSF and two CWDMs, which were used to separate and combine fields.
The signal beam from the output of FOPA1 passed through the amplitude modulator
(AM) and the phase modulator (PM) in sequence, encoding the information onto two or
more quadrature amplitudes. The encoded signal beam and idler beam were amplified
by FOPA2 and output the signal and idler light from the output ports. When measuring
the two parameters of quadrature amplitude X;(0) (with SNR,; = 2(G; + g1)*Ips€?) and
quadrature phase X;(%) (with SNR,; = 2(Gy + §1)?I,s6°), the signal and idler output of
the interferometer were detected by HD1 and HD2, respectively. The SNR of the signal
of the measured object on the two quadrature components was simultaneously improved
by approximately 20% (as shown in Figure 12b). When jointly measuring the signals on
any quadrature components (e and &(71/4)), HD1 still measured the quadrature amplitude
components while locking the measurement object at X; (%) of HD2. The modulated signal
¢(7t/4) still showed an approximately 20% improvement of SNR at 1 MHz (as shown in
Figure 12c). This scheme also achieved a joint measurement of the three parameters ¢,
4, and ¢(7r/4) by HD1, HD2, and HD3, respectively, with their noise levels lower than
the SNL by about 20%. The scheme of multi-parameter joint measurement using NLI
could be extended to jointly measure multiple (>2) quadrature components at any angle.
This experiment made use of AM and PM to simulate the measured quantity; it also had
the advantage of being able to mix different types of waves [109-112] and objects with
signal beams to achieve practical measurement. It has broader significance and application
potential for the sensing of various physical observation quantities.

Y. H. Liu et al. [107] also employed two FOPAs, which operated based on the FWM
process, as nonlinear beam splitters to create a nonlinear interferometer for dual-beam
sensing (as shown in Figure 13a). The signal and idler light produced by FOPA1 were
loaded onto a phase modulation signal (with a frequency of 1.56 MHz and a modulation
depth of ) together by PM and then amplified by FOPA2. The outputs of the signal and
idler light from the interferometer were detected by HD1 and HD2, respectively, when they
were locked in the quadrature phase components. The results were then processed by the
joint measurement system, yielding an output signal of Yy = Yip1 + Yupa. Compared
to a traditional interferometer, this joint measurement approach enhanced the SNR of
phase measurement by approximately 3.9 dB (as shown in Figure 13b,c). The SNR of
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the joint measurement scheme surpassed that of the direct measurements from HD1 and
HD2 because it could extract subtle information that was hidden within the correlation
characteristics of the signal and idler light.
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Figure 12. (a) Experimental setup of NLI-based FOPA. (b) Joint measurement results: the blue traces
were achieved by NLI when the input power I;, = 1 nW, the intensity of probe Is = 2 nW, and the
power gains were G% =2, G% = 9. In contrast, the red traces were derived from a classical scheme
with P1 = 0 (namely, G1 = 0 and I;, = 2nW, G3 = 9). The peaks observed at 0.8 and 1.2 MHz
corresponded to the modulation signal power € (measured by HD1) and é (measured by HD2),
respectively. (c) The joint measurement results for the encoded non-orthogonal quadrature phase
amplitudes X;(0) (at 0.8 MHz) measured by HD1 and X, (%) (at 1.0 MHz) measured by HD2 [108].
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Figure 13. (a) Experimental setup of a dual-beam nonlinear interferometer based on FOPA. (b) The
power spectrum of the output signal measured by HD1 when Ips = 200 pW and G; = G, =1,
g1 = & = 0 (namely, traditional interferometer). (c) The power spectrum of the output signal of NIL
measured by HD1, HD2, and joint measurement (JM) when Ips = 200 pW, G% =25, G% =12[107].

3.2. The Optical Fiber Sagnac Interferometer

The optical fiber Sagnac interferometer is widely recognized for its capability to

measure rotation in gyroscopes [113-115]. It has been extensively utilized across various
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fields for a considerable time. The asymmetric optical fiber Sagnac interferometer is able
to achieve optical soliton squeezing [90,116]. Additionally, it has numerous applications,
including in temperature sensing [117,118], force sensing for weighing small objects [119],
strain sensing [120], biochemical sensing [121], and twist sensing [122], among others [123].
The Sagnac interferometer operates on the principle of the Sagnac effect. When two
light waves propagate towards each other in a closed optical loop, the rotation of the
loop and other factors will cause the lengths of the propagation paths of the two light
waves to be different. This results in a phase difference, creating alternating bright and
dark interference fringes. Typically, optical fiber Sagnac interferometers are constructed
by connecting high birefringence fibers in a closed loop. This setup causes the effective
refractive indices for the two polarization directions (the fast axis and slow axis or X-axis
and Y-axis) to differ, resulting in a phase difference between the two polarization modes:

® = 27BL/A (19)

where B = ny — ny is phase birefringence as a function of wavelength and temperature;
L is the length of the high birefringence optical fiber. As external physical conditions
(like temperature and stress) change, the phase difference of the transmitted light will
also vary, leading to the deviation of the interference wavelength, and a change in the
output transmission intensity. Consequently, by monitoring the movement of the central
wavelength of the transmission spectrum and the output transmission intensity, one can
assess changes in external environmental parameters.

Compared with the traditional optical fiber Sagnac interferometer, the quantum optical
fiber Sagnac interferometer has higher sensitivity and a wider application space because it
can make the noise of the sensing beam lower than that of the SNL. M. Mehmet et al. [124]
injected a squeezed optical field with a squeezed degree of 6.4 dB into the idler port of
an optical fiber Sagnac interferometer. The mode matching of each part of the system
caused a total loss of 5%. Their system achieve a quantum-enhanced optical fiber Sagnac
interferometer with a 4.5 dB improvement in the SNR of the 10 m long Sagnac interfer-
ometer. Compared with the 14% optical loss in the quantum-enhanced spatial Sagnac
interferometer in Ref. [36], the quantum-enhanced optical fiber Sagnac interferometer takes
advantage of the lower loss of optical fibers and has the potential to solve the problem
of loss severely reducing the quantum properties of quantum states. ]. Xin et al. [125]
constructed a novel, nonlinear Sagnac interferometer by substituting the beam splitter in
the conventional Sagnac interferometer with FWM technology. This new design exhibits
improved sensitivity to angular velocity compared to the traditional Sagnac interferom-
eter. M. Fink et al. [126] injected the two-photon NOON state into an optical fiber Sagnac
interferometer, achieving a quantum-enhanced measurement of the phase shift caused
by rotational motion. Although this sensor does not yet have a competitive edge over
commercial gyroscopes, it has been proven that quantum enhancement is an important
step towards achieving the ultimate measurement sensitivity of optical fiber gyroscopes.

The above are experiments on achieving optical fiber quantum sensing based on
quantum state injection into a Sagnac interferometer. H. L. Wang et al. [127] proposed
the method of combining an all-optical-fiber, dual-mode, squeezed state with a Sagnac
interferometer, achieving quantum enhancement experiments on the sensitivity of strain
and curvature sensors (as shown in Figure 14a). This experiment utilized FOPA to generate
a dual-mode squeezed state. The signal beam output by FOPA was injected into the optical
fiber Sagnac interferometer as the sensing beam. The idler beam output by FOPA was
used as the reference beam and passed through a VOA to maintain the same intensity as
the sensing beam to achieve balanced measurement. Then, they were injected into the
HD system together to measure the intensity difference noise between them. The optical
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fiber Sagnac interferometer was fabricated by splicing polarization-maintaining fibers be-
tween single-mode fibers. The squeezed degree of the intensity difference squeezed state
generated by FOPA was 2.9 dB (as shown in Figure 14b). The SNR of strain sensing was
quantum-enhanced by a maximal factor of 1.54 dB under balanced measurement condi-
tions and 1.39 dB under unbalanced measurement conditions (as shown in Figure 15a,b).
The SNR of curvature sensing is quantum-enhanced by a maximal factor of 1.31 dB under
balanced measurement conditions and 1.36 dB under unbalanced measurement condi-
tions (as shown in Figure 15¢,d). This all-optical-fiber quantum Sagnac interferometer
can be easily extended to the sensing of other physical parameters (such as temperature,
refractive index, force, and so on) and will realize many applications that require precise
sub-Poisson measurements.
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Figure 14. (a) Experimental setup of all-optical-fiber Sagnac interferometer used to perform quantum
enhanced strain and curvature sensing. FOPA consisted of two CWDMs and a DSF. (b) The intensity
difference noise power [127].
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conditions on curvature. The red dotted line represents the experimental results. The balanced
detection method achieved better quantum-enhanced results in a wide range [127].
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3.3. The Optical Fiber Mach—Zehnder Interferometer

There are primarily two kinds of optical fiber Mach—Zehnder interferometers (MZI).
One is the traditional MZI (as shown in Figure 16a), which applies two couplers to split
and combine the light beam. After the coupler splits the light into two beams, they travel
through two optical fibers over equal distances (referred to as the sensing arm and the
reference arm) before being recombined. When external factors affect the sensing arm,
they alter the phase difference between the two arms, resulting in changes to the intensity
or wavelength of the interference light. By measuring the light intensity at the output
port or the central wavelength, one can determine variations in the external parameters.
Another type is the in-line MZI [128,129], which integrates the coupler and two arms
of the traditional MZI into a single optical fiber. This compact design streamlines the
sensor’s structure and enhances stability. Notably, the in-line MZI sensor featuring a single
mode-multimode-single mode (SMS) configuration, which consists of a multimode optical
fiber spliced between two single-mode fibers, has garnered significant interest since its
straightforward manufacturing process [34,130-132]. This sensing design combines two
distinct types of optical fibers. In multimode optical fibers, various cladding modes are
excited to interfere with the core mode, but it is primarily the interference between the core
mode and the dominant cladding mode that plays a crucial role in the interference effect.
The phase difference between these two modes is

D =27(ne —ng)L/A (20)

where 7., and n.; are the effective refractive indices of the two modes, respectively, A is
wavelength of light, and L represents interference length in the sensing structure. The wave-
length dip of the interference at the minimum light intensity is

Am =27 (neo —ne )L/ (2k+1). (21)

In sensing, the measurement of external factors can be accomplished by tracking the
variation of the wavelength dip.

The interference between the core mode and the cladding mode is a mainstream
interferometer mode of the in-line MZI. Besides the SMS structure, the fused biconical taper
method in a single-mode fiber (SMF) can also facilitate this interference. Z. Tian et al. [133]
conducted a comprehensive study on a fiber refractive index sensor utilizing the tapered
fiber structure in an in-line MZI. P. Lu et al. [134] developed an in-line MZI by connecting
two tapered fiber structures in series and evaluated its capabilities for sensing temperature
and refractive index. They successfully measured both temperature and refractive index
simultaneously (as shown in Figure 16b). Wang et al. [135] introduced an MZI refractive
index sensor that employs a double tapered design. Two SMFs were tapered and fused to-
gether to create a tapered structure. The sensor demonstrated a sensitivity of 158.4 nm/RIU
within a refractive index range of 1.33-1.3792.

E Liu et al. [136] injected the squeezing light field into the optical fiber MZI to achieve
quantum-enhanced optical fiber sensing based on the optical fiber MZI (as shown in
Figure 17a,b). The squeezed vacuum state generated by NOPA was coupled into one
port of the optical fiber MZI for quantum detection. The other port received local light,
which was modulated in amplitude at megahertz frequencies to avoid low-frequency noise.
The resulting interference signal was then analyzed using balanced homodyne detection
(BHD), achieving a 2 dB reduction in phase noise below the SNR at frequencies in the tens
of kHz range (as shown in Figure 17c). This approach incorporates quantum resources into
the optical fiber MZI, showing promising applications for the high-precision sensing of
temperature, strain, and other parameters. Similarly, G. H. Kang et al. [137] utilized the
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same technique to achieve a 3 dB quantum enhancement in phase modulation measured by
the quantum-enhanced optical fiber MZI within the frequency range of 40 kHz to 200 kHz.

(a) Input (b) S-BBS L-BBS

—— Coupler
—
Fiber
Water
bath

7

Outputl  Output 2 Output

Figure 16. (a) Schematics of troditional fiber MZI. (b) The tapered fiber and two tapered fibers formed
an in-line MZI.
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Figure 17. (a) Experimental setup of the generation of squeezed vacuum states. (b) Experimental
setup for squeezed states input optical fiber MZI. (c) The phase noise of quantum-enhanced optical
fiber MZI from 30 kHz to 150 kHz. (d) The noise spectra of the quantum-enhanced optical fiber MZI
output at 150 kHz [136].

At present, there are not a large number of quantum-enhanced sensing experiments
based on in-line optical fiber MZI. If quantum technology can be successfully combined
with an in-line optical fiber MZI to achieve quantum optical fiber sensing, this will simplify
the experimental structure while achieving the highly sensitive sensing of more physical
quantities. These results from the optical fiber interferometer open the door to real-world
quantum sensing based on quantum technology [97,98].
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4. Summary and Outlook

In this review, we explored the key principles of quantum state manipulation in optical
fiber systems, which form the basis of quantum-enhanced sensing protocols. Quantum
sensing applications based on optical fiber quantum states and optical fiber interferometers
were discussed and the potential application of optical fiber systems for quantum sensing
was explored. In conclusion, whether it is the generation of quantum states based on the
third-order nonlinear effects in optical fibers or the combination of quantum states gener-
ated by other processes (such as second-order nonlinear processes and atomic ensemble
FWM processes) with optical fiber sensing technology based on the excellent coupling
ability of optical fibers, the quantum-enhanced sensing of optical fibers can be achieved
(as shown in Table 2, offering benefits compared to traditional methods when it comes to
detecting physical parameters like curvature, temperature, and strain force. Additionally,
this can also exceed classical techniques in measuring physical quantities that influence the
amplitude and phase of the optical field in a fiber). There are also many experiments on
quantum-enhanced optical fiber sensing achieved by quantum states injected into optical
fiber devices. The Y. Zhao team from Northeastern University conducted salinity measure-
ments and biosensing for protein measurement through optical fiber quantum sensors with
quantum state injection into optical fiber devices [138-140]. These research efforts have laid
the groundwork for creating sensors with high resolution and sensitivity, showcasing the
impressive capabilities of optical fiber quantum sensing systems.

Table 2. The performance metrics of optical fiber quantum sensing technology.

The Improvement

Years Quantum Devices  Quantum States Mi;?:;ilgsent PI;F lﬁclﬁeail;fg t of SNR (SNRI)
y y Compared to SNL
the intensity
difference differential .
2012 [57] FOPA squeezed state detector amplitude
3.1dB
noise variances of
quadrature
amplitude homodyne the
2016 [81] FOPA ; difference/sum of
entanglement detection the quadrature
1dB/0.8 dB ne
amplitudes
the intensity
difference homodyne .
2018 [82] FOPA squeezed state detection amplitude
6.1dB
t};eiflfrel ;ee?liléfy PSA-assisted
2020 [84] FOPA homodyne amplitude
squeezed state detection
4.6 dB
the intensity
difference differential .
2023 [83] FOPA squeezed state detector amplitude

3.8dB
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Table 2. Cont.

The Improvement

Years Quantum Devices  Quantum States Miii‘:;i?:nt Pl;r hseiclﬁeaifrf’:ii t of SNR (SNRI)
y y Compared to SNL
the intensity-
difference temperature/
2023 [88] FOPA 1.1dB/1.14 dB
squeezed state curvature
2.9dB
optical Sagnac squeezed state
2010 [124] interferometer injected 6.4 dB phase 45dB
phase amplitude
NLI based on entanglement and quadrature o
2018 [108] FOPA state components at any 20%
angle
NLI based on entanglement - dual-arm
2019 [107] FOPA state joint measurement sensing (phase) 3.9 dB
optical fiber phase shift .

2019 [126] Sagnac N.O O.N state caused by approximately
. injected . . 1.21dB
interferometer rotational motion

2023[137]  optical fiber MzI ~ Squeezed state phase 3dB

injected
optical fiber generated by

2025 [127] ' Sagnac FOPA 2.9 dB strain/curvature 154 dB/1.31 dB
interferometer

However, it is undeniable that the squeezed degree of the quantum states generated
by FOPA (or the Kerr effect) still needs an optimization journey when compared to the
15 dB squeezed degree of OPA-based, second-order, nonlinear processes. Optical fibers
offer benefits such as lower loss and easier integration with various optical beams for
generating and transmitting quantum states. However, phenomena like Brillouin and
Raman scattering in optical fibers can hinder advancements in the squeezing of quantum
states. Raman scattering and Brillouin scattering are types of non-elastic scattering that
occur in optical fibers. In nonlinear processes, when a photon from the pump field is
annihilated, it can produce a low-frequency signal photon and a phonon that meets the
requirements of momentum and energy conservation. The generation of optical phonons
during Raman scattering leads to Raman noise, while the creation of acoustic phonons
during Brillouin scattering results in Brillouin noise. For short pulse pumps with a duration
of 10 ns or less, Brillouin scattering is minimal. Raman gain depends on the average power
of the pump light and is significantly influenced by temperature. Consequently, reducing
the temperature of the fiber or using pulsed light pumping can decrease the number of
Raman photons. Additionally, achieving a large detuning phase matching that goes beyond
the Raman gain spectrum can effectively mitigate or lessen the impact of Raman noise [141].
Certain applications that face environmental interference necessitate a quantum light source
with a high degree of squeezing. This presents both opportunities and challenges. We
should anticipate advancements in squeezing levels and new applications for quantum
light sources based on FOPA or the Kerr effect.

Looking forward to the future, investigating optical fibers made from lower loss
materials, such as fluoride optical fibers, could enhance optical fiber sensing. In recent
years, optical fibers made from a combination of two-dimensional transition metal dichalco-
genides have improved the interaction between light and matter, leading to a remarkable
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increase in second harmonic generation [142]. The intensity of the second harmonic has
risen by about 300 times compared to single-layer MoS2/silica [143]. These research devel-
opments have shown that it is possible to utilize second-order nonlinear effects in optical
fibers. Achieving strong second-order nonlinear effects in optical fibers could greatly aid
methods for generating quantum states and produce higher-quality quantum resources.
The progress of integrated, miniaturized, and scalable quantum sensing platforms relies
heavily on optical fiber devices [97]. Optical fiber quantum sensing technology is at the cut-
ting edge of quantum sensing and has the potential to revolutionize precision measurement.
Ongoing advancements in system miniaturization, noise reduction, and quantum state
manipulation will be crucial for developing ultra-sensitive quantum sensors and advancing
the practical application of sensing technologies.
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