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We propose and experimentally demonstrate a quantum-enhanced fiber Mach-Zehnder interferom-

eter for low-frequency phase measurement beyond the shot-noise limit using a high-frequency

squeezing technique. The local oscillator field is amplitude-modulated in the MHz range and is

then demodulated to avoid the technical noise that occurs at low frequencies. After measurement of

the phase noise at a frequency of tens of kHz, an improvement of �2 dB relative to the shot-noise

level is achieved. Additionally, the amplitude modulation depth has no significant effect on the

phase noise improvement of the interferometer when deployed in our experimental configuration.

The current scheme introduces a quantum technique into the fiber-based measurements, particularly

for the low frequency range, and this scheme has potential applications in the high-precision fiber

sensing of temperature, strain, and various other parameters. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4973895]

Precision phase measurement is an important metrology

task. Various optical interferometers have been used to per-

form these measurements because of their high sensitivi-

ties.1–6 To date, the most sensitive detectors of this type are

the long-baseline laser interferometers that were designed

for gravitational-wave detection. Their sensitivity can reach

�10�23 e Hz�1/2 over the range from 100 Hz to 300 Hz,7

where e is the fractional length change. In recent years, opti-

cal fiber interferometers have attracted increasing attentions.

Because of their unique advantages, including compact size,

ease of deployment, high sensitivity, large bandwidth, and

low cost,8,9 fiber interferometers have been widely deployed

for sensing of strain, sound, and acceleration in various envi-

ronments, such as in oceans and on board aircraft.10–13

When a fiber or free-space interferometer is used to per-

form optical measurements, the sensitivity is ultimately lim-

ited by standard quantum noise, i.e., the shot-noise limit

(SNL). In 1981, Caves theoretically showed that the

squeezed state of light can be used to enhance interferometer

sensitivity beyond the SNL.14 Several subsequent experi-

ments have demonstrated such quantum-enhanced interfer-

ometers.15–18 In most of these experiments, the measured

signal frequencies are above 1 MHz because it is relatively

simple to achieve a squeezed state in this frequency range by

avoiding the noise that occurs at low frequencies in these

systems.19–22 However, in many practical applications, such

as position and strain sensing, the parameters to be measured

tend to vary at much lower frequencies (typically in the kHz

band). The types of technical noise in the low-frequency

band, such as electric noise, seismic noise, and thermal noise,

have prevented the application of these quantum-enhanced

interferometers for decades. Major efforts have been made to

develop low-frequency squeezed light sources.23–28 Recently,

several important technical issues in the development of low-

frequency squeezing sources have been resolved. In 2006,

Vahlbruch et al. demonstrated a coherent control scheme for

stable phase-locking of the squeezed vacuum fields from

10 Hz to 10 kHz.25 In 2012, Stefszky et al. presented a quan-

tum-noise-limited balanced homodyne detection method with

a flat shot-noise level down to 0.5 Hz.29 When using such

low-frequency squeezing sources, the noises in the audio-

band frequencies must be handled carefully. The other

approach is to use the high-frequency sidebands of the

squeezed light for the low-frequency phase measurements. A

high-frequency squeezed light source can operate in a MHz

frequency regime where the classical noise sources have mini-

mal impacts. Several theoretical schemes have been proposed

to resolve the problems with this scheme using phase modula-

tion techniques or a two-frequency interferometer.30–33

However, experimental demonstrations are still required. In

this Letter, we report the experimental demonstration of a

quantum-enhanced fiber Mach-Zehnder interferometer (MZI)

for phase measurements in the kHz band using a high-

frequency (MHz range) squeezed state. In our experiments,

the local light is amplitude-modulated (AM) at MHz frequen-

cies. The interference signal is measured by the balanced het-

erodyne detection. Using this experimental configuration, the

electronic and optical noises around the MHz modulation fre-

quency enter the measurements rather than low-frequency

noise. This method can thus technically avoid the low-

frequency noise and allow the use of squeezed light in the

MHz range to perform low-frequency measurements. When

using a vacuum-squeezed field in the MHz range, a 2 dB

phase noise improvement beyond the SNL is achieved at a fre-

quency of tens of kHz. Interestingly, the shot noise reduction
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of the interferometer does not vary with modulation depth in

the current experimental configuration.

Figure 1 shows a schematic diagram of the squeezing-

enhanced MZI. A coherent field Â0 ¼ â0eix0t at an optical

carrier frequency of x0 is initially amplitude-modulated by

an electro-optical modulator (EOM). This AM optical field

can be written as

Â ¼ â0

2
eix0t 1þ ei M sin Xtþ/ð Þ

� �

� â0

2
eix0t 1þ ei/ J0 þ J1eiXt � J1e�iXt

� �� �
: (1)

Here, the modulation signal is V ¼ V0 sin Xt, where X is the

modulation frequency, M ¼ pV0=Vp is the modulation depth,

Vp is the half-wave voltage of the EOM, / is the phase shift

induced by the EOM, and Jk ¼ JkðMÞ (k¼ 0, 1) is the kth-

order Bessel function.34 In the experiments, the modulation

depth M< 1, and the higher-order sidebands (k � 2) are rela-

tively small and can be neglected. In our scheme, X is set at

2.5 MHz to match the high-frequency squeezed state. The

maximum modulation gain is obtained when the EOM is

operating at / ¼ p=2.

The modulated coherent state Â and a squeezed vacuum

state B̂ ¼ b̂eix0t are then injected into the MZI from the

two input ports. Using a linear operator method, we obtain

â0 ¼ a0 þ dâðtÞ and b̂ ¼ db̂ðtÞ, where dâðtÞ and db̂ðtÞ are

the operator fluctuations. The mean values of dâðtÞ and db̂ðtÞ
are zero. The linear operator of a modulated coherent mode

with maximum modulation gain is

â ¼ 1

2
a0 þ dâð Þ 1þ i J0 þ J1eiXt � J1e�iXt

� �� �
: (2)

Using the matrix for a lossless 50/50 beam splitter, the

balanced heterodyne detector’s output signal is given by

ncd ¼ ĉ†ĉ � d̂
†
d̂

¼ â†â � b̂
†
b̂

� �
cos uþ i sin u b̂

†
âe�ih � â†b̂eih

� �

� 1þ J2
0

4
� J1 sin Xtþ J2

1 sin2Xt

� �
a2

0 þ a0dX̂a

� 	
cos u

þ ia0 J1 sin Xt� 1

2

� �
db̂eih � db̂

†
e�ih

� �
sin u

� 1

2
J0a0 db̂eih þ db̂

†
e�ih

� 	
sin u; (3)

where ĉ and d̂ are the annihilation operators for the light

beams after the beam splitter, h is the relative phase between

fields â and b̂, and u is the relative phase between the two

MZI channels. The product terms of the fluctuations are

omitted, given that jdâj � a0 and jdb̂j � b0. The output

mode is demodulated using a local oscillator (LO) field of

VLOðcos Xtþ /modÞ. After passing through a low-pass filter,

the generated signal is then given by

ncd ¼ �J1ða2
0 þ a0dX̂aÞ cos uþ a0J1dX̂

hþp=2

b sin u; (4)

with dX̂
h
b ¼ db̂eih þ db̂

†
e�ih. In the experiment, the phase u

is stabilized close to ð2mþ 1Þp=2 (m¼ 0, 1, 2,…). If we

define u ¼ ð2mþ 1Þp=2þ u0 with u0 � 1, then the output

signal can be written as

ncd � a2
0J1u

0 þ a0J1dX̂
hþp=2

b : (5)

In our experimental configuration, u0 is the parameter to be

measured, and this parameter varies at a frequency of several

tens of kHz. The phase error is given by

Du0 ¼ Dncd

@hncdi=@u
¼

a0J1D dX
hþp=2
b

� 	
a2

0J1

¼
D dX

hþp=2
b

� 	
a0

: (6)

In the classical case with vacuum state B̂, we have

DðdX
hþp=2
b Þ ¼ 1 and Du0 ¼ 1=

ffiffiffiffi
N
p

(where N ¼ ja0j2 is the

average number of photons). If we use a phase-quadrature

squeezed vacuum state at high frequency, we can then

achieve DðdX
hþp=2
b Þ ¼ e�r with h ¼ 0, where r is the squeez-

ing factor. Clearly, the phase noise of the MZI is improved

by a factor of e�r in the low-frequency band. This quantum

enhancement can also be achieved by inputting an

amplitude-quadrature squeezed vacuum state with h ¼ p=2.

Interestingly, we can deduce from Eq. (6) that the modula-

tion depth has no effect on the phase noise improvement

when using this scheme.

Figure 2(a) shows the quantum source used in the

experiments and Fig. 2(b) is a depiction of the experimental

setup. The squeezed state of light is produced using a nonde-

generate optical parametric amplifier (NOPA).35 The NOPA

cavity is a semi-monolithic optical resonator formed using

an a-cut wedged type-II potassium titanyl phosphate (KTP)

crystal and a concave mirror with radius of curvature of

50 mm. The NOPA is pumped using a continuous-wave

Nd:YAP/LBO (Nd-doped YAlO3/LiB3O5) laser that outputs

both 1080 nm and 540 nm waves (CDPSSFG-VIB, Yu-

Guang Co. Ltd.). The NOPA operates below the threshold in

a deamplification mode, i.e., the phase difference between

pump and injected beam is (2nþ 1)p (where n¼ 0, 1, 2,…).

In our experiments, the NOPA pump power at 540 nm is

approximately 75 mW and the signal intensity at 1080 nm is

10 mW. The output mode in the �45� (or þ45�) polarization

direction from the NOPA is a vacuum squeezed state (or

bright coherent squeezed state), which is a quadrature-phase

squeezed state (or quadrature-amplitude squeezed state).

After it passes through a half-wave plate and a polarizing

FIG. 1. Theoretical model of squeezing-enhanced MZI. Amplitude-

modulated coherent light (a) and vacuum squeezed light (b) are used in our

experimental setup. u is the relative phase between the two arms of the

interferometer. EOM: electro-optical modulator; LPF: low-pass filter.
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beam splitter (PBS), the selected vacuum squeezed field is

coupled into a polarization-maintaining fiber, which serves

as the quantum source for the fiber MZI in our experiments.

The fiber coupling efficiency is �80%. Figure 3 shows the

characteristics of the squeezed light that is coupled into the

fiber using a balanced homodyne detector. In Fig. 3(a), trace

(i) shows the SNL when measured with the squeezed light

being blocked, while trace (ii) represents the quadrature

noise in the vacuum squeezed state produced by linear

sweeping of the local oscillator (LO) phase. The experimen-

tally measured squeezing is 4 dB at 2.5 MHz, while the cor-

responding anti-squeezing is 8 dB. In the measurements, the

escape efficiency is 97.6%, the detector quantum efficiency

is 90%, and the interference efficiency is 99%. The photon

detector dark noise is 20 dB below the vacuum noise. The

broadband noise spectrum of the squeezing source is shown

in Fig. 3(b), which represents reliable performance within a

bandwidth of 100 kHz.

The fiber MZI in Fig. 2(b) is based on two 2� 2

polarization-maintaining fiber couplers with 50/50 coupling

ratios. Each MZI arm is 10 m long. Two fiber phase shifters

(PS1 and PS2 in Fig. 2) driven by a piezoelectric transducer

(PZT) are used to control the relative phase u between the

MZI arms. The half-wave voltages of both PS1 and PS2 are

11 V at 1080 nm. For enhanced precision, the optical loss in

the fiber MZI must be suppressed as far as possible.36–38 This

loss can mainly be attributed to mode mismatch when the

free-space squeezed field is coupled into the fiber. The fiber

PS also introduces non-negligible losses. In the experiments,

we use aspheric lenses with f¼ 11 mm to optimize fiber cou-

pling. The total loss is controlled to within 40(61)% in our

system. Also, the optical losses of the two MZI arms are care-

fully balanced for the phase measurements. The input coher-

ent field is amplitude-modulated at 2.5 MHz using an EOM

(waveguide modulator, EOSpace). Its half-wave voltage is

3.5 V. At the other input port, the squeezed field is injected to

produce the phase noise improvement beyond the SNL. At

the MZI output ports, the interference signal is detected using

a balanced photon-detector (BPD), which includes two

InGaAs photodiodes (ETX500, JDS Uniphase Corporation).

The low-frequency component (DC–10 kHz) from the BPD is

amplified using a servo and is then fed back to PS2 to stabi-

lize the relative phase u of the MZI. The high-frequency

component (>0.5 MHz) is sent to the lock-in amplifier for

phase-sensitive detection at a modulation frequency of 2.5

MHz using a spectrum analyzer.

In the experiments, the LO field carries an amplitude

modulation at 2.5 MHz for the phase measurements. The cut-

off frequency of the low-pass filter contained in the lock-in

amplifier is 300 kHz. At a modulation depth of 0.16, the shot

noise is 25 dB above the dark noise at the same LO power

shown in Fig. 2. The phase noise of the fiber MZI is mea-

sured by slowly sweeping the LO field phase with a linear

ramp. Phase noise measurements are performed at several

frequencies (from 30 kHz to 150 kHz with a step of 10 kHz),

and show shot noise reduction in the fiber MZI (Fig. 4(a)).

Figures 4(b), 4(c), and 4(d) show experimental results

obtained at frequencies of 30, 80, and 150 kHz, respectively.

When compared with the phase noise obtained without the

squeezing state, as shown by the black curves in Figs.

4(b)–4(d), a 2 dB phase noise improvement is achieved, as

indicated by the red curves. The measured escape efficiency,

propagation efficiency (including fiber coupling efficiency at

the MZI input ports), detector quantum efficiency, and inter-

ference efficiency are 97.6%, 60%, 90%, and 99%, respec-

tively. From Eq. (6), the theoretical quantum improvement is

calculated to be 2.4 dB, which agrees well with the experi-

mental results.

Figure 5 shows the dependence of the phase noise reduc-

tion of the fiber interferometer on the EOM’s amplitude

FIG. 3. (a) Noise power of squeezing

source, measured at a sideband frequency

of 2.5 MHz by linear sweeping of the LO

phase before it enters the interferometer.

Here, (i) is the shot noise limit; (ii) is the

quadrature noise in the vacuum squeezed

state. RBW¼ 3 kHz; VBW¼ 30 Hz; and

sweep time¼ 700 ms. (b) Noise spectra

of squeezing source within frequency

band of 100 kHz.

FIG. 2. Schematic diagram of squeezing-enhanced fiber MZI. (a)

Continuous-wave laser with 1080 nm and 540 nm outputs used to produce

squeezed light. (b) Squeezed light is coupled into the fiber MZI to measure

the low-frequency phase signal. MC1: 1080 nm mode cleaner; MC2: 540 nm

mode cleaner; ISO: isolator; NOPA: nondegenerate optical parametric

amplifier; Col: fiber collimator; EOM: electro-optic modulator; 50/50: 50/50

fiber coupler; PSs: fiber phase shifters; BPD: balanced photodetector; Lock-

in: lock-in amplifier; SA: spectrum analyzer; PI: PID servo; and HV amp:

high-voltage amplifier.
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modulation depth. In the theoretical model, the shot noise

reduction defined using Eq. (6) indicates that it is not depen-

dent on the modulation depth when using our scheme.

Experimentally, we vary the modulation depth from 0.01 to

0.16 at a measurement frequency of 80 kHz while maintain-

ing LO power at 4.15 mW. As shown in Fig. 5, the shot noise

reduction of the fiber interferometer is maintained at approx-

imately 2 dB while the modulation depth varies; this is con-

sistent with theoretical predictions.

In conclusion, we have experimentally demonstrated a

squeezing-enhanced fiber MZI for low-frequency phase

measurements. By injecting an AM coherent field and per-

forming balanced heterodyne detection, the high-frequency

(MHz) squeezed state can be used to enhance low-frequency

(kHz) phase noise measurements. A 2 dB quantum improve-

ment beyond the SNL in an audio frequency was obtained

experimentally. Also, the shot noise reduction under the

proposed scheme is independent of modulation depth. The

fiber MZI performance can be improved by further increas-

ing the degree of squeezing at the input port and suppressing

system losses. Our result broadens the potential range of

applications when using fiber-based setups for quantum-

enhanced sensing, particularly in the low-frequency range.
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