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Quantum-Enhanced Interferometer for Multiphase Sensing
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Quantum-enhanced interferometers have been widely used in single-parameter precision measurement,
and multiparameter precision measurement is the building block of numerous sensing and imaging
applications. However, it remains challenging to realize high-sensitivity multiparameter sensing without

increasing power, which is crucial for biological science. Here, we propose and demonstrate a deterministic
quantum-enhanced interferometer, where high-sensitivity multiparameter sensing is realized by effectively
squeezing noises and amplifying signals. Key technologies are essential to the results, including the parallel

and sequential use of squeezed states inside the interferometer. Notably, in the quantum-enhanced three-
arm interferometer, not only joint but also individual values of three signals are simultaneously measured
with a signal-to-noise ratio of more than 10.37 4+ 0.13 dB compared with that of the conventional
interferometer under the same phase-sensing power. These advances constitute a critical step toward
observing multiple elusive signals and give rise to a wide range of sensing and imaging applications.
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Interferometers have been exploited in ultrasensitive
measurements of phase-related observables [1]. Sub-
stantial progress in the development of interferometers
has led to a plethora of groundbreaking applications, such
as observations of gravitational waves [2]. With the
development of optical interferometers, the multiarm inter-
ferometer consists of multiple spatially separated optical
beams as the arms of interferometer [3], and is key for many
practical applications [4]. The combination of an array of
single-mode squeezed states and a multiarm interferometer
enables a large mode number to route and process multiple
optical modes for complex applications, such as Gaussian
boson sampling [5,6]. The multiarm interferometer can
collectively undertake multiparameter precision measure-
ment tasks. The multiarm interferometer can simultane-
ously measure multiple phase-related weak signals for
potential applications through parallel architecture, ranging
from multichannel optofluidic devices [7,8] to high-speed
photoacoustic sensors [9]. Therefore, the high-sensitivity
interferometer holds promise for applications in multi-
parameter precision measurement.

The sensitivity of the interferometer can be dramatically
improved by increasing the phase-sensing power. However,
high power severely disturbs the function, structure, and
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growth of living systems, and it is impossible to improve
sensitivity by increasing the power used in biological
sensing [10]. Thus, the performance of an interferometer
is ultimately limited by the inherent noise associated
with the shot noise limit (SNL), owing to photon number
fluctuations in the electromagnetic field [11,12]. Quantum-
enhanced precision measurements exploit quantum resour-
ces to increase sensitivity beyond the SNL [13], and have
great potential for both fundamental science and concrete
applications [14-16]. Great efforts have been devoted to
quantum-enhanced interferometers [17-20], where the
squeezed state enables a 3 dB sensitivity improvement
in gravitational wave detection [21,22]. Furthermore, the
capabilities of multiparameter sensing can be empowered
by using quantum technology [23-29]. The rich achieve-
ments of distributed quantum sensing in a network [30-33]
have been demonstrated, and the detection of a linear
combination of distributed phases beyond the SNL is
achieved in a truncated SU(1,1) interferometer [34]. Yet
a critical problem for biosensing today is realizing high
sensitivity for multiparameter detection without increasing
the power to avoid the photodamage limit. Moreover, while
joint sensing among different modes can evaluate the
concentration of analytes in a given area, the individual
signals provide information about local information. So far,
it is a longstanding goal to improve the multiparameter
sensitivity through quantum technology; however, it is a
key remaining challenge to achieve the high sensitivity,
and scalable and robust multiphase measurements without
increasing power. Furthermore, not only joint but also
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individual measurements of multiple elusive signals
beyond classical limits are required for much insight into
complex processes, due to the difficulty in effectively using
quantum states, jointly processing multiple parameters, and
complex configurations.

Here we demonstrate high-sensitivity multiparameter
sensing in a quantum-enhanced multiarm interferometer.
These advances are attributed to key technologies for
parallel and sequential use of squeezed states inside the
interferometer. Besides multiparticle entanglement [35-37],
the squeezed state provides an effective quantum resource to
surpass SNL [38—41]. The high-sensitivity quantum sensing
requires not only squeezing the quantum noise [42] but also
amplifying the signal [43]. On the one hand, the squeezed
states are directly generated inside the interferometer and, in
parallel, used as phase-sensing quantum states to reduce
quantum noises. On the other hand, the sequential interaction
between the probe and sample can obviously amplify the
signal strength. In this way, the noises are squeezed and the
signals are amplified simultaneously by making full use
of the squeezed states. In particular, both the joint and
individual measurements of multiple phases are achieved
beyond the classical limit, because of the parallel use of
squeezed states. Furthermore, this quantum-enhanced inter-
ferometer allows one to gain robust and scalable multi-
parameter quantum sensing. The quantum advantage of this
multiparameter sensing survives in a broad range of mode
numbers and sample losses of the interferometer.

To experimentally demonstrate the quantum superiority
of three-parameter sensing, a quantum-enhanced three-arm

— StatesS e : -
& —_— - Part I:
5 BHD: Light source

° 1 L]
° °
e 1 °

_______________________ | PPKTP

I R i

Ly = —— |\ LR B

; | ==—OPAT
02 PN ! g
U g, squeezed G

‘ \
e e el |
LN \\‘

10 S Y |
i Parallel sensing|

Part II: Quantum probes

interferometer is constructed, where three optical para-
metric amplifiers (OPAs) are directly coupled inside three
arms of the interferometer to eliminate coupling losses. The
optimal squeezing of 5.90 4= 0.10 dB is used as the original
quantum source around 2 MHz, which can be widely
applied in medical ultrasonic imaging [44]. The conven-
tional interferometer stands for the classical multiarm
interferometer with single-pass interaction between coher-
ent states and samples. On the basis of the balanced
homodyne detection (BHD) results, quantum noise floors
of 4.68 £0.16 dB are squeezed below the conventional
interferometer; meanwhile, the phase signals are amplified
via five-pass interactions. Both the joint and individual
values of the three signals are obtained simultaneously,
with a signal-to-noise ratio improvement (SNRI) of
10.37 £ 0.13 dB compared with that of the conventional
interferometer. Moreover, the interference destructive
modes are used to avoid the saturation of photodiodes
so that the high phase-sensing power is allowed. Thus, the
high-sensitivity measurements of both joint and individual
signals beyond classical limits are simultaneously realized
without increasing power, which break the tradeoff
between sensitivity and power.

A schematic diagram of the quantum-enhanced multiarm
interferometer is shown in the insert of Fig. 1. The
quantum-enhanced interferometer starts with a coherent
state followed by the first unitary matrix U; based on a
beam splitter array, multiple single-mode squeezed states,
phase accumulations with interaction number of K, the
second unitary matrix U, based on a beam splitter array,

1 Si- -
| Sequential sensing |

| Part III:
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FIG. 1.

Layout of a quantum-enhanced sensing of multiple phases. Part I includes light source for implementing U, transformation.

Part IT is parallel and sequential sensing with quantum probes of squeezed states, which corresponds to phase sensing with M squeezed
states and K-pass interaction. Part III consists of U, and BHD measurements. PPKTP, periodically poled KTiOPOy;
OPA,(i = 1,...,M), optical parametric amplifier; S;(j = 1,...,K), phase sensor; BSp, beam splitter with partial transmissivity;
BSg, balanced beam splitter with a transmissivity of 50%; BHD;(i = 1, ..., M), balanced homodyne detection. The insert is the
corresponding schematic diagram, which includes a single-mode coherent state, a first unitary matrix U;, multiple squeezed states,

phase sensing, a second unitary matrix U, and BHDs.
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and BHDs. The unitary matrix U; generates probes for
parallel sensing, and meanwhile interaction with K times
enables sequential sensing. The unitary matrix U, recom-
bines the optical modes carrying the phase signals for
interference and measurement to obtain the phase changes.
The quantum-enhanced interferometer can be used in
multiphase sensing.

The performance of the interferometer is quantified by
the sensitivity. The sensitivity can be defined as the
standard deviation of the phase quadrature by error propa-

gation, as [45] A¢ = y/(A2P)/|0(P)/dp
(A?P) = (P?) — (P)? is the variance of the probe and
the d(P)/dg is the rate of change with respect to a phase.

The joint sensitivity of multiple phases in a quantum-
enhanced interferometer is expressed as follows:

, where the

G- 2
A = \/4M,f(|aps|%)_ g W

where G is the amplitude gain of the OPA (|g|> = |G|> — 1),
aps 1s the phase-sensing field amplitude, the interferometric
mode number M should take the integer, and k is the
multipass factor. It is clear that the squeezing level, mode
number, multipass interaction number, and phase-sensing
power contribute to the sensitivity collaboratively. (See the
Supplemental Material [46] for the sensitivity calculation
details.)

The sensitivity of quantum sensing for the multipara-
meter under the experimental conditions is shown in
Fig. 2(a). The M-arm interferometer consists of multiple
optical modes with mode number M as the arms of the
interferometer. The squeezed states are directly generated
from OPAs inside the interferometer, which effectively use
quantum states. The result shows that the higher phase
sensing power and larger mode number enable higher

sensitivity, and the joint measurement of M signals with
high sensitivity can be achieved in this interferometer. In
this quantum-enhanced interferometer, not only can M
phase changes for whole information be simultaneously
measured, but the sensitivity is also enhanced by a factor of

VM compared with the quantum-enhanced single-arm
interferometer. Furthermore, the robustness and scalability
are key to practical applications. The dependence of SNRI
on the internal loss of the interferometer and OPA gain is
analyzed in Fig. 2(b). When the OPA gain is large, the extra
noise in the antisqueezing quadrature will degrade the
SNRI. It is necessary to place the sample inside the arm of
the interferometer, where the sample will introduce the
unavoidable loss. The SNRI of multiparameter sensing is
maintained with moderate OPA gain. Thus, the robust
quantum-enhanced interferometer can be constructed. The
function of joint sensitivity of the quantum-enhanced
interferometer with respect to the mode number is dem-
onstrated in Fig. 2(c). It can be seen that the sensitivity of
the interferometer with five-pass interactions is enhanced
compared with that with single-pass interaction, and the
sensitivity of the interferometer can surpass that of the
conventional interferometer in a broad range of mode
numbers. The quantum superiority of multiparameter
sensing remains to be kept with a large mode number,
and it is possible to construct a scalable quantum-enhanced
interferometer. These results demonstrate that the quantum-
enhanced interferometer enables a high-sensitivity, robust,
and scalable multiparameter sensing.

Next, a quantum-enhanced multiarm interferometer in
Fig. 1 is experimentally constructed to demonstrate multi-
parameter quantum superiority. Part I includes a light
source for implementing U, transformation. The coherent
state laser is divided into multiple optical modes a;
(i=1,...,M) with equal power by the array of beam
splitters and used as the inputs of the OPAs. Part II is
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FIG. 2. The performance of quantum-enhanced interferometer. (a) Joint sensitivity vs interferometer mode number and the phase-
sensing power for three signals. In the experiment, the phase fluctuation is @ = 0.06 rad, the OPA intracavity loss is p = 0.005, and the
total efficiency of the interferometer is 7, = 0.83. (b) The dependence of SNRI of the quantum interferometer compared with that of the
conventional interferometer on the internal loss of the interferometer and OPA gain. (c) The function of joint sensitivity of the
interferometer with respect to the mode number. The black (red) dashed and solid traces i (iii), ii (iv) represent the sensitivities for the
classical and quantum-enhanced interferometer with single (five)-pass interaction, respectively.
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parallel and sequential sensing using squeezed states.
PPKTP is used as a nonlinear crystal of OPA for the
generation of a squeezed state with the advantage of low
loss and moderate nonlinear interaction. Squeezed states
are directly generated by OPAs inside the interferometer,
and effectively act as phase-sensing states to measure
multiple phase changes in parallel. Notably, the sequential
interaction is developed in the arms of the interferometer,
where each quantum probe interacts with the sample K
times to implement multipass interaction, which can
effectively amplify the signal. Part III consists of U, and
BHD measurements. All the sensor output modes are
recombined by another array of beam splitters, and then
the combined modes are detected to realize the joint
measurements [66]. The recombination plays the role of
the global measurement, where the joint sensitivity can
be enhanced by the role of multiple optical modes. The
combined output modes are detected by BHDs to realize
the joint measurement of multiple phases, where the
number of BHDs correspond to the number of sensors
for individual measurements. Furthermore, the individual
measurements for three (two) signals can be obtained by
performing the third unitary matrix U; (U%) of the BHD
measurement results. (See the Supplemental Material [46]
for the sensitivity calculation details.)

To demonstrate the effect of the sequential interaction in
the quantum-enhanced three-arm interferometer, Fig. 3(a)
shows the influence of the interaction number on the joint
sensitivity for two signals with lossy mirrors for multiple
interactions. The sequential interactions can significantly
enhance the sensitivity, where the phase-sensing quantum
states and samples interact multiple times between two
near-perfect mirrors in the experiment. Although vacuum
noise is introduced to degrade the sensitivity, the sensitivity

still can be improved with lossy mirrors when the inter-
action number increases. The limit of SNRI is 34 dB when
this interferometer loss for multiple interactions is 1074,
Therefore, when the number of interactions exceeds 35, the
SNRI in this interferometer can reach 20 dB. Figures 3(b)
and 3(c) show the sensitivity for three and two signals in the
quantum-enhanced three-arm interferometer. We can see
that the five-pass interactions can improve the sensitivity
because of the amplification phase signals, and the sensi-
tivity is improved by increasing the phase-sensing power.
In the quantum-enhanced sensing, the joint measurements
of three phase changes require three nonlinear resources of
OPAs in the arms to directly generate three bright single-
mode squeezed states of 5.90 = 0.10 dB. In each arm, the
OPA output mode with 15 pW is used as a quantum probe
for sensing three signals, and the corresponding photon
number is 6.8 x 10'3/s. Meanwhile, the five-pass inter-
action between the squeezed state and sample is employed.
In this three-arm interferometer, the parallel and sequential
employment of squeezed states can enhance the sensitivity
without increasing optical power, thereby achieving a
SNRI of 10.37 +0.13 dB compared with the conven-
tional interferometer, due to the signal amplification of
5.69 +0.15 dB and the quantum noise suppression of
4.68 £ 0.16 dB below a conventional interferometer. The
quantum enhancement factor is characterized by the sensi-
tivity of the quantum-enhanced interferometer over the
corresponding SNL for fixed resources [67]. The quantum
enhancement factors of 3.5 and 1.6 are achieved with
single- and five-pass interactions, respectively. (See the
Supplemental Material [46] for the performance of the
quantum-enhanced interferometer details.) Furthermore, a
higher sensitivity for two signals is achieved than that of
three signals. The higher sensitivity can be obtained for two
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FIG. 3. Experimental results of quantum-enhanced three-arm interferometer. (a) The influence of the interaction number on the joint

sensitivity with different mirror losses. The purple solid, yellow solid, and blue dashed traces i, ii, and iii represent the joint sensitivities
with mirror losses of 5 x 1072, 1 x 107, and lossless, respectively. The points are the experimental results with a mirror loss of
1 x 107, (b),(c) The phase sensitivity for three and two signals versus the phase-sensing power, respectively. The black dotted-dashed
and dashed traces 1, ii represent the individual and joint sensitivities for the conventional interferometer with single-pass interaction,
respectively; and the red dotted and solid traces iii, iv are the individual and joint sensitivities for the quantum interferometer with five-
pass interactions, respectively. Error bars representing £1 standard error are obtained with the statistics of the measured sensitivity.
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signals by employing only the destructive interference
output modes measured by BHDs, which overcomes the
problem of power saturation at higher phase-sensing
powers [68]. (See the Supplemental Material [46] for the
experimental details.) Therefore, this combination of par-
allel and sequential use of squeezing in the interferometer
enables high-sensitivity measurements of both joint and
individual values for multiple parameters.

In conclusion, we theoretically and experimentally
demonstrate how a quantum-enhanced multiarm interfer-
ometer efficiently benefits from the parallel and sequential
use of squeezed states inside the interferometer. Both joint
and individual measurements for multiple signals with high
sensitivity are deterministically achieved by amplifying
the signals and squeezing the noise simultaneously. And
quantum superiority of multiparameter quantum sensing is
robust and scalable in this interferometer. Furthermore, our
scheme can benefit from the SU (1,1) interferometers to
further amplify the signal and counteract the external
losses, by replacing the beam splitters in the interferometer
with parametric amplifiers. It is possible to construct a
larger scale interferometer for quantum-enhanced sensing
by merging an integrated photonic platform [69]. The high
SNRI at higher frequencies can be realized by employing
a broadband quantum source with the high squeezed
degree [70]. Notably, the techniques behind these results
serve as building blocks for a wide range of high-sensitivity
phase dependent devices without disturbing the sample
and enable the simultaneous observation of multiple tiny
signals merged in quantum noises. This approach paves an
attractive avenue for high-speed photoacoustic imaging of
living samples, such as blood vessels, with parallel mon-
itoring of multiplexed systems in real time [71]. Our result
not only sheds new light on optical high-sensitivity sensing
and high-speed imaging in biology and material, but also
stimulates further efforts in other applications of quantum
interferometer-based array measurements [72].
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