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arate fields are used. A Gaussian probe field propagates transversely
to the optical trapping axis, interrogating the particle and producing scattering, while a ‘flipped’ Gaussian local oscillator field,
with a p phase shift applied to one half of its transverse profile,
propagates along the trap axis and acts to define the detection
mode (see Fig. 2). Direct detection of the interference between
the flipped local oscillator and scattered light on a single photodiode provides particle position information equivalent to the
quadrant photodiode in standard particle tracking. Now, however,
the shape of the local oscillator field can be optimized independently of the probe or trapping fields, and when amplitude
squeezed, any spatial mode perturbations occurring during
optical propagation are applied equally to both the squeezing
and local oscillator, ensuring perfect overlap at detection.
Furthermore, the probe field can be stroboscopically pulsed
without affecting the local oscillator. This allows a new form of
lock-in detection that shifts the particle position information to
high frequencies and is compatible with squeezed light20.
The local oscillator field was generated by an optical parametric
amplifier, which, when pumped at 532 nm, produced a 100 mW
field with 6 dB of amplitude squeezing. A classical benchmark
was produced by removing the pump and adjusting the optical
power to match the 100 mW squeezed output, with the quantum
noise limit reached at frequencies above 3 MHz. To maximize sensitivity and minimize degradation in the detected squeezing, optical
losses were kept to a minimum by the use of 96.5% efficient objectives designed specifically for 1,064 nm light and antireflection coaton all glass–air
boundaries,(2013)
with the apparatus measured to
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have a total optical loss of 19%. Including 5% detector loss, the
local oscillator was measured with a total efficiency of 76%.
However, a higher efficiency of h ¼ 89% was achieved for the
scattered light because it originates within the trap and therefore
encounters fewer lossy optical elements (Supplementary Section S2).
The probe field, which illuminates trapped particles from the
side, carries a strong amplitude modulation at 3.522 MHz for the
stroboscopic position measurement, and a weak phase modulation
at 6.5 MHz, which is used to generate an error signal for locking
the phase between the probe and local oscillator. Probe photons,
which scatter from a trapped particle, then interfere with the
shaped local oscillator field. To characterize the stroboscopic
measurement system, the probe illuminated a small defect in the
sample chamber, producing scattered light to interfere with the
local oscillator. The detector output was then studied with a spectrum analyser, which gave the traces shown in Fig. 3a for both
squeezed and classical light. The amplitude modulation from the
probe is visible as a peak at 3.522 MHz. At this frequency the
quantum noise limit is achieved for classical light, while for
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Phys.
582 (2014)
squeezed
light it10,
is surpassed
by 2.8 dB, corresponding to a detec
ted squeezed variance of Vdet ¼ 1 2 h(1 2 V ) ¼ 1022.8/10 ¼ 52%.
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Figure 1 | Experimental layout. An Nd:YAG laser produces 10–500 mW of
1,064 nm trapping field (orange), which forms a counter-propagating optical
trap to immobilize particles. Polarizing optics are used to isolate the trapping
field from the detector. An imaging field (green) at 532 nm images the plane
of the optical trap onto a charge-coupled device (CCD) camera, allowing
particles to be identified visually. A separate Nd:YAG laser produces the
1,064 nm fields of the probe and local oscillator (red), which are used to
measure particle position. PBS, polarizing beamsplitter; DM, dichroic mirror;
l/2, half waveplate; AM, amplitude modulator.
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acts as the source of scattered light (faint blue). This scattered light is
combined with the spatially antisymmetric local oscillator field (red),
collected in an objective, and the interference is measured as intensity
fluctuations. The phase of the scattered light is locked such that when the
scattering particle is centred, the fields are p/2 out of phase. When the
particle moves left, the scattered wavefront shifts closer to the local
oscillator field maxima on both the left and right due to the spatial
antisymmetry of the local oscillator. This leads to constructive interference.
Similarly, moving right leads to destructive interference. Hence, the particle
position is encoded on the detected light intensity.
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At frequencies lower than 3 MHz, where typical optical particle
tracking experiments operate, the noise floor is dominated by technical noise. This noise would preclude reaching the quantum noise
limit using a continuous measurement. However, it is avoided with
the stroboscopic approach demonstrated here. This allows subquantum noise-limited measurements at frequencies down to
10 Hz, matching the lowest frequency previously reported in the literature15. It is worth noting that at low frequencies technical noise
4, 2426
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sources suchNature
as 1/f noiseComm.
and laser noise
are a common
issue in con2
ventional laser-based particle tracking experiments . By removing
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At frequencies lower than 3 MHz, where typical optical particle
tracking experiments operate, the noise floor is dominated by technical noise. This noise would preclude reaching the quantum noise
limit using a continuous measurement. However, it is avoided with
the stroboscopic approach demonstrated here. This allows subquantum noise-limited measurements at frequencies down to
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Radio-frequency (RF) Sensing
But many sensing tasks are not in the optical domain!
Global Position System

Health Monitoring

Radar & Target Detection

Object Tracking
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Signal-to-Noise Ratios (SNRs)
Quantum Illumination

Classical Illumination

Quantum radar ideally outperforms the classical
radar by 3 dB at the same signal power level

Quantum Illumination Works
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Microwave Quantum Illumination

• Opto-mechanics creates microwave/photonic entanglement
• Microwave signal as probe
S. Barzanjeh et al., Phys. Rev. Lett. 114, 080503 (2015)

Microwave QI Experiment

• Josephson parametric converter creates entanglement
• 3x improved SNR by QI over a classical regime
C. W. Sandbo Chang et al., Appl. Phys. Lett. 114, 112601 (2019)
S. Barzanjeh et al., Sci. Adv. 6, eabb0451 (2020)

Limitations of Quantum Illumination

•
•
•

Quantum probe signal typically weak (nW power)

➡Impact on range, SNR, etc.
Difficult to outperform practical classical schemes
with Watts of signal power
Challenges in entanglement source/quantum
receiver
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How can quantum resources
benefit practical radar scenarios?

Microwave/RF Photonic Sensing

Advantages
Large optical bandwidth for signal processing
Long transmission distance in optical fiber
Flexibility in tailoring RF frequency response

•
•
•

D. Marpaung, J. Yao, and J. Capmany, Nature Photon. 13, 80–90 (2019)

RF-Photonic Radar

P. Ghelfi et al., Nature 507, 341 (2014)

Quantum-Enhanced RF-Photonic Sensing

Quantum-Enhanced RF-Photonic Sensing

Quantum
Receiver

Quantum
Source
Quantum
Processor

Advantages
Quantum resources are locally well preserved
Can accommodate strong classical probe signals
Can serve as passive receivers for, e.g., navigation
Compatible with current infrastructure

•
•
•
•

Sensor Networks/Arrays

Also, a network of sensors are needed in certain tasks!
Caremas (CCD Array)

Wireless Sensor Networks

Phased-Array Radars

Sonar Arrays
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RF-Photonic Sensor Array

Advanced Technology Laboratories, Lockheed Martin Corporation (2018)

Global Parameter Estimation in RF Sensing
Two RF sensors work collectively to estimate angle of arrival (AoA)

Wave front

Δx cos θ

θ

φ1

Δx

φ2

Phase-difference measurement, φ1 − φ2 ∝ Δx cos θ, derives AoA.
http://quantum.lab.arizona.edu

Distributed Quantum Sensing
Quantum advantage when estimating global
parameters using entanglement.
Root mean square error (rms) scale as: 1/M
M: number of entangled sensors
For separable sensors,
rms error scales as 1/

M

Q. Zhuang et al. Phys. Rev. A 97, 032329 (2018)
W. Ge et al. Phys. Rev. Lett. 121, 043604 (2018)
T. Proctor et al. Phys. Rev. Lett. 120, 080501 (2018)
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Quantum Sensor Networks
Use entangled sensors based on continuous variables (CVs)
Q. Zhuang, Z. Zhang, and J. H. Shapiro, Phys. Rev. A 97, 032329 (2018)

Quntao Zhuang

Jeff Shapiro
See also Theory: P. C. Humphreys et al., Phys. Rev. Lett. 111, 070403(2013)
W. Ge et al., Phys. Rev. Lett. 121, 043604 (2018)
T. Proctor, P. Knott, and J. Dunningham, Phys. Rev. Lett. 120, 080501 (2018)
Experiment: X. Guo et al., Nat. Phys. 16, 281 (2020).

Quantum Sensor Networks
Use entangled sensors based on continuous variables (CVs)
Q. Zhuang, Z. Zhang, and J. H. Shapiro, Phys. Rev. A 97, 032329 (2018)

Quantum sensing node

Quntao Zhuang

Quantum sensing node

Jeff Shapiro

Quantum sensing node

See also Theory: P. C. Humphreys et al., Phys. Rev. Lett. 111, 070403(2013)
W. Ge et al., Phys. Rev. Lett. 121, 043604 (2018)
T. Proctor, P. Knott, and J. Dunningham, Phys. Rev. Lett. 120, 080501 (2018)
Experiment: X. Guo et al., Nat. Phys. 16, 281 (2020).

Entangled RF-Photonic Sensor Network
Y. Xia et al., Phys. Rev. Lett. 124, 150502 (2020)

Entangled RF-photonic sensors estimate global property of the RF field
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RF
PD

EOT: electro-optic transducer
PD: photodetector

Experimental Demonstration
Y. Xia et al., Phys. Rev. Lett. 124, 150502 (2020)
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OPO: optical parametric oscillator; VBS: variable beam splitter
EOM: electro-optic modulator; LO: local oscillator
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Experimental Setup
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Single-Node Quantum-Enhanced RF Sensing
Carrier frequency

RF field
Squeezed light

E(t) = A cos(2πfct + φ)

RF Sensor

Homodyne

Local
oscillator
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Single-Node Quantum-Enhanced RF Sensing
Time-domain measurement
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PRL 124, 150502 (2020)

Entangled Sensor Phase Difference Estimation
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Entanglement Optimization
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Symmetric classical vs. asymmetric entangled
behaviors manifest quantum correlations!
http://quantum.lab.arizona.edu

0.5

1

Growing the Entangled Sensor Network
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Growing the Entangled Sensor Network

Larger entangled sensor network to solve more
complex sensing problems, but what is the optimum
multipartite entangled state for a particular problem?
http://quantum.lab.arizona.edu

Quantum vs. Classical Data Classification
Using Machine Learning
Quantum

http://quantum.lab.arizona.edu

Classical

Supervised Learning Assisted by an
Entangled Sensor Network (SLAEN)
Q. Zhuang and Z. Zhang, Phys. Rev. X 9, 041023 (2019)

Quntao Zhuang

Probe state
preparation

Measurement
Quantifiable quantum enhancement at the physical layer
No need for quantum random-access memories
Capable of data classification and compression
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Quantum vs. Classical Data Classification
Quantum

Classical
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Quantum-Enhanced Data Classification Experiment
Y. Xia et al., arXiv:2006.11962

VBS: variable beam splitter
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Training Three Entangled Sensors
Error probability evolution during training
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Training Three Entangled Sensors
Hyperplane parameters evolution during training
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Scaling of Error Probability
Classical

Quantum
Larger SNR
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Summary
•
•

Demonstrated entangled RF-photonic sensor network
Verified advantage over classical separable sensor network in

•
•
•

Angle of arrival (AoA) estimation

Supervised-learning assisted by an entangled sensor network (SLAEN)

•
•
•

Average field-amplitude estimation

Quantum-enhanced data classification
Experimental demonstration
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