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A B S T R A C T

Quantum metrology with quantum effects, gives remarkable possibility to increase the precision of estimated
parameter. Here, we demonstrate a quantum-enhanced angle-of-arrival pre-estimation protocol, which con-
duces to predict a target orientation for modern phased-array radar and sonar systems. Taking edge sensor
as reference, we estimate the first, second, and third derivatives of radio-frequency (RF) phase via only four-
sensor network arranged in linear topology. Combining the quantum technology with high-order derivatives,
the receiving angle-of-arrival at arbitrary sensor can be pre-estimated with enhanced sensitivity of nearly
49.5%.
1. Introduction

Quantum metrology, which leverages the quantum technique like
entanglement, can yield fabulous quantum advantage over any classical
approaches [1–3]. The ultimate precision of quantum metrology can
reach the Heisenberg bound 1/𝑁 for noiseless scenario, outperform-
ing the corresponding classical limit 1/

√

𝑁 , where 𝑁 is the number
of probes [4–6]. Since first proposed in 1980s [7], significant ad-
vances have been made lately in numerous systems including neutral
atoms [8], trapped ions [9,10], Rydberg atoms [11], solid-state [12],
superconducting circuits [13] and photons [14]. Quantum-enhanced
precision has been demonstrated for a multitude of physical quantities
encompassing gravitational wave, electric fields, magnetic field, time
and frequency, temperature, and pressure [15–18]. Recently, the pre-
cision of non-Markovian quantum metrology [19] was investigated by
introducing the quantum Fisher information (QFI). Distribute quantum
sensing, which leverages multipartite entangled states to boost the
performance for estimating global properties by an array of sensors,
significantly widens the applicable scenario of quantum metrology
including phased-array radar, dark matter searches [20], absorption
spectroscopy [21], strain monitoring of large buildings and mines.

Angle-of-arrival (AoA), an efficient way to determine the direction
of the incoming radio-frequency (RF) signal, can be applied in wireless
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communications [22], source localization, target tracking [23], astro-
nomical observation, phased-array radar and sonar [24]. In the past
twenty years, a multitude of photonic-based structures have been pro-
posed and demonstrated to estimate the AoA of RF signal. To guarantee
the estimation efficiency and simplify the configuration simultaneously,
the receiving RF signals have been mapped to phase shift [25], time
delay [26], electrical power [27–29], optical power [30], DC volt-
ages [31], from which the phase information is extracted. Further,
the estimation sensitivity of AoA is enhanced via quantum entangle-
ment [32]. However, the scheme was achieved with only the first-order
derivative of RF phase, which limits the phase estimation precision.

Pre-estimation of AoA, which is extensively applied in military
weapon systems [33] such as an intercept warning receiver (INR) [34],
is a significant step to reduce scanning range of a radar and provide
preprocessing of large-scale sensor network. In this letter, we demon-
strate an AoA pre-estimation of radio-frequency signals for arbitrary
sensor via the existing four-partite entangled network. By utilizing
diverse weights for quantum sensor network, the first, second and third
derivatives of RF phase at edge sensor are directly estimated with noise
reduction of above −5.2 dB. Taking edge sensor as reference, the AoA
pre-estimation at arbitrary sensor arranged in linear topology can be
realized according to the acquired derivatives, the estimation precision
is far superior to that with only the first-order derivative.
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Fig. 1. Schematic diagram of AoA pre-estimation. (a) Taylor expansion of sinusoidal
function about a reference point 𝜋/18. The black curve showcases the fitting result with
nly the first-order polynomial, the red (green) curve represents the fitting result with
he first and second-order polynomials (the first, second and third-order polynomials).
s the order number is increased, the phase estimation approaches sinusoidal function

blue curve) gradually. (b) Sensor array is arranged in linear topology. Taking edge
ensor X0 as reference, the phase shift at any sensor arranged in linear topology can
e pre-estimated. (c) Sensor array can be extended to rectangular topology, similar to
he linear one.

. Experimental setup for phase noise suppression and character-
zation

Suppose the RF signal at the 𝑚th sensor is 𝐸𝑚 cos(𝛺𝑡 + 𝜑𝑚), where
𝑚, 𝛺, 𝜑𝑚(𝑚 = 0, 1, 2, 3) are the amplitude, carrier frequency and phase

espectively. Driven by the RF field, an electro-optic modulator (EOM)
nduces a displacement on the phase quadrature 𝛼𝑚 = 𝜀𝑚𝐸𝑚 sin𝜑𝑚,
n which 𝜀𝑚 represent the radio frequency to photonics conversion
oefficient. As described in [32], 𝜀𝑚 = 𝜋𝛾

𝑉𝜋
depends on the half-wave

oltage of EOM and the amplitude of optical field at the 𝑚th sensor.
t is difficult to measure RF phase directly, thus one can measure
he displacement 𝛼𝑚 and estimate the phase 𝜑𝑚. According to Taylor
xpansion, the sinusoidal function cannot be reconstructed with only
he first-order derivative of reference point, as shown in Fig. 1(a).
t least the first, second and third-order polynomials are required to
econstruct the sinusoidal function with high precision.

Therefore, the first, second and third derivatives of RF phase at
dge sensor X0 should be firstly achieved, providing the coefficient
or the polynomial estimating. High-order derivatives can be achieved
2

y the available four-sensor network. As shown in Fig. 1(b), the sen-
ors are arranged in linear topology. The RF phase estimator under
nvestigation is formulated as 𝜑 =

∑3
𝑗=0 𝛽𝑗𝜑𝑗 , where 𝛽𝑗 and 𝜑𝑗 are the

eights and estimated RF phase at each sensor. For specific estimation
asks, an appropriate multipartite entangled state should be tailored
o maximize the sensitivity improvement, and the obtained minimum
oise variances are expressed as 𝛿2𝜑 = 𝛽2

4 [ 𝜂
(
√

𝑁𝑠+1+
√

𝑁𝑠)2
+1− 𝜂], where

𝑛𝑠 =
𝑁𝑠
4 is photon number, and 1-𝜂 is the loss at each sensor [35–37].

By exploiting the finite difference method referring to the edge sensor
X0 [32], the optimum weights for the first, second and third derivatives
are expressed as 𝛽0 ∶ 𝛽1 ∶ 𝛽2 ∶ 𝛽3 = −11/6: 3: −3/2: 1/3, 2: −5: 4: −1
and −1: 3: −3: 1, respectively.

After the first, second and third derivatives of the RF phase at edge
sensor X0 are experimentally obtained, we can pre-estimate the RF
phase at arbitrary right sensor X𝑚 arranged in linear topology, which
is expressed as

𝜑𝑚 = 𝜑0 + 𝜑′
0𝛥𝑥𝑚 + 1

2
𝜑′′
0 𝛥𝑥

2
𝑚 + 1

6
𝜑′′′
0 𝛥𝑥3𝑚 + 𝑜(𝛥𝑥4𝑚) (1)

where 𝛥𝑥𝑚 is the distance between the edge sensor X0 and the 𝑚th
ensor X𝑚. The relative phase difference between two sensors X0 and
𝑚 can be described as 𝜑𝑚 −𝜑0 = 2𝜋𝑘𝛥𝑥𝑚 cos 𝜃∕𝜆+ 2𝑛𝜋, where 𝜃 is the
oA, k and 𝜆 is the wave vector and wavelength of RF signal, and n is
n integer. Then the AoA can be expressed as

= arccos
𝜆(𝜑𝑚 − 𝜑0 − 2𝑛𝜋)

2𝜋𝑘𝛥𝑥𝑚
(2)

Therefore, the AoA 𝜃 between sensors X0 and X𝑚 can be pre-estimated
by phase difference 𝜑𝑚 − 𝜑0 with credible value. Similarly, we can
pre-estimate the AoA at left sensor with the sensor X3 as the edge
sensor. In this regard, the optimum weights should be tailored to 11/6:
−3: 3/2: −1/3 for the estimation of the first derivative, −2: 5: −4: 1
for the second derivative, and 1: −3: 3: −1 for the third derivatives,
respectively.

Further, our proposal can be extended to a more general scenario
with large-scale N*N sensor network, as shown in Fig. 1(c). By con-
structing a 4*4 quantum sensing network and estimating the first,
second, third derivatives of RF phase at the four corner sensors, the
AoA for arbitrary sensor in the two-dimensional sensor network can
be pre-estimated with enough sensitivity. We expect that the AoA pre-
estimation proposal can shorten scanning time, improve processing
efficiency at a large-scale sensor network.

3. Experimental setup

As shown in Fig. 2, the experimental setup is divided into three
parts: generation of phase squeezed state, RF sensor network and data
acquisition. The squeezed state is generated by a sub-threshold opti-
cal parametric amplifier (OPA) whose architecture is semi-monolithic
resonator consisting of a piezo-actuated output coupler and a PP-
KTP crystal [38–41]. One face of PPKTP crystal whose dimensions
is 1 mm*2 mm*10 mm is polished with a radius of curvature of
12 mm, while the other face is a flat surface with AR coating for
both wavelengths. The convex face of crystal has highly reflective
(HR) coating for 1064 nm and anti-reflective coating for 532 nm,
whereas the transmissivity of output coupler is 12% for 1064 nm,
ensuring the reasonable escape efficiency and modest threshold. The
radius of curvature for output coupler is 30 mm, and an air gap is
27 mm, guaranteeing that the waist spot is in the middle of crystal.
According to stability condition and PPKTP crystal refractive index
(𝑛 = 1.81), the cavity length of OPA is 37 mm, the corresponding
linewidth is 94 MHz, and the fineness is 81. Without the injection of
pump beam, the output of the OPA is coherent beam that serves as
the light source of classical sensor networks. When the pump beam is
injected, and the OPA operates in a parametric amplification status by

locking the relative phase between seed beam and pump beam at 0,
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Fig. 2. Experimental setup of RF signal pre-estimation with a continuous variable
entangled network. ISO: isolator; EOM: electro-optic phase modulator; HR: high
reflectivity mirror; PD: photoelectric detector; BS: beam splitter; DBS: dichroic beam
splitter; SHG: second harmonic generator; OPA: optical parametric amplifier; HWP:
half-wave plate; PBS: polarization beam splitter; VBS: variable beam splitter; PS:
phase shifter; HOM: homodyne detection; BPF: band-pass filter; amp: amplifier; OSC:
oscilloscope.

the OPA generates a phase squeezed light to perform the measurements
of entangled sensor networks. No experimental parameters other than
the presence or absence of the pump beam are varied during the
comparative measurement of the classical and entangled networks.

With the phase squeezed state, four-partite continuous variable
(CV) entangled states are generated by a variable beam splitter (VBS)
network that is composed of three pairs of half-wave plates (HWPs)
and polarization beam splitters (PBSs). Contraposing different sensing
tasks, the optimum weights for each sensor can be controlled by finely
tuning the rotation angle of half-wave plate so that the four RF sensors
have the best quantum correlation properties. Each RF sensor encom-
passes an electro-optic modulator (EOM) to covert the probed RF signal
into quadrature displacement of infrared light, and a high-efficiency
balanced homodyne detector (HOM) to discern the phase shift with
sensitivity beyond the shot noise limit. The home-made EOM, whose
transmissivity is larger than 99%, ensures low-loss characteristics of
quantum state. The amplitude and phase of RF signal are individually
manipulated by four clock-synchronized function generators with 𝛺=3
MHz modulation frequency. To estimate the displacement 𝛼𝑚, a local
oscillator and the sensing beam are overlapped at a 50:50 BS with an
interference efficiency of 99.9%. The output of 50:50 BS is detected
by home-made balanced homodyne detector (HOM), whose common
mode rejection ratio is 75 dB and quantum efficiency is larger than
99%. For each sensor, the relative phase between local oscillator and
sensing beam is controlled to 𝜋/2, observing the phase quadrature of
sensing beam.

The output of four HOMs through the same four bandpass filters
from 1.8 MHz to 4.5 MHz are demodulated with 3 MHz from another
channel of the clock-synchronized function generator. The phases of
demodulation signal are meticulously adjusted to compensate the cir-
cuit latency caused by various electronic components. After amplified
by a low-noise and high-gain amplifier, the time-domain data are
recorded by four-channel oscilloscope and post-processed to estimate
the amplitude and phase information of RF signal.

4. Experimental results

To pre-estimate the RF signal, the four-sensor network (X0, X1, X2,
and X3) is arranged in a linear topology, and the first, second and third
derivatives of radio-frequency (RF) phase at edge sensor X0 can be
estimated with the respective optimum weights. In order to enhance the
sensitivity of the first derivative, we estimate the phase 𝜑 =

∑3 𝛽 𝜑
3

𝑗=0 𝑗 𝑗
Fig. 3. Estimated phase for each-order derivatives versus applied RF phase at an
edge sensor. The curves and data points show the theoretical fitting and experimental
results. All signals are normalized using the same factor for the SQL normalization. The
shaded area shows the normalized standard deviation for the entangled (dark color)
and classical separable (light color) sensor networks. Inset: normalized noise variances
for classical and entangled protocols. Circles: measured noise variances with classical
separable network; squares: measured noise variances with entangled network; black
line: theoretical prediction for classical protocol; red line: theoretical prediction for
entangled protocol in the presence of loss.

with optimum weights 𝛽0 ∶ 𝛽1 ∶ 𝛽2 ∶ 𝛽3=−11/6: 3: −3/2: 1/3 by
setting the splitting ratio of VBSs to be 27.5:72.5, 62:38 and 82:18. The
negative signs in the weights are introduced by adding a 𝜋-phase delay
in the corresponding optical path. The pink curve in Fig. 3 shows the
measured noise powers of the first derivative with different applied RF
phase. An almost invariable squeezing level of −5.2 ± 0.1 dB for the
first derivative is implemented in the experiment, allowing arbitrary
phase estimation with enhanced sensitivity. Analogously, the optimum
weights for estimating the second (third) derivative are 𝛽0 ∶ 𝛽1 ∶ 𝛽2 ∶ 𝛽3
=2: −5: 4: −1 (−1: 3: −3: 1), the corresponding splitting ratios of
the VBSs are 17:83, 50:50 and 80:20 (12.5:87.5, 43:57 and 75:25).
The reduced noise power of −5.5 ± 0.1 dB (−5.9 ± 0.1 dB) for the
second derivative (third one) is experimentally obtained, respectively.
The inset of Fig. 3 represents the normalized noise variances for both
protocols, from which the quantum advantage with entangled network
is obviously observed. With the optimum weights for each sensor, the
estimation sensitivity is limited by the auxiliary phase squeezed state
and experimental loss. Considering the optical loss of three half-wave
plates and three polarization beam splitters (6%), and the optical loss
of electro-optic phase modulator (1.5%), the theoretical predicted noise
variances with four-partite entangled states are reduced to 25% of that
with the classical protocols.

Supposed the distance between the edge sensor X0 and other sensor
X𝑚 can be expressed as 𝛥𝑥𝑚 = 𝑚 ∗ 𝛥𝑥, where 𝛥𝑥 is the distance between
two adjacent sensors, and 𝑚 represents the distance gain. According to
the theoretical results, the relationship between the relative phase shift
𝜑𝑚 − 𝜑0 and the distance gain 𝑚 is expressed as

𝜑𝑚 − 𝜑0 = 𝜑′
0𝛥𝑥 ∗ 𝑚 + 1

2
𝜑′′
0 𝛥𝑥

2 ∗ 𝑚2 + 1
6
𝜑′′′
0 𝛥𝑥3 ∗ 𝑚3 (3)

On the grounds of the first, second and third derivatives of the RF
phase at edge sensor, we pre-estimate the displacement amplitude
for arbitrary sensor, shown in Fig. 4. The shaded area showcases
the pre-estimation uncertainties for the classical (light blue) and en-
tangled (dark blue) sensor networks. Apparently, the pre-estimation
uncertainties of RF signal for arbitrary sensor can be reduced by the
introduction of quantum technology. The inserted figure represents
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Fig. 4. Theoretical pre-estimation of phase shift for arbitrary sensor as a function of
distance gain m. The curve shows the numerical results of estimated phase shift for
arbitrary sensor arranged in linear topology. shaded area: estimation uncertainties for
the entangled (dark blue) and classical (light blue) sensor networks. The inserted figure
represents the pre-estimated phase shift for the fifth sensor.

the pre-estimated phase shift for the fifth sensor, which follows a
sinusoidal distribution. As stated above, the accurate phase estimation
can be achieved with at least three derivatives. In contrast to previous
literatures that estimates the phase shift by employing only the first
derivative of RF signal, this work, exploiting higher-order derivatives
and quantum enhancement protocol, pre-estimates the AoA with an
enhanced sensitivity of nearly 49.5%. Assuming that the distance 𝛥𝑥 is
1 km, then the phase shift of the fifth sensors is 𝜋∕4, the corresponding
AoA is 1.418.

5. Conclusion

In conclusion, we have experimentally demonstrated the quantum-
enhanced AoA pre-estimation of RF signals via continuous variable
four-partite entanglement network. By utilizing the optimum weights,
the first, second, and third derivatives of RF phase at edge sensor
are directly observed with a noise reduction of above −5.2 dB. As
stated above, three-order Taylor expansion polynomial can estimate the
phase shift with a low uncertainty. In combination with the quantum
enhancement, the uncertainty of the AoA pre-estimation is further
improved. Utilizing the AoA pre-estimation results, we expect to predict
the target orientation, which conduces to both shorten scanning time
and improve processing efficiency of a large-scale sensor array.
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