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Quantum-enhanced phase sensing via spectral noise reduction
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We report a direct demonstration of quantum-enhanced sensing in the Fourier domain by comparing single-
and two-photon interference in a fiber-based interferometer under strictly identical noise conditions. The simul-
taneous acquisition of both signals provides a common-mode reference that enables a fair and unambiguous
benchmark of quantum advantage. Spectral analysis of the interferometric outputs reveals that quantum correla-
tions do not increase the amplitude of the modulation peak, but instead lower the associated noise floor, resulting
in the expected 3 dB improvement in signal-to-noise ratio. This enhancement persists in the sub-shot-noise
regime, where the classical signal becomes indistinguishable from the spectral background while the two-photon
contribution remains resolvable. These observations establish quantum supersensitivity in the Fourier domain as
an operational and broadly applicable resource for precision interferometric sensing.
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I. INTRODUCTION

Interferometric sensors, encompassing gravitational-wave
detectors, distributed fiber systems, and acoustic and opti-
cal probes, are usually operated and characterized in the
frequency domain. Weak physical signals are identified as
narrow spectral lines emerging from a continuous background
in the power spectral density (PSD), rather than as absolute
phase shifts in the time domain [1–4]. Their sensitivity is
therefore determined by the spectral contrast, namely, com-
paring the height of a signal peak to the noise floor in the
Fourier space. In practice, detection thresholds and integra-
tion times are set by the measured noise spectra and by the
resulting spectral signal-to-noise ratios (SNRs) [5–7].

Spectral-domain analysis is widely used in both classi-
cal interferometry [1–7] and quantum optics, for instance,
quantum state characterization [8], spatial and spectral in-
terference [9,10], acoustic-wave detection [11], coherence
tomography [12], and fractional Fourier-domain sensing
[13–15]. On the other hand, quantum-enhanced sensitivity is
almost exclusively formulated in the time or phase domain,
in terms of variances, Fisher information, and Cramér-Rao
bounds [16–19]. As a result, quantum advantage is usually
benchmarked through phase estimation, while practical inter-
ferometric sensors are optimized and compared through their
PSD. A key open question is whether quantum correlations
induced by entanglement can provide a direct and operational
advantage in the spectral domain by reducing the spectral
noise floor against which signals are detected.
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Here, we demonstrate quantum enhancement directly ob-
tained in the Fourier domain of an interferometric signal. By
comparing single- and two-photon interference under strictly
identical technical-noise conditions, we analyze the corre-
sponding power spectral densities and show that quantum
correlations do not modify the spectral amplitude of the signal
peak, but reduce instead the shot-noise background. This leads
to an increased spectral signal-to-noise ratio and provides a
direct, operational form of quantum-enhanced sensitivity in
the frequency domain. Our results establish spectral noise
reduction as a key resource for quantum-enhanced interfer-
ometric sensing, expressed with the same physical quantities
as those used for characterizing and optimizing broadband,
noise-limited sensors.

II. THEORETICAL FRAMEWORK

Since interferometric sensors are usually characterized in
the frequency domain, we first formulate quantum-enhanced
sensitivity in terms of the PSD associated with a Poissonian
photon flux. For a photonic source showing a mean emission
rate λ, detected in discrete time bins of duration �t = f −1

0 ,
each bin contains a random number of counts Ik with a mean
value 〈Ik〉 = λ�t . The corresponding PSD, obtained from the
discrete Fourier transform of the sequence {Ik}, is flat and
reads

SIk ( f ) = λ

f 2
0

, (1)

which defines the shot-noise-limited spectral background (see
Appendix A). Expressed in units of counts2/Hz, this quantity
represents the variance of photon-number fluctuations per unit
bandwidth and thus sets the noise floor against which any
spectral signal must be resolved.

We now consider an interferometric configuration in which
the probe field is prepared in a correlated N-photon state and
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FIG. 1. (a) Output 50/50 beam splitter of the folded Franson
interferometer where the two modes are recombined. The quantum
probe, prepared in an N00N state, is coherently delocalized over the
two arms, with the relative phase encoded in the upper arm. BS: beam
splitter. (b) Numerical simulations of Eq. (3) for N = 1, 2, and 4 pho-
tons (blue, red, and green curves, respectively), using λ = 2 × 106

photons/s, f0 = 1 kHz, fm = 20 Hz, and Am � 6.3 × 10−2 rad. All
interference fringes have the same amplitude, while the absolute
noise associated with Poissonian statistics decreases with increasing
N . (c) Corresponding power spectral densities computed from the
temporal signals in panel (b). The spectral peak has the same am-
plitude (about 30 dB/Hz) for all N , whereas the noise floor scales
inversely with N .

injected into a folded Franson interferometer [20]. Figure 1(a)
depicts the output balanced beam splitter (BS) where the two
modes are recombined. Here, the input state reads

|ψ〉 = |N, 0〉ab + eiNφ|0, N〉ab√
2

, (2)

where a and b denote the two arms of the interferometer.
We emphasize that the case N = 1 describes the propa-
gation of a single-photon state within the interferometer.
Such path-entangled states constitute a canonical resource for
quantum-enhanced interferometry [21,22]. The N-fold phase
factor reflects the collective response of the probe to the ac-
cumulated phase and is responsible for phase superresolution.
The detection rate of N-fold coincidence at the output reads

RN (φ) = λ

2N
[1 ± VN cos(Nφ)], (3)

where VN stands for the interference visibility. The prefactor
1/N ensures a fair comparison between probes of differ-
ent photon number by fixing the total optical energy per
measurement.

To connect with realistic sensing scenarios, we consider a
small phase modulation of the form

φ(t ) = Am cos(2π fmt ) + φ0, (4)

where Am and fm are the modulation amplitude and frequency,
respectively, such that Am � VN . φ0 is the operating point, set
at midfringe, φ0 = π/2N . In this linear regime, the detection
rate can be expanded to first order as

PN (t ) � λ

2N
± λ

2
VN Am cos(2π fmt ). (5)

The corresponding PSD then takes the form

SN ( f ) � 1

f 2
0

[
λ

2N
+ (λVN Am)2

16
δ( f − fm)

]
. (6)

It consists of a flat noise floor, set by the quantum statistics of
the detected probes, and a narrow spectral line at the modu-
lation frequency. Importantly, while the height of the spectral
peak is independent of N , the noise floor scales as 1/N . Quan-
tum correlations therefore do not amplify the signal in the
Fourier space. Instead, they reduce the noise background on
which it is detected. Physically, the time-domain modulation
PN (t ) exhibits the same oscillation amplitude for all N , but the
fluctuations associated with photon counting decrease as

√
N ,

as illustrated in Figs. 1(b) and 1(c). For a visibility equal to 1,
the signal-to-noise ratio of the spectral line is given by

SNR(N ) = λA2
m

8
N (7)

leading to the scaling SNR(N )/SNR(1) = N . The quantum
advantage in the Fourier domain thus comes from a reduction
of the spectral noise floor, not from an enhancement of the
signal amplitude. This noise redistribution in the frequency
space yields a direct operational meaning of quantum su-
persensitivity: Entangled probes reveal spectral features that
remain hidden beneath the shot-noise background for classical
light. Figure 1 illustrates this mechanism for N = 1 and for
N = 2, 4 photon states, corresponding to classical and entan-
gled probes, respectively.

III. EXPERIMENTAL IMPLEMENTATION

To test the above predictions in an operational setting, we
directly compare single- and two-photon interference within
the same fiber-based setup. Both signals are recorded simul-
taneously, ensuring that they experience identical technical
noise, including laser phase and intensity fluctuations as well
as the intrinsic response of the interferometer. This simultane-
ous acquisition provides a rigorous and unbiased benchmark
of quantum advantage in the Fourier domain, by isolating the
effect of quantum correlations from all classical noise sources.

Apparatus. The experimental setup is shown in Fig. 2.
A continuous-wave telecom laser at λ = 1560.61 nm (ITU
channel 21) is split by a polarization controller and a polar-
izing beam splitter. One arm is sent through an electro-optic
modulator (EOM), while the other is amplified and injected
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FIG. 2. Experimental setup for demonstrating quantum-enhanced phase sensing in the frequency domain. A phase-modulated laser field
and photon pairs are injected into a folded Franson interferometer incorporating a 20 m fiber-coil transducer. The interferometer outputs are
analyzed using single-photon detection and two-photon coincidence measurements. EOM: electro-optic modulator; VOA: variable optical
attenuator; BS: beam splitter; FM: Faraday mirror; SNSPD: superconducting nanowire single-photon detector; TDC: time-to-digital converter;
DWDM: wavelength demultiplexer with rejection (REJ), passband (PASS), and common (COM) ports.

into two pigtailed type-0 lithium niobate waveguides, where
second-harmonic generation followed by spontaneous para-
metric down-conversion (SPDC) produces time-correlated
photon pairs. The SPDC source is operated in the low-gain
regime, such that higher-order pair-emission events remain
negligible. The generated pairs are combined with the pump
using a dense wavelength-division multiplexer (DWDM, ITU
channel 21). An optical circulator then routes the incoming
fields toward a folded Franson interferometer in a Michelson
configuration and directs the returning interferometric output
toward the detection stage. The interferometer consists of a
balanced beam splitter, a 20 m fiber coil acting as a phase-
sensitive transducer and placed in front of a loudspeaker,
and two Faraday mirrors providing intrinsic polarization com-
pensation. Acoustic vibrations generated by the loudspeaker
induce mechanical strain in the fiber coil, resulting in a modu-
lation of the optical phase. The entire assembly is enclosed
in a thermally stabilized anechoic chamber to suppress en-
vironmental acoustic and thermal perturbations that would
otherwise induce uncontrolled phase fluctuations, increasing
the technical-noise floor and degrading the interferometric
stability. The two output ports of the interferometer are an-
alyzed in parallel. All optical probes emerge from these two
outputs, and the subsequent spectral filtering and detection
stage determines the measurement channel, enabling either
classical, single-photon or two-photon coincidence measure-
ments. In one arm, cascaded DWDMs (ITU channels 19 and
23) deterministically separate the photons of each pair, re-
ject the residual pump, and route them to superconducting
nanowire single-photon detectors (SNSPDs) connected to a
time-to-digital converter for coincidence measurements. The
coincidence measurements are obtained by postselecting the
central Franson interference peak, where the indistinguish-
able two-photon contributions interfere coherently, thereby
providing the experimental implementation of the idealized
N00N-state probe introduced in Sec. II. In the other arm,

a balanced beam splitter directs the light through 500 MHz
bandwidth Bragg filters: One channel is detected with a
classical photodiode, while the other passes through a vari-
able optical attenuator before being detected by an SNSPD,
enabling single-photon measurement in the weak coherent
regime under controlled flux conditions.

Measurement scheme. The single- and two-photon inter-
ference signals are acquired simultaneously. We stress that
they are both stabilized at their respective midfringe operat-
ing points, where the phase-to-intensity response is maximal.
Since both probes originate from the same laser, their working
points cannot be independently adjusted by static phase shifts.
This is achieved dynamically using the EOM. At the output of
DWDM 21, the laser field in channel 21 is made of a carrier
frequency and two radio-frequency sidebands separated by the
modulation frequency of the EOM (∼10 GHz). The adjacent
channels contain the down-converted photon pairs. In the
single-photon detection path, the upper Bragg filter selects the
carrier, which is detected by the photodiode and used in a PID
feedback loop to lock the interferometer at the midfringe point
of the two-photon interference. The lower filter selects the
+1 modulation sideband, whose relative phase can be finely
tuned via the rf drive of the EOM. This independent control
enables the single-photon interference to be simultaneously
set at its optimal working point. It allows a truly synchronous
and common-mode acquisition of classical and quantum inter-
ference in the Fourier domain; i.e., both signals are measured
simultaneously under identical experimental conditions.

IV. RESULTS

The loudspeaker is driven at the reference frequency of
440 Hz (A4 musical tone), and the interferometric signals
are sampled at 10 kHz over a 1 s acquisition window. By
adjusting the optical amplification and the variable optical
attenuator, the detected count rates are set to approximately
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FIG. 3. PSDs of single- and two-photon interference at 440 Hz.
(a) Example at 88% sound volume showing identical spectral peaks
but different noise floors. (b) Mean PSD values vs sound volume.
Lower curves: Noise floors separated by 3 dB. Upper curves: Peak
amplitudes at 440 Hz, identical for both probes. The error bars are
calculated from the standard deviation of the 100 computed PSD
per point. The green trace shows the measured SNR difference,
consistent with the predicted 3 dB gain.

80 kHz for single-photon events and 40 kHz for two-photon
coincidences. The SNSPDs used in the experiment exhibit
typical system detection efficiencies of η ≈ 90%. Independent
calibrations yield interference visibilities of V1 = 99.3% and
V2 = 97.4%, limited, respectively, by detector dark counts
(∼100 Hz) and by the finite coincidence-to-accidental ratio
(∼100). For each acoustic power, the measurement is repeated
100 times in order to average down statistical fluctuations
of the spectral noise floor. A representative PSD recorded at
88% of the maximum sound amplitude is shown in Fig. 3(a),
while Fig. 3(b) summarizes the extracted spectral features
as a function of the applied acoustic drive. The two lower
traces correspond to the mean noise floors for single- and two-
photon probes, which are separated by 3 dB, in quantitative
agreement with the expected reduction of the shot-noise level
when the probe energy is distributed among correlated photon
pairs. The two upper traces report the height of the spectral
line at 440 Hz, which is found to be identical in both cases.
The green curve displays the measured difference in signal-
to-noise ratio, clearly revealing the predicted 3 dB quantum
enhancement in the Fourier domain.As the acoustic ampli-
tude is reduced, the single-photon spectral peak progressively
merges with the shot-noise background and becomes unde-
tectable below approximately 24% of the maximum drive.
To explore this low-signal regime, the acquisition is extended
to 1000 realizations per point, further suppressing statistical

FIG. 4. Two-photon performance in the low-signal regime.
(a) PSD at 22% sound volume, where the single-photon peak is
lost in the noise. (b) Averaged results demonstrating sub-shot-noise
sensitivity with two-photon probes, confirming quantum supersen-
sitivity in the Fourier domain. The errors bars are calculated from
the standard deviation of the 1000 computed PSDs per point. SN:
shot noise.

fluctuations of the PSD. A typical spectrum at 22% sound am-
plitude is shown in Fig. 4(a), with the corresponding averaged
results presented in Fig. 4(b). While the classical peak is now
indistinguishable from the noise floor, the two-photon contri-
bution remains clearly resolved, demonstrating sub-shot-noise
sensitivity. We emphasize that the shot-noise reference is de-
fined by the number of detected photons and does not rely on
any correction for global optical losses.

Beyond the specific demonstration with two-photon N00N
states, our results highlight an alternative, conceptually dif-
ferent route to enhanced sensitivity, based on the reduction
of the spectral noise floor rather than on an increase of the
signal amplitude. In classical interferometry, improving the
signal-to-noise ratio generally requires increasing the optical
power, as dictated by shot-noise scaling, which is incompat-
ible with photosensitive samples or with sensing scenarios
operating under stringent photon-flux constraints [23–25]. In
contrast, the quantum enhancement demonstrated here arises
from a reduction of the spectral noise floor at fixed probe
power. This quantum spectral noise reduction therefore points
to a direct advantage for low-light and noninvasive measure-
ments, where a given spectral signal-to-noise ratio can be
reached with fewer probe photons. An important open direc-
tion concerns the extension of this Fourier-domain approach
to frequency regions dominated by colored technical noise,
such as the ubiquitous 1/ f noise limiting seismic, mechanical,
and fiber-based sensors [26,27]. Understanding how quantum
correlations modify not only the level but also the spectral
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structure of noise [28,29] could enable new strategies for
separating signal and environmental fluctuations based on
their distinct quantum statistical signatures.

V. CONCLUSION

We have demonstrated a quantum advantage that appears
directly in the Fourier-domain description of an interferomet-
ric signal. By comparing single- and two-photon interference
under identical technical-noise conditions, we showed that
quantum correlations do not increase the amplitude of the
spectral peak but instead reduce the underlying noise floor,
resulting in a 3 dB improvement of the signal-to-noise ratio.
This advantage persists even in a regime where the classical
signal is buried in the spectral background while the quantum
signal remains detectable, providing a direct experimental
evidence of Fourier-domain quantum supersensitivity.

Beyond validating the theoretical framework, these results
establish spectral noise reduction as an operational quantum
resource in the same representation used to characterize and
optimize practical sensors. Since interferometric signals in
fiber-based phase, acoustic, and distributed sensing systems
are routinely processed and benchmarked through their PSD
[27,30,31], our work opens the route toward transferring
quantum-enhanced sensitivity from laboratory demonstra-
tions to realistic, broadband sensing platforms.

The present study should be regarded as a proof-of-
principle demonstration of Fourier-domain quantum en-
hancement, rather than as an assessment of the absolute
performance of a complete sensing platform. In particular, the
influence of interferometric losses has not been addressed here
and remains an important aspect for future investigations. Ex-
tending the present framework to include propagation losses,
imperfect detection, and other realistic imperfections will be
essential to quantify the ultimate performance of Fourier-
domain quantum sensing in practical implementations.

DATA AVAILABILITY

The data that support the findings of this article are avail-
able from the authors upon reasonable request.

APPENDIX A: DERIVATION OF THE SHOT-NOISE LIMIT
VIA FOURIER ANALYSIS

Consider a basic photon detection setup with a source
exhibiting Poissonian statistics (laser) with a mean emission
and detection rate λ. For sake of simplicity, we assume a
homogeneous statistics with λ = C ∈ R+ and an ideal, sta-
tionary detection process with instantaneous response. Thus,
the measured signal is

I (t ) =
∑

i

δ(t − ti ), (A1)

where ti are the photon arrival times. By definition, using the
Wiener-Khinchin theorem, the PSD of a continuous stochastic
signal is given by

SI ( f ) = R̂I ( f ), (A2)

where f is the frequency and R̂I ( f ) is Fourier transform of
the autocorrelation trace of the signal. As we are interested in
the fluctuations of the signal, we calculate the autocorrelation
trace of its zero mean:

Ĩ (t ) = I (t ) − λ, (A3)

R̂Ĩ (τ ) � 〈Ĩ (t )Ĩ (t + τ )〉 = λδ(τ ). (A4)

The Fourier transform of the above expression is straightfor-
ward and yields SĨ ( f ) = λ. Consequently, photon counting
from a Poissonian source results in a flat PSD equal to the
average photon detection rate, defining the shot-noise limit.
This result reflects the fundamental property of the Poisson
process, namely, the absence of correlations in the photon
arrival times ti.

In a practical photon-counting experiment using single-
photon detectors and a time-to-digital converter, the measure-
ment process is discretized into time bins of width �t = f −1

0 ,
where f0 denotes the acquisition frequency. In this case, each
k time bin detects Ik photons, defined by

Ik =
∫ (k+1)�t

k�t
I (t )dt . (A5)

From this sequence of time bins, we compute the discrete PSD
(periodogram) via their discrete Fourier transform:

SIk ( f ) = lim
K→∞

�t

K

〈∣∣∣∣∣
K−1∑
k=0

Ike−2π i f k�t

∣∣∣∣∣
2〉

. (A6)

Since I (t ) is a Poissonian process, the photon counts in
each time bin are statistically independent and follow a Pois-
son distribution with mean 〈Ik〉 = λ�t . Thus, the discrete PSD
yields

SIk ( f ) = λ

f 2
0

, (A7)

which correspond to the discrete shot-noise limit of the signal.
The factor f 2

0 arises from the discrete nature of the measure-
ment combined with the mean number of detected photon of
each time bin. Recall that for a Poisson distribution, the mean
equals the variance; thus, the units of the PSD, expressed as
counts2/Hz, correspond to the variance of the binned photon
counts per unit bandwidth, σ 2/Hz.

APPENDIX B: DERIVATION OF EQ. (6)

Equation (5) shows that the mean detection rate is the sum
of a constant contribution and a sinusoidal modulation,

RN (t ) = λ

2N
+ λVN Am

2
cos(2π fmt ). (B1)

The first term corresponds to the average photon detection
rate. As shown in Appendix A, a Poissonian photon flux with
a mean detection rate R0,N gives rise to a white shot-noise
spectrum whose PSD is

Snoise( f ) = R0,N

f 2
0

= λ

2N f 2
0

. (B2)
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The second term is a deterministic sinusoidal modulation
of the detection rate. Its Fourier transform is a Dirac delta
centered at the modulation frequency fm. Using the PSD
normalization adopted throughout this work, its contribution
reads

Ssignal( f ) = (λVN Am)2

16 f 2
0

δ( f − fm). (B3)

Adding these two independent contributions immediately
gives

SN ( f ) � 1

f 2
0

[
λ

2N
+ (λVN Am)2

16
δ( f − fm)

]
, (B4)

which is Eq. (6).
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