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Optical frequency combs have emerged as a cornerstone for a wide range of areas, including
spectroscopy, ranging, optical clocks, time and frequency transfer, waveform synthesis, and communi-
cations. However, quantum-mechanical fluctuations of the optical carrier impose fundamental performance
limits on the precision of classical optical frequency combs, particularly in their use for interferometry and
spectroscopy. Entanglement, as a quintessential quantum resource, allows for surpassing the fundamental
limits of classical systems. Here, we introduce entanglement into the realm of optical frequency combs,
formulating entangled dual-comb spectroscopy (EDCS) that surmounts the fundamental limits of classical
DCS. EDCS capitalizes on tailored entangled structures across the frequency comb, enabling simultaneous
detection of all comb lines below the standard quantum limit of classical DCS. Applying EDCS in gas
detection, we achieve a 2.6-dB enhancement in signal-to-noise ratio and a 1.7-fold reduction in integration
time over classical DCS, rendering EDCS particularly suited for dynamic chemical and biological sensing,
where fast, precise measurements subject to power constraints are required. EDCS opens a new avenue for
exploiting quantum frequency combs, underscoring their prospects in a plethora of applications in
precision metrology, spectroscopy, and timekeeping.
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I. INTRODUCTION

Entanglement is a quantum-mechanical property with no
classical equivalent, exhibiting stronger-than-classical cor-
relations shared by two or more objects. Since its initial
discovery [1–3], entanglement has evolved from a subject
for scientific debate to a transformative resource that enables
capabilities beyond the limits of classical physics [4].
Entanglement, now a cornerstone of a broad range of
quantum protocols for, e.g., quantum computing [5], quan-
tum communication [6,7], quantum sensing [8–11], and
quantum imaging [12], offers a pathway to surpass the
fundamental limits arising from quantum-mechanical
fluctuations [4]. In this regard, a key figure of merit for a
quantum protocol is its advantage in, e.g., signal-to-noise
ratio (SNR), measurement sensitivity, or integration time

over what the best classical strategy affords subject to the
same resource constraints for both regimes.
Optical frequency combs—a transformative tool com-

prising a spectrum of evenly spaced, phase-coherent laser
lines—deliver exceptional performance in applications
such as spectroscopy [13,14], ranging [15], optical
clocks [16], and waveform synthesis [17]. In this context,
dual-comb spectroscopy (DCS) has emerged as a powerful
technique, renowned for its unmatched sensitivity and
broad bandwidth achievable within a short measurement
time. Nevertheless, DCS exemplifies a classical approach
constrained by a fundamental trade-off between sensitivity
and measurement time imposed by quantum noise. With
recent DCS demonstrations exhibiting quantum-noise-lim-
ited performance [18–20], a pivotal question arises: How
can quantum resources be leveraged within a DCS con-
figuration, as achieved in gravitational-wave detection [21],
distributed quantum sensing [22,23], and quantum
illumination [24], to exceed such a fundamental limit?
Recently, protocols for quantum-enhanced spectroscopy

[25,26] have emerged to overcome the fundamental limits
of spectroscopy based on classical frequency combs.
Specifically, Ref. [25] proposed a scheme that leverages
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broadband squeezed light, electro-optic (EO) modulation,
and homodyne detection to create a quantum frequency
comb that would overcome the shot-noise limit of classical
spectroscopy. However, without a dual-comb configura-
tion, the practical bandwidth of optical measurements
precludes the proposed scheme from achieving a wide
spectral coverage on par with that of the DCS. In parallel,
Ref. [26] devised a DCS protocol based on a quantum
comb comprising squeezed individual lines detected by a
local oscillator (LO) comb in a heterodyne configuration.
Unfortunately, the generation of the desired quantum comb
would be a formidable task, as it requires a nonlinear
optical process with a phase-matching bandwidth narrower
than the line spacing and a group-velocity-matching
bandwidth as broad as that of the combs [26]. As such,
while these schemes yield theoretically promising results,
the experimental realization of a metrological advantage in
quantum frequency-comb spectroscopy remains an out-
standing challenge.
On the experimental front, squeezed dual-comb spec-

troscopy was recently reported [27], achieving a 3-dB SNR
advantage over the compared suboptimal classical DCS
protocol. While this work marks a meaningful step toward
incorporating nonclassical resources into dual-comb archi-
tectures, it has not established a metrological quantum
advantage due to the lack of a comparison against the
optimal classical configuration subject to the same power
constraint for both the quantum and classical regimes [28].
In Sec. II A and Appendix B, we provide a formal
theoretical analysis to identify the optimal performance
limits of dual-comb spectroscopy with both classical and
quantum resources. Such benchmarking is essential for
substantiating claims of quantum advantages in metrologi-
cal protocols.
Here, we introduce and experimentally demonstrate

entangled dual-comb spectroscopy (EDCS) that overcomes
the fundamental limits of classical DCS. Unlike squeezed
DCS [27] based on amplitude soliton squeezing produced
from a Kerr-nonlinear fiber system, EDCS exploits a bright
quantum comb with nonclassical correlations across
matched comb lines, generated by displacing a family of
two-mode squeezed states from spontaneous parametric
down-conversion (SPDC) with a classical comb. While
single-mode squeezing allows for measuring only one
quadrature below the shot-noise level, entanglement
embedded in two-mode squeezed states opens the door
to sub-shot-noise detection of both the amplitude and phase
quadratures, as demonstrated in quantum-dense metrology
[29]. By harnessing the entangled spectral structure across
a large number of optical modes produced concurrently in
an SPDC process, EDCS enables simultaneous detection of
all comb lines below the standard quantum limit (SQL),
with a demonstrated SNR enhancement of 2.6 dB com-
pared to classical DCS and a reduction in integration time
by a factor of 1.7. Our experiment establishes a robust

framework for integrating quantum resources into DCS,
paving the way for transformative advancements in high-
precision sensing and metrology.

II. PRINCIPLE OF EDCS

Our approach to EDCS requires the use of three
frequency-comb sources: an entangled comb to provide
the quantum correlations needed to achieve sub-SQL
performance; a classical comb that coherently displaces
the entangled comb to produce a bright entangled signal
comb transmitted to the sample; and a classical LO comb to
simultaneously measure all entangled signal comb lines.
The experimental schematic of EDCS shown in Fig. 1
illustrates the interplay between the three comb sources.
The experiment begins with a cw 1550-nm fiber laser,
which seeds an optical parametric oscillator (OPO) cavity
to generate an entangled comb [30] described by the
following Hamiltonian in the interaction picture [31]:

Ĥ ¼ iℏχ
XN
n¼0

ðâ†S−n â†Sn − âS−n âSnÞ; ð1Þ

where âSn and â†Sn are the annihilation and creation
operators, respectively, of the nth mode of the entangled
comb, ℏ is the reduced Planck constant, and χ quantifies the
strengths of the nonlinear interaction. Here, â†S−n â

†
Sn

(âS−n âSn ) describes the creation (annihilation) of a pair
of photons in the nth and −nth modes through SPDC. All
mode pairs undergo parallel SPDC processes to produce an
entangled comb with a spectral structure comprising a
central comb line in a displaced single-mode squeezed
state, while the remaining comb lines form pairs of two-
mode squeezed vacuum (TMSV) states as depicted in
Fig. 2. The spacing between the comb lines must be a
multiple of the free spectral range of the OPO cavity and is
set to 17.565 GHz in the experiment to accommodate the
resolution of the programmable optical filter used to
engineer the classical and LO combs. The total number
of entangled comb lines, N, is determined by the phase-
matching bandwidth of the SPDC over the free spectral
range of the OPO cavity. At the quantum source, only the
central comb line carries tens of microwatts of optical
power, while the remaining lines are in TMSV states. To
produce a bright entangled signal comb employed to
interrogate the sample, the entangled comb interferes with
a spectrally matched classical comb on an unbalanced beam
splitter, converting each TMSV pair into a displaced two-
mode squeezed state, with an optical power level up to
several hundred microwatts per comb line. After probing
the sample, the entangled signal comb is measured in a
heterodyne configuration, where it beats with an LO comb.
Both the LO and signal combs are generated from a
common continuous-wave (cw) laser, each undergoing
EO modulation and spectral shaping via separate
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modulators and programmable optical filters that configure
the intensity and phase of each comb line. In the experi-
ment, the EO modulation frequency on the LO comb
defines the repetition rate frep of the DCS system and is
chosen to 17.565 GHz, matching the lines of the entangled
comb. The classical comb is modulated at a frequency
offset from frep by δfrep ¼ 4 MHz. By doing so, a radio-
frequency (rf) comb with a δfrep line spacing is generated
via the beating between the LO and entangled signal comb
in the heterodyne detection and is subsequently acquired
and processed by electronics. The accessible bandwidth of
the entangled signal comb is 0.17569 THz, limited by the
power roll-off of the LO and classical combs at large mode
indices (see more experimental details in Sec. IV and
Appendix A). The EDCS protocol is benchmarked against
the SQL defined by a classical quantum-noise-limited DCS
protocol based on the same classical- and LO-comb
configuration while the entangled comb is turned off.
The entanglement structure embedded in the entangled

signal comb and its spectral configuration along with that

of the LO comb are illustrated in Fig. 2. The OPO cavity
generates a single-mode squeezed state at the center and an
entangled comb comprising pairs of TMSV states, as
represented by the connected dotted lines and quantum
operators âSn and âS−n , that are multiples of frep away from
the central cavity resonance, where frep is determined by
the free spectral range of the OPO cavity. The linewidth Δν
of the OPO cavity is sketched with the Lorentzian shape.
The classical comb’s line spacing differs from that of the
entangled comb by δfrep such that the interference between
the two combs on BS1 (as shown in Fig. 1) leads to
displacements αSn at frequencies nðfrep þ δfrepÞ, as repre-
sented by the red lines. The LO comb’s line spacing is
aligned with that of the entangled comb at frep, allowing all
entangled signal comb lines to be simultaneously measured
at a quantum fluctuation level below that of the SQL by
virtue of the property of the entanglement embedded in the
TMSV states. At the same time, the beating between
the LO comb line at nfrep and the displacement on the
entangled signal comb at nðfrep þ δfrepÞ translates to a beat

BS2

BS1

Classical comb

Local oscillator comb

Entangled comb

Entangled signal 
comb

Gas cell

Heterodyne 
detector 

FIG. 1. Experimental setup for entangled dual-comb spectroscopy. An entangled optical frequency comb is coherently displaced by a
classical comb at BS1 to generate a bright entangled signal comb. This signal comb is transmitted through a gas sample for spectroscopic
analysis. The absorption fingerprint of the gas is retrieved through an interferometric measurement with a local oscillator comb in a
heterodyne detection configuration. The protocol exploits the sub-SQL capabilities of the entangled comb to achieve a higher sensitivity
and a reduced integration time compared to classical dual-comb spectroscopy. Double helix: entanglement shared by the comb lines.
Dotted lines: two-mode squeezed vacuum states.
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note at nδfrep in the rf spectrum. The aliasing arising from
the beating of the�nth lines of the entangled signal and LO
combs is resolved by appropriately designing the displace-
ment at each line (see Sec. IV). The rf spectrum resulting
from the beating of the entangled signal or classical signal
comb with the LO comb is depicted in Fig. 3(a), demon-
strating enhanced SNR of 2.6 dB endowed by the entangled
comb structure. To account for the increased phase noise at

higher beat notes, the power of the classical signal comb is
deliberately reduced. This adjustment ensures an expanded
bandwidth for shot-noise-limited measurements, as illus-
trated in Figs. 3(b) and 3(c).

A. Classical and quantum DCS benchmarks

Appendix B entails a general benchmarking for the
classical DCS and EDCS. Here, we present SNR bench-
marks for a uniform comb and squeezing spectrum in the
weak absorption regime to intuitively illustrate the advan-
tage of EDCS over classical DCS, while the subsequent
sections adopt the general theory that does not resort to
such premises in analyzing the experimental data and
benchmark against classical DCS protocols. In the scenario
of uniform combs, the comb line amplitudes fAng and
fBng for the entangled signal and LO combs and squeezing
gains fGng defined in Appendix B are set to uniform, i.e.,
An ¼ A; Bn ¼ B, and Gn ¼ G, and the power transmissiv-
ities fκng of the absorption spectrum approach unity, i.e.,
κn → 1, where n is the comb line index. In addition, the LO
comb is assumed much brighter than the signal comb, i.e.,
jBj ≫ jAj, and does not interact with the sample.
As a standard practice of quantum metrology, we first

define the power constraint as a pivotal parameter for
equitable comparisons between different protocols. In an
asymmetric EDCS system in which only one comb inter-
faces with the sample, such a constraint is imposed by the
total amount of power P ¼ ℏωcA2M=T that the sample is
exposed to, whereM is the total number of comb lines. The
SNR of heterodyne detection can be derived from
Eq. (B17) as

ðSNRmjκn→1Þ2 ¼
A2B2

MðB2=2Gþ A2=2Þ ≈
A2

M=2G
ð2Þ

in the limit of B2 ≫ A2, viz., the strong LO limit.
Physically, the denominator is interpreted as the total noise
variance contributed by M=2 two-mode-squeezed mode
pairs beating with their associated LO modes. The ampli-
tude of each LO mode is B, so the shot-noise variance of a
pair of LO modes in heterodyne detection is B2, while two-
mode squeezing reduces the variance to B2=G. As such, the
noise variance accounting for all M=2 mode pairs amounts
to MB2=2G.
Setting G ¼ 1, the classical limit (CL) of SNR is found

to be

ðSNRasym
CL Þ2 ¼ A2

M=2
¼ 2PT

M2ℏωc
: ð3Þ

Following a similar formalism, the SNR for symmetric
EDCS [14] in which two combs combine on a 50∶50 beam
splitter and subsequently pass through the sample is
established as

FIG. 2. Entanglement structure and spectral configuration of
entangled signal and LO combs. âSn and âS−n form pairs of
TMSV states produced from the OPO cavity, constituting an
entangled comb. The line spacing of the LO comb is locked to
that of the entangled comb at frep, allowing for simultaneous
detection of all entangled signal comb lines below the SQL. The
classical comb displaces the entangled comb by αSn at frequen-
cies nðfrep þ δfrepÞ to produce a bright entangled signal comb.
The central dashed comb lines are employed solely for phase
locking. f0 is the central frequency of the frequency combs.
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FIG. 3. rf spectra of entangled dual-comb and classical dual-
comb. (a) rf spectrum obtained from the beating of the entangled
signal comb or classical signal comb with the local oscillator
comb. Enlarged rf spectra at the first [(b), left] and fifth [(b), right]
beat notes obtained under reduced power levels of the classical
signal comb. Operating at lower power mitigates the phase noise
on the recorded beat notes.
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ðSNRsym
C Þ2 ¼ A2B2

MðA2 þ B2Þ=2 ; ð4Þ

as shown in Eq. (B20). Akin to asymmetric DCS, setting P,
the total optical power impinging on the sample, as the
constraint, the classical limit for SNR of symmetric DCS is
obtained by equalizing the power carried on the two combs,
i.e., A2 ¼ B2 ¼ PT=Mℏωc, yielding

ðSNRsym
CL Þ2 ¼ PT

M2ℏωc
; ð5Þ

in agreement with DCS’s shot-noise-limited SNR presented
in Ref. [14]. In Ref. [27]’s squeezed DCS experiment, one
comb is about 3 orders of magnitude more intense than the
other, rendering its SNR more than 2 orders of magnitude
inferior to the classical limit as given by Eq. (5), achieved
by two equal power combs. In such an unbalanced scenario
of Ref. [27]’s experiment, the measurement noise is
dominated by the shot noise from the intense comb, and,
thus, squeezing that comb achieves an SNR advantage over
a classical DCS scheme employing the same unbalanced
power on the two combs. One may wonder if the quantum
advantage would persist should the power carried on the
squeezed comb and the classical comb be balanced.
Unfortunately, by doing so the classical comb would pick
up the noise in the antisqueezed quadrature of the squeezed
comb in their beating as the authors of Ref. [27] recently
verified [32], which precludes an SNR advantage over the
optimal classical DCS subject to the power constraint. As
such, achieving a quantum advantage in DCS requires
meticulous design and implementation of the quantum
states of both combs, as we accomplish in the current
experiment.

III. ENTANGLEMENT-ENHANCED
GAS DETECTION

We next demonstrate EDCS for gas detection in an
asymmetric scheme, in which only the entangled signal
comb is directed to the sample of interest, minimizing the
risk of sample damage while maintaining a high SNR and
effective technical noise suppression achieved through the
use of a strong LO comb and balanced detection. Figure 4
(a) shows the optical spectrum of the LO comb with a line
spacing of frep ¼ 17.565 GHz, selected to align with the
free spectral range of the OPO cavity that generates the
entangled frequency comb while amenable to the resolution
of the programmable optical filter. To achieve a finer
spectral resolution, we reposition the cw seed laser to 50
distinct central frequencies and acquire a dual-comb
spectrum at each setting. These spectra, each comprising
comb lines with a 17.565 GHz spacing, are interleaved
offline to synthesize a broadband spectrum with an effec-
tive resolution of approximately 350 MHz, set by the
designed sweep step size across 50 acquisitions, as depicted

in Figs. 4(b)–4(d). The central region of the spectrum
displays no comb lines due to a zero carrier-offset fre-
quency, resulting in the absence of observable beat notes. In
the experiment, the central lines of the three combs are
utilized to phase lock the entangled comb displacement and
to lock the LO comb to the squeezed quadratures. Both
locking units are essential for maintaining stability in the
EDCS measurements.
In gas detection, the entangled signal comb with δfrep ¼

4 MHz passes through a gas cell containing hydrogen
cyanide (HCN) at a pressure of 25 Torr, with an optical path
length of 17.5 cm, yielding an absorption depth of 3 dB.
To obtain the absorption spectrum of HCN, we use the
comb configuration and cw laser sweep, the same as that in
Fig. 4(b). Figure 5(a) shows the measured average trans-
mittance spectrum, which is fitted to a model based on the
HITRAN2020 database [33] built on the optical path
length, pressure, temperature, and concentration as input
parameters, showing excellent agreement between the
experimental data and model. To demonstrate the speedup
enabled by EDCS, we estimate the precision of the
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FIG. 4. Measured local oscillator and dual-comb spectra.
(a) Spectrum of the local oscillator comb measured using an
optical spectrum analyzer. (b) Dual-comb spectrum obtained by
sampling the time-domain signal of the subtracted photocurrents
from the balanced receiver at a 100 MHz sampling rate for 0.5 s.
The data are postprocessed to derive the frequency-domain
spectrum. The larger number of comb lines is achieved by
sweeping the center frequency of the cw laser. (c) An enlarged
view of a 35 GHz bandwidth, highlighting the mode-resolved
nature of the dual-comb spectrum. (d) A further enlargement to a
3.5 GHz bandwidth, resolving individual comb lines.

ENTANGLED DUAL-COMB SPECTROSCOPY PHYS. REV. X 15, 041009 (2025)

041009-5



transmittance spectrum measurement as a function of the
number of averaged interferograms. The interferograms are
detected using a balanced photodetector and recorded on an
oscilloscope with sufficient bandwidth and a sampling rate
of 100 MS=s. After filtering, a 10 μs segment of the time-
domain signal is extracted, corresponding to a single
interferogram with a resolution bandwidth of 100 kHz.
Figure 5(b) illustrates the precision as a function of the
number of averaged interferograms, highlighting that
EDCS achieves a quantum speedup factor of 1.7 compared
to classical DCS in reaching a target precision. This
advancement underscores the prospect of EDCS to over-
come the fundamental trade-off between sensitivity and
measurement time, paving the way for sensing applications
with boosted speed and precision.
We further evaluate EDCS’s performance under varying

absorption depths, as illustrated in Fig. 6. The single-line
SNR (SNRm, formally defined as the power SNR for
estimating the spectrum κm at the mth line; see
Appendix B) for both EDCS and DCS is shown in
Fig. 6(a). Additionally, the SNR advantage in the simulta-
neous detection of all comb lines at different absorption
depths is shown in Fig. 6(b). Notably, the quantum

advantage remains largely intact even with 3 dB absorption,
compared to lower absorption levels of 0.1 and 0.25 dB.
This robustness results from a synergistic interplay between
the classical and quantum resources in our configuration.
EDCS leverages the sub-SQL performance provided by the
nonclassical properties of TMSV states, while its distrib-
uted nature minimizes the impact of losses on quantum
advantage, as only a small fraction of the comb lines is
expected to experience loss in a spectroscopic measure-
ment. Crucially, a favorable unattenuated-to-attenuated
ratio (UAR) of comb lines—10:1 in our setup—results
in minimal degradation of sub-SQL performance. To
further illustrate EDCS’s capability, we simulate the per-
formance of a flattop entangled comb with a maximum of
10 dB squeezing and 15 dB antisqueezing, measured using
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1.1%, with a maximum difference of less than 7% observed
near peak absorption values. (b) Quantum speedup of EDCS over
classical DCS enabled by enhanced precision below the standard
quantum limit.
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flattop entangled comb with 10 dB maximum squeezing and
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a flattop LO. The results, shown in Fig. 6(c), highlight the
resilience of entangled combs to loss, attributed to their
high UAR of comb lines.

IV. DISCUSSION

We implement linear-absorption DCS fueled by
entangled spectral structures to achieve an enhanced
SNR, higher measurement sensitivities, and reduced inte-
gration times. Our experimental setup introduces an addi-
tional servo loop to lock the relative phase between the
entangled comb and the classical signal comb, while all
other feedback loops mirror those used in conventional
TMSV sources. To meet the tighter phase requirements and
overcome the locking challenges in EDCS, our experiment
hinges on two key techniques. (i) EO comb generation: A
single cw laser seeds the optical cavity and, via EO
modulation, simultaneously feeds the classical signal and
LO combs. This common seed guarantees intrinsic mutual
coherence [34], enabling sub-shot-noise detection of the
entangled signal comb, shot-noise-limited detection of the
classical comb, and robust phase locking to the LO.
(ii) Programmable optical filtering: Awave shaper precisely
sets the amplitude and phase of both the classical signal
comb and the LO comb. Although the entangled comb
never passes through the filter, its effective quadrature
orientation and power distribution are indirectly tuned via
coherent displacement by the classical comb. Such control
is pivotal for the phase-sensitive heterodyne detection: The
nonuniform spectral phase across the LO comb introduced
by EO modulation must be corrected so that all squeezed
quadratures align. Moreover, the spectral phase profile of
the classical comb must align with that of the LO comb to
maximize beat-note strength. Phase misalignment would
diminish the quantum enhancement due to increased noise
power caused by mixed squeezed and antisqueezed quad-
ratures or reduced signal power as a result of misaligned
phases between the signal and LO combs. The program-
mable filter also equalizes optical power across modes and
suppresses excess phase noise in the rf spectrum by
attenuating lines where necessary. To confirm that the
observed 2.6-dB quantum advantage is genuine—and not
an artifact of the filter settings—we record dual-comb
spectra with identical wave shaper configurations while
toggling the quantum comb on and off. The enhancement
remains unchanged, verifying the robustness of our EDCS
scheme.
With the current entanglement and spectral configura-

tions, the beatings between the nth and −nth entangled
signal and LO comb lines are translated into the same rf
frequency at nδfrep. We have developed two approaches to
resolve the aliasing (see Appendix B). The first approach
entails two-shot measurements, in which the positive-index
entangled comb lines are displaced by αSn and −αSn in the
two consecutive measurements. Since the beat note at
nδfrep in the two measurements yields αS−n þ αSn and

αS−n − αSn , the sum and the difference of the two measure-
ments unveil 2αS−n and 2αSn without compromising the
overall SNR. In the second approach, the positive- and
negative-index comb lines are displaced along two different
quadratures, mathematically described as real and imagi-
nary displacements, respectively. The beatings of the nth
and −nth entangled signal and LO comb lines then yield rf
signals proportional to cosð2πnδfreptÞ and sinð2πnδfreptÞ,
allowing the positive- and negative-index comb lines to be
unambiguously separated by two rf mixers.
It is worth noting that the demonstrated EDCS protocol

differs from that proposed in Ref. [26] in both the structure
of the quantum comb and the measurement scheme.
Specifically, Ref. [26] employs a collection of single-mode
squeezed states, where the comb lines exhibit no cross-line
correlations. In contrast, the quantum comb used in this
work features comb lines that are pairwise entangled (two-
mode squeezed). The quantum correlations between quad-
ratures, as opposed to polarizations, of the entangled modes
endow EDCS’s enhancement. This approach enables the
use of standard TMSV sources while paving the way
for integration into χð3Þ complementary metal-oxide-
semiconductor-compatible silicon-photonics platforms.
These platforms have made significant advancements in
quantum-light generation [35–40], closing the gap with
bulk quantum sources that hold the record of the amount of
measured squeezing [41]. Moreover, these platforms offer
the potential to tailor the dispersion profile [42,43] to
generate ultrabroadband quantum combs and to integrate
classical Kerr frequency combs in tandem with program-
mable optical filters [44] as the LO comb, opening a new
avenue for the development of highly compact and versatile
EDCS platforms capable of outperforming their classical
counterpart [45].
As highlighted in Refs. [18,46,47], the limited spectral

span—and, in our case, a smaller number of comb lines—
characteristic of DCS using EO modulators is effectively
mitigated through the frequency tunability of the cw laser
and rf synthesizers. This agility allows for precise adjust-
ments to the center frequency and repetition frequency of
the combs, providing substantial flexibility in experimental
configurations. Despite these constraints, this approach
delivers a high SNR within short measurement times
and enables customizable spectral resolution. With the
current configuration, the spectral resolution of our
EDCS setup is 350 MHz shown in Fig. 4(d). To address
the remaining gaps within these intervals, the rf can be
swept by �175 MHz at each laser center frequency. This
two-step process guarantees complete spectral coverage
while maintaining the quantum advantage, as all comb lines
remain well within the 400 MHz squeezing bandwidth of
the entangled comb source throughout both laser and rf
sweeps. As for further expanding the spectral coverage,
various techniques have been proposed and demonstrated.
For instance, efficient nonlinear broadening can be used to
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achieve wider bandwidths with high resolution, as dem-
onstrated in Ref. [48]. Additionally, cascading EO modu-
lators, as shown in Ref. [49], offers another effective
method for significantly increasing spectral coverage.
EDCS’s advantage over classical DCS can be further

broadened via multiple routes. First, the maximum amount
of vacuum squeezing produced by our entangled-comb
source is measured at approximately 4 dB, while sources
delivering over 10 dB of squeezing have been reported [41].
Second, the rf synthesizer employed in the present experi-
ment exhibits a phase noise level at −75 dBc=Hz at
10 GHz frequency with a 10-kHz offset, while a standard
commercially available unit offers −132 dBc=Hz at
10 GHz to further amplify the disparity in the integration
times between EDCS and classical DCS. Third, mitigation
of experimental imperfections, such as inaccuracies in the
wave shaper phase filter configurations, subunity fringe
visibility (97%) due to mode mismatch between the
entangled signal and LO combs, and limited quantum
efficiency of the photodiodes (88%), will reduce mixing of
the squeezed and antisqueezed quadratures and the amount
of vacuum noise mixed in, enabling an even more pro-
nounced quantum advantage for EDCS.
We note that the theoretical results shown in Fig. 6(c) can

be further optimized by analyzing Eq. (B17) (see
Appendix B), illustrating the additional degrees of freedom
and key considerations when transitioning from DCS to
EDCS. One optimization approach involves minimizing
antisqueezing by operating the OPO cavity at lower pump
powers, without degrading the squeezing. This reduces the
contribution of antisqueezing to the degradation of quan-
tum advantage observed in Fig. 6(c). A second approach
employs adaptive measurements to configure the LO in a
manner that mimics the imbalance in intensity caused by
absorption loss on the signal comb. This further mitigates
the impact of antisqueezing on the system’s performance.
These dependencies highlight the intricate nature of EDCS
and underscore its potential for significant metrological
advantages.
Before closing, we compare our work with the two

recently reported quantum DCS experiments [27,50]. A
figure of merit for DCS is the quality factor defined as
SNR ×M=

ffiffiffi
τ

p
, whereM ¼ 2N is the total number of comb

lines, SNR is defined in amplitude, and τ is the integration
time [14]. The asymmetric DCS scheme, in which only the
signal comb interrogates the sample while the other much
more intense comb serves as an LO at the heterodyne
detector, is known to saturate classical DCS’s quality-factor
limit given the power on the sample [26]. Exploiting
entanglement to enhance the SNR, thus, enables our
asymmetric EDCS to surpass the fundamental limit of
classical DCS. Reference [27]’s experiment is innovative,
offering large spectral coverage and high resolution.
However, in its symmetric DCS scheme, the optimal
quality factor subject to the same power constraint is

achieved by evenly distributing the optical power over
the two combs. Consequently, the large imbalance between
the power levels of the two combs in the experiment results
in a quality factor that falls short of the classical limit (see
Appendix B). Reference [50]’s experimental DCS scheme
is asymmetric based on a classical comb interrogating the
sample and a squeezed LO. While such a configuration
may offer some practical benefits due to the low frequency
conversion efficiency, it cannot beat the fundamental limit
of classical DCS [51].
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APPENDIX A: EXPERIMENTAL DETAILS

1. EDCS setup

A detailed experimental diagram is shown in Fig. 7.
A 1550-nm fiber laser (NKT Photonics Koheras BASIK)
generates 30 mW of light, which is modulated by a fiber-
based EO phase modulator (PM) driven at 88MHz to create
sidebands for cavity locking via the Pound-Drever-Hall
technique. The modulated light is amplified to approxi-
mately 1.5 W by an erbium-doped fiber amplifier (EDFA)
and coupled into free space. The 1550-nm light is directed
to a three-mirror cavity for spatiotemporal mode cleaning
(MC) and locked at its maximum transmission. The output
from the MC cavity is then split into two arms: One serves
as the pump for second-harmonic generation (SHG), while
the other passes through a second MC cavity and is
subsequently split into three arms to serve as the seed
for the OPO, the classical comb, and the LO comb for
heterodyne measurements.
The classical comb is generated using two fiber-based

EO-PMs: one driven at 17.569 GHz to create the comb
lines and another driven at 100 kHz by a lock-in amplifier
to generate sidebands for locking the classical comb to the
entangled comb. Prior to interfering with the entangled
comb, the classical comb passes through a programmable
optical filter (wave shaper) to control the intensity and
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phase of each line of the entangled signal comb. The wave
shaper balances the intensities of the two comb lines
forming each pair, deliberately reduces the power of all
comb lines (except the central comb line used for lock-
ing) to mitigate phase noise in the rf beat notes [Figs. 3(b)
and 3(c)], and optimizes the phase of each comb line to
maximize rf beat notes. Additionally, it configures the
comb phase for the two-shot measurements used to resolve
comb aliasing.
The SHG cavity is a semimonolithic design incorporat-

ing a curved mirror with low reflectivity at 775 nm and high
reflectivity at 1550 nm, along with a periodically poled
KTiOPO4 (PPKTP) crystal. It is locked using the 88-MHz
sidebands and generates 775-nm light through second-
order frequency doubling. The 775-nm light is directed to

an MC cavity before being injected into the OPO cavity,
which contains an identical PPKTP crystal. The OPO
cavity’s curved mirror has high reflectivity at 775 nm
and moderate reflectivity at 1550 nm. The three MC
cavities are locked by tapping the reflected light from their
input coupling mirrors, while the SHG cavity and the
OPO’s 1550- and 775-nm locks are achieved by tapping
their transmitted beams.
To generate an entangled comb, the weak 1550-nm

seed beam is modulated using a free-space PM driven at
40 MHz, creating sidebands for parametric amplification
locking. The OPO cavity is locked using a 66-MHz
sideband of the 775-nm pump, which transmits through
the DBS on the pump input path. When pumped with
775-nm light, the OPO generates squeezed light via

rf synthesizer

FIG. 7. Schematic of the experimental setup. An entangled comb at a wavelength of 1550 nm is generated in a doubly resonant OPO
operated below threshold. EOM: electro-optical modulator; EDFA: erbium-doped fiber amplifier; 1550MC: three-mirror cavity for
spatiotemporal mode cleaning of 1550 nm light; PID: proportional-integral-derivative controller; BS: beam splitter; DBS: dichroic beam
splitter; SHG: second harmonic generation; PD: photodiode. To generate the entangled signal comb, the entangled comb is interfered
with a classical comb, generated via an EOM followed by a wave shaper (WS), on a 99=1 BS. To lock the phase between the classical
comb and entangled comb, a lock-in amplifier drives a second EOM on the classical comb arm to generate sidebands for the error signal,
which is used by a PID controller to stabilize the phase. The entangled signal comb passes through a gas cell, after which it interferes
with the LO comb in a heterodyne configuration. The subtracted photocurrent from balanced detection is analyzed by an electronic
spectrum analyzer (ESA) for real-time optimizations of the system, while an oscilloscope is used for interferogram acquisition.
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SPDC at 1550 nm, and, when phase locked to achieve
parametric amplification, altering the seed’s photon sta-
tistics from a coherent state to a displaced phase-
squeezed state. The quantum light emitted from the
OPO comprises a single-mode squeezed state at the
central frequency and an entangled comb consisting of
pairs of TMSV states. After its generation, the entangled
comb is interfered with a classical comb on a 99=1 beam
splitter, converting each TMSV pair into a displaced two-
mode squeezed state.

2. Characterization of entangled comb

The LO comb is prepared in a manner similar to the
classical comb, using a separate PM and a wave shaper. The

LO comb’s amplitudes and phases are adjusted to align
with the squeezed quadratures of the TMSV states, ena-
bling simultaneous measurement of maximum squeezing
across all entangled comb lines. Without proper amplitude
balancing, the LO is not matched to the signal comb,
resulting in reduced observed squeezing. Furthermore,
improper phase alignment results in mixing of squeezed
and antisqueezed quadratures from different modes, nulli-
fying the overall sub-SQL capabilities of the entangled
comb. Figures 8(a)–8(f) illustrate the measured squeezed
and antisqueezed quadratures for the central comb line and
five two-mode pairs. Figure 8(g) demonstrates simulta-
neous detection of the squeezed quadratures for all two-
mode squeezed states, while Fig. 8(h) demonstrates the
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FIG. 8. Zero-span measurements of the entangled comb at a frequency of 6.5 MHz, captured using an electrical spectrum analyzer.
(a) Measurement of the central comb line using LO’s central comb line, while all other comb lines are off. (b) Measurement of the first
entangled mode pair. (c) Measurement of the second entangled mode pair. (d) Measurement of the third entangled mode pair.
(e) Measurement of the fourth entangled mode pair. (f) Measurement of the fifth entangled mode pair. (g) Measurement with all
entangled comb lines turned on. Measured squeezing factors range from 2.1 to 2.8 dB, and the antisqueezing factors range from 9.3 to
13.3 dB. (h) Squeezing and antisqueezing levels across the spectrum from 3 to 21 MHz for all comb lines measured simultaneously. The
detector’s electrical noise is 18 dB below the vacuum noise. The resolution bandwidth is set to 300 kHz, and the video
bandwidth to 300 Hz.
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quantum advantage over the spectrum of interest,
3–21 MHz used to obtain Figs. 3–5.
In our experiment, the entangled signal comb is gen-

erated with a total power of 4 nW [Fig. 3(a)], consisting of
ten signal comb lines alongside a central comb line with a
power of 2 μW used to lock the phase between the
entangled comb and the classical signal comb. To reduce
beat-note phase noise, the signal comb power is reduced to
sub-nW [Figs. 3(b) and 3(c)]. The entangled signal comb is
measured using an LO comb with an average power of
1.8 mW per comb line.

3. Dual-comb spectra

The dual-comb spectra shown in Figs. 3(a)–3(c) and
4(b)–4(d) are derived by sampling the time-domain signal
of the subtracted photocurrents from the balanced receiver.
The signal is sampled at a rate of 100 MHz over a duration
of 0.5 s. The recorded data are postprocessed to obtain the
corresponding frequency-domain spectra. For Fig. 3(a), a
resolution bandwidth of 10 kHz and 5000 interfero-
grams are used in the postprocessing. In contrast,
Figs. 3(b) and 3(c) employ a resolution bandwidth of
200 Hz with 100 interferograms, while Figs. 4(b)–4(d) use
a resolution bandwidth of 100 Hz with 50 interferograms.

APPENDIX B: THEORY OF EDCS

We formulate the quantum theory model and present the
formula of the photocurrent measurement readout, along
with the derivations of the information-carrying mean, the
quantum measurement noise, and finally the SNR.

1. Formulation of input and channel

Following the formalism in Ref. [26], we summarize the
quantum theory for dual-comb spectroscopy with 2N þ 1
comb lines for each comb, including a central comb line
used solely for phase locking and N pairs of comb lines,
symmetrically residing across the central line, for spec-
troscopy, as shown in Fig. 9. We assume that each comb
line is effectively monochromatic; i.e., the frequency-comb
linewidth is smaller than the minimum resolvable linewidth
1=T, for acquisition T, such that each excited comb line can
be regarded as a single frequency-bin mode. We require
frep; δfref > 1=T to avoid aliasing. Since the LO comb is
much stronger than the signal comb, it is treated classically,
fully characterized by its comb line amplitudes Bn at
frequency nfrep for −N ≤ n ≤ N. In contrast, the signal
comb is characterized by line amplitudes fAng and zero-
mean quantum fluctuation modes fân;mg. The power of the
signal amounts to P≡ ℏωc

P
N
n¼−N;n≠0 jAnj2=T, where ωc

is the angular frequency of the optical carrier.
We now formally define the quantum fluctuation modes.

The frequency modes of the field represented by the
annihilation operators ân;m satisfy the commutation relation
½ân;m; â†n;m� ¼ 1, while all other commutators are zero. Each

double subscript n∈ ½−N;N� and m∈ ½−N;N� indexes a
mode at frequency nfrep þmδfrep. Here, n indexes the
comb line that the mode is associated with, while m further
identifies the mode relative to that line in its sideband. As
δfrep ≫ 1=T, the sideband modes around different comb
lines will not overlap. TheseN2 modes pertain to the EDCS
data produced by the heterodyne measurement. In the
classical DCS, the statistics of all modes are in the vacuum
state, resulting in the classical shot-noise limit in hetero-
dyne measurement. In contrast, the entanglement across
different modes in EDCS enables surpassing the classical
limit, as elaborated below.
We model the sample absorption process, whose trans-

missivity spectrum is to be measured, as a tensor product of
bosonic loss channels. The input-output relation of such
channel is An →

ffiffiffiffiffi
κn

p
Aneiαn for means and

â0n;m ¼ ffiffiffiffiffi
κn

p
eiαn ân;m þ

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − κn

p
ên;m ðB1Þ

for noise modes, where κn and αn are the power trans-
missivity and phase shift, respectively, of the absorption
spectrum in the vicinity of frequency nfrep.

2. Balanced heterodyne photocurrent

In the balanced heterodyne measurement, the LO
comb beats with the returned signal comb on a balanced
beam splitter. The beam splitter outputs are directed
onto photodiodes, and the resulting photocurrents are
subtracted to produce the rf photocurrent, denoted as
N̂AC, with the dc component discarded. Assuming strong
LO, Bn ≫ Am; ∀ n;m, the discrete Fourier spectrum of
the balanced heterodyne photocurrent at rf frequency
mδfrep is

N̂AC
m ¼

XN
n¼−N

B�
nÂ

0
n;m þ BnÂ

0†
n;−m; ðB2Þ

FIG. 9. Schematic of the frequency modes for the entangled
signal comb and the local oscillator comb.
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where

Â0
n;k ¼ â0n;k þ δn;k

ffiffiffiffiffi
κn

p
Aneiαn ðB3Þ

is the returned signal spectrum at frequency nfrep þ kδfrep.
Here, the Kronecker delta δn;k ¼ 1 for k ¼ n and zero
otherwise, and the channel output noises â0n;k are defined by
Eq. (B1). It contains two components—mean hN̂AC

m i and
zero-mean noise Σ̂AC

m :

N̂AC
m ¼ hN̂AC

m i þ Σ̂AC
m : ðB4Þ

The output of the OPO forms pairs of two-mode squeezed
states between ân;m and â−n;−m. Let ân;m → â1,
â−n;−m → â2, and one observes that the contribution to the
noise Σ̂AC

m from the input is proportional to ðâ1 þ â†2Þ=
ffiffiffi
2

p ¼
ðq̂1 þ q̂2Þ=

ffiffiffi
2

p þ iðp̂1 − p̂2Þ=
ffiffiffi
2

p ¼ q̂þ þ ip̂−, in the limit
of κn → 1. Thus, the noise on both quadratures can be
suppressed by the two-mode squeezed state owing to
the cross-mode entanglement, which does not violate
Heisenberg uncertainty because ½q̂þ; p̂−� ¼ 0. Later, we
derive the complete formula in Eq. (B15).

3. Derivation of the mean of the balanced
heterodyne photocurrent

The information about the absorption spectrum is
encoded in the mean of the balanced heterodyne photo-
current. From Eq. (B2), we obtain the mean photocurrent

hN̂AC
m i ¼

XN
n¼−N

hB�
nÂ

0
n;m þ BnÂ

0†
n;−mi

¼ B�
m

ffiffiffiffiffiffi
κm

p
Ameiαm þ B−m

ffiffiffiffiffiffiffiffi
κ−m

p
A�
−me−iα−m: ðB5Þ

Equation (B5) suggests that the absorption on both
the positive- and negative-index comb lines,

ffiffiffiffiffiffi
κm

p
eiαm;ffiffiffiffiffiffiffiffi

κ−m
p

e−iα−m , contributes to N̂AC
m , causing aliasing. We next

analyze aliasing-mitigation strategies.

4. Two-shot measurement without prior knowledge

To decode the absorption on the positive- and negative-
index comb lines, i.e.,

ffiffiffiffiffiffi
κm

p
eiαm and

ffiffiffiffiffiffiffiffi
κ−m

p
e−iα−m concur-

rently, one adopts a two-shot measurement protocol. The
first shot proceeds as described at the outset, producing
photocurrent

hN̂ACð1Þ
m i ¼ B�

m
ffiffiffiffiffiffi
κm

p
Ameiαm þ B−m

ffiffiffiffiffiffiffiffi
κ−m

p
A�
−me−iα−m: ðB6Þ

In the second shot, a phase shift of π is applied to the
positive-index classical comb lines, yielding Am → −Am
for all 1 ≤ m ≤ N prior to combining it with the entangled
comb. The heterodyne measurement produces photocurrent

�
N̂ACð2Þ

m
�¼−B�

m
ffiffiffiffiffiffi
κm

p
AmeiαmþB−m

ffiffiffiffiffiffiffiffi
κ−m

p
A�
−me−iα−m: ðB7Þ

Subsequently, two linear combinations of
ffiffiffiffiffiffi
κm

p
eiαm;ffiffiffiffiffiffiffiffi

κ−m
p

e−iα−m allow one to solve for both spectral
components.

5. One-shot measurement with known phase

When the absorption phase spectrum fαmgNm¼−N is
known or small, one lets fαm ¼ 0gNm¼−N without loss of
generality. Further assuming Am’s are real for 1 < m ≤ N
and pure imaginary for −N ≤ m < −1, and Bm’s are real,
which can be attained by the wave shaper, the positive- and
negative-index comb lines can be independently decoded in
the real and imaginary components [cosðmδfreptÞ and
sinðmδfreptÞ in the experiment] of the readout photo-
current:

hN̂AC
m i ¼ Bm

ffiffiffiffiffiffi
κm

p
Am þ iB−m

ffiffiffiffiffiffiffiffi
κ−m

p
A−m: ðB8Þ

6. Single-sided absorption

If the absorption is known to be on only positive- or
negative-index comb lines, a single measurement suffices
to infer the absorption spectrum. Without loss of generality,
we assume the positive-index comb lines are lossless, i.e.,
κ−m ¼ 1 for 1 ≤ m ≤ N, reducing the mean photocurrent in
Eq. (B5) to

hN̂AC
m i ¼ B�

m
ffiffiffiffiffiffi
κm

p
eiαmAm þ B−mA�

−m: ðB9Þ

If Am ¼ A−m ¼ A and Bm ¼ B−m ¼ B; αm ¼ 0, then

hN̂AC
m i ¼ ð1þ ffiffiffiffiffiffi

κm
p ÞAB: ðB10Þ

7. Derivation of the quantum measurement noise
in the balanced heterodyne photocurrent

Because of asymmetric loss κn ≠ κ−n, antisqueezing
noise contaminates the output. For simplicity, let αn ¼ 0
for all −N ≤ n ≤ N and θn ¼ 0 for 1 ≤ n ≤ N, θn ¼ π=2
for −N ≤ n ≤ −1. We can divide the quantum noise Σ̂AC

m

in photocurrent into two independent parts as Σ̂AC
m ¼

Σ̂AC
m;Q þ Σ̂AC

m;P, where Σ̂AC
m;Q is the position quadrature con-

tribution and Σ̂AC
m;P is the momentum quadrature contribu-

tion. At the strong LO limit, Σ̂AC
m;Q is

ffiffiffi
2

p
Σ̂AC
m;Q ≃ ðB�

0q̂
0
0;m þ B0q̂00;−mÞ

þ
XN
n¼1

½ðB�
nq̂0n;m þ Bnq̂0n;−mÞ

þ ðB−nq̂0−n;−m þ B�
−nq̂0−n;mÞ� ðB11Þ

and, similarly,
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ffiffiffi
2

p
Σ̂AC
m;P ≃ i

n
ðB�

0p̂
0
0;m − B0p̂0

0;−mÞ

þ
XN
n¼1

½ðB�
np̂0

n;m − Bnp̂0
n;−mÞ

þ ð−B−np̂0
−n;−m þ B�

−np̂0
−n;mÞ�

o
; ðB12Þ

where q̂0n;m ≡ ffiffiffi
2

p
Reâ0n;m, p̂0

n;m ≡ ffiffiffi
2

p
Im â0n;m, and â0n;m ¼ffiffiffiffiffi

κn
p

ân;m þ ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − κn

p
ên;m as defined in Eq. (B1). To describe

the two-mode squeezing pairs ân;m and â−n;−m, we define
the common and differential modes, with the quadrature
operators q̂�n;m ≡ q̂n;m � q̂−n;−m; p̂�

n;m ≡ p̂n;m � p̂−n;−m.

Then, two-mode squeezing can be described by the
squeezed and antisqueezed quadratures

Varfq̂þn;mg ¼ Varfp̂−
n;mg ¼ 1=Gn;

Varfq̂−n;mg ¼ Varfp̂þ
n;mg ¼ G0

n; ðB13Þ

where Gn > 1 specifies the amount of squeezing while
G0

n>1 quantifies the amount of antisqueezing. G0
n≠Gn>1

due to loss.
Owing to the symmetry between the Q and P contri-

butions, we take one for SNR analyses as an example. After
the transformations of q̂� and p̂�, Eq. (B12) becomes

ffiffiffi
2

p
Σ̂AC
m;P=i ≃ B0

ffiffiffiffiffi
κ0

p
p̂−
0;m þ

XN
n¼1

� ffiffiffiffiffi
κn

p �
B�
n
p̂þ
n;m þ p̂−

n;m

2
− Bn

p̂þ
n;−m þ p̂−

n;−m

2

�

þ ffiffiffiffiffiffiffi
κ−n

p �
−B−n

p̂þ
n;m − p̂−

n;m

2
þ B�

−n
p̂þ
n;−m − p̂−
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where the environment contributes a variance ofP
N
n¼−Nð1 − κnÞB2

n. Finally, the variance of the momen-
tum-quadrature contribution is

VarΣ̂AC
m;P¼

1

2
κ0jB0j2

1

G0

þ
XN
n¼1

1

4
½j ffiffiffiffiffi

κn
p

B�
n−

ffiffiffiffiffiffiffi
κ−n

p
B−nj2G0

n

þj ffiffiffiffiffi
κn

p
B�
nþ

ffiffiffiffiffiffiffi
κ−n

p
B−nj2=Gn�þ

1

2

XN
n¼−N

ð1−κnÞjBnj2;

ðB15Þ
and similar for the variance of position-quadrature con-
tribution. Plugging vacuum-state input with no squeezing
Gn ¼ G0

n ¼ 1 in Eq. (B15), we obtain the shot (vacuum)
noise limit

σ2SHOT¼VarΣ̂AC
m;QjGn¼G0

n¼1¼VarΣ̂AC
m;PjGn¼G0

n¼1

¼ 1

2

XN
n¼−N

κnjBnj2þð1−κnÞjBnj2 ¼
1

2

XN
n¼−N

jBnj2; ðB16Þ

which is determined by the total LO comb power
PLO ¼ ℏωc

P
N
n¼−N jBnj2=T.

8. SNR analyses

To calculate the SNR at the mth line, we define the
signal power as jB�

m
ffiffiffiffiffiffi
κm

p
Amj2 in the rf photocurrent that can

be modulated by
ffiffiffiffiffiffi
κm

p
eiαm. For a one-shot measurement

with a known phase, the mean photocurrent is given by
Eq. (B8). In this case, the signal power is defined as the
power of the measured mean of the real quadrature of the
photocurrent at the mth line. For the single-sided absorp-
tion measurement with prior knowledge, where the photo-
current mean is given by Eq. (B9), this can be obtained
using a single-sided signal comb, i.e., Am ¼ 0 for m ≤ 0.
Combining Eqs. (B5) and (B15) by assuming αm; α−m → 0,
the power SNR for estimating the spectrum

ffiffiffiffiffiffi
κm

p
at themth

line is

SNR2
m ¼ jB�

m
ffiffiffiffiffiffi
κm

p
Amj2

1
2
κ0jB0j2 1

G0
þP

N
n¼1

1
4
½j ffiffiffiffiffi

κn
p

B�
n −

ffiffiffiffiffiffiffi
κ−n

p
B−nj2G0

n þ j ffiffiffiffiffi
κn

p
B�
n þ ffiffiffiffiffiffiffi

κ−n
p

B−nj2=Gn� þ vac
; ðB17Þ
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where vac ¼ 1
2

P
N
n¼−Nð1 − κnÞjBnj2 arises from vacuum

noise mixed in due to sample absorption.
A single comb line from the entangled signal comb is too

weak to be measured precisely. Hence, its power is inferred
from the rf photocurrent obtained in a calibration meas-
urement with Bm known, κ−m ¼ 1. With Am inferred from
experimental data, we obtain the absolute SNR curve
shown in Fig. 6 in the main text.

9. Classical limits of DCS

In DCS, the SNR is determined by both the entanglement
structure and the measurement scheme. Below, we present
two examples.

a. Entangled DCS and heterodyne receiver

In this paper, EDCS employs a total power of P ¼
ℏωcA2M=T on the sample in an asymmetric configuration,
where only the signal comb impinges on the sample, and
exploits a heterodyne receiver for measurement. It yields an
amplitude SNR as derived by Eq. (B17). Assuming uni-
form comb spectrum An ¼ A;Bn ¼ B and weak absorption
κn → 1, the CL for the SNR for asymmetric DCS is, thus,

ðSNRasym
CL Þ2 ¼ A2

M=2
¼ 2PT

M2ℏωc
: ðB18Þ

b. Squeezed DCS and division receiver

Reference [27]’s squeezed DCS first combines the signal
and LO combs on a 50∶50 beam splitter to produce a total
power of P ¼ ℏωcðA2 þ B2ÞM=2T impinging on the
sample, followed by a division receiver. In such a sym-
metric DCS configuration [14], both combs pass through
the sample and typically carry comparable amount of
optical power. As such, we no longer assume LO comb
is much more intense than the signal comb; namely, An and
Bm can be on the same order. Assuming uniform comb
spectrum An ¼ A; Bn ¼ B and weak absorption κn → 1, it
yields the SNR for symmetric DCS as derived in Ref. [52]:

ðSNRsymÞ2 ¼ 1

M
A2B2

2B2σ2B þ 2A2σ2A
; ðB19Þ

where the factor of 2 arises from the beating with both
positive- and negative-index comb lines, σ2A ≡ varReân;m is
the phase-known field fluctuation, similar for σB. Note
that, in Ref. [52], the fluctuations were defined as
σ2A ≡ varReân;m þ var Im ân;m, where the phase-unknown
case was considered; thus, the noise contained both quad-
ratures, and the power SNR was halved. Setting σ2A ¼ σ2B ¼
1=4 to the shot-noise limit, the attainable classical SNR
with Ref. [27]’s experimental setup is

ðSNRsym
C Þ2 ¼ 1

M
2A2B2

B2 þ A2
; ðB20Þ

which is maximized by simply setting A2 ¼ B2 ¼
PT=Mℏωc, i.e., having two combs with equal power on
the sample, yielding the classical limit for the SNR as

ðSNRsym
CL Þ2 ¼ PT

M2ℏωc
: ðB21Þ

However, Ref. [27]’s experiment employs two combs with
vastly different power levels at A2 ¼ 15 mW and B2 ¼
10 μW to interrogate the sample, leading to an SNR that is
at least 22 dB below the CL attained by interrogating the
sample with equal amount of power for both combs while
keeping the total power fixed, even with the 3-dB enhance-
ment enabled by squeezing one of the combs accounted for.
In the experiment, the measurement noise predominately
stems from the more intense comb, whose squeezing
reduces the noise floor, whereas the other much weaker
comb does not contribute to the measurement noise. To
substantially increase the SNR, one may opt to balance the
power of the two combs. However, in doing so, additional
noise may create challenges that hinder the quantum
advantage of the experimental system. As such, to surpass
the CL of DCS, a meticulously designed entanglement
structure between the comb lines is required, as demon-
strated in the present EDCS experiment.
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