
npj | quantum information Article
Published in partnership with The University of New South Wales

https://doi.org/10.1038/s41534-025-01018-9

Digital reconstruction of squeezed light
for quantum information processing
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Squeezed light plays a vital role in quantum information processing. However, its highly sensitive
nature presents significant practical challenges, particularly in remote detection, which traditionally
requires complex systems such as active phase locking, clock synchronization, and polarization
control. Here, we propose and demonstrate an asynchronous detection method for squeezed light
eliminating the need for these complex systems. By employing radio-frequency heterodyne detection
with a locally generated local oscillator and applying a series of digital unitary transformations, we
successfully reconstruct squeezed states of light. We validate our approach in two key applications:
the distribution of squeezed light over a 10 km fiber channel, and passive continuous-variables
quantum key distribution based on squeezed vacuum states between two labs connected via
deployed fiber. This demonstrates a practical digital reconstruction method for squeezed light,
opening new avenues for practical distributed quantum sensing networks and high-performance,
long-distance quantum communication using squeezed states.

Quadrature-squeezed states are quantum states of light characterized by
reduced noise in one quadrature compared to vacuum states or shot noise.
Its non-classical nature has enabled a wide range of applications, from
measurement-based quantum computing1–3 to quantum metrology4, to
quantum sensing5,6. In particular, squeezed light has proven to be highly
valuable in the realm of quantum communication and quantum key dis-
tribution (QKD). It has been used to enhance noise tolerance7–10, facilitate
composable and one-sided device-independent security11, and eliminate
information leakage to adversaries12. However, measuring squeezed light
poses challenges due to stringent requirements on phase noise and mode
matching, which has limited most prior quantum communication imple-
mentations to free-space or emulated loss channels using an optical
attenuator7,11,12.

Squeezed light is typically generated using nonlinear crystals via
parametric down-conversion (PDC) and detected using coherent
detection, a widely adopted technique in classical optical communica-
tion and quantum optics13,14. In this detection technique, the squeezed
light is combined with a strong laser beam, referred to as the local
oscillator (LO), on a balanced beam splitter, and the resulting signal is
detected with a balanced detector (BD). The LO serves as a phase
reference, a coherent amplifier, and a filter, selecting the signal mode15.
For efficient coherent detection, the LOmodemust be preciselymatched
to the polarization, spatial, and temporal modes of the squeezed light

while alsomaintaining a stable phase reference to accuratelymeasure the
squeezed quadrature.

To ensure optimal mode matching in coherent detection, the LO and
squeezed light are often generated from the same laser source15. The relative
phase between the two fields is then controlled with a phase shifter to select
the squeezed quadrature. However, for practical applications, such as QKD,
the generation and detection of squeezed light might occur at separate
locations connected by an optical fiber or free-space channel. This creates
additional challenges, as the LO beam at the detector must be phase-
stabilized and mode-matched with the squeezed light. Conventionally, the
relative phase between LO and squeezed light can be stabilized using a
complex optical phase lock loop (OPLL)16,17 or bymultiplexing the LOwith
the squeezed light in the same communication channel18, which introduces
a security vulnerability in QKD systems19,20. Moreover, random birefrin-
gence in the fiber channel causes the polarization of the squeezed light to
drift, necessitating real-time polarization alignment with that of the LO to
avoid any additional loss. This alignment is typically achieved using an
analogue polarization controller. These effects caused by the fiber channel
require significant efforts to stabilize phase and polarization in real-time to
achieve stable, autonomous fiber-based quantum optics systems21. Addi-
tionally, remote transmission of squeezed light also requires clock syn-
chronization between the source and receiver, typically achieved by sharing
the clock optically, which adds to system complexity17. These challenges
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motivate the development of a simplermethod to reconstruct squeezed light
post-measurement, allowing for digital compensation of channel-induced
impairments.

In thiswork,wepropose and experimentally demonstrate amethod for
reconstructing squeezed light post-measurement by applying a series of
unitary transformations to digitally compensate for channel effects. Our
approach relies on radio-frequency (RF) heterodyne detection, facilitated by
a locally generated local oscillator (LLO), which enables simultaneous
measurement of both field quadratures, making it particularly suitable for
quantum communication applications22. We validate the effectiveness of
ourmethod experimentally in two use cases. First, we implement a practical
squeezed state distribution scheme over 10 km of single-mode fiber (SMF),
which does not require phase locking and polarization alignment prior to
measurement. Second, we implement a passive continuous-variable quan-
tum key distribution system based on squeezed vacuum states, with
squeezed light transmitted via deployed fiber to a remote location. This
method significantly simplifies the distribution of squeezed light in fiber
channels, paving the way for practical applications in quantum commu-
nication and distributed quantum sensing networks.

Results
RF heterodyne detection of squeezed light
Squeezed light can be measured using coherent detection methods, such as
homodyne detection, which measures a specific quadrature, or heterodyne
detection, which captures both quadratures simultaneously, though with a
3 dB signal-to-noise ratio penalty. The latter, in particular, is widely used in
quantumcommunication23–25.Heterodynedetection canbe implemented in
two ways. Onemethod, known as a phase-diverse receiver, splits the optical
signal into two arms, each overlapping with an LO that is phase-shifted by π

2
in one arm. This allows two balanced detectors (BD) to measure both

quadratures simultaneously. While this technique efficiently uses the
detector’s bandwidth, it is costly and prone to phase and amplitude
imbalances due to device imperfections26.

An alternative solution is radio-frequency (RF) heterodyne detection,
where both quadratures can be detected using a single BD by detuning the
LO frequency relative to the signal. RF heterodyne detection is commonly
adopted in optical communication and continuous-variable quantum key
distribution (CV-QKD)24,27,28 due to its robustness against device imper-
fections like amplitude and phase imbalances, as well as its lower cost and
simplified optical subsystem. However, to the best of our knowledge, it has
not yet been employed for measuring squeezed light.

Since the LLO is independent of the laser used for the squeezed light
generation, to reconstruct the squeezed light post-measurement, we
implemented the digital signal processing (DSP) pipeline showed in Fig. 1c.
To illustrate the impact of each step in the DSP pipeline, Fig. 1c, d show the
phase space representation and the power spectra of the recovered squeezed
state at various stages. Each state in phase space was estimated across the
bandwidth of 25MHz and interpolated from 40 analog-to-digital converter
(ADC) samples. The initial power spectrumof the ADCoutput, depicted in
Fig. 1b, reveals the two-sided spectrum of a squeezed state degraded by
phase noise, alongside a pilot tone located near 200MHz, indicating the
frequency separation between the LO and the laser used to generate the
squeezed state. After frequency recovery, achieved by estimating the pilot
tone’s frequency, the measurement outcomes were demodulated into the
quadrature componentsX andP. The resulting power spectrum is shown as
the faded red and blue traces in Fig. 1d. At this stage, the phase-space
distribution of the squeezed state ensemble (shown at the top in Fig. 1c)
appears smeared due to phase noise. The next step, phase recovery, involves
estimating and compensating for the fast phase drift. This phase correction
increases the noise in the X quadrature (light blue trace in Fig. 1d) and

Fig. 1 | RF heterodyne detection of squeezed light. a Schematic of the experimental
setup, including key components: beam splitter (BS), acousto-optic modulator
(AOM), variable optical attenuator (VOA), optical isolator (ISO), balanced detector
(BD), analog-to-digital converter (ADC), and unscented Kalman filter (UKF).

b Power spectrum of the ADC output signal. c Phase space representation of the
squeezed state ensemble at different stages of digital signal processing (DSP).
d Power spectra normalized to vacuum noise after various DSP steps.

https://doi.org/10.1038/s41534-025-01018-9 Article

npj Quantum Information |           (2025) 11:71 2

www.nature.com/npjqi


reduces the noise in the P quadrature (light red trace in Fig. 1d). In phase
space, the state now adopts the typical elliptic shape of a squeezed state, as
shown in the middle of Fig. 1c. Finally, a phase rotation is applied to
minimize the correlation between the X and P quadratures, successfully
aligning the squeezed and anti-squeezed quadratures. The results of this
final step are represented by the dark red and blue traces in Fig. 1d and the
corresponding phase-space representation in the bottom of Fig. 1c.

To confirm that the recovered states are indeed squeezed states, we
fitted the theoreticalmodel of squeezed states as described in refs. 16,29,30
to the obtained noise power spectra of the squeezed and anti-squeezed
quadratures, normalized to the vacuum noise. The solid lines and dot-
dash lines in Fig. 1d represent the fitted theoretical model for two
recovered quadratures in the presence and absence of phase noise,
respectively. This fit closely matches the relative power of the recovered
quadratures, indicating not only the successful recovery of the squeezed
states but also demonstrating the effectiveness of the digital phase com-
pensation approach.

In RF heterodyne detection of squeezed states, unlike classical
states, the image band might be non-vacuum. Understanding the pen-
alty introduced by this non-vacuum image band is crucial. To explore
this effect, we detuned the LO frequency so that the frequency difference
(Δω/2π in Eq. (2) in the Methods section) between the LO and the
squeezed signal ranged from 18MHz to 167MHz, as shown in the
spectrum in Fig. 2a. Figure 2b shows that after applying our DSP chain,
smaller frequency separations result in a greater penalty on the
squeezing, as the power of the image band becomes significant, parti-
cularly at Δω/2π = 18MHz no squeezing can be recovered. However, as
the frequency separation increases, the penalty plateaus around
100MHz. The degradation in squeezing arises from uncorrelated noise
present in the image band.When the frequency separation is too narrow,
significant power remains in the image band, this uncorrelated noise
mixes with the squeezed signal during heterodyne detection and reduces
the observed squeezing levels. However, the power of the image band
attenuates rapidly at higher frequencies, so with sufficient frequency
separation, the impact caused by the non-vacuum image band becomes
negligible. These findings highlight the importance of optimizing the
frequency separation relative to the squeezing bandwidth when per-
forming RF heterodyne detection.

In the following sections, we present two practical applications of
our proposed detection method and introduce additional DSP building
blocks, aimed at simplifying the optical subsystem and enhancing
practicality.

Practical squeezing distribution
Distributing squeezed light over optical fiber can enable applications like
distributed quantum sensing networks5. However, practical challenges –
primarily phase noise and polarization fluctuations –must be addressed for
effective squeezed state transmission over fiber channels. The phase noise
issue can be mitigated using the proposed method described above. To
tackle polarization fluctuations caused by random birefringence in the fiber
channel, we introduce a digital polarization-diverse receiver designed for
squeezed light reconstruction. Additionally, our system employs digital
clock synchronization, eliminating the need for a common reference clock
between remote stations and further enhancing system practicality. The
experimental setup and the DSP procedure are outlined in Fig. 3.

Figure 4a, b show the spectra at the ADC outputs and after applying
polarization recovery, respectively. The two pilot tones are modulated at
30MHz and 120MHz. Due to imperfect sideband suppression, two addi-
tional tones can be seen on the opposite side of the carrier. Furthermore, the
IQ modulator operates in the carrier suppressed regime, suppressing the
carrier by about 30 dB. This leads to an unsuppressed residual carrier in the
centerof the squeezed signal.Weapplied adigital high-passfilter tofilter out
this unsuppressed carrier before calculating the squeezing/anti-squeezing
levels. The same filter was applied to vacuum measurement to ensure
accurate estimation. The Y polarization (red trace in Fig. 4b), closely
matching the vacuum (black trace), indicates that most of the signal power
has been successfully redirected into the X polarization, as compared to the
spectrum traces after BD1 and BD2. This result demonstrates the effec-
tiveness of our polarization compensation. With the polarization correctly
aligned, we proceed with phase recovery and phase rotation, as detailed in
the previous section, to recover the squeezed and anti-squeezed quadratures
of the state.

Figure 5 presents the measured squeezing and anti-squeezing quad-
ratures across a 25MHz bandwidth. Each squeezed state was interpolated
from ADC samples, with 40 samples per state. We recorded the squeezing
and anti-squeezing levels over 125 frames, each containing 2 × 105 quantum
symbols resulting in a total of 2.5 × 107 quantumsymbols.After applying the
DSP procedure, we observed approximately −0.47 dB of squeezing and
5.07 dB of anti-squeezing. The loss of the 10 km fiber channel is 2 dB, and
the detection efficiency taking into account the polarization-diverse optical
hybrid is 0.595. We calculated the squeezing and anti-squeezing before
entering the fiber channel to be approximately −3.61 dB and 11.06 dB,
respectively. The high impurity can be explained by the low efficiency in
coupling from free space to fiber which is calculated to be 59.3%. The
squeezing and anti-squeezing level matches with the expected levels at

Fig. 2 | Reconstruction of squeezed states with varying frequency separations. a Power spectra of ADC outputs at different LO frequencies. b Reconstructed squeezing
levels across varying frequency separations.
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2mW of pump power according to ref. 29. These results demonstrate the
feasibility of practical squeezed light distribution using our proposed
detection method.

Passive CV-QKD with squeezed vacuum states over
deployed fiber
Our method also has potential applications in quantum communica-
tion, particularly for distributing secure keys between two parties using
CV-QKD protocols. Splitting a quadrature-squeezed mode leads to
residual correlations between the output modes31, and the resulting
impure squeezed states can be employed as foundation for a QKD
protocol. In this section we show how splitting of a single squeezed-
light beam between two remote parties can lead to a variety of different
secure keys, all based on residual correlations between the measure-
ment outputs.

To show this, we implemented a passive CV-QKD system based on
sharing single-mode squeezed vacuum states between two remote labora-
tories connected via SMF, as shown in Fig. 6. The squeezed-state transmitter
is the same as described in the previous section. A balanced beam splitter
splits the squeezed light between two stations: the local station (Lab 1) and
the remote station (Lab 2), connected via the campus fiber network. Both
stations use independent, free-running lasers as LOs and are equipped with
polarization hybrid receivers. This setup requires neither prior polarization
alignment, nor synchronization of the digital clocks to a common reference.
Each station digitally reconstructs the squeezed state using our proposed
DSP chain, detailed in the previous section. The quantum signal has a
bandwidth of 25MHz, corresponding to a symbol rate of 25 Mbaud.

The covariance matrix constructed based on parameter estimation
(with detector electronic noise removed) with 2.4 × 106 quantum symbols

reads (all parameters normalized to shot noise unit),

γ ¼

0:9149 ± 0:0041 1:4365× 10�5 0:0836 ± 0:0022 0:0028 ± 0:0019

1:4365× 10�5 2:6854 ± 0:0144 0:0027 ± 0:0019 1:5886 ± 0:0095

0:0836 ± 0:0022 0:0027 ± 0:0019 0:9346 ± 0:0045 1:4379× 10�5

0:0028 ± 0:0019 1:5886 ± 0:0095 1:4379× 10�5 2:5297 ± 0:0137

26664
37775:
ð1Þ

The covariance matrix described in Eq. (1) represents the variances and
covariances of the quantumstatesmeasured at two stations. Each element of
the matrix is given as Vij :¼ 1

2 Δq̂i;Δq̂j

n oD E
, where q denotes the quad-

rature of the measured state Δq̂i: ¼ q̂i � q̂i
� �

and {,} is the anti-
commutator32. Here, the pump power to the squeezer cavity is set to
≈2.0 mW. The channel loss, estimated by comparing the pilot power before
and after transmission through the channel, was approximately −0.47 dB.
With the loss of the channel, the 50:50 beam splitter and the detection
efficiencymentioned above, the levels of squeezing and anti-squeezing right
after the squeezed transmitter was estimated to be approximately−3.69 dB
and 10.91 dB respectively. In shot noise unit (SNU) the variance of
squeezing is thus 0.428 SNU, and additional anti-squeezing noise (the noise
above the level of inverse of the squeezing variance: 2.34 SNU) is estimated
to be 9.99 SNU. The physical length of the fiber link is ~50m. The extra loss
is caused by several connectors patching different parts of the existing fiber
network. By measuring the variance of electronic noise and characterizing
detector efficiencies, we directly determined channel loss from the variances
in the covariance matrix (1). The loss value obtained using the pilot tone
aligns with the loss estimated from the anti-squeezed quadrature variance,
falling within the confidence interval of the latter. Based on the estimated
channel loss, detector efficiencies, and electronic noises, we construct a

Fig. 4 | Impact of digital polarization compensation. a Power spectra of detected optical signals b Power spectrum of signals after frequency and polarization recovery.

Fig. 3 | Squeezed light distribution system. IQ in-phase and quadrature modulator, AWG arbitrary waveform generator, ABC automatic bias controller, BS beam splitter,
VOA variable optical attenuator, ISO optical isolator, BD balanced detector, ADC analog-to-digital converter.
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purification model of the setup33. To eliminate numerical discrepancies
between experimentally measured variances and theoretically expected
quadrature variances, we assume thermal excess noise is present in the
deployedfiber channel, with variance of 0.0109 SNUat the receiver in Lab 2.
Experimentally observed covariances between quadratures match theore-
tically expected ones with less than 1% numerical discrepancy. The
purification model of the setup attributes all anti-squeezing to trusted
parties, i.e., assumes impurity of the squeezed state is due to the
characterized andmonitored signal source. Such an assumptionwas shown
to partially reduce the impact of the noise in the squeezed-state CV-QKD
protocol34,35.

The need for purification model stems from the generation of impure
squeezed states in practice. The signal state thus needs to be characterized in
order for it to be used securely in a communication protocol. The pur-
ification model allows us to assess the quantum bosonic channel capacity
χ(E) = S(E)− S(E∣B), where S(E) is the vonNeumann entropy of the state of
Eve E, and S(E∣B) is the conditional entropy, conditioned on the measure-
ment of the reference side B, that upper limits the knowledge on the mea-
surement results of the trusted reference side of the protocol. The Holevo
bound χ(E) together with the readily available mutual information between
the receivers I(Lab1: Lab2), that describes classical bosonic channel capacity
between them, lower bounds the asymptotic key rate secure against Gaus-
sian collective attacks33,36 as: K ≤ max 0; β× Ið Lab1 : Lab2 Þ � χðEÞ� �

,
where β ∈ (0, 1) is the error-correction efficiency, which defines how close
the trusted parties can get to the classical channel capacity given by the
mutual information.

The correlations in the squeezedX and the anti-squeezed P quadrature
measurements will differ in strengths, and thuswill lead to different levels of

mutual information I(Lab 1: Lab 2)X < I(Lab 1: Lab 2)P. However, the
eavesdropper, generally, will have more information on the anti-squeezed
quadrature as well. Hence, either (or both) of the quadratures are viable for
the key generation, and the final performance will depend on channel and
source parameters. Therefore, there are two distinct approaches for Alice
(Lab 1) and Bob (Lab 2) to obtain the secret key rate:
1. Using only measurements of a single quadrature. The measurement

results of complementary quadrature are thus used solely for mon-
itoring and improvement of parameter estimation.

2. Using both quadratures for key generation (similarly to the coherent-
state protocol37) with total mutual information now given as I(Lab 1:
Lab 2)X+ I(Lab 1: Lab 2)P.

In the former approach, the complementary quadrature does not
contribute to the final key and thus can be announced publicly. The
announcement can be used for a more accurate parameter estimation, and
since conditioning does not increase the von Neumann entropy of the state
available to Eve2, it allows to raise the overall performance of the protocol (at
least in the asymptotic regime). Themutual information between respective
quadrature measurements will remain the same regardless of the chosen
approach. However, the Holevo bound χ(E) will depend on whether one of
the quadraturemeasurements is fully disclosed or not. For example if the P-
quadraturemeasurementofBob is completely disclosed theupperboundon
Eve’s knowledge of Bob’s X-quadrature becomes χ(E∣BP) = S(E∣BP) −
S(E∣BPBX), which can be lower than the one conventionally used in the
squeezed-state QKD protocols: χ(E∣BP) ≤ χ(E)38. For further details on all
relevant theoretical models and secure key analysis see ref. 35.

EitherAlice orBob can serve as a reference side for the error correction.
However, generally, the party with lower loss is chosen to be the reference
similarly as in Measurement-Device-Independent protocols23,39,40. In our
case, the receiver in Lab 1 was chosen to be the reference side, as shown in
Fig. 6.

In the asymptotic regime, the keys secure against the collective attacks
are summarized in Table 1. The key from the squeezed quadrature KX =
βI(Lab 1: Lab 2)X − χ(E∣BP) can be obtained with a rate of KX = 2.49 × 10−4

bits/symbol. Themutual information between trusted stations is low due to
small signal-to-noise ratio and weak correlations. However, the Holevo
bound is similarly very low in the sub-shot-noise regime12, enabling a
positive key rate. Under realistic reconciliation efficiency of β = 95%41 the
rate reduces to8.669 × 10−6 bits/symbol, yet remainspositive.Higher level of
generated squeezing translates into stronger correlations and thus into
higher achievable key rate. Overall rate of improvement heavily depends on
the channel parameters, as well as the purity of the squeezed state35.

For the anti-squeezed quadrature (with trusted additional anti-
squeezing noise) both the mutual information I(Lab 1: Lab 2)P and the
Holevo bound χ(E∣BX) are larger, and the overall feasibility of positive key
rate KP = βI(Lab 1: Lab 2)P − χ(E∣BX) is more sensitive to the reconciliation
efficiency, channel loss and noise35. The correlations in P-quadrature are
sufficient to establish a secure key rate between respective quadratures, as
long as the channel loss and noise (which are the sole sources of information
and influence of an eavesdropper) are sufficiently low. However, with the

Fig. 6 | Passive CV-QKD system.The two labs are connected using a deployed fiber link. To establish the correlation between the two parties, the sameDSP chain outlined in
“Practical squeezing distribution” was applied to digitally reconstruct the squeezed state at each station.

Fig. 5 | Experimental results of squeezed light distribution over 10 km fiber
channel. Squeezing and anti-squeezing levels across 125 frames, each frames con-
sists of 2 × 105 states.
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current parameters (assuming perfect efficiency β = 100%), we can obtain
KP = 1.34 × 10−3 bits/symbols of the secure key rate. Note that if additional
anti-squeezing noise is attributed to the influence of the eavesdropper, the
key generation in P-quadrature would not be feasible. Using all measure-
ment results to generate the key asK= β(I(Lab 1: Lab 2)X+ I(Lab 1: Lab 2)P)
− χ(E) does not generally improve the overall rate35,42, as the conditional von
Neumann entropy is now larger, and leads to an asymptotic rate of
9.36 × 10−4 bits/symbol. However, using both quadratures can prove to be
beneficial in the finite-size regimewith lower data block lengths and/or high
anti-squeezing noise35. Current methods for estimating security under
finite-size effects apply only toCVQKDprotocolswith signalmodulation43,
and a new theoretical approach would be required for a rigorous treatment
of passive protocols in this regime.

Discussion
Squeezed light is a critical resource for quantum information processing, yet
its full potential in practical applications has been hindered by the com-
plexity of detection methods16–18,21. In this study, we proposed and
demonstrated a practical approach for detecting squeezed light that sim-
plifies measurements by eliminating the complex active locking systems
required in traditional methods, thus enabling an asynchronous detection
technique.

Our approach introduces a digital coherent receiver for squeezed light
detection, built on aRFheterodyne setup facilitatedby a LLOand a carefully
designed DSP chain to compensate for channel and measurement impair-
ments. We demonstrated the feasibility of this digital receiver in two
applications: first, squeezed light transmission over a fiber channel, sup-
porting potential uses such as distributed quantum sensing networks; and
second, passive CV-QKD over a deployed fiber channel between two
laboratories. Compared to previous methods designed to address side-
channel vulnerabilities at the transmitter using passive CV-QKD with
thermal44, coherent45,46, and squeezed states11,31, our work represents the
demonstration of passive CV-QKD over a deployed fiber channel. This
proof-of-concept experiment underscores the technology’s readiness for
real-world deployment.

We believe our approachholds promise not only in point-to-point and
multi-user quantum communication network but also in quantum sensing
and computing, offering a foundation to harness the unique properties of
squeezed light in practical settings and opening new possibilities for
groundbreaking applications.

Methods
Theoretical concepts
Quantum mechanically, the photocurrent from RF heterodyne detection
can be expressed as14,

Î / ðâyS þ ΔâiÞe�iΔωt þ ðâS þ Δâyi ÞeiΔωt
/ x̂0 cosðΔωtÞ � p̂0 sinðΔωtÞ;

ð2Þ

where âS and Δâi are the annihilation operators of the signal mode and the
mode at the opposite frequency with respect to the LO (this is usually
referred to as image band), Δω is the frequency separation between the LO
and the signal. Here, we can define two new effective quadrature operators:

x̂0 ¼ âyS þ Δâi þ âS þ Δâyi ¼ x̂S þ Δx̂i

p̂0 ¼ iðâyS þ Δâi � âS � Δâyi Þ ¼ p̂S � Δp̂i:
ð3Þ

Unlike the normal quadrature operators, these newoperators commute, i.e.,
½x̂0; p̂0� ¼ 0, allowing for their simultaneous measurement14. However, due
to the image band’s contribution (Δx̂i;Δp̂i), RF heterodyne detection, still
incurs noise penalty14. When detecting coherent states, this image band is
usually considered to be a vacuumwhich entails a 3 dB noise penalty to the
measurement. However, in the case of squeezed states, the image band is
generally not a vacuum but an attenuated squeezed state. Therefore, careful
attentionmust be given to the frequency separation between the LO and the
squeezed signal, as was discussed in the “Results”.

Experimental details
The experimental setup implementing RF heterodyne detection for mea-
suring squeezed light is shown in Fig. 1a. The squeezed light is generated via
parametric down-conversionpumpedwith 775 nm light (for further details,
see ref. 29). A strong coherent pilot tone at 40MHz, essential for the carrier
phase recovery, was generated by an acousto-optic modulator (AOM), and
its power was adjusted by a variable optical attenuator (VOA). This pilot
tone was then combined with the squeezed light on a 99:1 beam splitter. An
optical isolator was placed in the path to prevent back reflections to the
squeezed light source.

At the receiver, RF heterodyne detection was performed by combining
the squeezed light with the LO on a balanced beam splitter. The LO, gen-
erated from an independent and free-running laser, was frequency-detuned
relative to the squeezed light. Finally, the electrical signal from the BD was
captured and digitized using a 16-bit ADC operating at a sampling rate of 1
GSample/s.

The DSP process began with frequency recovery, where the frequency
difference between the LO and the squeezed signal was estimated using the
pilot tone. Specifically, this frequency difference was determined by per-
forming a linear fit on the phase extracted from the pilot’s analytic repre-
sentation, which is obtained through the Hilbert transform. The next step
was phase recovery. Instead of using a real-time OPLL16, we employed an
unscentedKalman filter (UKF)47 to estimate the fast phase drift between the
LO and the squeezed light, enabling us to restore the phase reference for the
squeezed light. Finally, a phase rotation step was performed to align the
squeezed and anti-squeezed quadratures. This was achieved by exploiting
the asymmetry of the squeezed states, allowing for the correct alignment of
the quadratures through state rotation,

Rð�eΦÞ RðΦÞγrRT ðΦÞ� �
RT ð�eΦÞ

¼ e�2r þ 2 sinhð2rÞsin2ðeΦ�ΦÞ � sinð2ðeΦ�ΦÞÞ sinhð2rÞ
� sinð2ðeΦ�ΦÞÞ sinhð2rÞ e2r � 2 sinhð2rÞsin2ðeΦ�ΦÞ

" #
;

ð4Þ

Here, γr represents the covariance matrix of a pure single-mode squeezed
state with the squeezing parameter r. The matrices R(Φ) and RðeΦÞ are
rotation matrices, where Φ corresponds to the misalignment angle and eΦ
represents the estimated rotation angle. As shown in Eq. (4), any
misalignment (i.e., when Φ≠ eΦ) in the measured quadratures introduces
correlations between the squeezed and anti-squeezed quadratures. There-
fore, ourmethod involved determining the rotation angle eΦ thatminimizes
this correlation, effectively correcting for the misalignment.

Figure 3 shows the schematic of the setup used for squeezed light
distribution. This setup employed the same transmitter described pre-
viously, but with a key difference: instead of an AOM, we used an IQ
modulator along with an arbitrary waveform generator (AWG) and an

Table 1 | Comparison of secure key rates obtained from different quadratures measurements

Secure key rate (in bits/symbol): in X-quadrature (KX) in P-quadrature (KP) using both quadratures (KXP)

Perfect reconciliation β = 100% 2.49 × 10−4 1.34 × 10−3 9.36 × 10−4

Realistic reconciliation β = 95% 8.669 × 10−6 0 0
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automatic bias controller (ABC) to generate two pilot tones that accompany
the squeezed signal through the 10 km optical fiber channel. These pilot
tones are used to facilitate clock and phase recovery. The 775 nm pump
power into the squeezer cavity is set to ≈2mW.

At the receiver station, the optical subsystem included an independent,
free-running laser to generate the LO, with sufficient frequency separation
for RF heterodyne detection. A polarization-diverse optical hybrid was used
to decompose the incoming light’s polarization state into two orthogonal
polarizations,whichare thendetected by twoBDs anddigitized using a two-
channels ADC with a sampling rate of 1 GSample/s.

The DSP module for reconstructing the squeezed light signal begins
with a digital clock recovery block that utilizes the two pilot tones28. Given
the independent clock systems at the transmitter and receiver, minor dis-
crepancies arise in their respective frequency definitions (e.g., f TxPilot � f RxPilot).
This discrepancy introduces errors in estimating the frequency offset
between the squeezed state and the LO, potentially affecting system per-
formance. However, by analyzing the frequency difference between the two
pilot tones at the receiver, we can calculate a modifier, Δf =Δf Rx/Δf Tx, to
account for clock discrepancies and correct for drift28. Here, Δf Rx and Δf Tx

represents the frequency difference between the pilot tones at the receiver
and transmitter respectively. Using this frequency modifier, along with the
estimated pilot frequencies, we can accurately compensate for the frequency
offset between the squeezed light and the LO.

The next step in the DSP chain is polarization recovery, which
addresses the random rotation of the squeezed light’s state of polarization
(SOP) due to random birefringence in the fiber channel. This polarization
rotation can be represented as48,

EX
rx

EY
rx

" #
¼ cosðθÞ sinðθÞe�iφ

� sinðθÞe�iφ cosðθÞ

� 	
EX
tx

EY
tx;

" #
ð5Þ

where θ is the polarization rotation angle and φ represents the additional
phase shift introduced by thefiber channel, whichwill be compensated for
in the subsequent DSP stage. To correct for this SOP rotation, we con-
struct an inverse polarization rotation matrix by estimating the rotation
angle that maximizes the power in the X polarization component while
minimizing it in the Y polarization component, effectively shifting power
between polarization components. Note that the X polarization here is
defined by the polarization of the squeezed states and the pilot. This
designation was chosen for simplicity. Finally, we apply phase recovery
and phase rotation, as detailed previously, to reconstruct the squeezed
state accurately.

Data availability
The datasets generated and/or analyzed during the current study are
available from the corresponding author on reasonable request.
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