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40 km Fiber Transmission of Squeezed Light Measured
with a Real Local Oscillator

I. Suleiman,'¥, J. A. H. Nielsen,!, X. Guo,!, N. Jain,!, J.
. . * +
Neergaard-Nielsen,!, T. Gehring," ~ and U. L. Andersen,’

ICenter for Macroscopic Quantum States (bigQ), Department of Physics, Technical University. of

Denmark, 2800 Kongens Lyngby, Denmark
§ isule @fysik.dtu.dk, *tobias.gehring @fysik.dtu.dk, T ulrik.andersen @fysik.dtu.dk

Abstract: We demonstrate the generation, 40 km fiber transmission;, and homodyne detection
of single-mode squeezed states of light at 1550 nm using real-time ‘phase control of a locally
generated local oscillator, often called a real local oscillator” or *local local<oscillator”. The
system was able to stably measure up to around 3.7 dB of noise suppression with a phase noise
uncertainty of around 2.5°, using only standard telecom-compatible components and a field-
programmable gate array (FPGA). The compactness, low.degree of complexity and efficacy of
the implemented scheme makes it a relevant candidate forlong distance quantum communication
in future photonic quantum networks.

1. Introduction IS

Squeezed states of light have by now been generated for more than three decades [1] and have
become a ubiquitous resource in optical quantum information science. Unlike coherent states
of light, squeezed light has the outstanding property of exhibiting lower noise uncertainty than
the fundamental shot noise in some of its quadratures— known as squeezing — while conjugated
quadratures exhibit uncertainties above the shotnoise limit — known as anti-squeezing [2,3]. This
fundamental quantum property of squeezed states has been the engine of numerous quantum
sensing experiments, such as the quantum-enhanced measurements of gravitational waves [4]
and vibrational modes of anolecules [5, 6], and recent quantum computing models including
Gaussian boson sampling [7, 8]rand measurement-based quantum computing [9—-11]. Further-
more, the use of squeezed states (compared to coherent states) improves the performance of
continuous variable quantum key distribution systems by increasing the tolerance to optical loss,
excess noise and imperfect error correction [12-14], effectively allowing longer transmission
distances or improved security.

The most common technique employed to measure squeezed states of light is homodyne de-
tection, whichiimplements the ideal measurement of one quadrature of the electromagnetic field
by using a strong reference beam, called the local oscillator, in conjunction with a (balanced)
detection system,[2,15]. Because of its versatility, simplicity and high efficiency, it is a widely
employed measurement technique in quantum information protocols including the recent demon-
strations ©f Heisenberg limited quantum sensing [16], measurement-induced quantum comput-
ing gatessfl1];long-distance quantum key distribution [17] and high-speed quantum random
number generation:[18].

In most quantum optical proof-of-concept experiments, the homodyne detection process is
carried out with a local oscillator that originates from the same laser as the one that produces
the signal, e.g. the squeezed state. The advantage in doing so is that the local oscillator is nat-
urally frequency-synchronized with the signal, and the remaining slow phase fluctuations can
beeasily stabilized using simple control systems. However, in real-life applications on quan-
tum communication, distributed quantum sensing and networked quantum computing where the
information-carrying optical signal, e.g. the squeezed state, needs to be transmitted through op-
tical fibers to remote locations, a centrally distributed local oscillator is problematic for several
reasons. Firstly, the optical power of the local oscillator decreases exponentially with propa-
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gation distance, and therefore, to provide sufficient optical power at the various nodes in the
network for enabling low-noise homodyne detection, a significant amount of power must be dis-
tributed through the fiber network. In addition to this direct power wastage, thedmassive power
distribution might also lead to deteriorating non-linear optical effects (such as Brillouin scatte-
ring) and to distortion of the quantum state of the signal [19, 20]. Secondly, transmitting,the
local oscillator along with the signal is also fundamentally problematic for continuous-variable
quantum key distribution (CVQKD), as there are several eavesdropping strategies that explic-
itly make use of the transmitted local oscillator to corrupt the coherent detection at the trusted
receiver, therefore breaching the security of the QKD protocol [21-24].

Hence, it is preferable to generate the local oscillator locally at the receiving nodes.Obviously,
real-time control of the phase difference between the signal and thé local-@scillator becomes
more challenging as the two laser sources are in general not frequency=locked; partly for this
reason, many current proof-of-concept CVQKD systems, while using an real local oscillator,
use heterodyne reception and do not stabilize the phase in real-time, but,rather rely on phase
estimation and compensation in post-processing, possibly invoking elaborate phase estimation
techniques [25]. Moreover, due to the complications associated withranteal local oscillator, all
previous experiments on quantum communication with/squeezed,light have employed a local
oscillator derived from the same laser as they used for‘squeezed light generation.

In this article, we report on the generation, transmission and homodyne detection of single-
mode squeezed states of light at the wavelength of 1550 nm using an real local oscillator with
real-time phase control. By exploiting a real-time feedback system, we controlled the frequency
and phase of an locally-generated local oscillator to'such an extent that it enabled homodyne
detection with a phase uncertainty of 2.51° of a.squeezed state that had propagated up to 40 km
in a telecom fiber. Our demonstration constitutes a.critical milestone in the construction of a
quantum information network based on continuous variable quantum systems.

2. Methods

Balanced homodyne detection works by interfering the mode to be detected, here named the sig-
nal, with a much more intense optical mode, known as the local oscillator (LO), on a balanced
beam splitter. The outputs©0f the beam splitter are simultaneously detected with two photodi-
odes, and the resulting photocurrents are electronically subtracted to produce a signal which is
proportional to a specific quagrature of the signal. The quadrature being measured is governed
by the phase difference of the signal and the local oscillator, so in order to enable a long-term
measurement of a specific/quadrature — as required for most applications — the phase relation be-
tween the twodnput modes must be kept constant. This is often realized with an active feedback
control system. A conceptual schematic of homodyne detection is shown in figure 1.
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Fig. 1. Conceptual schematic of a typical homodyne detection system. The signaliis interfered with the
local oscillator onto a balanced beam splitter (BS). The modes outputfrom the BS are input to two photode-
tectors (PD) and the resulting photocurrents are electronically subtracted, yielding a photocurrent that is
proportional to the phase difference between the signal and the local oscillator.modes. The latter is used to
estimate and control the phase difference, by shifting the phase of the local oscillator relative to the signal
(phase shifter). The local oscillator can be (a) generated from the same laser source that produces the
signal, or (b) generated from an independent laser source..Blue lines represent optical modes, black lines
represent electricals signals. .

For the detection of squeezed light, it is'eommon to use the same laser for delivering power to
the local oscillator and for generating the squeezed state which means that the central frequency
component of the squeezed light is naturally, synchronized with the local oscillator frequency.
Such frequency synchronization is indeed required as the detection of squeezed light corresponds
to the precise detection of adjacent, quantum correlated, frequency side bands located symmet-
rically around the reference frequency. This in-built frequency synchronization also means that
small frequency drifts of the laser play norole in the performance of the measurement.

To achieve homodyne detection of squeezed light at a fixed phase angle with an indepen-
dent local oscillator where frequency synchronization is not inherent, synchronization must be
established in real time to/counteract the relative frequency drifts. This must be done with a
precision that allows for the simultaneous detection of symmetrically correlated sidebands such
that the squeezing is revealedsTowards this end, we employ a pilot tone technique as illustrated
in Fig. 2a: A pilot tone is a‘cohetent excitation which is extracted from the central laser (which
is used for squeezed light generation) and frequency shifted with respect to the squeezed light
carrier by Q,,"=2n f,,. Theypilot tone is combined with the squeezed light mode, residing as
a single frequency sideband, thereby providing a frequency and phase reference for the local
oscillator upon receptionrat the homodyne detection station. We note that pilot tones are an
essential part of the coherent control scheme commonly used to actively control squeezed light
sources [4,26,27] and, thus, they are readily available in many squeezed light experiments. At
the receiver stationy'the frequency offset and phase difference relative to the real local oscillator
are measured thfoughiinterference at a beam splitter as shown in the figure, and the resulting sig-
nals ‘are/subsequently used to control the frequency and phase of the real local oscillator mode
to compensate for any phase and frequency drifts. The feedback signal is divided into a slow
port for frequency control of the LO laser and a fast port for phase control via an electro-optics
modulator.

The'output signal of a balanced homodyne receiver measuring the pilot tone with an indepen-
dent laser as LO is proportional to

VPpPLo cos ((p + AQ(N))1 + A (1) — dset) (1)

where P, and P are the optical powers of the pilot and local oscillator at the input to the
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Fig. 2. (a) Conceptual schematic of homodyne detection using an real local oscillator. The frequency-
shifted pilot interferes with the real local oscillator.on a balanced beam splitter. A phase detector delivers
suitable error signals to control the frequency of the local oscillator, via a piezoelectric wavelength modula-
tor (A PZT), and its phase relative to the pilotythroughan electro-optic phase modulator (EOM). Wavelength
control aims at shifting the local oscillator by fpn= Q,, /27 = 40 MHz from the pilot to perform homodyne
detection of the squeezed mode. The diagram on the right illustrates the situation in the frequency domain,
with the local oscillator, pilot and squeezed fields indicated by the same colors as on the left.

(b) Conceptual schematic of the phase control system for the real local oscillator. The unwrapped instan-
taneous phase is generated from the pilot/local oscillator interference contained in the signal "HD OUT”
inside a field gate-programmablggate array (FPGA), via CORDIC algorithm and phase unwrapping, and
is used for a coarse control on the frequency of the local oscillator. Finer frequency control is performed
using the demodulated interference i(¢) at the pilot offset frequency f;,. The same error signal is then
used for fast phase correction by the electro-optic phase modulator. ADC: analog-to-digital converter. PI:
proportional-integral controller: DAC: digital-to-analog converter.

homodyne detector, AQ(r) is the time dependent angular frequency offset of the two lasers, and
A¢(t) is“the time dependent phase difference between LO and pilot (modulo their frequency
offset)! The goalefOur active feedback scheme is to achieve AQ(t) = A¢(¢) = 0 and to thereby
perform homodyne detection at the phase angle ¢ge;.

The laser we employed as LO laser in the experiment was an NKT Photonics E15 which al-
lows for frequency tuning via a piezo-electric transducer (PZT). We complemented this slow
frequeney actuator with a fast electro-optical phase modulator (EOM), cf. Fig. 2a. The feedback
loop, consisting of phase detection and control, was implemented in a field-programmable-gate
array (FPGA) as shown in Fig. 2b. To limit the required sampling rate of the analog-to-digital
converters (ADCs) connected to the FPGA we first electrically down-mixed the output of the ho-
modyne detector, see Eq. 1, with two orthogonal sinusoidal signals with amplitude A, frequency
Q, and phase ¢g. After down-mixing we low-pass filtered the signal with 5 MHz cutoff fre-
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quency. The electrical sinusoidal signals have to be synchronized with the generation of the'pilot
tone at the squeezed light source which can either be achieved by transmitting a clock signalusing
a wavelength multiplexed channel or a dedicated servicing fiber, which is a standard technique
in quantum communication, or potentially by more sophisticated digital-signal-processing [28].
After down-mixing and low-pass filtering, the two signals are given by

i(t) < \[P,PrLoAy cos (AQ(1)t + Ap(1)) , 2)
q(1) < [P, PLoA, sin (AQ(1)1 + Ap(1)) . 3)

These were sampled by two ADCs with sampling period Ty, resulting in a discretization of time
as t = nTy with sample index 7. -

In the FPGA, we established two signal paths corresponding to the two actuators: A fast path
using the EOM as actuator, and a slow path actuating with the PZT. For the PZT actuation path
we estimated the instantaneous phase error by calculating the arctan between ¢ () and i () using
a coordinate rotation digital computer (CORDIC) algorithm [29],which yields

@, (nTy) = AQ(nTs)nTs + Ap(nTy) [ (mod [=7, 7]) . “)

If the phase error exceeds [—m, 7], @, undergoes an.abruptitransition, often called phase wrap.
This can be avoided by accumulating phase increments between consecutive samples, namely
@, (nTy) — @ ((n — 1)Ty) and detecting a phase wrap'event by comparing the last two bits of
the binary representation of the current phase increment, and compensating for it by adding or
subtracting 27 [30]. Phase unwrapping allows.to detect a wider range of phase fluctuations, at
the cost of decreased signal resolution due to.a fixed number of bits used in the implementation.

To generate the actuator signal for the PZT; the output of the phase unwrapping algorithm
was injected into a proportional-integral,(PI) controller whose output was added to the output
of another PI controller taking direetly.i(¢) as error signal. The latter allowed to control the
medium frequency range which was not possible with the instantaneous phase error signal due
to latency.

The fast path used i(¢) as errorisignal. This was low-pass filtered at 39 kHz, since at higher
frequencies the measured phase fluctnations hit the noise floor of the detection system. After
PI control, the signal was converted to the electrical domain and low-pass filtered at 5 MHz to
eliminate high frequency electronic noise.

The lock was acquired by first tuning the frequency of the LO laser into the capture range
of our controller via the laser’s temperature. The capture range was determined by the 5 MHz
lowpass filter before analog-te=digital conversion. The lock was then engaged by first disabling
the fast path as‘well as the medium frequency part of the slow path which allowed us to achieve a
frequency lock first. Afterwards the two additional paths were enabled to lock the phase without
cycle slips. We note that the homodyne angle can be adjusted by changing the phase ¢ of the
electrical LO used for downmixing the homodyne detector output.

Therdescribediphase locking scheme was experimentally tested with the experimental setup
in Fig. 3 showing a schematic for squeezing generation, fiber transmission and detection.

The laser that generates the squeezed and the pilot modes is an NKT Koheras ADJUSTIK
E15, at 1550:12 nm wavelength. Squeezed vacuum at 1550 nm was generated through para-
metric downconversion using a periodically poled potassium titanyl phosphate (KTP) crystal
placed inside an optical cavity resonant for the squeezed field and the pump field at 775 nm. The
pumprwas generated by a commercial second harmonic generation module (NTT Electronics
WH-0775-000-F-8-C), consisting in a lithium niobate (LN) crystal with waveguide. While the
pump field was used to lock the squeezed light source’s cavity on resonance, we used the coher-
ent control scheme for the phase. An acousto-optic modulator (AOM) frequency-shifted a small
fraction of the fundamental laser beam at 1550 nm by f,, = 40 MHz which was then injected
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into the cavity and its phase was locked with respect to the pump field. This constituted the'pilot
signal used at the detection stage. It had a power of about 5 W leaving the cavity and it.€oprop-
agated with the squeezed light. More details about the squeezed light source can be found in
Ref. [27]. In principle, lower pilot frequencies can be chosen, with the caution that‘antisqueez-
ing noise has higher impact at lower frequencies, thereby resulting in lower signal#to-noise ratio
for phase locks involving the pilot tone. In Ref. [27], f,, = 40 MHz was set to lie mostly out-
side the squeezer spectral response and allow for a clean spectral measurement.of the:squeezed
light quadratures. Reflected off a dichroic beam splitter (DBS), the squeezed and pilot modes
were coupled from free space into a standard single-mode optical fiber (SMF-28) and propagated
towards the free space receiver station, where homodyne detection of the squeezed mode took
place using a separate laser source at 1550.12 nm wavelength (NKT/Koheras MIKRO E15) as
local oscillator. To match the polarization of the squeezed light after transmission through the
fiber to the local oscillator we used a quarter waveplate and a half waveplate.

3. Results

All our measurements compare the performance of the rgal LOwwith aregular LO drawn from
the squeezed light’s laser source and transmitted through a separate short optical fiber - 2 m
length. Using the same length of regular LO fiber as for the signal channel would have been
more realistic, but we chose a short fiber to benchmark the real LO against the best possible
regular LO scenario. y

The experimental results are shown in Fig. 4. First, we transmitted the squeezed light through a
10 m fiber and compared the performance of the phase locked loop to a measurement for which
we used a regular LO transmitted along with the squeezed light, through a separate short optical
fiber. This is shown in Fig. 4a where we plot the variance of the squeezed (V_) and anti-squeezed
(V4) quadratures for varying pump'power of the squeezed light source. To the experimental data
points we fitted a model given by [31;32]

1+e722° 1 —e 207
=V +V° , 5
» =V ) :; ) ()
with A
VO = ML (©)
N (1F Fg)* + (f/ fsqz)
source h ¢ y receiver

laser

phase detection
ocal oscillator &
control
IEOM

fiber

single-mode I
BS

775 nm

Fig. 3. Basic scheme of the experimental system. Red lines represent light propagating in optical fiber. Blue
lines represent light propagating in free space. Black lines represent electrical signals. AOM: acousto-optic
modulator. SHG: second-harmonic generation module. DBS: dichroic beam splitter. EOM: electro-optic
modulator. HWP: half-wave plate. QWP: quarter-wave plate. BS: beam splitter. PD: photodiode. The
figure does not include any employed control system.
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28 Fig. 4. Experimental resulFs. (a) gnd (d) present the measuresl squeezed gbelow zero) and antls‘queezed
(above zero) quadrature variance with the two types.of localoscillator, for different pump field optical pow-
29 ers coupled into the squeezer, and fibetrlengths of 10 m (figure (a)) and 40 km (figure (d)). Figures (b) and
30 (c) represent the squeezed quadrature variance and-estimated phase noise standard deviation, respectively,
31 for 2.6 mW pump field optical power and different fiber lengths. real local oscillator: green. Regular local
32 oscillator: blue. Dots represent experimental data, solid lines represent fitting curves. If not visible, the
33 error bars are smaller than the dot'sizes.
34
35
36 1o Here, i is the overall efficiency, F, = \/Ppump / Pthreshold With Ppump being the optical power of the
37 180 pump field coupled into'the squeezeddight source and Piyreshord = 5.12 mW [27] the pump power
38 151 where the lasing threshold ds reached, f = 12.2 MHz is the measurement frequency, fyq, =~ 66
39 152 MHz [27] is the half-width-half-maximum of the squeezed light source’s frequency response
40 155 and o is the standard deviation of the phase noise. V? are the variances with zero phase noise.
41 184 As can be seen from the figure, the measured squeezing with the phase-locked real LO laser
42 185 1S almost the'sameas with'the regular LO stemming from the transmitter. For the highest pump
43 186 power we measured 3:7 dB and 3.9 dB, respectively. The difference can be explained by phase
44 187 noise which we determined by the fit to be 56 mrad for the real LO and 29 mrad for the regular
45 155 one. Thetotal efficiency of the setup was 68 % which limited the measured squeezing to about
46 180 3.7dB.
47 190 We then added a 1,5, 10 and 40 km fiber between the squeezed light source and the receiver
48 191 <and measured squeezing with both the real LO from the receiver laser and the regular LO from
49 102/ the transmitter laser. The power of the pump field of the squeezed light source was 2.6 mW.
50 193 The results can be seen in Fig. 4b. We note that for fair comparison we did not transmit the
51 191 regular’ LO from the transmitter laser through the same fiber but instead used another fiber of
52 195 comstant length. This however let to the accumulation of phase drifts caused by the long fibers
53 196 the squeezed light travelled through. While the coherence length of the lasers by far exceeds
54 197 40km, the phase fluctuations in the fiber made it necessary to use a fast EOM for phase locking.
55
56
57
58
59
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From the fit of the theoretical model, shown in the figure, we obtained an effective value for the
fiber attenuation of 0.25 dB/km which is slightly higher than the manufacturer’s specification of
0.18 dB/km. The reason is partly due to changing coupling losses when attaching the different
fibers.

The residual phase noise standard deviations at the given distances are shown in Fig: 4c.
Clearly, the phase noise increases with transmission distance which can be explained by two
effects: Firstly, the signal-to-noise ratio of the pilot beam drops with transmission,distance,
thereby reducing the quality of the error signals at the input of the PI-controllers. Secondly, the
phase fluctuations become stronger while the light travels through the fiber, Since the loop gain
stays constant, the deviations from the lock point increase. Notably the/phase noise at 40 km is
higher for the regular LO than for the real LO. -

This effect can also be seen in Fig. 4d where we investigated the squeezed light transmitted
through 40 km of fiber in more detail. Here we varied again the pump power of the squeezed
light source and measured the noise variances of the squeezed and anti-squeezed quadratures
using both LOs. The overall optical transmission was determined from the fit of the theoretical
model of Eq. 5 to 13% for the real LO and 11 % for the regular one: The deviation may come
from a change of fiber in-coupling or polarization drifts. For the phase noise standard deviation
we obtained 147 mrad and 115 mrad for the real and regular LO, respectively. At 40 km distance
the phase drifts seem to be better compensated by the'phase lock of the real LO than the regular
one. S

At a distance of 5 km we investigated the quadrature noise spectrum and phase noise in more
detail. Figure 5a shows the quadrature neise power spectrum of the squeezed light in the range
0 to 20 MHz measured with the real local oscillator. The noise power has been normalized to
the noise power of the vacuum state. The pump power was 2.6 mW. The fit of the theoretical
model from Eq. 5 reveals an optical transmission of 50.0 %, corresponding to about 1.3 dB fiber
attenuation, and a phase noise standard'deviation of 65 mrad. The inset shows histograms of
the noise for the squeezed state in the 0,to 20 MHz frequency range in the squeezed and anti-
squeezed quadrature and the vacuum state as.comparison.

By acquiring the 40 MHz pilet signal with a data acquisition system digitizing the coherent re-
ceiver output we extracted therresidual phase noise power spectral density. The phase estimation
procedure, which is explained in detailiin the supplementary material, has been performed for
the regular and the phase-locked real local oscillator. Figure 5b shows the phase noise spectrum
for the squeezed quadrature%hile Fig. 5c shows it for the antisqueezed quadrature and the cor-
responding phase histograms are¢ shown in Fig. 5d and e, respectively. When phase locked, the
signal-to-noise ratio of the pilotis different in the two cases due to the antisqueezing which low-
ers it by around 5 dB, however, the performance of the phase lock seems to be similar. Although
not directly visible in,the figure, between the cases of squeezed quadrature and antisqueezed
quadrature measurement, the noise floor at the pilot frequency (40 MHz) differs by 5 dB, i.e.,
approximately -2 dB in the squeezed case and +3 dB in the antisqueezed case. Thus, since the
pilot modeis noisier when measuring antisqueezing, the signal-to-noise ratio for the control sys-
tem is lower in this condition, provided the pilot mode has the same optical power all the time.
Even so, the petformance of the phase lock seems to be similar for squeezed and antisqueezed
quadrature measurements. At low frequencies the phase noise of the real LO is slightly larger
than the phase noise of the regular LO. The phase histograms are taken over the entire frequency
range. Here the peak around 80 kHz in the spectra for the regular LO seems to compensate the
better phase noise behaviour at low frequencies.

4.¢ Discussion

The developed system allowed homodyne detection of up to 3.7 dB squeezed states of light over
optical fiber spools of up to 40 km length. The control system exhibited a minimum phase noise
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Fig. 5. (a)presents the quadrature measurements performed with the real local oscillator, for 5 km fiber
length and 2.6,mW pump field optical power. The largest plot represents the statistical power of the
squeezed (below zero) and antisqueezed (above zero) quadratures of the signal, relative to vacuum quadra-
ture noise. As andnsert, we include the calculated histogram-based quadrature probability density functions.
Figures, (b) and (c) represent the power spectral densities (PSD) of the estimated phase noise in the same
measurementss’ Figures (d) and (e) show the histogram-based probability density functions of the phase
noise together with Gaussian fits (solid lines). real local oscillator: squeezed quadrature in green, anti-
squeezed quadrature in red. Regular local oscillator: squeezed quadrature in blue, antisqueezed quadrature
in orange. Black color represents the vacuum quadrature.
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standard deviation of (43.78 + 0.07) mrad, corresponding to (2.508 +0.004)°, under phase con-
trol. In particular, it enables the measurement of squeezed states and other quantum states of
light spatially separated from the source without the distribution of high-power local oscillators
through the fiber network (thereby avoiding detrimental effects such as non-linear Brillouin scat-
tering in optical fibers [20]). The maximum measured amount of squeezing was/not primarily
limited by phase noise, but rather by the optical transmission efficiency of the&queezed mode
through the experimental setup, which can be improved by accurate single-mode, fiber.coupling
and by optimizing the detection efficiency in future implementations. The phase noise perfor-
mance of the phase control system could be improved by reducing the electronic amplification
noise at the output of the homodyne detector and at the input of the control actuators, and by
performing the downmixing and low-pass filtering that yield the signals i(z)@ndg(7) inside the
FPGA rather than at its input, thereby avoiding the use of potentially noisy analog mixers and
low-pass filters. Furthermore, the three employed PI control systems should'be carefully de-
signed, to ensure that phase noise is effectively compensated for over its full Fourier spectrum
support, and to avoid detrimental interference between the different control systems in action.

5. Conclusions

This work has demonstrated the possibility of transmission,.and homodyne detection of general-
ized quadratures of squeezed states of light at 1550 nm wavelength over at least 40 km single-
mode optical fiber (compatible with large metropolitan networks), using a phase-locked real
local oscillator. Our system makes use of standard telecom components, such as piezoelectric
fiber stretchers and electro-optic modulators, and widely‘used general-purpose digital signal
processing devices, such as FPGAs. It is'a\general homodyne detection technique that allows
for the characterization of arbitrary states over long,distances in a network, as needed for a
variety of quantum information tasks: For quantum key distribution, using a true local oscilla-
tor disables eavesdropping attacks that target'the transmitted local oscillator [24], and using a
real-time phase control avoids the need for accurate and computationally heavy phase estima-
tion techniques, often performed in post-processing within current proof-of-concept CVQKD
experiments [25]. The system becomes particularly interesting if applied to the quadrature de-
tection of non-Gaussian andentangled states of light in distributed photonic quantum computing
based on measurement-induced quantumy computing modules [11], in distributed quantum sens-
ing systems [33, 34] andsin quantum/communication networks [22,35]. The quadrature detec-
tion of non-classical light with real local oscillators therefore constitute an important technique
in future quantum photonics networks for quantum computing, quantum sensing and quantum
communication.

6. Acknowledgements

The authors acknowledge support from European Union’s Horizon 2020 research and innova-
tion program,CiViQ under grant agreement no. 820466, from the Independent Research Fund
Denmark (Sapere Aude Starting Grant, grant agreement no. 0171-00055B), from the QuantERA
grant ShoQC throughithe Innovation Fund Denmark (case no. 9085-00011B), and from the Dan-
ish National Research Foundation, Center for Macroscopic Quantum States (bigQ, DNRF142).

7. Data availability

Data underlying the results presented in this paper are not publicly available at this time but may
be obtained from the authors upon reasonable request.

84 Disclosures

The authors declare no conflicts of interest.

Page 10 of 12



Page 11 of 12

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - QST-101656.R1

References

1.

20.

21

22.

23.

24.

25.

26

27.

U. L. Andersen, T. Gehring, C. Marquardt, and G. Leuchs, “30 years of squeezed light generation,” Phys. Scripta
91, 053001 (2016).

H. P. Yuen, “Two-photon coherent states of the radiation field,” Phys. Rev. A 13, 2226-2243 (1976).

C. M. Caves, “Quantum-mechanical noise in an interferometer,” Phys. Rev. D 23, 1693-1708 (1981).

The LIGO Scientific Collaboration, “Enhanced sensitivity of the LIGO gravitational wave detector by using squeezed
states of light,” Nat. Photonics 7, 613-619 (2013).

R. B. de Andrade, H. Kerdoncuff, K. Berg-Sgrensen, T. Gehring, M. Lassen, and U. L. Andersen;, “Quantum-
enhanced continuous-wave stimulated Raman scattering spectroscopy,” Optica 7, 470 (2020).

C. A. Casacio, L. S. Madsen, A. Terrasson, M. Waleed, K. Barnscheidt, B. Hage, M. A./Taylor, and W. P-Bowen,
“Quantum-enhanced nonlinear microscopy,” Nature 594, 201-206 (2021).

J.M. Arrazola, V. Bergholm, K. Bradler, T. R. Bromley, M. J. Collins, I. Dhand, A. Fumagalli, T-Gerrits, A. Goussev,
L. G. Helt, J. Hundal, T. Isacsson, R. B. Israel, J. Izaac, S. Jahangiri, R. Janik, N. Killoran,S.P-Kumar, J. Lavoie,
A. E. Lita, D. H. Mahler, M. Menotti, B. Morrison, S. W. Nam, L. Neuhaus, H. Y. Qi,/N. Quesada, A. Repingon,
K. K. Sabapathy, M. Schuld, D. Su, J. Swinarton, A. Szdva, K. Tan, P. Tan, VaD. Vaidya, Z. Vernon, Z. Zabaneh,
and Y. Zhang, “Quantum circuits with many photons on a programmable nanophotonic chip;” Nature 591, 54-60
(2021).

H.-S. Zhong, Y.-H. Deng, J. Qin, H. Wang, M.-C. Chen, L.-C. Peng, Y.<HsLuo, D. Wu, S.-Q. Gong, H. Su, Y. Hu,
P. Hu, X.-Y. Yang, W.-J. Zhang, H. Li, Y. Li, X. Jiang, L. Gan, G. Yang, L. You, Z. Wang, L. Li, N.-L. Liu, J. J.
Renema, C.-Y. Lu, and J.-W. Pan, “Phase-Programmable Gaussian'Boson, Sampling Using Stimulated Squeezed
Light,” Phys. Rev. Lett. 127, 180502 (2021).

M. V. Larsen, X. Guo, C. R. Breum, J. S. Neergaard-Nielsen, and U. L. Andersen; “Deterministic generation of a
two-dimensional cluster state,” Science 366, 369-372 (2019).

. W. Asavanant, Y. Shiozawa, S. Yokoyama, B. Charoensombutamon, H.'"Emura, R. N. Alexander, S. Takeda, J.-

i. Yoshikawa, N. C. Menicucci, H. Yonezawa, and A. Furusawa, “Generation of time-domain-multiplexed two-
dimensional cluster state,” Science 366, 373-376 (2019).

. M. V. Larsen, X. Guo, C. R. Breum, J. S. Neergaard-Nielsen, and U. L/ Andersen, “Deterministic multi-mode gates

on a scalable photonic quantum computing platform,” Nat. Phys. 17;71018-1023 (2021).

. L. S. Madsen, V. C. Usenko, M. Lassen, R. Filip, and U. LyAndersen, “Continuous variable quantum key distribution

with modulated entangled states,” Nat. Commun. 3, 1083(2012).

. T. Gehring, V. Héndchen, J. Duhme, F. Furrer, T. Franz, C. Pacher, R. F. Werner, and R. Schnabel, “Implementa-

tion of continuous-variable quantumkey distribution with composable and one-sided-device-independent security
against coherent attacks,” Nat. Commun. 6,:8795 (2015).

C. S. Jacobsen, L. S. Madsen, V. C. Usenko, Ry Filip, and U. L. Andersen, “Complete elimination of information
leakage in continuous-variable.quantum communication channels,” npj Quantum Inf. 4, 32 (2018).

. A. I Lvovsky and M. G. Raymer;,‘‘Continuous-variable optical quantum-state tomography,” Rev. Mod. Phys. 81,

299-332 (2009).

. J. A. H. Nielsen, J. S. Neergaard-Nielsen, T:,Gehring, and U. L. Andersen, “Deterministic quantum phase estimation

beyond the ideal NOON state limit,” arXivi2111.09756 [quant-ph] (2021). ArXiv: 2111.09756.

. Y. Zhang, Z. Chen, S. Pirandola, X. Wang, C. Zhou, B. Chu, Y. Zhao, B. Xu, S. Yu, and H. Guo, “Long-Distance

Continuous-Variable Quantum hy Distribution over 202.81 km of Fiber,” Phys. Rev. Lett. 125, 010502 (2020).

. T. Gehring, C. Lupo, A. Kordts, D. Selar Nikolic, N. Jain, T. Rydberg, T. B. Pedersen, S. Pirandola, and U. L. Ander-

sen, “Homodyne-based quantum random number generator at 2.9 Gbps secure against quantum side-information,”
Nat. Commun:, 124605 (2021).

. J. Qin, J. Cheng, S: Liang, Z. Yan, X. Jia, and K. Peng, “Transferring of Continuous Variable Squeezed States in 20

km Fiber,” Appl. Sei. 9, 2397 (2019).
F. Yaman, K& Nakamura, E: Mateo, S. Fujisawa, H. G. Batshon, T. Inoue, Y. Inada, and T. Wang, “Guided acoustic
Brillouin gcattering measurements in optical communication fibers,” Opt. Express 29, 17628 (2021).

. H. Hiseler, T. Moroder, and N. Liitkenhaus, “Testing quantum devices: Practical entanglement verification in bipar-

tite optical systems,” Phys. Rev. A 77, 032303 (2008).

P. Jouguet, S. Kunz=Jacques, A. Leverrier, P. Grangier, and E. Diamanti, “Experimental demonstration of long-
distance ¢ontinuous-variable quantum key distribution,” Nat. Photonics 7, 378-381 (2013).

X.-C.Ma, S.-H. Sun, M.-S. Jiang, and L.-M. Liang, “Local oscillator fluctuation opens a loophole for Eve in practical
continuous-variable quantum-key-distribution systems,” Phys. Rev. A 88, 022339 (2013).

J.-Z. Huang, C. Weedbrook, Z.-Q. Yin, S. Wang, H.-W. Li, W. Chen, G.-C. Guo, and Z.-F. Han, “Quantum hacking
of a continuous-variable quantum-key-distribution system using a wavelength attack,” Phys. Rev. A 87, 062329
(2013).

W. Zhao, Y. Guo, L. Zhang, and D. Huang, “Phase noise estimation using Bayesian inference for continuous-variable
quantum key distribution,” Opt. Express 27, 1838 (2019).

H. Vahlbruch, M. Mehmet, S. Chelkowski, B. Hage, A. Franzen, N. Lastzka, S. GoBler, K. Danzmann, and R. Schn-
abel, “Observation of Squeezed Light with 10-dB Quantum-Noise Reduction,” Phys. Rev. Lett. 100, 033602 (2008).
J. Arnbak, C. S. Jacobsen, R. B. Andrade, X. Guo, J. S. Neergaard-Nielsen, U. L. Andersen, and T. Gehring, “Com-
pact, low-threshold squeezed light source,” Opt. Express 27, 37877 (2019).



oNOYTULT D WN =

355
356
357

359

363

28.

29.

30.

32.

33.

34.
35.

AUTHOR SUBMITTED MANUSCRIPT - QST-101656.R1

H.-M. Chin, N. Jain, D. Zibar, U. L. Andersen, and T. Gehring, “Machine learning aided carrier recovery in
continuous-variable quantum key distribution,” npj Quantum Inf. 7, 20 (2021).

S. Bhukya and S. C. Inguva, “Design and Implementation of CORDIC algorithm using Integrated Adder and Sub-
tractor,” in 2021 6th International Conference for Convergence in Technology (I2CT), (IEEE, Maharashtra, India,
2021), pp. 1-5.

M. Kumm and M. S. Sanjari, “Digital hilbert transformers for FPGA-based phase-locked loops,’? in 2008 Interna-
tional Conference on Field Programmable Logic and Applications, (IEEE, Heidelberg, Germany, 2008), pp. 251=
256.

. T. Aoki, G. Takahashi, and A. Furusawa, “Squeezing at 946nm with periodically poled KTiOPO 4,” Opt. Express

14, 6930 (2006).

M. J. Collett and C. W. Gardiner, “Squeezing of intracavity and traveling-wave light fields produced in parametric
amplification,” Phys. Rev. A 30, 1386-1391 (1984).

X. Guo, C.R. Breum, J. Borregaard, S. Izumi, M. V. Larsen, T. Gehring, M. Christandl, J. S. Neergaard-Nielsen, and
U. L. Andersen, “Distributed quantum sensing in a continuous-variable entangled network;” Nat. Phys. 16, 281-284
(2020).

Z.Zhang and Q. Zhuang, “Distributed quantum sensing,” Quantum Sci. Technol. 6,,043001 (2021).

J. Yin, Y.-H. Li, S.-K. Liao, M. Yang, Y. Cao, L. Zhang, J.-G. Ren, W.-Q. Cai, W.-Y. Liu, S.-L. Li, R. Shu, Y.-M.
Huang, L. Deng, L. Li, Q. Zhang, N.-L. Liu, Y.-A. Chen, C.-Y. Lu, X.#B. Wang, F. Xu, J.-Y. Wang, C.-Z. Peng,
A. K. Ekert, and J.-W. Pan, “Entanglement-based secure quantum cryptography.over 1,120 kilometres,” Nature 582,
501-505 (2020).

Page 12 of 12



