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Abstract

Time-bin encoded quantum states of light are crucial for quantum technology applications. The integration of
manipulation functionalities into chip-scale devices is essential for deploying scalable, high-performace, and cost-
effective quantum networks. Here we develop a fully integrated, high-throughput quantum receiver based on the
thin-film lithium niobate (TFLN) platform, capable of high-speed electro-optic manipulation of time-bin encoded
quantum states. The device's novel architecture enables active switching of time-bin quantum states with an electro-
optic bandwidth exceeding 30 GHz, while supporting real-time arbitrary projective measurements with a bandwidth of
over 1 GHz. We showcase its versatility and performance through several applications, including the certification of
entanglement with Bell's inequality violation by 38 standard deviations and with >95% visibility. We then apply it to a
fiber-based quantum communication scenario, where we experimentally demonstrate an entanglement-based
quantum key distribution (QKD) protocol, achieving stable finite-size secure key rates exceeding 25 kbit/s over 12 h of
continuous operation. By leveraging a high-speed active switching scheme, the system overcomes the need for
temporal post-selection, eliminating a fundamental loophole that compromises the security of time-bin
entanglement-based QKD protocols and relaxes the temporal resolution requirements of single-photon detectors.
Moreover, it enables active selection of the projection basis, increasing the flexibility for communication parties. This
approach establishes a versatile and scalable architecture for time-bin encoded quantum communication, enabling
practical protocols on industry-grade photonic technology.

Introduction

Entanglement is a fundamental physical resource that,
by the laws of quantum mechanics, enables functionalities
that are impossible to achieve with classical systems®. It
plays a central role in a wide range of quantum infor-
mation applications, including quantum communication,
computing, and sensing. Among these, the development
of quantum networks has attracted substantial interest in
recent years. Such networks facilitate the long-range
transfer of quantum information, often leveraging existing
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telecommunication infrastructure®, and enable the dis-
tribution of cryptographic keys via entanglement-based
QKD protocols*~”, which provide stronger security than
traditional “prepare-and-measure” schemes. Specifically,
they allow for secure communication even in the presence
of untrusted network components® and offer enhanced
robustness over long distances®. In the realm of quantum
photonics, entanglement can be implemented using dif-
ferent degrees of freedom of the electromagnetic field,
such as path, polarization, frequency, and time — the
latter either in a continuous (“time—energy”)g’10 or discrete
(“time-bin”) basis'"'%. Each encoding scheme offers spe-
cific advantages and trade-offs depending on the appli-
cation and hardware constraints. Among them, time-bin
entanglement stands out in quantum communication
applications for its compatibility with existing fiber-optic
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infrastructure and resilience to environmental perturba-
tions, making it ideal for long-distance QKD imple-
mentations'>'*, Time-bin entanglement is relatively easy
to generate and manipulate, and supports advanced
functionalities such as high-dimensional encoding'® and
hyper-entanglement involving other degrees of free-
dom'®!”, More generally, time-bin encoding entails a
natural way to achieve temporal synchronization among
users, automatically establishing a common frame of
reference between two or more communication parties'®,

Recently, great research interest has been devoted to the
development of quantum technological applications based
on time-bin entanglement. On the one hand, efforts have
focused on enhancing clock rates — and more in general
secure key rates (SKR) — in QKD protocols'®*. Other
studies have investigated the combination of such an
encoding scheme with dense wavelength division multi-
plexing (DWDM), aiming at parallelizing multiple quan-
tum channels in star-topology architectures to increase
network capacity”' >, Further attention has been devoted
to the implementation of time-bin entanglement in inte-
grated photonic devices. Recently, the programmable
generation and the tomography of time-bin-entangled
states have been demonstrated on a single thin-film
lithium niobate (TFLN) photonic chip®***, The genera-
tion of high-dimensional entangled states, or gudits, has
also been shown through a chip-based interferometer
cascade and subsequently exploited to demonstrate high-
dimensional entanglement-based QKD"?.,

Despite such great progress, several limitations still
hinder the widespread deployment of quantum commu-
nication systems based on time-bin entanglement. First of
all, projections on the time-bin basis require high tem-
poral resolution single-photon detectors, which should be
able to unambiguously discriminate between the “early”
and “late” time of arrival of the associated wavepackets,
typically limiting the separation of time bins to at least
hundreds of picoseconds. Even more critically, time-bin
entanglement-based applications are affected by the post-
selection loophole (PSL)*°. This arises from the necessity
to discard non-interfering detection events associated
with time-bin wavepackets that do not temporally overlap
at the measurement stage. Such discarding compromises
the security of QKD implementations®”?®, as it allows
local hidden variable models to reproduce the observed
correlations even in the absence of entanglement by
exploiting detector blinding attacks®®. Identifying these
events requires observers to exchange timing information
via classical communication and also necessitates dis-
criminating detection times with a temporal resolution on
the order of the time-bin separation. Thus, overcoming
the need for high temporal resolution and closing the PSL
are essential objectives, especially from the perspective of
using photonic integrated technologies for QKD
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applications, where low time-bin separation times are
sought to minimize the footprint of integrated delay lines
and to maximize the SKRs.

Overall, photonic chips would allow scalability, cost-
effectiveness, high throughput, reduced size, and high
phase stability compared to their bulk optics and fiber-
based counterparts, and it would therefore be desirable to
foster their deployment in the development of time-bin
entanglement-based quantum applications. To enable
this, it is essential to overcome the limitations imposed by
the PSL, improve system integration, and support high-
speed operation without increasing demands on detection
hardware.

In this work, we address these limitations by developing
a fully integrated quantum receiver designed for general
time-bin quantum applications. We resolve the PSL by
implementing an ultrafast active switching scheme®
exhibiting a 30 GHz electro-optic (EO) modulation
bandwidth, made possible by TFLN technology. This
allows for the deterministic superposition of all time-bin
wavepacket states with picosecond-range separation.
Consequently, this eliminates the need for post-selection
and, in the case of measurements in the interferometric
bases, relaxes the time resolution constraints on the
detection system, here ultimately limited only by the clock
rate (i.e., by the repetition rate of the pump laser).

The device presented here is a general-purpose time-bin
universal projector that can be used for a variety of
applications. It can operate either as a phase-stable state
preparation stage, used to tailor a pump pulse shape, or as
a receiver, capable of performing real-time arbitrary
projective measurements in the time-bin basis, enabled by
an EO bandwidth exceeding 1 GHz. Fully packaged in a
standard telecom casing, it is compact and stable, which
makes it suitable for a wide range of quantum applica-
tions. We demonstrate the potential of our device through
several key quantum information applications. First, we
generate a time-bin entangled state by combining one of
the realized integrated devices with an integrated silicon
waveguide used as a nonlinear source, enabling the gen-
eration of arbitrary time-bin quantum states. We certify
entanglement by violating Bell’s inequality by 38 standard
deviations and achieving interference fringe visibility of
over 95% using the other two separate quantum receivers.
Second, we perform quantum state tomography, enabled
by the capability of our device to implement arbitrary
time-bin projective measurements on two independent
users. Finally, we implement two versions of an
entanglement-based QKD protocol, both in a PSL-free
fashion: we first show QKD using a “standard” passive-
basis selection scheme, where fiber beam splitters are used
to choose Alice’s and Bob’s projection bases. In these
demonstrations, we achieve finite-size SKRs exceeding
25.4 kbit/s — the highest reported for any time-bin
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entanglement-based QKD system — with sustained sta-
bility over several hours and with a total channel loss of
0.5 dB. We then fully leverage the potential of the device
as a quantum receiver, showing how active basis selection
can be straightforwardly implemented using a second
input port and pseudorandom bit sequence (PRBS) from
the perspective of providing full and real-time arbitrari-
ness in the choice of the projection basis. Crucially, this
performance is achieved with picosecond-scale time-bin
separation, yet without requiring detectors capable of
resolving it. By closing the PSL, our system’s timing
requirements are relaxed entirely to the clock rate of the
source laser, paving the way for high-speed, secure, and
truly integrated quantum communication.

Results
Device description and operating principle

A conceptual device layout is shown in Fig. 1a. It con-
sists of two main stages, arranged in a cascaded config-
uration. The first stage is a high-speed balanced Mach-
Zehnder modulator (MZM), realized by long and efficient
EO phase modulators included in each arm of the inter-
ferometer, and exhibiting a broad modulation bandwidth
(3-dB bandwidth exceeding 30 GHz; see Fig. 2b). It also
includes two thermal phase shifters (TPS), one on each
arm of the interferometer, to control the bias operating
point while ensuring optical symmetry and extended
phase tuning range. The second stage is an unbalanced
Mach-Zehnder interferometer (MZI), where the relative
temporal path delay is set to 100 ps, obtained by a geo-
metrical path unbalance of 1.31 cm. It includes a broad-
band EO phase modulator and a TPS, both placed in the
longer arm of the interferometer, while the shorter arm
incorporates a 2% power-splitter monitor. This compo-
nent allows for bias monitoring of the MZM and serves to
partially compensate for the propagation loss in the
longer arm.

The device is designed to operate on a generic qubit
encoded in the time-bin basis, schematically depicted on
the Bloch sphere in Fig. 1b, and mathematically described
as:

|6) = al0) + pe™ 1) (1)

where |0) corresponds to the photon state in the early
time-bin, |1) to the photon state in the late time-bin, 0 is
the relative phase between the two bins, and «, j are real-
valued probability amplitudes.

As illustrated in Fig. 1a.i, when the MZM is biased at the
quadrature point (mode 1), it acts as a 50:50 beam splitter.
In this configuration, injecting a generic optical field that
encodes the time-bin state |¢) into the device results,
heuristically, in a superposition of photons traveling
through either the longer or shorter arms of the
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unbalanced interferometer. Photons taking the longer
path experience a delay of 100 ps relative to those in the
shorter path, resulting in a three-peak detection pattern as
a function of arrival time after recombination. Inter-
ference arises only in the central peak, where there is the
temporal overlap between the early and late time bins that
travel relatively along the longer and shorter paths. More
rigorously, this configuration implements the positive
operator-valued measurement (POVM):

ﬁi(e)zim P, (6) 2)

N =

where I = |0){0] 4 |1)(1] is the identity operator repre-
senting non-interfering paths (outer peaks), and:

P.(6) = (10) £€”|1))((0] e (1)) (3)

N =

is the projector describing the interferometric contribu-
tion, associated with the central peak and controlled by
the phase 6 applied in the unbalanced MZI. The
signs + account for the dependence on the two output
ports of the unbalanced MZI stage, which exhibit a
relative phase shift of .

The device’s innovative aspect arises from its ability to
operate the MZM to act as a fast optical switch (mode 2):
photons in the early (late) time-bin can be deterministi-
cally routed into the longer (shorter) arm of the unba-
lanced interferometer (Fig. la.ii). In this way, the input
photons belonging to the two time-bin slots are tempo-
rally overlapped at the output of the second inter-
ferometer. This leads to a single interference peak in the
detection pattern over time, whereas all photons con-
tribute coherently to the interference pattern. In these
conditions, the implemented POVM is P (6), as defined
in Eq. (3). Indeed, by varying the phase 8 in the longer arm
of the unbalanced MZI, either via the TPS or the EO
modulator, it is possible to project the time-bin state into
any equatorial state of the Bloch sphere (Fig. 1b) without
any temporal post-selection on the detected events, ie.,
discarding contributions from the lateral peaks. More-
over, the projections can be executed with a high degree
of precision from static conditions (tens of hours) with the
TPS, and up to GHz speeds with the EO phase modulator.

A third operating condition (mode 3) is possible when
the modulation signal applied to the optical switch is
phase-shifted by 180°, thus reversing the photon routing
(Fig. laiii). In this configuration, at the output of the
device, it is possible to perform a measurement in the
computational basis by post-selecting events in the early
or late time bins, as now the POVM is [/2. In this con-
figuration, the time-bin separation at the output doubles
from 100 ps to 200 ps due to the propagation of the late
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Fig. 1 Conceptual schematic a Schematic of the integrated optical circuit. The evolution of the input photon state is illustrated for the three
configurations: (i) the first-stage MZM is biased at quadrature with no RF modulation; (i) the MZM is driven such that early (late) time-bin photons are
routed into the longer (shorter) path of the unbalanced MZ|; iii) the RF modulation is inverted, routing early (late) photons into the shorter (longer)
path. b The integrated quantum receiver can implement an arbitrary time-bin state projector. When operated in configuration a.i, it projects into the
equator of the Bloch sphere (blue); when operated in aiii, it projects into the poles of the Bloch sphere

(early) pulse through the longer (shorter) interferometer
path. The doubled temporal separation relaxes the
requirements on the temporal resolution of the detection
system, improving compatibility with detectors exhibiting
moderate timing jitter.

By comparing the operating conditions of mode I and
mode 2, we can see that there is a fundamental difference

in the achievable interference visibility if no post-selection
is applied to the detected photons. When a generic time-
bin encoded pure state |¢) is injected into the device, the
maximum interference visibility at the output increases
from a maximum of 50% in mode I to 100% in mode 2
thanks to the optical switching configuration. This dis-
tinction becomes even more relevant in the context of
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time-bin entangled photon pairs. Considering a maxi-
mally entangled @-type Bell state:

~ 00) + J11)
V2

If each photon of the pair is sent to two separate devices
operating in mode 1 and no temporal post-selection is
applied, the resulting two-photon interference visibility is
limited to 25%”. With this low visibility, the Bell and
Clauser—Horne—Shimony—Holt (CHSH) inequalities can-
not be violated®’, opening a PSL that affects local-realistic
tests of quantum mechanics, and thus hindering the
security of QKD protocols®®. Even in the presence of high-
resolution single-photon detectors, by performing tem-
poral post-selection, the number of coincidence events
contributing to quantum interference is reduced to 1/4 of
the total, reducing the SKR potentially achievable. In
contrast, when both devices operate in mode 2, the time-
bin components are deterministically overlapped,
enabling maximum quantum interference. This config-
uration closes the PSL and produces a single interference
peak in the time-resolved coincidence histogram, with
visibility up to 100%, while increasing throughput due to
the lack of discarded events. As a result, it becomes
possible to certify entanglement and support secure QKD
with a four-fold increase in the SKR.

") (4)
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Fabrication and classical characterization

The integrated device was fabricated on an X-cut
lithium niobate on insulator (LNOI) wafer. The single-
mode optical waveguide (propagation loss around
02dBcm™Y) is combined with radio-frequency (RF)
traveling-wave coplanar waveguides for EO modulation
(Fig. 2a). The optical and RF field profiles are engineered
to maximize the modulation efficiency, with a measured
VL, = 3.37Vcm (at 1 MHz). Figure 2b shows the EO
modulation spectrum for the MZM (optimized for high-
frequency operation) and Fig. 2c for the unbalanced MZI
stage, with a 3dB bandwidth as high as 30 GHz and
1GHz, respectively. The reduced bandwidth of the
second-stage interferometer reflects the fact that this
stage was not optimized for high-frequency operation. In
particular, compared to the MZM, few differences
account for the limited bandwidth performance: it does
not include the integrated 50 Q0 termination, leaving the
electrodes open, and it is not connectorized with a high-
speed RF connector. The combined effect of the electro-
des' capacitance and the long wire bonds introduces
inductive and capacitive parasitic effects that result in
peaking around 500 MHz and a limited bandwidth.
Comparable performance can be achieved in future
iterations by adopting the same design and packaging
solution for the MZI as for the MZM. Further details are
provided in the “Materials and methods” section.
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Fig. 3 Biphoton state analysis a Simplified experimental setup used for data acquisition. b Measured quantum interference curves without
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panel, and vice versa for the bottom panel. V denotes the visibility of quantum interference. ¢ JTI of the output biphoton state for selected projective
measurement configurations used for quantum state tomography. d Experimental density matrix of the generated quantum state computed by the
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The fabricated photonic chips were packaged for ease of
handling, as illustrated in Fig. 2d, e, and connectorized
with optical, RF, and low-frequency interconnections for
the respective components.

The final device has a footprint of 9.6 x 26 mm. We
stress that a key advantage of the TFLN platform lies in
the exceptional EO properties of lithium niobate, com-
bined with the high spatial mode confinement of both the
optical and electrical fields (see Fig. 2a), enabled by the
integrated photonic design. Additional details on the
device design, fabrication, and linear characterization are
provided in the “Materials and methods” section. For the
experimental demonstrations described in the following
sections, one or more devices (all exhibiting comparable
performances) were combined in complex experimental
setups, where they were employed either as quantum
receivers, for projection on the time-bin basis, or as pump
tailoring stages at the input of an entangled photon
source. Each one was only stabilized in temperature via
thermo-electric coolers (TEC), without the need for fur-
ther active feedback to compensate for interferometers'
bias phase drift, already minimized through the thermal
stabilization and the isolation provided by the package.

Entanglement certification

We now investigate the suitability of the device,
designed as a building block for complex systems invol-
ving multipartite states, to manipulate a biphoton time-
bin entangled state. As a first demonstration of its

functionality, we certify entanglement by violating both
Bell”'' and CHSH®' inequalities using two spatially
separated devices acting as analyzer interferometers while
closing the PSL. The simplified experimental setup is
illustrated in Fig. 3a. Optical pulses emitted by an actively
mode-locked laser are coupled to one of the fabricated
devices, used for pump tailoring. By tuning the bias
operating point of the balanced MZM, it is possible to
generate a pair of twin pulses separated by 100 ps, with
arbitrary relative amplitudes. These pulses are injected
into a 16 mm long integrated silicon waveguide and,
under appropriate pump power conditions (see Supple-
mentary Note 4), time-bin entangled photon pairs are
generated via spontaneous four-wave mixing (SEWM)??,
The resulting quantum state can be expressed as |¢) =
a|00) + Be%s|11), where all the parameters can be freely
tuned through the device settings: the probability ampli-
tudes a and f5 by tuning the bias of the first-stage MZM,
and the relative phase 65 by tuning the phase applied in
the second-stage MZI. In the following, we set a = =
1/v/2 and 65 = 0, which prepares the Bell state |®"),
defined by Eq. (4). The output photons are demultiplexed
using commercial 100 GHz DWDM filters (ITU channel
28-1554.94 nm for the signal and channel 38-1546.92 nm
for the idler) and routed to two of the developed devices,
hereafter referred to as Alice and Bob. Each quantum
receiver operates in active switching (mode 2), as shown in
Fig. 1a.ii, ensuring that all of the input photons contribute
to quantum interference. The two complementary

Light Sci Appl | 2026 | Vol 15 | Issue 8 | 2655 LSA



Bernardi et al. Light: Science & Applications (2026)15:237

outputs of each interferometer are routed to super-
conducting nanowire single-photon detectors (SNSPDs),
where detection events are recorded using a digital time
tagger.

The quantum interference curves retrieved from the
coincidence detection patterns for all four detector
combinations are shown in Fig. 3b. In the top panel, the
phase 64 on Alice’s device is scanned while Bob’s phase 0p
is kept fixed. In the bottom panel, 5 is scanned while 9,4
remains constant. This measurement effectively imple-
ments a Franson-type test of the Bell inequality, mathe-
matically corresponding to a projective measurement
operated on the state |®1). The expected coincidence rate
for outputs at the same side of the second MZI is given by:

R o< Tr[(P+ (64) © P (63))|@7 ) (@]

~ 14cos(64 + 6p) (5)

B 2
A 7 shift is applied to the above expression in the case of
detections at opposite output ports of the two MZIs. By
fitting the number of accumulated coincidence counts as
a function of the applied MZI TPS power with a
sinusoidal function, we extract high-visibility two-photon
interference fringes, defined as V = %{T&:g;, which is
(93.5+0.6)% on average across all four detector combi-
nations without accidental subtraction. For all cases, the
fitted visibility exceeds the 1/v/2 threshold required to
violate the Bell inequality by at least 38 standard
deviations, thus certifying entanglement without any
temporal post-selection on the detection events. We also
performed the CHSH inequality test by evaluating
coincidences at the specific phase settings that maximize
the S-parameter (6, = { — /4, n/4}, 05 = {0, n/2} for all 4
possible combinations). We recorded a value of S = 2.54 +
0.04, exceeding the classical bound (S = 2) by more than
13 standard deviations. We stress that the experiment so
performed serves at the same time as a test of
entanglement, given the violation of the classical bound,
and of quantum nonlocality, given the use of two distinct
devices, albeit not space-like in the present demonstra-
tion. Moreover, both proofs are free of the PSL. The close
match between the experimental data and fits, the similar
m-phase shift powers, and the high fringe visibility across
the two devices confirm their stability and reliability.

Quantum state tomography

A full tomography of the generated state at the output
of the integrated silicon waveguide can be performed by
setting the appropriate phase conditions on both inte-
grated quantum receivers simultaneously over a sequence
of steps. A complete quantum state characterization
requires projective measurements on the three orthogonal
bases for each qubit®. In this work, since each quantum
receiver can measure the two orthogonal states of a
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selected basis simultaneously within a single configura-
tion, three measurement configurations were used per
device. Permuting the settings between Alice and Bob
resulted in a total of 9 combinations, allowing the com-
plete set of 36 projective measurements required for full
two-qubit quantum state tomography to be acquired. In
particular, projections onto the equatorial bases X =
{|+),]=)} and Y = {|R), |L)} are performed by operating
the MZM to overlap the time bins into a single time slot
(mode 2, Fig. la.i) and by adjusting the phase of the
unbalanced MZI according to Eq. (5), with 845 = 0 and
/2, respectively. In the computational basis Z =
{]0),]1)}, the projection is implemented by operating the
device optical switch reversely (mode 3, Fig. 1a.iii).

The unitary evolution imparted by the receivers to the
biphoton state for such operational modes can be effec-
tively visualized through a measurement of the joint
temporal intensity (JTI)**~° at the output of the devices.
Figure 3c shows the measured JTI of four projective
measurements out of a total of nine, for one possible pair
of detectors (A0-BO) out of a total of four. In the three
projective measurements |+ +)(+ + |, | + R){+R|, and
|RR)(RR|, we observe a strong suppression of coincidence
counts in the outer time bins (i.e., when photons are
detected in the earlier or later arrival time slot windows at
Alice or Bob), resulting in a well-localized overlap in the
central time-bin where interference occurs. Compared
with Eq. (5), the first and third projectors correspond
respectively to the maximum and minimum of the two-
photon interference pattern. In the fourth JTI plot, the
projections onto the |00) and |11) states are represented
according to which of the two areas, delimited by the
dashed lines, the coincidence events belong to. Note that,
while this measurement requires higher temporal reso-
lution to discriminate the outcome, here the separation of
the coincidence peaks is increased by 100 ps, leading to a
total temporal separation of 200 ps and thus relaxing the
requirement of detector resolution by a factor of 2.

From the experimental data, we reconstructed the
density matrix of the biphoton entangled state through a
maximum likelihood estimation algorithm?’g. The result,
shown in Fig. 3d, exhibits a purity of 93% and a fidelity of
95% with respect to the Bell state |®*). A closer analysis
of the density matrix reveals that the generated state
deviates slightly from the ideal one. Specifically, the
probability amplitude of the |00) component is greater
than that of |11), and the imaginary part suggests a slight
phase shift relative to the Bell state |®"). From the
reconstructed density matrix, we provide a further char-
acterization of entanglement beyond the Bell-curve visi-
bility and the S-parameter reported in the previous
section. First, we evaluate the entanglement of forma-
tion®” to be as high as 87%. Then, we assess the von
Neumann entropy of the reduced subsystems, defined as
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E(pyp) = —Tr[py plog,(pa p)]- This yields values of E(p4)
= 0.976 and E(pg) = 0.978 for Alice and Bob, respectively,
approaching the theoretical maximum of 1, expected for a
maximally mixed qubit state. These high entropy values
indicate a strong degree of mixedness in the reduced
states, which, when combined with the high purity of the
two-qubit state, represent a clear signature of bipartite
entanglement”,

Quantum key distribution: passive-basis selection

The integrated TFLN device can serve as a receiver stage
for implementing the Bennett-Brassard-Mermin (BBM92)
entanglement-based QKD (EBQKD) protocol®. This is
achieved using the same photon-pair source configuration
used for entanglement certification and quantum state
tomography, with a slight modification introduced at the
user stations, as shown in Fig. 4a. Specifically, once the
photons are demultiplexed and routed toward Alice and
Bob, a passive fiber 50:50 beam splitter is placed. At one
output port, the incoming photons are sent directly to an
SNSPD; at the other port, photons are routed to the input
of a TFLN device. Here, the device is configured with the
optical switching activated (mode 2), such that the early
and late time bins are temporally overlapped at the output
(Fig. 1a.ii). The unbalanced MZI is held at a fixed phase
045 = 0, enabling projective measurements in the X basis.
In this configuration, coincidence detection events are
maximized between specific detector pairs (e.g., AO-BO and
A1-B1) when the input state is the maximally entangled
Bell state |®) (Eq. (4)).

For photons routed directly to the SNSPDs (bypassing
the quantum receiver), a time of arrival analysis distin-
guishes early (|00)) and late (|11)) time-bin events, cor-
responding to projective measurements on the Z basis.
This configuration enables the implementation of the
BBM92 protocol, where both users perform measure-
ments in two mutually unbiased bases, X and Z. The basis
choice is intrinsically random due to the passive beam
splitter, and the randomness of the measurement out-
comes is ensured by the entangled photon-pair source, as
demonstrated in the previous section. For a comprehen-
sive review of quantum cryptography and the various
steps involved in QKD protocols, we refer the reader to
ref.s,

In this QKD configuration, there is an asymmetry in
detection rates between the X and Z bases due to the
additional optical losses caused by the presence of the
device in the measurement path of the X basis. The
maximum measured coincidence rate is 959 Hz for the X
basis and 62 kHz for the Z basis, with respective optical
losses of 13.3dB (15.3dB) and 5.9dB (6.3 dB) for the
signal (idler) photons from the entangled photon pairs
source to SNSPDs input. Despite this asymmetry, the
QKD protocol can still be successfully implemented by
adopting an efficient information reconciliation
scheme®. Under these conditions, the sifting factor g —
defined as the probability that both users perform pro-
jections in the same basis — is significantly improved,
approaching unity. This maximizes the key rate by
minimizing the number of discarded events during the
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sifting process. Such an asymmetric basis choice is
advantageous, provided that a minimum number of
measurements are still performed in the less probable
basis (the X basis), to ensure sufficient statistics for
detecting potential eavesdropping attempts and thereby
guaranteeing the security of the protocol.

To estimate the finite-size SKR, it is required to find an
upper bound on the probability of failure on the para-
meter estimation (PE) step. To do so, we resorted to two
different statistical bounds: one based on the Serfling
inequality, presented by Tomamichel et al.** and from
here on referred to as the Serfling bound, and a more
recent one based on the Chernoff inequality, presented by
Mannalath et al.*' and from here on referred to as the
Chernoff bound (see Supplementary Note 1). Since this
work represents the first experimental implementation of
the BBM92 protocol using the Chernoff bounds, we opted
to show the SKR analysis done with both bounds to fur-
ther showcase the advantage of using this new bound with
respect to the Serfling one, widely used in literature. The
resulting experimental finite-size SKR as a function of the
sifted bit block length is shown in Fig. 4b. Compared to
the Serfling bound, the Chernoff bound requires con-
siderably smaller sample sizes for its statistical test to be
considered relevant. This allows Alice and Bob to gen-
erate a secret key at much smaller block lengths, which is
especially beneficial for EBQKD, where coincidence rates
are usually low.

A long-duration measurement, exceeding 12h, was
performed running our QKD setup, at 0.5dB channel
losses. The SKR always exceeds 18.8 kbit sl with a
maximum value of 25.4kbits ™! in the finite-size regime
using the Chernoff bound, with its asymptotic limit value
being ~14% higher, and its finite-size regime using the
Serfling bound ~13.5% lower. The quantum bit error rate
(QBER) for the two measurement bases and the SKR are
reported in Fig. 4c. The QBER in the Z basis is mainly
limited by the timing jitter of the SNSPDs, which is ~50 ps
full width half maximum (FWHM), compared to a time-
bin separation of 100 ps. The detection time window used
to distinguish between early and late time bins was opti-
mized to maximize the SKR in the Z basis (see Supple-
mentary Note 2). The QBER in the X basis depends on the
interferometric performance of the projection imple-
mented by the device. Here, an average QBER of 3.76%
was recorded, consistent with the measured visibility
reported in the entanglement certification section,
according to the relation QBER = (1 — V)/ 238, The small
variations observed in the QBER in the interferometric
basis are mainly attributed to phase drift in the inter-
ferometer, which causes deviations of the applied pro-
jection from the ideal one. These fluctuations are reflected
in the temporal evolution of the SKR and can be mitigated
in practical implementations by standard interferometric
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stabilization techniques or by periodic protocol inter-
ruption and realignment procedures. Note that other
contributions to noise, such as accidental and dark
detections, are negligible in the present experimental
conditions.

Measurements simulating a variable-length fiber link
were performed by adjusting the attenuation in Bob’s
fiber link through a variable optical attenuator (VOA). A
more realistic proof-of-principle was then performed
with fiber spools of different lengths, and could be fur-
ther extended to a metropolitan-area field test. We note
that in these scenarios, appropriate dispersion compen-
sation strategies should be put in place to mitigate the
effect of chirp for link lengths exceeding 8km (see
Supplementary Note 3). Indeed, group velocity disper-
sion in standard telecom fibers broadens the time-bin
wavepackets, thereby degrading the temporal confine-
ment required for proper device switching and reducing
the distinguishability between early and late time bins.
Figure 4d shows the measured (dots) and theoretical
SKR (dashed line) in the asymptotic regime and for a
finite block size of 9 x 10* The corresponding QBER
values for the two measurement bases are also shown.
Note that QKD is feasible for equivalent fiber lengths
exceeding 100 km (0.2 dBkm ™! loss). The main limita-
tion in this configuration arises from the signal-to-noise
ratio (SNR) of the coincidence counts in the X basis: at
high channel attenuation, detector dark counts sig-
nificantly reduce the visibility of the interference, thus
increasing the QBER. In contrast, the associated Z basis
QBER is almost unaffected by dark counts in the
attenuation sweep, due to a higher SNR. An additional
important consideration for real-world implementations
involving physically separated stations is the require-
ment for precise timing synchronization between the
users and the pulsed source. Such synchronization is
crucial to accurately discriminate the received time-bin
slots and to correctly align the modulation and switching
signals for proper routing within the receivers. Efficient
synchronization techniques achieving picosecond-level
precision have been demonstrated up to 50km link
length, even without the need for additional commu-
nication channels**™**, We note that this synchroniza-
tion requirement only concerns the technical
implementation and does not, in itself, limit or com-
promise the security of the QKD protocol, whose
security relies on entanglement. However, the security of
the present implementation is not device-independent,
since the detection loophole remains open®. Closing
this loophole is a well-known experimental challenge
that goes beyond the scope of this work. Nevertheless,
the proposed overcoming of the temporal PSL represents
a necessary step toward the deployment of loophole-free
time-bin architectures.
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Quantum key distribution: active basis selection

The BBM92 QKD protocol can also be implemented
using an alternative user receiver setup whose schematic
configuration is shown in Fig. 5a. Compared to the pre-
vious configuration, which relied on passive-basis selec-
tion, this configuration removes the beam splitter and
directs all the photons toward the device, where mea-
surements are performed by actively selecting the applied
projector. Precisely, the projective measurements are
performed in the two mutually unbiased X and Y bases,
both of which exhibit quantum interference for all
incoming photons without post-selection due to the active
time-bin switching (mode 2) operated by the first-stage
MZM.

The device applies the POVM defined in Eq. (3), cor-
responding to either P, (6) or P_(6), depending on the
device output port. The phase 0 determines the mea-
surement basis and is physically implemented by the
unbalanced MZI as a combination of two contributions:

0 = O7ps + Or (6)
where O1ps is a phase set by the TPS, and 6Oy is the phase
modulation applied by the EO modulator.

The basis choice for each user is applied at the repeti-
tion rate of the pulsed pump laser (1 GHz) to ensure a
random and independent selection for every entangled
photon pair. In our setup, the EO modulator of the
unbalanced MZI is driven by an arbitrary waveform
generator (AWG) programmed with a PRBS. To improve

the security of the protocol, these could, in principle, be
replaced by quantum random number generators
(QRNQG), even integrated on the same chip*®*’. Alice and
Bob use PRBS sequences of lengths 2” — 1 and 2° — 1,
respectively, both operating at a 1 GHz bit rate. This
configuration ensures that the joint basis-choice pattern
repeats every 127 x 511 = 64,897 clock periods, effectively
emulating a non-repeating sequence. The modulation
signals have a peak-to-peak voltage of V,, = V,/2. To
ensure the switching between desired X and Y measure-
ment bases, the TPS is statically set to apply a phase 61ps
= /4 when no voltage is applied to the EO modulator.
This ensures toggling the total phase 6 between 0 and 72/2
every clock cycle. An eye diagram showing the
continuous-wave light modulation of the unbalanced
MZI, driven by the PRBS sequence, is shown in Fig. 5c.
As for the previous case, we conducted a long-duration
measurement exceeding 12h continuously without any
interruption and without the use of active stabilization,
apart from maintaining the device package at a constant
temperature. Once again, both Serfling and Chernoff
bounds were used to obtain and compare the secret key
rates. The time traces of the SKR for both bounds, along
with the QBER values for the X and Y bases, are shown in
Fig. 5b. A maximum SKR of 1.024 kbits~! was recorded,
with an average of 0.805kbits ' over the measurement
period. The average QBER value for the Y basis over time
is 4.02%, while the X basis exhibits a higher value of 6.1%.
For the Y basis, the marginal increase in QBER compared
to the previous configuration is primarily attributed to
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non-ideal AWG modulation, as the basis projection is
switched every nanosecond. The increased QBER
observed in the X basis—beyond the limitation affecting
the Y basis—is additionally attributed to an initial offset in
the operating point, for which the initial QBER was 5.5%,
together with larger phase-drift variations over time.
Nevertheless, given the high modulation speed, the
observed QBER values confirm the excellent device per-
formance under fast, active operation. Compared to the
passive QKD system, the SKR is reduced since both
measurement bases are now implemented passing
through the device, and thus the total optical losses are
higher: 12.15dB for Alice and 10.1 dB for Bob from the
entangled photon pairs source to the SNSPDs input.
Additionally, the sifting factor g is no longer close to 1,
but reduced to 0.5, due to the equal probability of
selecting each basis. This high-loss scenario better
showcases the difference between the two bounds used to
estimate the SKR, as block lengths are smaller.

An estimation of the SKR as a function of channel loss is
reported in Fig. 5d for both the asymptotic regime and
finite block size of 4 x 10* where using the Chernoff
bound provides an increase of 33.2% on the secret key
generation when compared with the Serfling bound gen-
eration. At the measured coincidence rate, a block of key
is generated approximately every 25 . If fast key genera-
tion is required, we note that an average of 450 bits ' of
secret key was generated even using a block length of 10,
where the secret key generated using the Chernoff bound
becomes 122.3% higher with respect to the Serfling
bound. At high channel loss, the QBER is primarily lim-
ited by detector dark counts. In this configuration, com-
pared to the passive one, the QBER degradation for the
interferometric bases is expected to occur at slightly
longer fiber length, as the receiver coincidence rate
increases due to the removal of the beam splitter, which in
the previous setup introduced an additional 3 dB loss.

Overall, we emphasize that this configuration, although
the SKR is reduced due to the additional optical losses
introduced by the quantum receiver and the slight QBER
increase arising from the added complexity of the phase
modulation, not only removes the PSL as in the passive
QKD case, but also eliminates the need to resolve the
separation between individual time bins. Indeed, only the
separation between successive time-bin states must be
distinguished. This relaxed detection requirement makes
it possible to increase the SKR by simply raising the pump
laser repetition rate and reducing the time-bin separation.

Discussion

In this work, we have engineered and demonstrated a
fully packaged integrated photonic circuit capable of
supporting multiple quantum applications, achieving
state-of-the-art performance. The main purpose of our
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device is to overcome the problem of PSL, and the need
for temporal post-selection in general, which arises from
the nature of Franson-like unbalanced interferometers,
and limits both the security and efficiency of QKD pro-
tocols based on time-bin entangled states. We address this
issue by implementing an active switching solution®®, of
which, to the best of our knowledge, our device represents
the first realization on an integrated photonic platform.
Another integrated solution, proposed by Santangiustina
et al.”®, also addresses the PSL issue through a “hug”
scheme, which passively discards photons that do not
temporally overlap, resulting in a 50% reduction in usable
photon pairs. More problematically, this approach has
interlinked interferometers that extend along the optical
link between Alice and Bob, which hinders the practical
deployment of QKD applications in the field.

Our PSL-free architecture can be generally used as an
arbitrary time-bin projector and, owing to the combination
of TPSs and broadband TFLN modulators, the integrated
quantum receiver enables fast switching, in the tens of
gigahertz range, of time-bin encoded states. This allows the
use of closely spaced time-bin states, and therefore high
clock (repetition) rates and SKR throughputs, and makes it
possible to operate projective measurements at tunable
timescales, ranging from sub-nanosecond speeds to stable
operation over several hours.

We have demonstrated its versatility across different
tasks: certification of genuine time-bin entanglement by
more than 38 standard deviations without the need for
temporal post-selection, quantum state tomography of
time-bin encoded states, and preparation stage by mod-
ulating the pump pulses demonstrating its ability to gen-
erate high-fidelity (95%) and high-purity (93%) arbitrary
time-bin entangled states when combined, as in this case,
with a nonclassical light source. Furthermore, we have also
demonstrated that the developed device can effectively
implement the BBM92 entanglement-based QKD protocol
in both passive and active basis selection modes, proving its
versatility and reconfigurability. The BBM92 is a well-
established®® and widely used QKD protocol based on
entanglement. Recent works include high-rate®®>">3°%>1
and high-dimensionality'® demonstrations. However, the
Post-Selection Loophole was always open in these previous
works. To the best of our knowledge, the present work
reports the first realizations of time-bin QKD closing the
Post-Selection Loophole, achieved at the same time with
long-term operational stability (more than 12h), and
notably, with the highest SKR (exceeding 25 kbits ')
demonstrated so far in time-bin entanglement-based sys-
tems, as summarized in Table 1.

In the active basis selection QKD configuration, com-
pared to the passive one, the requirement on the mini-
mum time resolution of the detection system is relaxed:
now it is sufficient to resolve the time-bin repetition rate,
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Table 1 Comparison among entanglement-based QKD demonstrations using different degrees of freedom (DoF)

User implementation DoF SKR per channel Link length Clock rate Bin separation Protocol
Silica-based° Time 0.14 bits™! 100 km 0333 GHz ns BBM92°
Fiber-based”' Time 42bits™' (29bits™) 47km (60.5km) 220 MHz 3ns BBM92®
Fiber-based*” Time 5.1 bits™! 0 km 18 MHz 36ns £91°’

PIC'® Time 2,04 kbits~" (37 bits™") 0 km (60 km) 250 MHz 64 ps BBM92®

Free space® Time 5.1 kbits™ 0 km 80 MHz Tns BBM92°
Fiber-based® Pol. 223 bits™! 201 km cw — Modified BBM92%
Fiber-based®* Time + Pol. 700 bits~'® 0km 50 MHz 5ns Custom®”
Fiber-based”’ Time-Energy 7 kbit s~ 50 km cw 16ns Modified BBM92%
TFLN (this work) Time 25.4 kbits™' 0km 1GHz 100 ps BBM92°

All implementations employ fiber-based channels, with channel losses scaling approximately as ~0.2dB/km attenuation in standard single-mode fiber for the

reported distances
PIC photonic integrated circuit
“Values extracted from published plots

rather than the time-bin separation as in the passive-basis
setup. This was made possible by the unique device’s
capability to temporally overlap the two time bins through
active switching and simultaneously apply a gigahertz-rate
modulation in the Franson-like interferometer. The fast
and accurate control of these modulations enables high
visibility of quantum interference, as also confirmed by
the low QBER values. In both QKD demonstrations, we
report more than 12h of continuous QKD operation
without any interruption, drift, and the need for active
stabilization of the interferometers' bias, apart from
standard temperature control of the device package fol-
lowing the initial calibration of the required operational
phase settings.

Our results demonstrate that TFLN can be effectively
adapted for quantum technologies, enabled by indus-
trial- and commercial-grade fabrication processes.
Indeed, the TFLN platform is an emerging technology
originally developed for telecommunications, valued for
its high-speed EO modulation. We tailored a complete
compact device that integrates multiple high-quality
optical components originally thought for classical tele-
com applications — including edge couplers, beam
splitters, EO modulators, thermal phase shifters, and
low-loss waveguides — on a single packaged chip, and we
combine them to prove their suitability for quantum
applications. Moreover, we prove the technology relia-
bility by repeatable excellent performances even across
different fabricated devices. We also demonstrate the
first experimental implementation of the BBM92 pro-
tocol, taking advantage of the recently found Chernoff*!
bound for SKR estimation, proving its advantage with
respect to the previously-used Serfling*® bound when
small block lengths are used, as is commonly the case for
EBQKD protocols.

The present integrated optical circuit can also be
extended to other quantum applications. For instance,
recently developed integrated interferometers for multi-
dimensional time-bin states (up to 8 levels)'® could be
combined with our switching approach to overcome the
PSL. This would require multi-port interferometers with
path delays in multiples of the time-bin spacing and
multi-port switching via cascaded high-speed modulators.
The realized device can also be directly employed for the
implementation of entanglement swapping®”. Further-
more, it can be combined with the processing of other
degrees of freedom, such as frequency and polarization, by
exploiting relatively fast EO modulators® and polariza-
tion filters®*. This integration could enable hyper-
entangled quantum applications, including quantum
secure direct communication (QSDC)*>*%, entanglement
purification®” and improve channel capacity.

Perspective device improvements primarily entail
increasing the SKR. This could be first pursued by oper-
ating the protocol at higher clock rates. In the case of the
active basis selection configuration, it is currently limited
to 1 GHz for practical reasons (the limited bandwidth of
the unbalanced MZI modulation stage, not optimized for
broadband operation, as discussed in the “Materials and
methods” section), but potentially compatible with up to
5GHz, the maximum repetition rate set by the MZI
unbalance delay. Conversely, in the case of passive-basis
selection configuration for the investigated channel losses
in this work, particularly in the low-loss regime, the
achievable SKR is limited by the maximum detection rate
of the SNSPDs (~1.5 MHz). If this limitation is overcome,
the repetition rate could also reach 5 GHz without further
hardware constraints. We stress that in our approach,
when combined with state-of-the-art low-jitter SNSPDs>®
and a reduced unbalanced interferometer delay, the
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maximum clock rate achievable is ultimately limited by
the pulse duration, which in turn determines the mini-
mum time-bin separation required to preserve ortho-
gonality of the states. In particular, by employing broader-
bandwidth optical pulses with picosecond-scale duration,
this approach could potentially reach clock rates up to a
hundred gigahertz, and a proportional increase in the
SKR. A second aspect affecting the SKR, particularly
severe in EBQKD protocols, is the overall setup losses.
The optimization of the whole setup, including the design
of the fabricated devices, will allow for a direct increase in
the coincidence rates, and hence in the overall SKR.

To improve the security of the protocol in the active
basis selection configuration and in real application sce-
narios, the PRBS modulation could be substituted by a
QRNG?Y, potentially realized through compact hybrid-
integrated circuits®®, in order to guarantee certified ran-
domness of the basis choice.

Further improvements concern the visibility of the
interference fringes, where we achieve approximately 93.5%
on average. This causes an increase in QBER, which ulti-
mately limits the maximum range achievable for QKD. The
primary limitation is attributed to polarization-mode mix-
ing, namely, the coupling between TE and TM modes in the
devices. This can be mitigated by integrating a polarization
filter™*, which we have found to improve the extinction ratio
from a tested median value of 19.3dB to 34.2dB in inter-
ferometric performance (see Supplementary Note 5); and
using Euler bends® in future design improvements.
Another suitable pathway may consists in the use of
materials characterized by less severe birefringence, such as
the emerging thin-film Lithium Tantalate (LiTaOs;) plat-
form, exhibiting comparable Pockels coefficient®. Other
minor limiting factors for the reduced visibility are the CAR
value, which is around ~100 for the presented experimental
demonstrations, the residual unbalanced losses in the MZI
stage, which can be mitigated with the adoption of variable
attenuators®®, the non-ideal sinusoidal photon-switching
modulation, and uncertainties in the applied bias and V/,,
modulation signal.

From the perspective of scaling to large and multi-party
optical networks, all the experimental implementations
here reported were carried out using the standard ITU
100 GHz bandwidth allocation for each of the two user
channels, which also matches the transform-limited
photon bandwidth and optimizes spectral density. The
quantum receiver platform also relies on components
designed for C+L band operation, ensuring compatibility
with DWDM systems and paving the way for scalable
quantum networking over existing telecom infra-
structure®®~>%, By adopting quantum information density
as a figure of merit, proposed by ref.!®, defined as d™/(At -
Av), our implementation achieves a value of 2%/[100 ps -
2 - (100 GHz - 2)] = 0.1. This value is among the best
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results reported in the literature, underlining the effi-
ciency of our integrated solution in terms of both spectral
and temporal resource utilization.

In summary, our work demonstrates a versatile and
high-performance integrated photonic circuit based on
the TFLN platform that allows the tailoring of pump pulse
for the generation of time-bin states and overcoming the
PSL limitation, certifies genuine time-bin entanglement,
and enables stable, high-rate EBQKD, paving the way
toward scalable quantum communication networks.

Materials and methods
Device fabrication and characterization

The integrated photonic devices were fabricated by
Advanced Fiber Resources Milan s.r.l. on a 4-inch X-cut
LNOI wafer. Optical waveguides featuring rib geometry
are patterned by a deep UV (248 nm) stepper lithography
(ASML PAS 5500/350C), on a 550 nm-thick LN layer with
a 275nm-deep etching, and are embedded in a silica
cladding, supporting single-mode operation across the
standard C+L telecom bands, with typical propagation
losses of 0.2 dB cm ™. The cladding thickness ensures full
confinement of the optical mode within the LN layer and
the surrounding glass matrix.

A schematic of the fabricated chip is shown in Fig. la.
Input photons are coupled into the circuit via one of four
edge couplers and initially pass through a 50:50 multimode
interferometer (MMI) that forms the first-stage MZM,
which functions as an optical switch. The MZM comprises
two geometrically balanced optical arms, each equipped
with a TPS for precise bias control. EO modulation is
applied through 1 cm-long ground-signal-ground RF elec-
trodes that drive the waveguides in push-pull configuration,
enabling high-speed modulation.

The second stage of the device consists of a 2 x 2 MMI
that connects to an unbalanced interferometer with a
fixed delay of 100 ps between its two arms. The phase in
the longer arm can be tuned using either a TPS or an EO
phase modulator. The interferometer is closed by a third
2 x 2 MMI, which routes the outputs to two edge couplers
for off-chip optical collection. The EO bandwidth of this
second-stage interferometer is limited to approximately
1 GHz. This limitation arises primarily from packaging-
related constraints, namely the lateral pins and long wire
bonds, which feature a relatively low RF bandwidth as
they are intended for driving components such as TPSs,
since the package provides a high-speed RF connection to
only one modulator. Secondly, the electrodes in the MZI
are non-terminated. Both of these effects limit the overall
bandwidth and lead to the peaking at ~500 MHz in
Fig. 2c. While a push-pull configuration was not adopted
in this iteration to keep the shorter arm as compact as
possible (hundreds of microns), extending the inter-
ferometer arms to accommodate such an architecture—
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while maintaining the necessary path-length imbalance—
would improve by a factor of 2 the modulation efficiency
(V:L). We highlight that these limitations are mainly due
to packaging constraints, but do not compromise the
overall functionalities of the device. Adopting similar
design solutions as used for the high-speed optical switch,
a comparable performance for the unbalanced MZI could
be achieved.

The devices used for the experimental demonstration
exhibited an average insertion loss of approximately
6.5 dB due to both coupling and on-chip losses.

The balanced MZM is the key element of the device as
it acts as a high-speed optical switch, deterministically
routing early (late) time-bin photons to the longer
(shorter) path of the interferometer. This configuration
eliminates the need for temporal post-selection, enabling
direct projection measurements. To achieve this, the
switch must apply a 7 phase shift within a 100 ps time
window, corresponding to a modulation frequency of
5GHz. Thus, the RF line geometry must be carefully
optimized to ensure efficient switching performance. The
main design criteria include:

* Impedance matching between the RF line and the

50 Q signal source to maximize power transfer.

* Velocity matching between the RF phase velocity
and the optical group velocity to enhance EO
bandwidth.

* Field overlap optimization between the RF and
optical modes to minimize the modulation voltage
(Vo).

At low frequency (1 MHz), the device exhibits V,, =
3.37V, an estimated V,, = 4.35V at 5 GHz, and a tested 3 dB
EO bandwidth of approximately 30 GHz. The ultimate
switching frequency of the MZM is estimated to be ~60 GHz
when modulated with a sinusoidal signal for switching, and
is primarily limited by the maximum allowable power dis-
sipation in the integrated 50 Q RF termination. Figure 6
shows a linear device characterization, displaying the inter-
ference pattern of the unbalanced MZI. In this case, when a
continuous-wave (CW) laser is injected, the first balanced
MZM is set in quadrature, and the output powers of the two
outputs are recorded by sweeping the TPSs, registering an
extinction ratio of approximately 20 dB. The relatively lim-
ited extinction ratio of the second-stage interferometer,
which bounds the maximum achievable quantum inter-
ference visibility, is mainly attributed to polarization-mode
mixing and differential losses between the two inter-
ferometer arms, rather than to any splitting imbalance of the
2 x 2 MMI (see Supplementary Note 5). The average ther-
mal power required to achieve a 7 phase shift using the TPSs
is P, = 23.5 mW among the realized devices.

To ensure robustness and portability, the TFLN chip is
fully integrated into a metal package, as shown in Fig. le.
The optical interface consists of a pigtailed 4-channel

Page 14 of 17

e A
0 -
m
S
s
€ 10 A
R3]
€
€ 15+
=
= Qutput 1
—20 — Output 2
I 1 I 1
0 20 40 60

Thermal power [mW]

Fig. 6 Linear characterization Transmission spectrum of the
unbalanced MZI, obtained by setting the balanced MZM in quadrature
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fiber array unit (FAU) with Nufern UHNA?7 fibers spliced
to standard single-mode and polarization-maintaining
fibers. The chip is mounted in the metal package using
thermally conductive glue, improving heat dissipation and
thermal stabilization. A standard G3PO RF connector is
used to feed high-speed modulation signals to the MZM
electrodes via precision wire bonding. All TPSs and the
unbalanced MZI EO phase modulator are connected to
external drivers through lateral package pins, which are
wire-bonded to the corresponding chip contact pads.

Experimental setup

The experimental setup used for the experimental
demonstration is shown in Fig. 7. For the generation of
entangled states, it includes an actively mode-locked laser
operating at a 1 GHz repetition rate, with a spectral
bandwidth of 0.42nm FWHM corresponding to 9.2 ps
pulse duration centered at ITU channel 33 (1550.92 nm).
The laser pulses pass through an optical isolator, and the
polarization is adjusted to match the transverse electric
(TE) mode of the fabricated TFLN photonic circuit. These
pulses are then injected into the TFLN device, where the
MZM is operated as a 50:50 beam splitter by tuning the
TPS, generating two balanced time-bin pump pulses.

After exiting the device, the twin pulses are amplified
using an erbium-doped fiber amplifier (EDFA), which also
allows tunability of the pump power. The ASE noise from
both the laser and the amplifier is effectively suppressed
by several bandpass filters centered at the laser frequency.
The filtered twin pulses are coupled via grating couplers
into a 16 mm long silicon waveguide, realized on a 310 nm
SOI layer thickness by the CEA-Leti pilot line, where pairs
of entangled photons are generated by SFWM. At the
output, the photon pairs are spectrally separated with two
bandpass filters centered at ITU channels 28 and 38
(1554.94 nm and 1546.92 nm, respectively). This separates
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the signal and idler photons, which are then forwarded to
Alice and Bob’s receivers.

The receiver configuration changes slightly depending on
the performed application. In all configurations, polariza-
tion controllers are used before and after the device to
match the TE polarization and maximize the SNSPD's
efficiency. All three TFLN devices (one for pulse tailoring
and two at the receivers) are connected to an external
power supply to control the bias. For the balanced MZM,
power is applied to only one of the two integrated TPSs
while the second is grounded, as a single-phase shifter
provides a sufficient tuning range for quadrature biasing.
The TPS of the unbalanced MZI is controlled in a similar
manner. We emphasize that no active feedback control
system was required for any of the experimental measure-
ments to compensate for bias drift. The device packaging,
combined with temperature stabilization via a TEC system,
is sufficiently stable against phase drifts. This approach
simplifies the operating architecture by eliminating the need
for complex auxiliary bias-tracking systems. The two
receiver devices are also connected to an RF signal gen-
erator, which applies a sinusoidal voltage at 5 GHz with
4.35V peak-to-peak amplitude, enabling operation of the
optical switch. The RF source also drives the pulsed laser,
ensuring synchronization among the two receiver users and
the entangled photon source. The output signals from the
SNSPDs are analyzed using a time tagger that records the
detection events. The described setup is used for entan-
glement certification and quantum state tomography.

In QKD with passive-basis selection, a fiber-based 50:50
beam splitter is placed before the device in order to perform
measurements in the computational basis Z. To perform
the QKD implementation while varying the channel link

2664 | Light Sci Appl | 2026 | Vol 15 | Issue 8

losses, a VOA is placed before Bob’s beam splitter, which
has 2dB insertion loss at minimum attenuation. In the
QKD with active basis selection, the beam splitter is
removed, and the EO modulator in the unbalanced MZI is
driven by an AWG (synchronized with the RF signal gen-
erator) to actively control the projective measurements.
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