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Optical losses and environmental noise present significant challenges for the coherent propagation of
entangled states of light over large distances in quantum communication protocols. To cope with
optical losses, one possible strategy is to increase the emission rate as much as possible.
Decoherence, related to thermal and pressure fluctuation and to the presence of parasitic processes,
can be overcome by encoding information via hyper-entanglement, i.e. entanglement over multiple
degrees of freedom (DoFs). In this work we experimentally demonstrate a silicon-integrated device
implementing both strategies, demonstrating the emission of spectrally multiplexed and hyper-
entangled photon pairs. The pair generation rate exceeds 10° pairs per second at the output of the
device over an 8 THz-wide comb of multiplexed frequency modes. Hyperentanglement is proved by
showing entanglement in the frequency-bin and time-energy DoFs, along with high purity of the states
when tracing over the time-energy degree of freedom. Quantum state tomography shows both fidelity
and purity to be greater than 95% in the frequency domain, while, in the time-domain encoding, Bell’s

inequality is violated by more than 10 standard deviations.

The generation of entangled states of light in integrated photonics devices is
of paramount importance for a number of quantum technologies',
including several protocols in quantum communication’™, quantum
simulation’ and computation®. In general, entanglement between two
photons can be generated in different degrees of freedom. Polarization based
entanglement” constitutes the most widespread choice for free-space
experiments and applications, while path entanglement" is the most obvious
choice for on-chip quantum information processing. In quantum com-
munication protocols, the ability to increase the distance between receiving
parties implies propagation in highly lossy channels, with a typical budget
loss of about 40 dB for an 80 km fiber link’ or a low earth orbit satellite
linklt)—l}.

The most direct approach to overcome optical losses consists in
building sources of quantum states of light with emission rates sig-
nificantly higher than the typical sources, potentially exceeding 1 billion
photon pairs per second (1 GPair/s) at the source. The pair generation rate
R for most silicon-integrated parametric sources of entangled photon

pairs has so far been limited to the millions of photon pairs per second
(MPairs/s)"", while rates exceeding 1 Gpairs/s have been recently
demonstrated using bulk parametric sources”™"” as well as with other
platforms like AlGaAs-on-insulator'®, which may offer higher efficiency
but are still at an earlier stage of technological maturity. Integrated
sources, in particular silicon integrated sources, with rates exceeding 1
Gpairs/s would be highly beneficial in many applications for their inherent
scalability, ease of use and low operating powers. A key trade-off that
constrains the operational rate of probabilistic sources is the inverse
relationship between the quality of the emitted quantum state and the rate
itself. This trade-off can be effectively quantified using a commonly
employed figure of merit known as the Coincidences over Accidentals
Ratio (CAR). In the continuous-wave regime, and when sources of noise
like Raman or other luminescent processes can be disregarded, the CAR
can be simply expressed as CAR = -, where 7 is the convolution time
between the photons’ dwelling time and the time resolution of the
detectors”.
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This result can be understood by noting that, as the generation rate
increases, so does the probability that the detectors are simultaneously
triggered by signal and idler photons originating from different, uncorre-
lated events, hence not time-energy entangled. Visibility in quantum
experiments, and consequently the viability of a source of entangled photon
pairs for its use in quantum communication protocols™, is limited by
V< CE{?:‘_Z. As a consequence, actual physical implementations would
require CAR values larger than at least 20.

One possible strategy to overcome this trade-off is the use of fre-
quency multiplexing. The generation of photon pairs over a comb of
frequencies can be used to “flag" the correlated photons, distinguishing
them from the other pairs in the stream. At the receiving ends, by
demultiplexing the photons, it is possible to send each correlated fre-
quency to different detectors thus ensuring high rates while maintaining
high values of CAR and visibility.

Aside from losses, when propagating through long optical channels
decoherence effects can reduce the yield and accuracy of quantum com-
munication protocols™. Such decoherence can come from thermal and
pressure fluctuation in the atmosphere or in optical fibers, and from para-
sitic processes such as photoluminescence and Raman scattering™. A way to
overcome these processes is to encode quantum information redundantly
via the use of hyperentanglement, i.e. entanglement over multiple degrees of
freedom. The use of hyper-entanglement has already been experimentally
shown to improve quantum communication protocols over noisy
channels™.

In this work we report on a silicon integrated source of hyper-entangled
photon pairs in the time-energy and frequency-bin DoFs. Our source based
on a racetrack resonator geometry, is capable of generating via Spontaneous
Four-Wave Mixing (SFWM) up to 8 GPairs/s and delivering more than 1
GPairs/s to a free-space optical channel while retaining high CAR values
(2 100) for each pair of resonances. These rate values were obtained through
multiplexing in the frequency domain and the off-chip value in particular is
derived after separating the signal and idler channels thanks to a high
bandwidth (> 4 THz) demultiplexer.

The photon pairs are hyper-entangled over the time-energy and
frequency degrees of freedom, proved by measuring entanglement and
high purity in the reduced spaces while tracing over the other DoF.
Although time and energy are conjugate variables, here the temporal
degree of freedom can be treated as independent from the spectral
(energy) one because the time separation between the photons in a
pair is much larger than the coherence time of each photon, yet shorter
than the coherence time of the pump. This condition is essential in
Franson-type and time-bin experiments. In this regime, the relevant
measurement operators act on temporal modes (arrival times or
interferometric superpositions thereof), while the spectral/energy
DOF can be engineered or filtered independently; this operational
separation underlies demonstrations of hyperentanglement in time/
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frequency DOFs*

Results

Device design and linear characterization

The source consists of a racetrack silicon resonator (Fig. 1a) made with ridge
silicon waveguides. The waveguides have a cross section of 500 nm by
220 nm, are embedded in silica and present propagation losses ~ 0.9 dB/cm
at 1550 nm. The resonator adopts an all-pass configuration, so it features
only one coupling point to the bus waveguide. In this case, the coupling
point consists in a directional coupler. The resonator has a perimeter of
7 mm corresponding to a free spectral range (FSR) of 10 GHz, equal to 0.08
nm around 1550 nm (see measured spectra in Fig. 1b). The measured loaded
quality factors are around 2.5 x 10°.

The ring resonator is followed by an integrated demultiplexer
(DEMUX) to separate a large number of idler resonances from their signal
counterparts and direct them to two different output channels. The
DEMUX consists of two consecutive and identical interferometric filters per
channel, each one made of three cascaded Mach-Zehnder interferometers
(more details on the layout can be found in the Supplementary informa-
tion). Each stage has two spectrally interlaced outputs for signal and idler.
The filter is designed to have a passband of 35 nm (4.35 THz) compre-
hending approximately 435 resonances for the signal and idler output
channels, a bandwidth sufficient to collect almost the totality of the gen-
eration band of the resonator as discussed below. These values were
experimentally validated, as it can be appreciated from the device response
reported in Fig. 1c. The linear characterizations were performed with the
setup reported in the Methods section. More detail on the design and
fabrication of the device are reported in the Supplementary material.

Generation rate

The total generation rate as a function of pumping power was assessed using
two independent methods: a measure of the emitted optical power using a
calibrated CCD camera coupled to a spectrometer and a recostruction of the
emission rate from coincidence counts on selected pairs of resonances. See
the Methods section for a complete description of the setups used.

The first measurement was taken at different input powers (from
40 uW to 25 mW inside the input waveguide). The measured spectra for
every input power, normalized by the integration time to obtain the counts
per second, are reported in Fig. 2a. The resolution of the CCD is not suf-
ficient to discriminate different frequency modes, so every point on the
graph corresponds, on average, to about four resonances. From these
measured curves, it was possible to reconstruct the rate of single photons
generated inside the ring and, from that, the generated pairs in the wave-
guide (on-chip), as well as after outcoupling.

A conversion factor (~ 3 x 1077 W per count per second), obtained
from a calibration of the CCD, was used to convert the measured counts to
optical power in the fiber at the spectrograph input. With this strategy, the
CCD could serve as a power meter with sub-fW sensitivity. Subsequently, the
setup and coupling losses (including the frequency-dependent losses of the
DEMUX and the coupling losses, reported in Table 1) were added to get the

Fig. 1 | Integrated device scheme and linear char-
acterization. a Scheme of the integrated device. The
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Fig. 2 | Total generation rate as a function of pumping power. a Spontaneous
emission spectra acquired on a spectrometer varying the on-chip input power. Each
CCD pixel comprises 4 resonances, on average. The central green band, centered at
1546 nm outlines the pump region where the output is suppressed by off-chip
filtering. The four green dashed vertical lines, symmetrically positioned in respect to
the pump and numbered accordingly, mark the locations of the four pairs of fre-
quency qubits used for the quantum measurements, same of Fig. 3. In the lower

panel, we report for convenience the data in ¢, in linear scale. b Total emission rate in
the waveguide at the output of the device, inferred from singles detection rate from
the CCD measurements (filled squares) and reconstructed from the coincidences
(empty diamonds). The errors on the input powers and the rate are calculated
propagating the uncertainties on the insertion losses of the input and the output
section of the setup, respectively.

Table 1 | Insertion losses for each setup stage

Channel Insertion losses (dB)

fiber input coupling 3.5+0.1

fiber output coupling 35+02

free-space coupling (first-lens) 1+0.1

DEMUX losses (i channel) 1.6 £ 0.2 (at -3dB level)
0.5 dB (center band)

DEMUKX losses (s channel) 1.7 £ 0.2 (at -3dB level)
0.1 dB (center band)

For the integrated demultiplexer are listed the insertion losses at center band and integrated on the
whole channel at the -3dB level.

power inside the bus waveguide (after the ring). At this point, the expression
for the energy of one photon (E = hv where h is the Planck constant) was
exploited to pass from power to single-photon rate. Before proceeding, it is
necessary to take into account also the contribution of the coupler between
the ring and the bus waveguide, by considering the probability of extraction
of a single photon from the resonator which can be written as:

(1—o0)y/a

1—ao()) ’ )

pexiﬁsingle (/1) =

where o is the square root of the measured transmission of the directional
coupler of the resonator (more details on this can be found in the supple-
mentary material) and a is equal to e ***, where « is the waveguide pro-
pagation loss (expressed in m™') and L is the length of the resonator in
meters. This expression is employed to reconstruct the rate of single photons
inside the ring.

To go from the total rate of single photons to the rate of photon pairs
generated via SFWM, we made the reasonable assumption that the total rate
R can be considered as the sum of two contributions: one that grows
quadratically with the pump power and that is only due to photon generated
via SFWM, one that is linearly dependent on the pump and that is due to
parasitic phenomena (mainly Raman in the fibers™ of the input setup).
Therefore, the rate of single counts as a function of the pump power can be
fitted, for every CCD pixel, by the quadratic function

R(P;) = a(M)P2, + b(L)P,, Q)

where P;, is the pump power in the waveguide, while the fit coefficients a(A),
b(1) describe the spectral dependence of the SFWM and photo-
luminescence, respectively. The wavelength dependence of the quadratic
coefficient a quantifies the generation bandwidth process and the spectral
brilliance of the SFWM. The value of the derived coefficients, as well as theirs
dependence on A is reported in the Supplementary material.

Notice that the fit of the experimental data with Eq. (2) was performed
for P;,, < 1 mW, a pumping regime where other nonlinear effects such as
two-photon absorption (TPA) and free-carrier absorption (FCA)*' can be
neglected. Additional data supporting this approach can be found in the
Supplementary material. After subtracting the linear contribution from
every spectrum, only the quadratic rate remained.

It is now necessary to consider once again the contribution of the
coupler, but this time the escape probability to be considered is the one of a
pair of photons, calculated as the product of the escape probability of signal
and idler. Then, it is possible to recover the generation rate in the resonator
from the pair rate in waveguide as R,,g = Peyit pairRying. T0 obtain the total rate
of pairs in the waveguide after the source as reported in Fig. 2, the computed
rate values were summed over frequency for every input power. The
maximum estimated rate is 9.7 Gpair/s in the waveguide after the source and
before the DEMUX, which corresponds to 3.2 Gpair/s after the DEMUX
and 1.2 Gpair/s off chip considering the losses of around 1 dB per channel
(Table 1) associated to free-space coupling. This loss value was estimated by
measuring the light directly from the output facet of the integrated wave-
guide, after removing the output-coupled fibers and collimating the
emission.

Comparable results were found reconstructing the total rate from the
coincidence measurements. Similarly to what was done for the previous
measurement, a large range of input powers (between 0.38 mW and
22.4mW) was employed to assess the scaling of the generation rate. For each
of the four different spectral regions, the coincidence counts were rescaled
using the quadratic coefficient a obtained from the CCD measurement in
order to derive the rate of the whole spectrum from the one of a single
frequency pair. Finally, the results for the four regions were averaged. The
full dataset used for the coincidence scaling analysis is provided in the
Supplementary information, as well as more details on the total rate com-
putation procedure. Fig. 2 (b) presents the results of both measurements,
which exhibit good agreement, with discrepancies within the experi-
mental error.

For each input power and measure frequency couple, starting from the
coincidence histogram, the CAR was computed as the ratio between the sum
of the counts over the bins that are found within the full width at half
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maximum of the histogram peak and the average of the counts that con-
tribute to the noise outside the peak, multiplied by the same number of bins
that was used to sum the coincidences. As reported in Fig. 3, all the CAR
values remain above the required value of 20 for most of the employed input
powers, while being around 20 for the highest employed powers where the
emission saturates because of the onset of parasitic nonlinear processes.

Energy-time entanglement

To measure two-photon correlation, an in-fiber Mach-Zehnder inter-
ferometer was used in a Franson interference configuration”>*, i.e., with
an imbalance (AL = 2 min our case) that is longer than the coherence time of
each photon in the pair ( ~ 4 cm) but shorter than the coherence length of
the wavepacket that describes the photon pair, which is equal to the
coherence length of the pump laser ( ~ 10 km in our case). This ensures that
first-order interference is not observed at the interferometer’s output, while
two-photon interference with a global and non-local phase dependence for
the measured coincidence rate is retained. See the Methods section for a
more detailed description of the setup and the stabilization mechanism used
for the interferometer.

For each energy-matched pair of resonances, the output state of the
device, in the frequency domain, is a tensor product of two-mode squeezers.
In the low squeezing regime, when the multi-photon contribution can be
neglected, the state can be approximated by a coherent superposition of
single photon pairs emitted simultaneously. Photon pairs that satisfy the
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Fig. 3 | Measurement of the Coincidence over accidental ratio (CAR). We report
the CAR obtained with a direct measurement of the coicindence rate, for four
selected pairs of resonances. For most lower powers, the CAR exceeds the safe
threshold of 20. However, at the highest powers, where the emission saturates due to
nonlinear parasitic processes, the CAR drops to this threshold.

energy-matching condition are strongly correlated on the arrival-time basis,
and can be exploited to prepare entangled states in the time-bin variable™.

At the output of the Franson interferometer, we measure the coin-
cidences between signal and idler photons coming from one of the output
ports. When collecting the histogram of the time delays we observe the
characteristic three peaks of Fig. 4b that are labelled according to the path in
the interferometer the photons have undergone, i.e. a coincidence for the
state |LS) arises from the signal photons that took the long path (L) and the
idler photon the short one (S). If the states |[LL) and |SS) are indis-
tinguishable, the amplitude of the central peak shows strong two-photon
interference and the coincidences vary according to

R(¢) = 2R, (1 + cos(¢, + ¢;)) = 2R, (1 + cos(2¢p)), 3)

where ¢, and ¢; are the phases of the signal and idler photons respectively
and ¢, is the phase of the pump. Since the photons are generated via SFWM,
they satisfy the phase relation ¢ + ¢; = 2¢,. The visibility ¥ of this fringe
violates the associated Clauser-Horne-Shimony-Holt (CHSH) inequality if
4" >1/+/2”. In Fig. 4a is shown the Franson interference fringe for the
resonance pair A, A;= 1536nm, 1558nm, for a pump power that corresponds
to the on-chip 1 Gpairs/s emission rate. The fitted visibility is equal to 93.81
+ 0.57% violating Bell’s inequality by more than 40 standard deviations.
Moreover, we remark that the CHSH inequality is violated consistently for
all the measured resonance pairs (see a, b and c green dashed lines in Fig. 2)
and across all the input powers even well above the 1 Gpairs/s emission rate
as summarized in Fig. 5. The measured points are compared with the
theoretical limit imposed by the measured CAR. If the visibility of the central
fringe in the Franson experiment is limited solely by the background of
accidental coincidences C,., then the maximum amplitude of the
interference fringe is A, % + C,c.> while the minimum corresponds
to the accidental background alone, A, = C,... Here, C,, denotes the
total number of correlated coincidences that manifest interference. This
leads to a visibility limit given by:

Y e = S =L _ =22 @
where CAR = %"_" is the coincidence-to-accidental ratio.

acc

The measured visibility points are compared with the theoretical limit
imposed by the measured CAR (7" ,1cs £ ¥ ax)> Showing that the measured

meas —
values are consistent with this limit within the error bars.

Frequency-bin entanglement and hyper-entanglement
The maximally entangled canonical Bell state |®") = % can be pre-

pared starting from the output state by filtering two corresponding pairs of
resonances for emission band and tracing on the temporal degree of freedom.
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Fig. 4 | Energy-time entanglement verification.
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In the context of frequency bins the resonances that are spectrally closer to the
pump are labelled as |0) while those that are spectrally farther are labelled as
|1) (refer to Fig. 1b). The Hilbert space for the final state is the tensor product
of the signal and the idler Hilbert spaces.

To demonstrate the effective generation of the target frequency-bin
state, we performed the quantum state tomography in the frequency-bin
subspace™. The quantum state tomography procedure is described in the
Methods section, together with the setup, depicted in Fig. 9.
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Fig. 5 | Visibility of two photon interference in the energy-time DoF for different
input powers. We performed a Franson experiment for each correlated resonance
pair, labelled as |0)]0); and |1)|1);, from which the frequency bin qubits are con-
structed (Fig. 2a). The points are obtained from the central peak of the coincidence
histogram (see Fig. 4b). The solid green line represents the upper limit of the visibility
achievable given the measured CAR as described by Eq. (4). The green dashed line
marks the power for which the device generates 1 Gpair/s on-chip, while the red dashed
line marks the power that correspond to a net rate of 1 Gpair/s after fiber coupling.

The tomography was performed on three two-qubit states, each cor-
responding to one of the three detunings from the pump used in the energy-
time entanglement experiment—labeled as a, b, and ¢ in Fig. 2—since the
resonances at detuning d fell outside the range accessible to the waveshaper.
From the reconstructed density matrix it is possible to calculate the state
purity P = tr(p?) and the fidelity with the state p; = [®*)(®7|, defined

2
as F = (tr /PPy \/;')> . We report in Fig. 6a the reconstructed density

matrix for the qubit built with the resonance pairs in the region A, A; =~
1540 nm, 1550 nm, at a pumping power of 12 mW corresponding to R = 1
GHz on-chip. In Fig. 6b the dependence of the purity and fidelity for the
reconstructed state to the input power is reported. The measured fidelity is
98.5% at the lowest measured pump power, 96.3% at the on-chip 1 Gpairs/s
rate, and over 90% (94%, averaging on the three states measured) at the off-
chip 1 Gpairs/s rate, where the off-chip value refers to the rate measured
accounting for the coupling losses. Although the purity is near unity at the
lowest measured input power, it decreases to 94.6% at the on-chip 1 Gpairs/s
rate, and to 90.4% at the off-chip 1 Gpairs/s rate, on average.

As pointed out in ref. 35, demonstrating entanglement in multiple
individual subspaces is not, in general, sufficient to verify hyperentangle-
ment, since the global state could be a statistical mixture of states entangled
in different DOFs. However, in our case, the measured high purity in the
frequency-bin subspace (higher than 95%, on average) ensures separability
between the two DOFs and rules out such classical mixtures (a detailed proof
of this statement is reported in the Purity and Separability section of the
Supplementary Information). Therefore, the simultaneous observation of
entanglement in both subspaces and purity in one of them is sufficient to
confirm the presence of hyperentanglement.

Discussion

We demonstrated a silicon integrated source of energy-time and frequency
hyper-entangled photon pairs with a net delivered rate of pairs exceeding
1 Gpairs/s. The hyperentanglement of the generated pairs has been verified
by showing entanglement in both the time-energy and frequency-bin DoFs
and high purity in one of the two subspaces. This result is reported for three
spectral regions, distinguished by their detuning from the pump resonance.
We proved that the source can deliver more than 1 Gpairs/s to an outside
optical channel, even when combined with on-chip wide-band demulti-
plexers to route signal and idler combs to different outputs. The generated
qubits retain 94.6% of fidelity with respect to a maximally entangled Bell
state, and 96.3% of purity, on average, when the on-chip generation rate
exceeds the 1 Gpairs/s rate. This work sets a new standard for high
throughput sources of quantum states of light and we expect these results to
be particularly useful for quantum communication over long distance
channels, in particular via the use of high loss satellite links. The fact that the
source is integrated on a chip greatly reduces its operational costs in terms of
weight and energy usage. Even when accounting for the external laser pump
and filters, the whole source would weight less than 1 kg and use less that 1

W, especially if implemented in a self-pumping configuration’’, makin
Y
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Fig. 7 | Experimental setup for continuous-wave (CW) characterization of the
device. A tunable laser (Santec TSL-710) tuned to the pump resonance is amplified
by an Erbium-doped fiber amplifier (Keopsys, EDFA). An isolator and a variable
optical attenuator (VOA) regulate the input power, while a fiber optical filter sup-
presses amplified spontaneous emission (ASE). The signal is then coupled to the chip
using UHNA-7 fiber spliced to match the integrated inverse taper coupler, with
index matching gel ensuring stable optical contact.

this source feasible for flight with nanosatellites*’ or leading to the possibility
of having multiple sources working in parallel. Another possible domain of
application for easy-to-deploy high rate source of entangled photon pairs is
security in data centers, where high bandwidth is of extreme importance".

Methods

Device characterization setup

The device was characterized with the setup depicted in Fig. 7. A
continuous-wave (CW) tunable laser (Santec TSL-710) was tuned at the
pump resonance frequency and then amplified with an Erbium doped fiber
amplifier (Keopsys). The pump frequency mode of the resonator is chosen
in correspondence with the crossing between the integrated DEMUX
channels (A, ~ 1546.9 nm). An isolator and a variable optical attenuator
were added after the amplifier to control the input power. A fiber optical
filter was used to suppress the pump amplified spontaneous emission. The
input optical fiber was spliced to an ultra-high numerical aperture fiber
(UHNA-7) that matches the numerical aperture of the integrated inverse
taper coupler. The chip-fiber optical contact, as well as the mechanical
stability of the coupling, are ensured by using index matching gel.

Generation rate setup

The measurement of the generation rate of photon pairs emitted from a
parametric process in silicon micro-ring resonators usually relies on coin-
cidence measurements, whose purpose is to reveal the strong time corre-
lation of the generated photon pairs™*.

Due to the relatively narrow free spectral range (FSR), which resultsina
large number of frequency modes, we adopted two independent approaches
to assess the generation rate of the source. First, we used a spectrograph
coupled to a liquid nytrogen-cooled InGaAs CCD camera (SpectraPro 2500i
from Princeton Instruments) to estimate how the generation efficiency
changes as a function of the frequency shift from the pump and allowing us a
first measure of the total rate. Secondly, we performed coincidence mea-
surements on four selected pair of resonances (the employed wavelengths
are reported in Figs. 2a and 3), to confirm that the generation efficiency as
well as the measured rate were matching with the first measurement.

Before the photonic chip, four cascaded DWDM filters (Opneti)
centered at the standard ITU (International Telecommunication Union)
channel 38 (=~ 1546.92 nm) and of 100 GHz of bandwidth were employed as
band-pass filters to attenuate the unwanted amplified spontaneous emission
(ASE) of the laser. A series of eight notch filters, nominally complementary
to those employed as ASE filters, was used as notch filter to attenuate the
residual pump. The nitrogen-cooled spectrograph was used to monitor the

filter

Pair generation

Fig. 8 | Experimental setup scheme for the Franson experiment. Photons emitted
from a pair of energy-correlated resonances are filtered by two tunable Bragg
gratings and are driven to the Mach-Zehnder interferometer. Light is then demul-
tiplexed via DWDM and detected by single photon detectors.

spectrum of photon pairs generated by SFWM in the integrated resonator.
In both configurations, the cascaded filters ensured a total rejection rate well
above 100 dB.

A similar setup was used for the coincidence measurements, where we
arbitrary select four pairs of resonances in the broad emission band of our
source (see Fig. 2). Single photon detectors (SPD) with time tagging elec-
tronics were used instead of the CCD, while fiber Bragg gratings (from O/E
Land, with bandwidth ~ 12 GHz) were added in each output channel to
select only one pair of resonances at a time.

Energy-time entanglement demonstration, setup

The experimental setup is schematically depicted in Fig. 8. To pump the
process the amplified pump laser polarization is optimized with a polar-
ization controller (PC) to match the designed TE mode. To avoid pollution
of the spontaneous generated signal the amplified spontaneous emission
(ASE) was suppressed with a narrowband bandpass filter (Opneti WDM
centered at ITU channel 38, similarly as described in the previous section)
before coupling to the chip with UHNA-7 fibers (3.5 dB/facet). Light was
coupled out of the chip with two UHNA-7 fibers for the signal and the idler
on-chip DEMUX channels, respectively. Then, for each channel the pump
was rejected using a series of four notch filters, complementary to those
employed as ASE filter in the input stage. A pair of energy-correlated
resonances was then selected, one per channel, using a combination of a
fibered Bragg filter and a circulator that serves as a narrowband filter and is
indicated by the BPF (bandpass filter) block in Fig. 8.

The interferometer was stabilized using an auxiliary laser frequency-
offset locked to the pump laser. A PID controller (Vescent d2-125) regulated
a fiber phase shifter in the long arm of the interferometer. The auxiliary laser
was injected counter-propagating to the photon pairs, and its transmission,
held constant near the midpoint of the interference fringe, served as the error
signal for the feedback loop. This operating point maximizes sensitivity to
phase drifts due to the high fringe slope. The frequency offset is tunable,
enabling control of the interferometer’s phase imbalance relative to the
pump laser. The absolute accuracy in phase control of the interferometer is =~
0. 8', mainly because of the limited 10 kHz bandwidth of the phase shifter.

The energy correlated pair was injected in the Franson interferometer
and then collected from one of the output port where the pair was again split
using a commercial DWDM (FS) and routed towards superconducting
nanowires single-photon detectors (SNSPDs) with 37 ps time jitter and 85%
quantum efficiency (PhotonSpot). A quTAG timetagger (1 ps digital reso-
lution) logs all the arrival events and allows the coincidence histograms to be
retrieved.

Frequency-bin entanglement demonstration, setup
The input stage of the setup, as well as the cascaded notch filter used to reject
the pump at the output of the sample, were identical to those described in the
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Fig. 9 | Experimental setup scheme for the measurement of frequency-bin
entanglement. The generated pairs are multiplexed on chip. An arbitrary projector
is implemented by a waveshaper that is used as a bandpass filter to select two
adjecent resonances per channel that are energy-correlated between the channels.

filter

Pair generation

. SPDB

An electro-optic phase modulator (EOM) realizes a superposition of frequency bins
and finally tunable Bragg gratings (TBG) realize the projector on the computa-
tional base.

Energy-time entanglement section. At the output, after pump rejection, for
each of the demultiplexed signal and idler channels, two adjacent resonances
were selected by means of a programmable waveshaper (Finisar). These
pairs were spectrally symmetric in respect to the pump such that they were
energy-correlated. Each channel was then routed through two electro-optic
phase modulators and, last, to tunable fiber Bragg gratings with a 10 GHz
stopband that allowed to filter out only one of the two resonances (Fig. 9).

The modulation frequency corresponded to one FSR and the
modulation amplitude was chosen in order to equalize amplitude of the
carrier and the first order sidebands. Higher-order sidebands can be
neglected, as they are subsequently suppressed by the fiber Bragg grat-
ings. The combination of a phase modulator and a fiber Bragg grating
implements, by setting independently the phase of each modulator as in
[0,7/2, 7,3m/2] and tuning the Bragg filters, the projector on an arbi-
trary vector spanned by the canonical, and mutually unbiased, basis
vectors {|0), 1)}, {IL), IR)}, {I-+), =)}

Then, switching off the modulators, the 4 projections on the compu-
tational basis are measured, for a total of 20 projections. For each setting of
the modulators, the delay histogram was integrated for a time interval
variable between 15 s when at low pump power (well below the 1 Gpairs/s
emission rate) to 1 s of integration at a high emission rate. The integration
time was selected to ensure that the estimated Poissonian error on each
histogram bin remained below 5%. After the projection stage, photons
reflected from Bragg filters are directed through fiber circulators to our
SNSPDs. The combination of a Bragg grating and a circulator serves the
purpose of a narrow-bandwidth bandpass filter (BPF) and it is indicated by
the TBG block in Fig. 9. Raw time correlations are recorded with a time-
tagger module (QuTAG) and later processed with a custom library. The
density matrix is then reconstructed with a standard maximum-likehood
technique® given as input the retrieved event histograms and the corre-
sponding modulators settings.

Data availability
The data that support the findings of this study are available from the
corresponding author upon reasonable request.
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