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Abstract

Frequency-bin entangled photons can be efficiently produced on-chip which offers a scalable, robust and low-footprint platform
for quantum communication, particularly well-suited for resource-constrained settings such as mobile or satellite-based systems.
However, analyzing such entangled states typically requires active and lossy components, limiting scalability and multi-mode
compatibility. We demonstrate a novel technique for processing frequency-encoded photons using linear interferometry and
time-resolved detection. Our approach is fully passive and compatible with spatially multi-mode light, making it suitable for free-
space and satellite to ground applications. As a proof-of-concept, we utilize frequency-bin entangled photons generated from a
high-brightness multi-resonator source integrated on-chip to show the ability to perform arbitrary projective measurements over
both single- and multi-mode channels. We report the first measurement of the joint temporal intensity between frequency-bin
entangled photons, which allows us to certify entanglement by violating the Clauser—Horne—Shimony—Holt (CHSH) inequality,
with @ measured value of |S| =2.32+0.05 over multi-mode fiber. By combining time-resolved detection with energy-correlation
measurements, we perform full quantum state tomography, yielding a state fidelity of up to 91%. We further assess our ability
to produce non-classical states via a violation of time-energy entropic uncertainty relations and investigate the feasibility of a
qguantum key distribution protocol. Our work establishes a resource-efficient and scalable approach toward the deployment of

robust frequency-bin entanglement over free-space and satellite-based links.

Introduction

Frequency-bin-entangled qubits!-? are versatile quantum in-
formation resources, well-suited for applications in quan-
tum communication, computation, and sensing. They can
be readily generated in chip-scale microresonators>*, trans-
mitted over single-mode fiber, and support dense wavelength-
division multiplexing (DWDM) thus enabling parallelized
quantum communication. Moreover, they naturally scale
to high-dimensional states, or gudits>®, and their low size,
weight, and power (SWaP) requirements make them ex-
cellent candidates for quantum communication systems in
resource-constrained environments, such as satellite pay-
loads”8. However, the ability to efficiently manipulate and
analyze frequency-bins remains limited, as traditional tech-
niques rely on active non-linear optics to modify photon fre-
quencies, e.g. through sum- and difference-frequency genera-
tion in ¥(® media, which requires stringent phase-matching
conditions and high pump powers that restrict both flexibility
and scalability®'!. More recently, coherent control over fre-
quency modes has been demonstrated using electro-optic mod-
ulators in combination with pulse-shaping techniques® %13,
While more practical, these systems inherently suffer losses

due to unwanted sidebands, especially when relying on high-
order modulation beyond the desired frequency range, and
require complex, expensive, and typically lossy components
to operate. Furthermore, scaling these methods to manipulate
multiple frequency modes requires intricate setups involving
cascaded components, whose configurations must be exten-
sively optimized'4. Additionally, these approaches rely on
single-spatial-mode operation, which limits their applicabil-
ity for free-space channels, unless adaptive optics are em-
ployed. Expanding frequency-bin compatibility to ground-
and satellite-based free-space channels is crucial for enabling
truly global quantum networks, where atmospheric turbulence
and pointing instability necessitate robust multi-mode opera-
tion to maintain high-fidelity quantum communication. The
disparity between the relative ease of state generation and the
complexity of manipulation underscores the need for alter-
native strategies in frequency-domain quantum information
processing.

In this work, we propose and demonstrate a novel technique
based on passive photonic components and time-resolved de-
tection'> 16, Using the fact that the beating signal, determined
by the frequency separation A, is within the timing resolu-
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Fig. 1. State generation and time-resolved detection. (a) Experimental layout for state generation and equatorial basis measurement. (b)
Schematic of the mechanism for the generation of the entangled state: the idler (blue) and signal (red) frequency bins are generated from the
bichromatic pump (green) via spontaneous four-wave mixing (SFWM). All the resonances (as well as the pump fields) are spaced by

Aw /21 = 820MHz. (¢) Experimental transmission spectra and Lorentzian fit of the device at the signal, pump and idler frequencies. Pump
spectra show splitted resonances due to Rayleigh backscattering (see Methods) and are fitted using a two-Lorentzian model. RF:
radio-frequency; BPF: band-pass filter; SMF: single-mode fiber; MMF: multi-mode fiber; SNSPD: superconducting nanowire single photon
detector; APD: avalanche photodiode; SFWM: spontaneous four-wave mixing.

tion of the detection system (8¢ < 2% ), quantum interference
in the two-photon state can be measured directly!”!8. The
joint temporal intensity (JTI) effectively captures the temporal
correlations between the signal and idler photons and encodes
their frequency-bin superposition state. We hereby show that
arbitrary projective measurements in the equatorial plane of
the Bloch sphere can be implemented by post-selecting on var-
ious relative time delays. Furthermore, beyond the equatorial
basis, any projective measurement can be realized using high
temporal resolution detectors in combination with linear inter-
ferometry. In particular, we demonstrate projections onto the
computational basis (i.e., the eigenvectors of the Pauli operator
o7) using standard demultiplexing techniques with an unbal-
anced Mach—Zehnder interferometer (MZI)’. Transmitting
over multi-mode channels, however, creates spatial distortions
that compromise distinguishability in unbalanced interfero-
metric systems!'®-20. Spatial filtering can correct the path
distinguishability but at a substantial throughput efficiency
cost. To mitigate this issue, we here employ field-widened
interferometers”!-22, which preserve path indistinguishability
without the need for modal filtering or any adaptive optics.
This approach is purely passive, requires minimal resources,
and naturally extends to higher dimensions.

Results

Photon pair generation

A conceptual schematic of the frequency-bin entangled photon
source and equatorial basis measurement apparatus is shown
in Fig. 1a. The source design is based on a multiple-resonator
approach® %2323 originally developed to simultaneously pro-
vide high brightness and a moderate frequency-bin spacing, ac-
cessible by commercial modulators. It consists of a sequence
of two nominally identical microring resonators, each associ-
ated with a state of the computational basis and hence labelled,
respectively, RO and R1. The light from a tunable and contin-
uous wave (CW) pump laser (Santec TSL-570) at 1550.06 nm
is sent through an electro-optic phase modulator (Exail MPZ-
LN-10) driven by a sinusoidal RF signal (AnaPico APMS20G)
at a frequency Aw /27 = 820 MHz. The resulting bichromatic
field at the modulator’s output (neglecting the sidebands not
used in the experiment) is then coupled to a silicon nitride
(Si3N4) photonic chip (insertion loss: 3 dB/facet). Here, each
frequency component excites a respective high-Q microring
resonance previously, set at @y, and @, by thermo-optic tun-
ing, provided by integrated resistive heaters placed above each
ring, with mode spacing adjusted to match Aw = |@p, — @y, |.
Photon pair generation from spontaneous four-wave mixing
(Fig. 1b) occurs in both rings in a coherent superposition,
where each ring, after coarse-graining, contributes a single
pair of signal-idler frequency modes, encoding the computa-
tional basis states |0y ;) and |1 ;). The process is described by
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the two-photon creation operator:

B [[ dosdar g, (@) (@)8(0,+ 0 ~20;,)al ()3 (@)

ey

obtained from the continuous frequency mode creation opera-
tors 4! (@) and diT (), where the envelope functions ¢,(®) =

WL —1 I
2% O—, +iY/2 and Y, (@) = /55 o, 172 correspond

to Lorentzian cavity modes of linewidth 7, centered at w;, and
@;,, respectively, and n =0, 1.

The modulation index is adjusted to obtain sidebands that
equalize the probabilities of generating a photon pair in
each ring. Assuming the pump power is sufficiently low
to suppress multi-pair emission, the generated frequency-
bin state can then be approximated by the Bell state given
in Eq. (2). More specifically, under the approximation
Aw > 7, each envelope function defines an orthogonal mode:
@, = [ doxon(@)al(ey),d],, = [deyym(@)a] (@), such
that [dy »,@}; ») = SyuSun. This condition is verified by the
use of high-Q resonators, here around 1.2 x 10° for the signal
resonances and 1.3 x 10% for the idler resonances at nearly
critical coupling (Fig. 1c), corresponding to an intrinsic Q
factor of approximately 3.5 x 10°. In the Heisenberg picture,
all dynamics sit in the field operators and the two-photon state
remains time-independent:

|q>0> ~ M |vac) ~ M

V2 V2

where |vac) is the vacuum state and the phase 6 is given by
(twice) the relative phase between the pump fields driving RO
and R1. With this procedure we have constructed “piece-by-
piece” a frequency-bin entangled state (specifically, a generic
®-type Bell state), represented by the coherent superposi-
tion of two coherent two-photon squeezers, with a strategy
analogous to the one described in Ref.*. Note that the bin sep-
aration Aw /27 = 820MHz is very low compared to the one
typically achieved in single-resonator systems, which would
require a resonator length of the order of tens of centimeters.
Instead, our approach enables us to preserve a high finesse,
and therefore low power requirements (i.e. high brightness),
and a low footprint. We stress that the coherence between
the terms |050;) and |151;) is inherited from the coherence of
the bichromatic field emitted by the phase modulator. As a
consequence, the coherence time of the generated Bell state
corresponds to that of the pump laser (~ 1 ms).

2

Time-resolved detection

A DWDM filter separates the idler (1548.5 nm) and the signal
(1551.7 nm) photons, which are then routed to high temporal
resolution single-photon detectors. A coincident detection
event between the signal arm at time #; and the idler arm at
time # can be described by the time-dependent projection-
valued measure (PVM) I1(z,,1,) = |Psi) (Ps |, where:

1Pl )) = 5 (10 4+ 1)) (109 +¢2 1)) . G)

The expectation value of IT on the state [®°) provides a repre-
sentation on the continuous temporal basis, equivalent to the
Glauber second-order correlation function®® in the low squeez-
ing regime. In the framework of a spontaneous parametric
source, this is also known as the joint temporal intensity?’-28,
here taking the form:

J(ts,t;) = |(Pyi(ts, 1) |9°) |*
oc ¢ Ylis il [1 +cos(Aw(t; +1;) + 9)] . “)

Eq. (4) exhibits a clear dependence on the signal and idler ar-
rival times £, # and we interpret it as follows: a measurement
performed at time #; (#;) corresponds to a projective measure-
ment upon a signal (idler) qubit state located at the equator
of the Bloch sphere with azimuthal phase Aw?; (A®t), as
schematically shown in Fig. 1a. This interpretation stems
evidently from the definition of the projector (Eq. (3)) which
in turn is legitimized by the choice of the frequency-bin ba-
sis. The JTI can thus be formally interpreted as a result of
the PVM defined above, effectively operating a time-resolved
detection on the basis of the frequency bins. As an exam-
ple, a set of projections for the ox 0y basis is depicted on
the theoretical JTI shown in Fig. 2a, with the corresponding
Bloch sphere projection illustrated in Fig. 2c. The theoretical
JTI features an oscillating term as a function of #; 4-#;, which
can be interpreted as quantum interference analogous to that
observed in a Bell nonlocality experiment® or in Franson’s
scheme’’, and can be leveraged to certify entanglement, as
discussed in the next sections. The JTI also exhibits a decay
term related to the relative time delay |f; — #;|, which is associ-
ated with the resonator ringdown time 1/. This decay results
in an effective measurement described by a lossy projector
with time-dependent efficiency 1 (f;,4) = eV~ Note that
this efficiency is close to unity as long as the resonances are
well-resolved A® >> 7, a condition already satisfied by the
near-orthogonality of the frequency-bin states.

Equatorial basis: joint temporal intensity measurement

We implement the equatorial measurement described above
over both single- (Thorlabs SMF-28) and multi-mode (Thor-
labs GIF625) fiber, with signal detection performed using a
superconducting nanowire single-photon detector (SNSPD)
(PhotonSpot) in the single-mode case, and an InGaAs
avalanche photodiode (APD) (MPD PDM-IR) in the multi-
mode case. The specifications for both detectors are provided
in Table 1. In both scenarios, idler photons are coupled into
a single-mode fiber and detected on a SNSPD channel. To
reduce the dark count rate, the InGaAs APD was operated in
an externally gated mode, triggered by the idler SNSPD. A
marker pulse at Aw/407w = 41 MHz provides a time reference
to the time-tagging unit (Swabian instruments Time Tagger X).
Leveraging detectors with timing resolutions 8¢ < 60 ps (full
width at half maximum jitter), we measured, to the best of our
knowledge, the first JTI for frequency-bin entangled photons
in Fig. 2b. The measured JTI shows excellent agreement with
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Fig. 2. Equatorial basis measurements. (a) Theoretical JTI for ringdown time 1/y = 0.90 ns, the counts were scaled to match the
experimental data. (b) Measured JTI over single-mode fiber, with a fitted ringdown time 1/ = 0.90(4) ns. (¢) Visual representation of the
equatorial basis projection for signal and idler qubits, ox Ox projections on the Bloch spheres are pictorially represented as colored points on
the JTI. (d) Diagonal profile of the measured JTI, a biphoton temporal beating can be observed in the coincidences whereas the singles
exhibit no oscillation highlighting the nonlocal nature of the correlations. The single-mode and multi-mode signal propagation scenarios are
denoted respectively as SM and MM. (e) Antidiagonal profile of measured JTI, the cavity lifetime leads to a double exponential decay
proportional to y. (f) CHSH expectation values (AiB;), i,j € {0, 1} as a function of the absolute time (f; = ;) mod Ty, and resulting (g)
CHSH S parameter (see Eq. (5)). The time axis spans 0 to 610 ps, corresponding to one beat period 7, = (7 /A®) and i, j denote different
azimuthal angles on the equator of the Bloch sphere. The integration time for the equatorial basis measurement was 600 seconds.

Detector DCR (cps) | Dead time (ns) | 6t (ps)
SNSPD 300 70 60
InGaAs APD 17330 10* 72

Table 1. Specifications for the detectors used in the
experiment. DCR denotes the dark count rate and &7
corresponds to the FWHM timing resolution. The InGaAs
APD was operated at 6V excess bias, in an externally gated
mode, triggered by the SNSPD.

the theoretical expectation shown in Fig. 2a. The oscillatory

term cos(A®(fs+1;) + 0) along the diagonal of the JTI, shown
in Fig. 2d, has a beating visibility of 91.9(9)%, calculated by
integrating along the anti-diagonals with a range |t; —#| < 800
ps. Its antidiagonal profile, shown in Fig. 2e and calculated
by integrating along the diagonals, follows the exponential
envelope ¢~ 5=l with ringdown time 1/y = 0.90(4) ns. Im-
portantly, the temporal oscillation appears only in the coinci-
dence counts, and should therefore be regarded as a property
of the two-photon state, while the single counts, related to the
marginal states, remain flat, thus highlighting the two-photon,
non-classical nature of the interference. We stress that this
cannot be attributed to the sole temporal oscillation of the
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pump field driving the system, as would be the presence of
unresolved resonances (Y>> A®) or in a non-resonant system,
such as a waveguide.

For a fixed relative time delay, t; — #;, the two-photon cor-
relation (as shown in Fig. 2f for ¢; —#; = 0) is analogous to
that obtained in polarization entanglement where the joint
detection time, (t; = ;) mod T;,, where Tj, = 7% is the bipho-
ton quantum beat period'®, defines the relative phase of the
Bell-basis projection. Alternatively, the phase setting can also
be adjusted by tuning the relative arrival time of the signal
and idler photons with respect to the phase modulation sig-
nal (see Supplementary Note 1). We can use the correlations
between the detection times to test for quantum nonlocality.
In particular, we consider the Clauser—Horne—Shimony—Holt
(CHSH) inequality>':

§=[(AoBo) + (AoB1) + (A1Bo) — (A1B1)| < 2. ®)

Figs. 2f-2g show the Bell correlations (A;B;) (i, j € {0,1}),
and the CHSH parameter S as a function of detection time
t; = t;. Note that we choose the measurement operators
Ag=o0x,A| =0y,By = %(GX —oy),B1 = %(GX +oy),ie.
all our measurements are in the equatorial plane of the Bloch
sphere, as sketched in Fig. 2a and Fig. 2c, where the tem-
poral sampling coordinates on the JTI and the associated
projections on the Bloch sphere are shown respectively for
the ox ox measurement. More specifically, the green circle,
pink pentagon, red square, and blue star, respectively, denote
[+4) (HHls |==) (==L» [+ (F =g, [=F) (=l pro-
jections. To optimize the timing resolution of the detection
scheme, we first consider projections only onto SNSPD chan-
nels, and obtain S = 2.53 £0.03, at f, = f; = 340 ps, which
violates the classical limit by ~ 18c. Note that due to the
low coincidence-to-accidentals ratio (CAR) ~ 4, we applied a
background subtraction to the raw coincidence counts to com-
pensate for uncorrelated events and accurately estimate the
CHSH parameter. We also observe a violation of ~ 66 over
multi-mode fiber, with S = 2.32 +0.05. The primary differ-
ence with the single-mode fiber case is the reduced statistics,
due to the lower detection efficiency of the InGaAs APD (see
Methods, Table 6).

Field-widened interferometer

To complement the equatorial basis measurements, we per-
formed 070, measurements using Mach-Zehnder interferom-
eters as depicted in Figs. 3a-b. By carefully tuning the path
delay of the unbalanced Mach—Zehnder interferometer, we
can effectively realize projections onto {|0)),[14()) }- The
optical shutter in the short arm of each interferometer can
implement an active basis choice between the computational
and equatorial bases, as sketched in Figs. 3c-e. In practice, the
interferometers were circumvented for the equatorial basis, as
shown in Fig. 1, to avoid their insertion loss and increase the
detected rate, which in turn allowed us to reduce the pump
power and thereby improve the CAR. In addition, cross-basis
measurements were performed, in which one qubit was mea-

Projections | 00 (00] | [10)(10[ | [01) (O1] [ [11)(11]

Cij 264897 11011 25411 270383

Table 2. Computational basis (0707) measurement statistics.
The counts Cjj, i, j € {0,1}, corresponding to projections
|ij) (ij|, were normalized by the channel efficiency. Note that
the integration time was 60 seconds and detections C;; were
measured with the InGaAs APD. A detailed breakdown of
the channel losses is given in Table 6 of the Methods section.

sured in the o7 basis and the other in the equatorial basis,
although this configuration is not explicitly shown.

While unbalanced interferometers are typically unsuitable
for turbulent free-space channels, field-widened interferome-
ters?%-3%:33 enhanced with specialized imaging optics or care-
fully calibrated refractive indices, can serve as multi-spatial
mode frequency-bin quantum receivers by neutralizing an-
gular variation-induced phase shifts and visibility degrada-
tion?!-22, We here adopt the latter method: where the combi-
nation of the glass rod in the long arm and the retro-reflector
(see Fig. 3b) creates a virtual mirror that appears closer to the
interferometer’s beam splitter. Thus by carefully selecting the
glass’ refractive index and length, we can match the distance
from the beam splitter to this virtual mirror with the actual
distance to the real mirror in the short arm, effectively balanc-
ing the interferometer. More specifically, consider a MZI with
an input beam incident at an angle ¢, we can approximate the
optical path length difference, using Snell’s law and Taylor’s
expansion for small «, as:

n(z)sinza Lj Ljs>
AL ;nﬂ[‘ﬂ njsLjs 3 (nﬂ 1) (6)
where /, s respectively denote the long and short arms of the
interferometer and n ;) the different refractive indices?> 3.
By appropriately choosing the refractive index of the optical
elements n;y;) and lengths L), we can eliminate to first
order the angular dependence of the interferometer’s optical
path length difference. On the other hand, for it to frequency
demultiplex we require AL = f—g). A multi-mode frequency
qubit analyzer can be constructed by solving both of these
conditions simultaneously. The specific interferometer config-
urations used in this experiment are described in the Methods

section.

Computational basis: interferometric measurement

Table 2 shows the counts for the 070-basis measurement,
where the four detection outcomes Cj}, i, j € {0, 1} correspond
to the |ij) projections. Despite significant spatial distortions
(see Fig. 5), introduced by the multi-mode fiber channel, the
demultiplexing visibilities of the single- and multi-mode in-
terferometers were, respectively, 92% and 83%. The optical
throughput of the interferometers were limited by optical sur-
face losses to ~ 5 dB (see Table 6). To limit experimental
overhead, both interferometers operated without active phase
stabilization, which constrained the measurement integration
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Fig. 3. Interferometric detection scheme. (a) Experimental layout for the 0707 measurement. (b) A detailed schematic of the
field-widened interferometer. A 10 cm N-BK?7 glass rod in the long arm of the interferometer is used to compensate for spatial distortions of
the optical mode of the frequency-bin qubit. The basis choice is implemented via an optical shutter in the short arm of the interferometer.
Flip-mirrors at the interferometer’s outputs enable coupling into single- and multi-mode fibers. (¢) Conceptual diagram of the interferometric
frequency demultiplexing. The signal (idler) resonances are spaced by half of the interferometer free spectral range (FSR), which acts as a
narrowband filter. (d) Visual representation of the projection for the closed (equatorial basis) and (e) open (computational basis) shutter
configurations. (f) Joint temporal intensity (JTI) for the four physical measurement settings required for quantum state tomography: (i) both
photons in the equatorial basis, (ii) signal in the equatorial basis and idler in the 6 basis, (iii) signal in the oz basis and idler in the equatorial
basis, and (iv) both photons in the o basis. Quantum state tomography: reconstructed real (g) and imaginary (h) part of the density matrix of

the state measured over multi-mode fiber.

time. Further improvements in throughput and visibility are
achievable via optimized spatial mode overlap, symmetric
mode-matching optics, and enhanced thermal stability (see
Methods), offering a straightforward path towards robust and
scalable implementations.

To assess the performance of our time-resolved detection
scheme, now capable to operate a tomographically complete
set of measurements, we performed a full tomography of
the generated state. A subset of the resulting joint temporal
intensities, corresponding to the four physical measurement
settings, is shown in Fig. 3f (the full set of JTIs is reported
in Supplementary Note 2). The temporal resolution of our
detection scheme enables us to extract the full set of time
correlations required for complete state reconstruction using
only four physical measurement settings. Using a standard
maximum likelihood estimation, we reconstruct a density

matrix with an Uhlmann fidelity of 91(1)% to the Bell state
|®*) (that is, state |®9) with 6 = 0), and a purity of 84(2)%
over the single-mode channel, whereas the density matrix for
the multi-mode case, shown in Fig. 3g-h, yields a fidelity of
85(2)% and a purity of 78(3)%. A summary of the quantum
state tomography fidelities and the CHSH values for the single-
and multi-mode scenarios is presented in Table 3.

Steering inequality and entropic uncertainty relation
In the previous section, we showed that the JTI of our two-
photon state already certifies non-classicality through the vi-
olation of the CHSH inequality. In this section, we combine
the 6z measurement into the non-classicality certification.
The task that we consider here relies on all three Pauli
correlations oy ® Oy, Oy ® oy and 07 ® 07. The test can be
formulated in terms of linear steering inequalities, defined
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Idler detector | Signal Detector S Z(p,|@T) (@F]) | Tr(p?)
SNSPD SNSPD 2.53+0.03 91+1% 84+2%
SNSPD InGaAs APD | 2.32+£0.05 85+2% 78£3%

Table 3. Quantum state tomography fidelities, purities and CHSH S-parameters obtained using equatorial basis measurements
performed over single-mode and multi-mode fiber. All remaining basis measurements were performed over multi-mode fiber as

depicted in Fig. 3.

Idler detector | Signal Detector | (oxox) | (oyoy) | (0z0z) % Y. (cio))
SNSPD SNSPD -0.912 | 0.839 0.873 | 0.875+0.011
SNSPD InGaAs APD | -0.880 | 0.831 0.873 | 0.861+0.039

Table 4. Steering inequality violation for the single-mode and multi-mode channels. Note that the (6z07) was measured in
both scenarios using the InGaAs APD detector. The counts were normalized using the channel efficiencies given in Table 6.

in Egs. (7)-(8), and originally implemented for polarization-
entangled photons>*:

2 (1tovon) +H(ean) < 2 ¢
(oot +lioran +loon) < X @)

Violation of either bound certifies entanglement in the one-
sided-device-independent (steering) scenario®. The expec-
tation values for the three bases considered in Eq. (8) are re-
ported in Table 4. In particular, we violate the classical bound
in Eq. (8) (Eq. (7)) by more than 276 (190) over single-mode
fiber, and by 76 (50) over multi-mode fiber. Note that there
is a slight discrepancy between the expectation values (ox Ox )
and (oyoy) for the equatorial basis. This asymmetry is also
apparent as a parity dependent modulation in Fig. 2b and we
attribute it to contributions from uncorrelated pump photons
which introduce a sub-harmonic oscillation at A@ (¢ +17) /2
(see Supplementary Note 1).

More interestingly, the same quantities can be evaluated
through the discrete uncertainty relation studied in3%3’, which
allows us to reveal the non-classical nature of our biphoton
state through violation of the discrete time—energy uncertainty
relations. Consider the discrete observables ox ® Oy, Oy ®
oy and 0z ® 0z measured in our experiment, the entropic
uncertainty relations quantify the minimal joint uncertainty
that two systems can have in different pairs of observables,
which are of the form:

H(oy | oy) +H(oy | 0y) > 1,

H(oy | ox) +H(oy | oy) +H(oy | 0z) =2, (10)
where H(o3 | o)) is the conditional Shannon entropy of the
signal outcome given the idler outcome, which quantifies the
correlation in the 6§ ® 6}, measurements. More specifically,
we denote the experimentally determined joint probabilities
as { p(asbi)};% b,—o» the conditional Shannon entropy is then

given as:

H(oylop) ==Y plb) Y. plas|bi)log, p(as|b;)
b;e{0,1} as<€{0,1}

)

where p(bi) = L, plas, bi), plas|bi) = B850 and pag,bi)
is the probability of getting outcome ag, b; in the correlated
Pauli measurement.

These entropic inequalities are discrete-entropy versions of
the time—energy uncertainty relations introduced in Refs.3%3%.
In our setup, the 07 basis corresponds to energy (i.e.
frequency-bin) measurements, whereas the equatorial Pauli
bases oy and oy are realized via joint temporal measure-
ments. Eqgs. (9)—(10) are therefore a discrete version of the
time—energy uncertainty relation: an entangled state can si-
multaneously render the conditional energy entropy and the
conditional time entropy almost zero, thus violating the clas-
sical bound imposed on any local hidden state model®’. Here
we summarize the experimental violation of the entropic un-
certainty relation in Table 5.

Quantum Key Distribution

Due to its compatibility with integrated photonic cir-
cuits, noise resilience*®, and favorable SWaP requirementsz,
frequency-bin encoding is especially well suited for satellite-
based quantum communication. There is a natural extension
of this time-resolved frequency-bin detection scheme to quan-
tum key distribution (QKD)*!, in particular in the context of
reference frame independent protocols (RFI-QKD). While the
equatorial basis can be used as an entanglement witness to
estimate Eve’s information, the 0z-basis is fixed and can be
used for the key-map. Although our analysis assumes syn-
chronized clocks at the users and the source (as depicted in
Fig. 4a), the bichromatic pump could alternatively be used as
a classical channel to provide a stable optical reference for
clock synchronization between nodes, thus reducing the com-
plexity of the system for practical satellite implementations.
While the Doppler shift for low-Earth orbit satellites can in-
duce an absolute frequency shift on the order of +4 GHz*?,
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Idler detector | Signal Detector | H(oy | o%) | H(o} | o)) | H(os | o)) Z§:1 H(o} | G})
SNSPD SNSPD 0.369 0.280 0.307 0.956 +0.082
SNSPD InGaAs APD 0.534 0.338 0.307 1.179+0.247

Table 5. Entropic uncertainty relation for the single-mode and multi-mode channels. Note that the H (o5 | 0) was measured

in both scenarios using the InGaAs APD detector.
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Fig. 4. Quantum key distribution. (a) Conceptual deployed scenario in a dual-downlink configuration, the entangled photon source (EPS)
is onboard the satellite. (b) C-parameter (C) and normalized asymptotic key rate (K/R), calculated according to Egs. (12)-(14).

this change is well-defined by the satellite’s motion and can
thus be tracked and compensated. Furthermore, the frequency
separation Aw /27 is only modified by ~ 21kHz - a negligible
change compared to the frequency-bin bandwidth. A more
detailed discussion of the feasibility of frequency-bin satellite
quantum communication is provided in Ref.”. To demonstrate
feasibility, we consider the 6-state 4-state protocol defined
in Ref.*>%, where the channel quality is evaluated using the
following C-parameter:

C= \/<Gxﬁx>2—|— <Gny>2, (12)

C =1 indicates a maximally entangled state or perfect channel.
The quantum bit error rate, meanwhile, is given by:

1— <O'Zo'z>
—2 .

Using the values calculated in Table 4, we have QBERzz =
6.35%. We can then calculate an asymptotic key rate, K
according to:

K > C]R[l - fHZ (QBERZZ) - HZ(QBEREquatorial)L (14)

QBERzz = (13)

where QBEREquaorial = (1 —C) /2, g is the basis reconciliation
factor, R the coincidence detection rate, f the bidirection error
correction efficiency, and H,(x) is the binary entropy function.
The main resulting figures of merit, the C-parameter and the
secure key rate, are presented in Fig. 4b. We observe that the
C-parameter, which quantifies channel integrity, exceeds the
threshold required for a positive secret key rate. The number
of secret bits per coincidence detection at the asymptotic limit
is estimated to be 0.058(3) bits/coincidence relative to the the-
oretical maximum of 0.167 bits/coincidence achievable with

the 6-state 4-state protocol. We emphasize that these results
are presented solely as a proof-of-concept, as the data have
undergone post-processing including background subtraction.
Nevertheless, these results indicate compatibility with prac-
tical quantum communication protocols, which may not be
constrained by the extrinsic limitations of this demonstration,
particularly the low CAR (see Methods).

Discussion

We have demonstrated a novel approach to perform projec-
tive measurements on frequency-bin encoded photonic qubits
using only interferometry and time-resolved detection, in a
fully passive architecture, without relying on active modula-
tion or spatial-mode filtering. From a fundamental perspec-
tive, frequency-bin encoded states are naturally suited for
time-resolved measurements in the equatorial basis, as, in
our detection scheme, the scan of the azimuthal phase is as-
sociated with time-evolution. This method enables arbitrary
single-qubit projective measurements across the full Bloch
sphere by combining interferometer phase tuning with time-
resolved detection, which allows access to intermediate points
between the poles and equator. Arbitrary qudit projective
measurements can similarly be realized via additional linear
interferometry, as outlined in Cui et al.!”. This latter approach
has so far remained theoretical due to the technical difficul-
ties of implementing frequency-bin encoded states with low
frequency spacing. Here we address this issue, by adopting
a two-resonator scheme, which overcomes the brightness-
separation trade-off inherent to single-resonator sources*. A
time-resolved entanglement certification of frequency-bin
qubits has also been proposed using cold atomic ensembles'8.
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However, this scheme differs significantly with our and Cui’s
approach, relying on time-delay measurements, rather than
absolute time evolution, in closer analogy with Ramsay inter-

ference™®.

In contrast, our approach provides the first theoretical and
experimental demonstration of the JTI of a frequency-bin
entangled state, which we use to visualize all the possible
projections on the equatorial basis, effectively leveraging it
as a projective measurement tool. From the analysis of the
JTI data, we retrieve important figures of merit of the source,
such as the quantum interference visibility (91.9(9)%), the
biphoton coherence time (1/y = 0.90(4)ns), and the CHSH
parameter (S = 2.53 +0.03). Interestingly, Dekkers et al.*®
recently demonstrated a conceptually related approach in the
frequency-domain, showing that the joint spectral intensity
(JSI) is a phase-sensitive quantity containing the information
required to violate the Collins-Gisin-Linden-Massar-Popescu
(CGLMP) inequality using time-bin entangled qudits*’. This
result underscores the understanding that Fourier-based fre-
quency measurements provide direct access to the bases neces-
sary for evaluating high-dimensional Bell inequalities. While
arbitrary high-dimensional projectors would require additional
interferometric stages or phase-shifting schemes, this time-
resolved approach nevertheless enables straightforward certifi-
cation of qudit entanglement. To exemplify this, a simulation
of the JTI for a frequency-bin qutrit is provided in Supplemen-
tary Note 1. The analysis capability is complemented by the
use of interferometric filters, that extend the projective mea-
surement capability beyond the equatorial subspace to span
the entire two-qubit Hilbert space. Access to a complete set of
measurements enables the implementation of quantum state
tomography, which we show to exhibit fidelities exceeding
91% and purities above 84%, comparable with those achieved
in conventional frequency-bin analysis systems**%4% Impor-
tantly, our method is compatible with multi-mode propagation,
as showcased by the experimental violations of the CHSH
inequality and also of the quantum steering and entropic un-
certainty relations, all performed over a multi-mode fiber link,
with low performance degradation compared to the single-
mode case. These capabilities represent a significant step
toward practical frequency-bin quantum networking, espe-
cially over free-space channels, where atmospheric turbulence
results in spatial multimodality.

As a proof-of-concept, we calculate the secure key rate for
a RFI-QKD protocol using our measurement scheme. This
demonstrates the potential of our approach for practical quan-
tum cryptographic applications. Note that the implementation
could be further simplified by restricting measurements to
the equatorial basis of the Bloch sphere, which would reduce
experimental complexity and receiver loss (here around 5
dB) while still enabling secure key generation. The commu-
nication rate could be further increased through frequency
multiplexing, by taking advantage of multiple free spectral
ranges to encode several qubits and process them on the same
photonic chip?*3°. Alternatively, by incorporating microres-

onator arrays’', qudit states can be generated. Although
frequency-bin sources offer inherently low SWaP require-
ments, the free-space analyzer tends to become increasingly
bulky as the state dimensionality grows. A possible solution
lies in the use of Herriott cells® or nested interferometers>,
which allow the implementation of unbalanced interferom-
eters with significantly reduced physical footprint, making
them suitable for compact space-based photonic systems.

Moreover, frequency-bin encoding can serve as a versa-
tile optical interface between heterogeneous network nodes>*.
The narrow bandwidth of frequency-bin photons enables ef-
ficient storage and retrieval in quantum memories>>. The
entangled photon source and field-widened interferometers
are both also compatible with time-bin encoding, making them
suitable platforms for exploring time-frequency entanglement
and hybrid encoding schemes. For example, single-photon fre-
quency combs, or time-frequency Gottesman-Kitaev-Preskill
(TFGKP) states®®, have been proposed to realize universal
linear optical quantum computation (LOQC) without the use
of active devices, in fact leveraging the exact building blocks
demonstrated in this work: optical interleavers and time-
resolved detectors. The discretization in both time and fre-
quency degrees of freedom leads to inherent error robustness
against both temporal and spectral errors.

Although measurement fidelity is ultimately limited by the
timing jitter of the detection system’, single-photon detector
technologies have achieved timing resolutions as low as 3 ps
FWHM in state-of-the-art demonstrations’ and 20-30 ps jitter
in commercially available detectors8. Moreover, multi-mode
fiber-coupled SNSPDs with < 20 ps FWHM timing resolution
have been demonstrated®, indicating that such detectors can
combine high temporal precision with efficient multimode
collection thereby mitigating this constraint.

Our results present a simple and robust approach to ma-
nipulating frequency-bin qubits, paving the way toward the
deployment of practical, scalable frequency-domain quantum
information processing and communication systems.

Methods

Photonic chip characterization

The photonic chip consists of a pair of SizN4 microring res-
onators (RO and R1), coupled to a single bus waveguide, with
a cross-section 1.4 x 0.4 um?”. Integrated resistive micro-
heaters overlay both resonators, allowing for a fine-tuning
of the spectral modes’ distance via thermo-optic effect. The
structure is embedded in a silica cladding. The device was
designed and fabricated following the LIGENTEC AN400
multi-project-wafer run specifications. Light is coupled in
and out from the chip with Ultra High Numerical Aperture
(UNHAA4) fiber array, ensuring 3 dB/facet losses and mechan-
ical stability.

Figure lc shows the transmission spectra of RO and R1
at signal, pump and idler frequencies. The loaded Q of the
resonances are 1.21 x 10° (|0)), 1.23 x 10° (| 1)), 1.39 x 10°
(|0;)) and 1.31 x 10° (|1;)). These results, combined with
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resonances’ extinction, allow for an estimate intrinsic Qjy,; ~
3.5 x 109, propagation losses of 0.1 dB/cm and escape effi-
ciencies M, = (Qiny — Q) / Qe ranging from 0.603 to 0.655.
Transmission spectrum shows split pump resonances. This
phenomenon is caused by Rayleigh backscattering, related
to side-wall roughness, in high-Q resonators: frontward and
backward propagating modes interfere destructively, splitting
single-peak resonances to two-peak resonances. A complete
analysis of microring resonator backscattering can be found
in Ref®.

We estimate the microrings spectral brightness to be be-
tween 5 x 10° cps/mW? /GHz and 5.5 x 10° cps/mW? /GHz.
The coincidence-to-accidentals ratio (CAR~ 4) is mainly lim-
ited by spontaneous Raman scattering. Raman scattering
arises in silicon nitride and silica on-chip, and in the UNHA4
fiber, due to the high germanium doping concentration. The
detrimental effects of Raman scattering can be mitigated by
employing narrowband filters after the chip, thereby dropping
accidental counts, or by optimizing the device to increase
mode confinement within the silicon nitride waveguide.

Interferometric design

We built two symmetric interferometers based off the design
shown in Fig. 3b. The signal and idler f-bin analyzers differ
only in the input fiber: single-mode for the idler and multi-
mode for the signal. To compensate for the different spatial
modes, we utilized a 10 cm N-BK7 glass rod (Edmund Optics)
with a 1.5007 refractive index at 1550 nm. In the long arm
of the interferometer, the beam propagated in a double-pass
configuration through 1cm of air from the beam splitter to the
glass rod, then through the 10 cm rod, followed by another 1
cm air gap between the rod and the corner cube retro-reflector
(CCR) for an optical path length of 34 cm. The short arm, in
comparison, had a physical length of 7.85 cm, resulting in an
optical path length difference of AL ~ 18.3 cm corresponding
to a 609.8 ps time delay or equivalently a Aw /2w = 820MHz
frequency splitting. The glass rod slightly perturbed the po-
larization state of the transmitted light. To characterize its
effect, we performed a polarization-extinction measurement.
Inserting the rod between two orthogonal linear polarizers
reduced the extinction ratio from 43 dB to 20 dB, likely due
to stress-induced anisotropy in the glass. Consistent with
this hypothesis, loosening the rod in its mount improved the
extinction to 29dB.

To carefully match the optical path length difference in both
interferometers we operated the Santec TSL-570 in continuous
linear scan mode. The laser output was injected through both
MZI sequentially, and the interference signal at the output was
monitored on a fast mixed-domain oscilloscope (Tektronix
MDO3034). As the laser frequency was swept, each interfer-
ometer produced a periodic transmission pattern correspond-
ing to its individual free spectral range (FSR), determined by
its path length difference AL. Consequently, by suppressing
the resulting beat note from mismatched FSRs, we were able
to carefully match the optical delays in both interferometers.

Our field-widened interferometers can be further optimized.
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Fig. 5. Point spread function. (a) PSF, imaged with a
beam-profiling camera (New Imaging Technologies WiDy SenS 640),
of the multi-mode beam in the analyzer, after propagation through a
S-meter long graded-index (GRIN) multi-mode fiber (Thorlabs
GIF625). (b) Reconstruction of the PSF from modal decomposition
using the first 30 Hermite-Gaussian modes.

The throughput could be significantly improved by employing
optics with anti-reflection (AR) coatings and using glass rods
with higher surface quality, as the current rods contributed no-
ticeably to the optical loss. We summarize the losses for each
interferometer in Table 6. Furthermore, interferometer visi-
bility can be enhanced through more precise alignment. Visi-
bilities approaching unity for the multi-mode analyzers were
achieved in Waterloo before shipment to Pavia. The improved
throughput would significantly reduce the measurement acqui-
sition time, thus alleviating the phase stability requirements
for the interferometers. Additionally, improvements to the
entangled photon source, particularly in mitigating Raman
scattering in the SiN ring resonators, could boost the CAR,
removing the need for background subtraction and enabling
higher-fidelity measurements.

Multi-mode characteristics

We characterize the multi-mode nature of the beam profile
imaged with a CCD camera in the signal interferometer. To
evaluate the modal expansion, we filter the point spread func-
tion (PSF) to retain only the dominant spatial frequency com-
ponents. We then reconstruct the PSF from its modal de-
composition over the first 30 Hermite-Gaussian modes (see
Supplementary Note 3). This modal spectrum is typical of
an urban-scale free-space link attesting to the validity of the
proposed measurement scheme from the perspective of a real-
world scenario” ¢!,

Data availability

The analysis code is provided in Ref.®?. The data sets used
and analyzed in the current study are available from the corre-
sponding author on reasonable request.
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