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di Padova, Via Gradenigo 6B, 35131 Padua, Italy
4Dipartimento di Ingegneria Industriale e dell’Informazione, Università di Pavia, Via Ferrata 5, 27100 Pavia, Italy
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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 a 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
quantum 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.

Introduction1

Frequency-bin-entangled qubits1, 2 are versatile quantum in-2

formation resources, well-suited for applications in quan-3

tum communication, computation, and sensing. They can4

be readily generated in chip-scale microresonators3, 4, trans-5

mitted over single-mode fiber, and support dense wavelength-6

division multiplexing (DWDM) thus enabling parallelized7

quantum communication. Moreover, they naturally scale8

to high-dimensional states, or qudits5, 6, and their low size,9

weight, and power (SWaP) requirements make them ex-10

cellent candidates for quantum communication systems in11

resource-constrained environments, such as satellite pay-12

loads7, 8. However, the ability to efficiently manipulate and13

analyze frequency-bins remains limited, as traditional tech-14

niques rely on active non-linear optics to modify photon fre-15

quencies, e.g. through sum- and difference-frequency genera-16

tion in χ(2) media, which requires stringent phase-matching17

conditions and high pump powers that restrict both flexibility18

and scalability9–11. More recently, coherent control over fre-19

quency modes has been demonstrated using electro-optic mod-20

ulators in combination with pulse-shaping techniques5, 12, 13.21

While more practical, these systems inherently suffer losses22

due to unwanted sidebands, especially when relying on high- 23

order modulation beyond the desired frequency range, and 24

require complex, expensive, and typically lossy components 25

to operate. Furthermore, scaling these methods to manipulate 26

multiple frequency modes requires intricate setups involving 27

cascaded components, whose configurations must be exten- 28

sively optimized14. Additionally, these approaches rely on 29

single-spatial-mode operation, which limits their applicabil- 30

ity for free-space channels, unless adaptive optics are em- 31

ployed. Expanding frequency-bin compatibility to ground- 32

and satellite-based free-space channels is crucial for enabling 33

truly global quantum networks, where atmospheric turbulence 34

and pointing instability necessitate robust multi-mode opera- 35

tion to maintain high-fidelity quantum communication. The 36

disparity between the relative ease of state generation and the 37

complexity of manipulation underscores the need for alter- 38

native strategies in frequency-domain quantum information 39

processing. 40

In this work, we propose and demonstrate a novel technique 41

based on passive photonic components and time-resolved de- 42

tection15, 16. Using the fact that the beating signal, determined 43

by the frequency separation ∆ω , is within the timing resolu- 44
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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
∆ω/2π = 820MHz. (c) 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 (δ t ≪ 2π
∆ω ), quantum interference45

in the two-photon state can be measured directly17, 18. The46

joint temporal intensity (JTI) effectively captures the temporal47

correlations between the signal and idler photons and encodes48

their frequency-bin superposition state. We hereby show that49

arbitrary projective measurements in the equatorial plane of50

the Bloch sphere can be implemented by post-selecting on var-51

ious relative time delays. Furthermore, beyond the equatorial52

basis, any projective measurement can be realized using high53

temporal resolution detectors in combination with linear inter-54

ferometry. In particular, we demonstrate projections onto the55

computational basis (i.e., the eigenvectors of the Pauli operator56

σZ) using standard demultiplexing techniques with an unbal-57

anced Mach–Zehnder interferometer (MZI)7. Transmitting58

over multi-mode channels, however, creates spatial distortions59

that compromise distinguishability in unbalanced interfero-60

metric systems19, 20. Spatial filtering can correct the path61

distinguishability but at a substantial throughput efficiency62

cost. To mitigate this issue, we here employ field-widened63

interferometers21, 22, which preserve path indistinguishability64

without the need for modal filtering or any adaptive optics.65

This approach is purely passive, requires minimal resources,66

and naturally extends to higher dimensions.67

Results 68

Photon pair generation 69

A conceptual schematic of the frequency-bin entangled photon 70

source and equatorial basis measurement apparatus is shown 71

in Fig. 1a. The source design is based on a multiple-resonator 72

approach4, 6, 23–25, originally developed to simultaneously pro- 73

vide high brightness and a moderate frequency-bin spacing, ac- 74

cessible by commercial modulators. It consists of a sequence 75

of two nominally identical microring resonators, each associ- 76

ated with a state of the computational basis and hence labelled, 77

respectively, R0 and R1. The light from a tunable and contin- 78

uous wave (CW) pump laser (Santec TSL-570) at 1550.06 nm 79

is sent through an electro-optic phase modulator (Exail MPZ- 80

LN-10) driven by a sinusoidal RF signal (AnaPico APMS20G) 81

at a frequency ∆ω/2π = 820MHz. The resulting bichromatic 82

field at the modulator’s output (neglecting the sidebands not 83

used in the experiment) is then coupled to a silicon nitride 84

(Si3N4) photonic chip (insertion loss: 3 dB/facet). Here, each 85

frequency component excites a respective high-Q microring 86

resonance previously, set at ωp0 and ωp1 by thermo-optic tun- 87

ing, provided by integrated resistive heaters placed above each 88

ring, with mode spacing adjusted to match ∆ω = |ωp1 −ωp0 |. 89

Photon pair generation from spontaneous four-wave mixing 90

(Fig. 1b) occurs in both rings in a coherent superposition, 91

where each ring, after coarse-graining, contributes a single 92

pair of signal-idler frequency modes, encoding the computa- 93

tional basis states |0s,i⟩ and |1s,i⟩. The process is described by 94
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the two-photon creation operator:95

B̂n =
∫∫

dωs dωi φn(ωs)ψn(ωi)δ (ωs+ωi−2ωpn)â
†
s (ωs)â

†
i (ωi)

(1)

obtained from the continuous frequency mode creation opera-96

tors â†
s (ω) and â†

i (ω), where the envelope functions φn(ω) =97 √
γ

2π
1

ω−ωsn+iγ/2 and ψn(ω) =
√

γ
2π

1
ω−ωin+iγ/2 correspond98

to Lorentzian cavity modes of linewidth γ , centered at ωsn and99

ωin , respectively, and n = 0,1.100

The modulation index is adjusted to obtain sidebands that101

equalize the probabilities of generating a photon pair in102

each ring. Assuming the pump power is sufficiently low103

to suppress multi-pair emission, the generated frequency-104

bin state can then be approximated by the Bell state given105

in Eq. (2). More specifically, under the approximation106

∆ω ≫ γ , each envelope function defines an orthogonal mode:107

â†
s,n =

∫
dωsφn(ωs)â†

s (ωs), â
†
i,m =

∫
dωiψm(ωi)â

†
i (ωi), such108

that [âν ,n, â
†
µ,m] = δνµ δnm. This condition is verified by the109

use of high-Q resonators, here around 1.2×106 for the signal110

resonances and 1.3× 106 for the idler resonances at nearly111

critical coupling (Fig. 1c), corresponding to an intrinsic Q112

factor of approximately 3.5×106. In the Heisenberg picture,113

all dynamics sit in the field operators and the two-photon state114

remains time-independent:115

|Φθ ⟩ ≃ B̂0 + eiθ B̂1√
2

|vac⟩ ≃ |0s0i⟩+ eiθ |1s1i⟩√
2

(2)

where |vac⟩ is the vacuum state and the phase θ is given by116

(twice) the relative phase between the pump fields driving R0117

and R1. With this procedure we have constructed “piece-by-118

piece” a frequency-bin entangled state (specifically, a generic119

Φ-type Bell state), represented by the coherent superposi-120

tion of two coherent two-photon squeezers, with a strategy121

analogous to the one described in Ref.4. Note that the bin sep-122

aration ∆ω/2π = 820MHz is very low compared to the one123

typically achieved in single-resonator systems, which would124

require a resonator length of the order of tens of centimeters.125

Instead, our approach enables us to preserve a high finesse,126

and therefore low power requirements (i.e. high brightness),127

and a low footprint. We stress that the coherence between128

the terms |0s0i⟩ and |1s1i⟩ is inherited from the coherence of129

the bichromatic field emitted by the phase modulator. As a130

consequence, the coherence time of the generated Bell state131

corresponds to that of the pump laser (∼ 1ms).132

Time-resolved detection133

A DWDM filter separates the idler (1548.5 nm) and the signal134

(1551.7 nm) photons, which are then routed to high temporal135

resolution single-photon detectors. A coincident detection136

event between the signal arm at time ts and the idler arm at137

time ti can be described by the time-dependent projection-138

valued measure (PVM) Π̂(ts, ti) = |Ps,i⟩⟨Ps,i|, where:139

|Ps,i(ts, ti)⟩=
1
2

(
|0s⟩+ ei∆ωts |1s⟩

)
⊗
(
|0i⟩+ ei∆ωti |1i⟩

)
. (3)

140

The expectation value of Π̂ on the state |Φθ ⟩ provides a repre- 141

sentation on the continuous temporal basis, equivalent to the 142

Glauber second-order correlation function26 in the low squeez- 143

ing regime. In the framework of a spontaneous parametric 144

source, this is also known as the joint temporal intensity27, 28, 145

here taking the form: 146

J(ts, ti) = |⟨Ps,i(ts, ti) |Φθ ⟩ |2

∝ e−γ|ts−ti|
[
1+ cos

(
∆ω(ts + ti)+θ

)]
. (4)

Eq. (4) exhibits a clear dependence on the signal and idler ar- 147

rival times ts, ti and we interpret it as follows: a measurement 148

performed at time ts (ti) corresponds to a projective measure- 149

ment upon a signal (idler) qubit state located at the equator 150

of the Bloch sphere with azimuthal phase ∆ω ts (∆ω ti), as 151

schematically shown in Fig. 1a. This interpretation stems 152

evidently from the definition of the projector (Eq. (3)) which 153

in turn is legitimized by the choice of the frequency-bin ba- 154

sis. The JTI can thus be formally interpreted as a result of 155

the PVM defined above, effectively operating a time-resolved 156

detection on the basis of the frequency bins. As an exam- 157

ple, a set of projections for the σX σX basis is depicted on 158

the theoretical JTI shown in Fig. 2a, with the corresponding 159

Bloch sphere projection illustrated in Fig. 2c. The theoretical 160

JTI features an oscillating term as a function of ts + ti, which 161

can be interpreted as quantum interference analogous to that 162

observed in a Bell nonlocality experiment29 or in Franson’s 163

scheme30, and can be leveraged to certify entanglement, as 164

discussed in the next sections. The JTI also exhibits a decay 165

term related to the relative time delay |ts − ti|, which is associ- 166

ated with the resonator ringdown time 1/γ . This decay results 167

in an effective measurement described by a lossy projector 168

with time-dependent efficiency η(ts, ti) = e−γ|ts−ti|. Note that 169

this efficiency is close to unity as long as the resonances are 170

well-resolved ∆ω ≫ γ , a condition already satisfied by the 171

near-orthogonality of the frequency-bin states. 172

Equatorial basis: joint temporal intensity measurement 173

We implement the equatorial measurement described above 174

over both single- (Thorlabs SMF-28) and multi-mode (Thor- 175

labs GIF625) fiber, with signal detection performed using a 176

superconducting nanowire single-photon detector (SNSPD) 177

(PhotonSpot) in the single-mode case, and an InGaAs 178

avalanche photodiode (APD) (MPD PDM-IR) in the multi- 179

mode case. The specifications for both detectors are provided 180

in Table 1. In both scenarios, idler photons are coupled into 181

a single-mode fiber and detected on a SNSPD channel. To 182

reduce the dark count rate, the InGaAs APD was operated in 183

an externally gated mode, triggered by the idler SNSPD. A 184

marker pulse at ∆ω/40π = 41MHz provides a time reference 185

to the time-tagging unit (Swabian instruments Time Tagger X). 186

Leveraging detectors with timing resolutions δ t ≤ 60 ps (full 187

width at half maximum jitter), we measured, to the best of our 188

knowledge, the first JTI for frequency-bin entangled photons 189

in Fig. 2b. The measured JTI shows excellent agreement with 190
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Fig. 2. Equatorial basis measurements. (a) Theoretical JTI for ringdown time 1/γ = 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/γfit = 0.90(4) ns. (c) Visual representation of the
equatorial basis projection for signal and idler qubits, σX σX 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 γ . (f) CHSH expectation values ⟨AiB j⟩, i, j ∈ {0,1} as a function of the absolute time (ts = ti) mod Tb, and resulting (g)
CHSH S parameter (see Eq. (5)). The time axis spans 0 to 610 ps, corresponding to one beat period Tb = (π/∆ω) 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) δ t (ps)
SNSPD 300 70 60

InGaAs APD 17330 104 72

Table 1. Specifications for the detectors used in the
experiment. DCR denotes the dark count rate and δ t
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 oscillatory191

term cos
(
∆ω(ts+ti)+θ

)
along the diagonal of the JTI, shown 192

in Fig. 2d, has a beating visibility of 91.9(9)%, calculated by 193

integrating along the anti-diagonals with a range |ts−ti| ≤ 800 194

ps. Its antidiagonal profile, shown in Fig. 2e and calculated 195

by integrating along the diagonals, follows the exponential 196

envelope e−γ|ts−ti|, with ringdown time 1/γ = 0.90(4) ns. Im- 197

portantly, the temporal oscillation appears only in the coinci- 198

dence counts, and should therefore be regarded as a property 199

of the two-photon state, while the single counts, related to the 200

marginal states, remain flat, thus highlighting the two-photon, 201

non-classical nature of the interference. We stress that this 202

cannot be attributed to the sole temporal oscillation of the 203
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pump field driving the system, as would be the presence of204

unresolved resonances (γ ≫ ∆ω) or in a non-resonant system,205

such as a waveguide.206

For a fixed relative time delay, ts − ti, the two-photon cor-207

relation (as shown in Fig. 2f for ts − ti = 0) is analogous to208

that obtained in polarization entanglement where the joint209

detection time, (ts = ti) mod Tb, where Tb =
π

∆ω is the bipho-210

ton quantum beat period18, defines the relative phase of the211

Bell-basis projection. Alternatively, the phase setting can also212

be adjusted by tuning the relative arrival time of the signal213

and idler photons with respect to the phase modulation sig-214

nal (see Supplementary Note 1). We can use the correlations215

between the detection times to test for quantum nonlocality.216

In particular, we consider the Clauser–Horne–Shimony–Holt217

(CHSH) inequality31:218

S = |⟨A0B0⟩+ ⟨A0B1⟩+ ⟨A1B0⟩−⟨A1B1⟩| ≤ 2. (5)

Figs. 2f-2g show the Bell correlations ⟨AiB j⟩ (i, j ∈ {0,1}),219

and the CHSH parameter S as a function of detection time220

ts = ti. Note that we choose the measurement operators221

A0 = σX ,A1 = σY ,B0 =
1√
2
(σX −σY ),B1 =

1√
2
(σX +σY ), i.e.222

all our measurements are in the equatorial plane of the Bloch223

sphere, as sketched in Fig. 2a and Fig. 2c, where the tem-224

poral sampling coordinates on the JTI and the associated225

projections on the Bloch sphere are shown respectively for226

the σX σX measurement. More specifically, the green circle,227

pink pentagon, red square, and blue star, respectively, denote228

|++⟩⟨++|si , |−−⟩⟨−−|si , |+−⟩⟨+−|si , |−+⟩⟨−+|si pro-229

jections. To optimize the timing resolution of the detection230

scheme, we first consider projections only onto SNSPD chan-231

nels, and obtain S = 2.53± 0.03, at ts = ti = 340 ps, which232

violates the classical limit by ∼ 18σ . Note that due to the233

low coincidence-to-accidentals ratio (CAR) ∼ 4, we applied a234

background subtraction to the raw coincidence counts to com-235

pensate for uncorrelated events and accurately estimate the236

CHSH parameter. We also observe a violation of ∼ 6σ over237

multi-mode fiber, with S = 2.32±0.05. The primary differ-238

ence with the single-mode fiber case is the reduced statistics,239

due to the lower detection efficiency of the InGaAs APD (see240

Methods, Table 6).241

Field-widened interferometer242

To complement the equatorial basis measurements, we per-243

formed σZσZ measurements using Mach-Zehnder interferom-244

eters as depicted in Figs. 3a-b. By carefully tuning the path245

delay of the unbalanced Mach–Zehnder interferometer, we246

can effectively realize projections onto {|0s(i)⟩ , |1s(i)⟩}. The247

optical shutter in the short arm of each interferometer can248

implement an active basis choice between the computational249

and equatorial bases, as sketched in Figs. 3c-e. In practice, the250

interferometers were circumvented for the equatorial basis, as251

shown in Fig. 1, to avoid their insertion loss and increase the252

detected rate, which in turn allowed us to reduce the pump253

power and thereby improve the CAR. In addition, cross-basis254

measurements were performed, in which one qubit was mea-255

Projections |00⟩⟨00| |10⟩⟨10| |01⟩⟨01| |11⟩⟨11|
Ci j 264897 11011 25411 270383

Table 2. Computational basis (σZσZ) measurement statistics.
The counts Ci j, i, j ∈ {0,1}, corresponding to projections
|i j⟩⟨i j|, were normalized by the channel efficiency. Note that
the integration time was 60 seconds and detections Ci1 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 σZ basis and the other in the equatorial basis, 256

although this configuration is not explicitly shown. 257

While unbalanced interferometers are typically unsuitable 258

for turbulent free-space channels, field-widened interferome- 259

ters20, 32, 33, enhanced with specialized imaging optics or care- 260

fully calibrated refractive indices, can serve as multi-spatial 261

mode frequency-bin quantum receivers by neutralizing an- 262

gular variation-induced phase shifts and visibility degrada- 263

tion21, 22. We here adopt the latter method: where the combi- 264

nation of the glass rod in the long arm and the retro-reflector 265

(see Fig. 3b) creates a virtual mirror that appears closer to the 266

interferometer’s beam splitter. Thus by carefully selecting the 267

glass’ refractive index and length, we can match the distance 268

from the beam splitter to this virtual mirror with the actual 269

distance to the real mirror in the short arm, effectively balanc- 270

ing the interferometer. More specifically, consider a MZI with 271

an input beam incident at an angle α , we can approximate the 272

optical path length difference, using Snell’s law and Taylor’s 273

expansion for small α , as: 274

∆L = ∑
j

n jlL jl −n jsL js −
n2

0 sin2 α
2

(
L jl

n jl
−

L js

n js

)
, (6)

where l,s respectively denote the long and short arms of the 275

interferometer and n js(l) the different refractive indices22, 33. 276

By appropriately choosing the refractive index of the optical 277

elements n js(l) and lengths L js(l), we can eliminate to first 278

order the angular dependence of the interferometer’s optical 279

path length difference. On the other hand, for it to frequency 280

demultiplex we require ∆L = πc
∆ω . A multi-mode frequency 281

qubit analyzer can be constructed by solving both of these 282

conditions simultaneously. The specific interferometer config- 283

urations used in this experiment are described in the Methods 284

section. 285

Computational basis: interferometric measurement 286

Table 2 shows the counts for the σZσZ-basis measurement, 287

where the four detection outcomes Ci j, i, j ∈ {0,1} correspond 288

to the |i j⟩ projections. Despite significant spatial distortions 289

(see Fig. 5), introduced by the multi-mode fiber channel, the 290

demultiplexing visibilities of the single- and multi-mode in- 291

terferometers were, respectively, 92% and 83%. The optical 292

throughput of the interferometers were limited by optical sur- 293

face losses to ∼ 5 dB (see Table 6). To limit experimental 294

overhead, both interferometers operated without active phase 295

stabilization, which constrained the measurement integration 296
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Fig. 3. Interferometric detection scheme. (a) Experimental layout for the σZσZ measurement. (b) A detailed schematic of the
field-widened interferometer. A 10 cm N-BK7 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. (c) 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 σZ basis, (iii) signal in the σZ basis and idler in the equatorial
basis, and (iv) both photons in the σZ 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 are297

achievable via optimized spatial mode overlap, symmetric298

mode-matching optics, and enhanced thermal stability (see299

Methods), offering a straightforward path towards robust and300

scalable implementations.301

To assess the performance of our time-resolved detection302

scheme, now capable to operate a tomographically complete303

set of measurements, we performed a full tomography of304

the generated state. A subset of the resulting joint temporal305

intensities, corresponding to the four physical measurement306

settings, is shown in Fig. 3f (the full set of JTIs is reported307

in Supplementary Note 2). The temporal resolution of our308

detection scheme enables us to extract the full set of time309

correlations required for complete state reconstruction using310

only four physical measurement settings. Using a standard311

maximum likelihood estimation, we reconstruct a density312

matrix with an Uhlmann fidelity of 91(1)% to the Bell state 313

|Φ+⟩ (that is, state |Φθ ⟩ with θ = 0), and a purity of 84(2)% 314

over the single-mode channel, whereas the density matrix for 315

the multi-mode case, shown in Fig. 3g-h, yields a fidelity of 316

85(2)% and a purity of 78(3)%. A summary of the quantum 317

state tomography fidelities and the CHSH values for the single- 318

and multi-mode scenarios is presented in Table 3. 319

Steering inequality and entropic uncertainty relation 320

In the previous section, we showed that the JTI of our two- 321

photon state already certifies non-classicality through the vi- 322

olation of the CHSH inequality. In this section, we combine 323

the σZ measurement into the non-classicality certification. 324

The task that we consider here relies on all three Pauli 325

correlations σX ⊗σX , σY ⊗σY and σZ ⊗σZ . The test can be 326

formulated in terms of linear steering inequalities, defined 327
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Idler detector Signal Detector S F (ρ, |Φ+⟩⟨Φ+|) Tr(ρ2)
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 ⟨σX σX ⟩ ⟨σY σY ⟩ ⟨σZσZ⟩ 1
3 ∑3

i=1⟨σiσi⟩
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 ⟨σZσZ⟩ was measured in
both scenarios using the InGaAs APD detector. The counts were normalized using the channel efficiencies given in Table 6.

in Eqs. (7)-(8), and originally implemented for polarization-328

entangled photons34:329

1
2

(
|⟨σX σX ⟩|+ |⟨σZσZ⟩|

)
≤

√
2

2
, (7)

1
3

(
|⟨σX σX ⟩|+ |⟨σY σY ⟩|+ |⟨σZσZ⟩|

)
≤

√
3

3
. (8)

Violation of either bound certifies entanglement in the one-330

sided-device-independent (steering) scenario35. The expec-331

tation values for the three bases considered in Eq. (8) are re-332

ported in Table 4. In particular, we violate the classical bound333

in Eq. (8) (Eq. (7)) by more than 27σ (19σ) over single-mode334

fiber, and by 7σ (5σ) over multi-mode fiber. Note that there335

is a slight discrepancy between the expectation values ⟨σX σX ⟩336

and ⟨σY σY ⟩ for the equatorial basis. This asymmetry is also337

apparent as a parity dependent modulation in Fig. 2b and we338

attribute it to contributions from uncorrelated pump photons339

which introduce a sub-harmonic oscillation at ∆ω(ts + ti)/2340

(see Supplementary Note 1).341

More interestingly, the same quantities can be evaluated342

through the discrete uncertainty relation studied in36, 37, which343

allows us to reveal the non-classical nature of our biphoton344

state through violation of the discrete time–energy uncertainty345

relations. Consider the discrete observables σX ⊗σX , σY ⊗346

σY and σZ ⊗σZ measured in our experiment, the entropic347

uncertainty relations quantify the minimal joint uncertainty348

that two systems can have in different pairs of observables,349

which are of the form:350

H(σ s
X | σ i

X )+H(σ s
Z | σ i

Z)≥ 1, (9)

H(σ s
X | σ i

X )+H(σ s
Y | σ i

Y )+H(σ s
Z | σ i

Z)≥ 2, (10)

where H(σ s
Z | σ i

Z) is the conditional Shannon entropy of the351

signal outcome given the idler outcome, which quantifies the352

correlation in the σ s
Z ⊗σ i

Z measurements. More specifically,353

we denote the experimentally determined joint probabilities354

as {p(asbi)}1
as,bi=0, the conditional Shannon entropy is then355

given as: 356

H(σ s
Z | σ i

Z) =− ∑
bi∈{0,1}

p(bi) ∑
as∈{0,1}

p(as|bi) log2 p(as|bi)

(11)

where p(bi) = ∑as p(as,bi), p(as|bi) =
p(as,bi)

p(bi)
and p(as,bi) 357

is the probability of getting outcome as,bi in the correlated 358

Pauli measurement. 359

These entropic inequalities are discrete-entropy versions of 360

the time–energy uncertainty relations introduced in Refs.38, 39. 361

In our setup, the σZ basis corresponds to energy (i.e. 362

frequency-bin) measurements, whereas the equatorial Pauli 363

bases σX and σY are realized via joint temporal measure- 364

ments. Eqs. (9)–(10) are therefore a discrete version of the 365

time–energy uncertainty relation: an entangled state can si- 366

multaneously render the conditional energy entropy and the 367

conditional time entropy almost zero, thus violating the clas- 368

sical bound imposed on any local hidden state model37. Here 369

we summarize the experimental violation of the entropic un- 370

certainty relation in Table 5. 371

Quantum Key Distribution 372

Due to its compatibility with integrated photonic cir- 373

cuits, noise resilience40, and favorable SWaP requirements2, 374

frequency-bin encoding is especially well suited for satellite- 375

based quantum communication. There is a natural extension 376

of this time-resolved frequency-bin detection scheme to quan- 377

tum key distribution (QKD)41, in particular in the context of 378

reference frame independent protocols (RFI-QKD). While the 379

equatorial basis can be used as an entanglement witness to 380

estimate Eve’s information, the σZ-basis is fixed and can be 381

used for the key-map. Although our analysis assumes syn- 382

chronized clocks at the users and the source (as depicted in 383

Fig. 4a), the bichromatic pump could alternatively be used as 384

a classical channel to provide a stable optical reference for 385

clock synchronization between nodes, thus reducing the com- 386

plexity of the system for practical satellite implementations. 387

While the Doppler shift for low-Earth orbit satellites can in- 388

duce an absolute frequency shift on the order of ±4GHz42, 389
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Idler detector Signal Detector H(σ s
X | σ i

X ) H(σ s
Y | σ i

Y ) H(σ s
Z | σ i

Z) ∑3
j=1 H(σ s

j | σ i
j)

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(σ s
Z | σ i

Z) was measured
in both scenarios using the InGaAs APD detector.

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 Eqs. (12)-(14).

this change is well-defined by the satellite’s motion and can390

thus be tracked and compensated. Furthermore, the frequency391

separation ∆ω/2π is only modified by ∼ 21kHz - a negligible392

change compared to the frequency-bin bandwidth. A more393

detailed discussion of the feasibility of frequency-bin satellite394

quantum communication is provided in Ref.7. To demonstrate395

feasibility, we consider the 6-state 4-state protocol defined396

in Ref.43, 44, where the channel quality is evaluated using the397

following C-parameter:398

C =
√

⟨σX σX ⟩2 + ⟨σY σX ⟩2, (12)

C = 1 indicates a maximally entangled state or perfect channel.399

The quantum bit error rate, meanwhile, is given by:400

QBERZZ =
1−⟨σZσZ⟩

2
. (13)

Using the values calculated in Table 4, we have QBERZZ =401

6.35%. We can then calculate an asymptotic key rate, K402

according to:403

K ≥ qR[1− f H2(QBERZZ)−H2(QBEREquatorial)], (14)

where QBEREquatorial =(1−C)/2, q is the basis reconciliation404

factor, R the coincidence detection rate, f the bidirection error405

correction efficiency, and H2(x) is the binary entropy function.406

The main resulting figures of merit, the C-parameter and the407

secure key rate, are presented in Fig. 4b. We observe that the408

C-parameter, which quantifies channel integrity, exceeds the409

threshold required for a positive secret key rate. The number410

of secret bits per coincidence detection at the asymptotic limit411

is estimated to be 0.058(3) bits/coincidence relative to the the-412

oretical maximum of 0.167 bits/coincidence achievable with413

the 6-state 4-state protocol. We emphasize that these results 414

are presented solely as a proof-of-concept, as the data have 415

undergone post-processing including background subtraction. 416

Nevertheless, these results indicate compatibility with prac- 417

tical quantum communication protocols, which may not be 418

constrained by the extrinsic limitations of this demonstration, 419

particularly the low CAR (see Methods). 420

Discussion 421

We have demonstrated a novel approach to perform projec- 422

tive measurements on frequency-bin encoded photonic qubits 423

using only interferometry and time-resolved detection, in a 424

fully passive architecture, without relying on active modula- 425

tion or spatial-mode filtering. From a fundamental perspec- 426

tive, frequency-bin encoded states are naturally suited for 427

time-resolved measurements in the equatorial basis, as, in 428

our detection scheme, the scan of the azimuthal phase is as- 429

sociated with time-evolution. This method enables arbitrary 430

single-qubit projective measurements across the full Bloch 431

sphere by combining interferometer phase tuning with time- 432

resolved detection, which allows access to intermediate points 433

between the poles and equator. Arbitrary qudit projective 434

measurements can similarly be realized via additional linear 435

interferometry, as outlined in Cui et al.17. This latter approach 436

has so far remained theoretical due to the technical difficul- 437

ties of implementing frequency-bin encoded states with low 438

frequency spacing. Here we address this issue, by adopting 439

a two-resonator scheme, which overcomes the brightness- 440

separation trade-off inherent to single-resonator sources4. A 441

time-resolved entanglement certification of frequency-bin 442

qubits has also been proposed using cold atomic ensembles18. 443
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However, this scheme differs significantly with our and Cui’s444

approach, relying on time-delay measurements, rather than445

absolute time evolution, in closer analogy with Ramsay inter-446

ference45.447

In contrast, our approach provides the first theoretical and448

experimental demonstration of the JTI of a frequency-bin449

entangled state, which we use to visualize all the possible450

projections on the equatorial basis, effectively leveraging it451

as a projective measurement tool. From the analysis of the452

JTI data, we retrieve important figures of merit of the source,453

such as the quantum interference visibility (91.9(9)%), the454

biphoton coherence time (1/γ = 0.90(4)ns), and the CHSH455

parameter (S = 2.53± 0.03). Interestingly, Dekkers et al.46
456

recently demonstrated a conceptually related approach in the457

frequency-domain, showing that the joint spectral intensity458

(JSI) is a phase-sensitive quantity containing the information459

required to violate the Collins-Gisin-Linden-Massar-Popescu460

(CGLMP) inequality using time-bin entangled qudits47. This461

result underscores the understanding that Fourier-based fre-462

quency measurements provide direct access to the bases neces-463

sary for evaluating high-dimensional Bell inequalities. While464

arbitrary high-dimensional projectors would require additional465

interferometric stages or phase-shifting schemes, this time-466

resolved approach nevertheless enables straightforward certifi-467

cation of qudit entanglement. To exemplify this, a simulation468

of the JTI for a frequency-bin qutrit is provided in Supplemen-469

tary Note 1. The analysis capability is complemented by the470

use of interferometric filters, that extend the projective mea-471

surement capability beyond the equatorial subspace to span472

the entire two-qubit Hilbert space. Access to a complete set of473

measurements enables the implementation of quantum state474

tomography, which we show to exhibit fidelities exceeding475

91% and purities above 84%, comparable with those achieved476

in conventional frequency-bin analysis systems4, 48, 49. Impor-477

tantly, our method is compatible with multi-mode propagation,478

as showcased by the experimental violations of the CHSH479

inequality and also of the quantum steering and entropic un-480

certainty relations, all performed over a multi-mode fiber link,481

with low performance degradation compared to the single-482

mode case. These capabilities represent a significant step483

toward practical frequency-bin quantum networking, espe-484

cially over free-space channels, where atmospheric turbulence485

results in spatial multimodality.486

As a proof-of-concept, we calculate the secure key rate for487

a RFI-QKD protocol using our measurement scheme. This488

demonstrates the potential of our approach for practical quan-489

tum cryptographic applications. Note that the implementation490

could be further simplified by restricting measurements to491

the equatorial basis of the Bloch sphere, which would reduce492

experimental complexity and receiver loss (here around 5493

dB) while still enabling secure key generation. The commu-494

nication rate could be further increased through frequency495

multiplexing, by taking advantage of multiple free spectral496

ranges to encode several qubits and process them on the same497

photonic chip24, 50. Alternatively, by incorporating microres-498

onator arrays51, qudit states can be generated. Although 499

frequency-bin sources offer inherently low SWaP require- 500

ments, the free-space analyzer tends to become increasingly 501

bulky as the state dimensionality grows. A possible solution 502

lies in the use of Herriott cells52 or nested interferometers53, 503

which allow the implementation of unbalanced interferom- 504

eters with significantly reduced physical footprint, making 505

them suitable for compact space-based photonic systems. 506

Moreover, frequency-bin encoding can serve as a versa- 507

tile optical interface between heterogeneous network nodes54. 508

The narrow bandwidth of frequency-bin photons enables ef- 509

ficient storage and retrieval in quantum memories55. The 510

entangled photon source and field-widened interferometers 511

are both also compatible with time-bin encoding, making them 512

suitable platforms for exploring time-frequency entanglement 513

and hybrid encoding schemes. For example, single-photon fre- 514

quency combs, or time-frequency Gottesman-Kitaev-Preskill 515

(TFGKP) states56, have been proposed to realize universal 516

linear optical quantum computation (LOQC) without the use 517

of active devices, in fact leveraging the exact building blocks 518

demonstrated in this work: optical interleavers and time- 519

resolved detectors. The discretization in both time and fre- 520

quency degrees of freedom leads to inherent error robustness 521

against both temporal and spectral errors. 522

Although measurement fidelity is ultimately limited by the 523

timing jitter of the detection system7, single-photon detector 524

technologies have achieved timing resolutions as low as 3 ps 525

FWHM in state-of-the-art demonstrations57 and 20-30 ps jitter 526

in commercially available detectors58. Moreover, multi-mode 527

fiber-coupled SNSPDs with < 20 ps FWHM timing resolution 528

have been demonstrated59, indicating that such detectors can 529

combine high temporal precision with efficient multimode 530

collection thereby mitigating this constraint. 531

Our results present a simple and robust approach to ma- 532

nipulating frequency-bin qubits, paving the way toward the 533

deployment of practical, scalable frequency-domain quantum 534

information processing and communication systems. 535

Methods 536

Photonic chip characterization 537

The photonic chip consists of a pair of Si3N4 microring res- 538

onators (R0 and R1), coupled to a single bus waveguide, with 539

a cross-section 1.4× 0.4 µm2. Integrated resistive micro- 540

heaters overlay both resonators, allowing for a fine-tuning 541

of the spectral modes’ distance via thermo-optic effect. The 542

structure is embedded in a silica cladding. The device was 543

designed and fabricated following the LIGENTEC AN400 544

multi-project-wafer run specifications. Light is coupled in 545

and out from the chip with Ultra High Numerical Aperture 546

(UNHA4) fiber array, ensuring 3 dB/facet losses and mechan- 547

ical stability. 548

Figure 1c shows the transmission spectra of R0 and R1 549

at signal, pump and idler frequencies. The loaded Q of the 550

resonances are 1.21×106 (|0s⟩), 1.23×106 (|1s⟩), 1.39×106
551

(|0i⟩) and 1.31× 106 (|1i⟩). These results, combined with 552
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resonances’ extinction, allow for an estimate intrinsic Qint ∼553

3.5× 106, propagation losses of 0.1 dB/cm and escape effi-554

ciencies ηe = (Qint −Q)/Qint ranging from 0.603 to 0.655.555

Transmission spectrum shows split pump resonances. This556

phenomenon is caused by Rayleigh backscattering, related557

to side-wall roughness, in high-Q resonators: frontward and558

backward propagating modes interfere destructively, splitting559

single-peak resonances to two-peak resonances. A complete560

analysis of microring resonator backscattering can be found561

in Ref60.562

We estimate the microrings spectral brightness to be be-563

tween 5×105 cps/mW2/GHz and 5.5×105 cps/mW2/GHz.564

The coincidence-to-accidentals ratio (CAR∼ 4) is mainly lim-565

ited by spontaneous Raman scattering. Raman scattering566

arises in silicon nitride and silica on-chip, and in the UNHA4567

fiber, due to the high germanium doping concentration. The568

detrimental effects of Raman scattering can be mitigated by569

employing narrowband filters after the chip, thereby dropping570

accidental counts, or by optimizing the device to increase571

mode confinement within the silicon nitride waveguide.572

Interferometric design573

We built two symmetric interferometers based off the design574

shown in Fig. 3b. The signal and idler f-bin analyzers differ575

only in the input fiber: single-mode for the idler and multi-576

mode for the signal. To compensate for the different spatial577

modes, we utilized a 10 cm N-BK7 glass rod (Edmund Optics)578

with a 1.5007 refractive index at 1550 nm. In the long arm579

of the interferometer, the beam propagated in a double-pass580

configuration through 1cm of air from the beam splitter to the581

glass rod, then through the 10 cm rod, followed by another 1582

cm air gap between the rod and the corner cube retro-reflector583

(CCR) for an optical path length of 34 cm. The short arm, in584

comparison, had a physical length of 7.85 cm, resulting in an585

optical path length difference of ∆L ∼ 18.3 cm corresponding586

to a 609.8 ps time delay or equivalently a ∆ω/2π = 820MHz587

frequency splitting. The glass rod slightly perturbed the po-588

larization state of the transmitted light. To characterize its589

effect, we performed a polarization-extinction measurement.590

Inserting the rod between two orthogonal linear polarizers591

reduced the extinction ratio from 43 dB to 20 dB, likely due592

to stress-induced anisotropy in the glass. Consistent with593

this hypothesis, loosening the rod in its mount improved the594

extinction to 29dB.595

To carefully match the optical path length difference in both596

interferometers we operated the Santec TSL-570 in continuous597

linear scan mode. The laser output was injected through both598

MZI sequentially, and the interference signal at the output was599

monitored on a fast mixed-domain oscilloscope (Tektronix600

MDO3034). As the laser frequency was swept, each interfer-601

ometer produced a periodic transmission pattern correspond-602

ing to its individual free spectral range (FSR), determined by603

its path length difference ∆L. Consequently, by suppressing604

the resulting beat note from mismatched FSRs, we were able605

to carefully match the optical delays in both interferometers.606

Our field-widened interferometers can be further optimized.607

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
5-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 608

optics with anti-reflection (AR) coatings and using glass rods 609

with higher surface quality, as the current rods contributed no- 610

ticeably to the optical loss. We summarize the losses for each 611

interferometer in Table 6. Furthermore, interferometer visi- 612

bility can be enhanced through more precise alignment. Visi- 613

bilities approaching unity for the multi-mode analyzers were 614

achieved in Waterloo before shipment to Pavia. The improved 615

throughput would significantly reduce the measurement acqui- 616

sition time, thus alleviating the phase stability requirements 617

for the interferometers. Additionally, improvements to the 618

entangled photon source, particularly in mitigating Raman 619

scattering in the SiN ring resonators, could boost the CAR, 620

removing the need for background subtraction and enabling 621

higher-fidelity measurements. 622

Multi-mode characteristics 623

We characterize the multi-mode nature of the beam profile 624

imaged with a CCD camera in the signal interferometer. To 625

evaluate the modal expansion, we filter the point spread func- 626

tion (PSF) to retain only the dominant spatial frequency com- 627

ponents. We then reconstruct the PSF from its modal de- 628

composition over the first 30 Hermite-Gaussian modes (see 629

Supplementary Note 3). This modal spectrum is typical of 630

an urban-scale free-space link attesting to the validity of the 631

proposed measurement scheme from the perspective of a real- 632

world scenario7, 61. 633

Data availability 634

The analysis code is provided in Ref.62. The data sets used 635

and analyzed in the current study are available from the corre- 636

sponding author on reasonable request. 637

References 638

1. Olislager, L. et al. Frequency-bin entangled photons. Phys. Rev. A 82, 013804 639

(2010). 640

2. Lu, H.-H., Liscidini, M., Gaeta, A. L., Weiner, A. M. & Lukens, J. M. Frequency- 641

bin photonic quantum information. Optica 10, 1655–1671 (2023). 642

10/12



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

Article

Channel Interferometer loss (dB) Detector efficiency (%) ηT
Idler MZI Output 1 5.1 0.85 0.2635
Idler MZI Output 2 5.3 0.85 0.2499

Signal MZI Output 1 10.7 0.85 0.0723
Signal MZI Output 2 5.4 0.15 0.0429

Table 6. Channel efficiencies (ηT ) for the σZ-basis measurements.

3. Reimer, C. et al. Generation of multiphoton entangled quantum states by means of643

integrated frequency combs. Science 351, 1176–1180 (2016).644

4. Clementi, M. et al. Programmable frequency-bin quantum states in a nano-645

engineered silicon device. Nature Communications 14, 176 (2023).646

5. Kues, M. et al. On-chip generation of high-dimensional entangled quantum states647

and their coherent control. Nature 546, 622–626 (2017).648

6. Borghi, M. et al. Reconfigurable silicon photonic chip for the generation of649

frequency-bin-entangled qudits. Phys. Rev. Appl. 19, 064026 (2023).650

7. Vinet, S., Wu, W., Zhang, Y. & Jennewein, T. Feasibility study of frequency-651

encoded photonic qubits over a free-space channel. Opt. Express 33, 40437–40449652

(2025).653

8. HYPER entanglement in SPACE (hyperspace) (2025). Available at https://654

cordis.europa.eu/project/id/101070168. Grant-ID:101070168.655

9. Kobayashi, T. et al. Frequency-domain Hong-Ou-Mandel interference. Nature656

Photonics 10, 441–444 (2016).657

10. Serino, L., Eigner, C., Brecht, B. & Silberhorn, C. Programmable time-frequency658

mode-sorting of single photons with a multi-output quantum pulse gate. Opt.659

Express 33, 5577–5586 (2025).660

11. Serino, L. et al. Complementarity-based complementarity: The choice of mutually661

unbiased observables shapes quantum uncertainty relations. Phys. Rev. Res. 7,662

033152 (2025).663

12. Lukens, J. M. & Lougovski, P. Frequency-encoded photonic qubits for scalable664

quantum information processing. Optica 4, 8–16 (2017).665

13. Lu, H.-H. et al. Electro-optic frequency beam splitters and tritters for high-fidelity666

photonic quantum information processing. Phys. Rev. Lett. 120, 030502 (2018).667

14. Lu, H.-H. et al. Bayesian tomography of high-dimensional on-chip biphoton668

frequency combs with randomized measurements. Nature Communications 13,669

4338 (2022).670

15. Zhao, T.-M. et al. Entangling different-color photons via time-resolved measure-671

ment and active feed forward. Phys. Rev. Lett. 112, 103602 (2014).672

16. Halder, M. et al. Entangling independent photons by time measurement. Nature673

Physics 3, 692–695 (2007).674

17. Cui, C., Seshadreesan, K. P., Guha, S. & Fan, L. High-dimensional frequency-675

encoded quantum information processing with passive photonics and time-resolving676

detection. Phys. Rev. Lett. 124, 190502 (2020).677

18. Guo, X., Mei, Y. & Du, S. Testing the bell inequality on frequency-bin entangled678

photon pairs using time-resolved detection. Optica 4, 388–392 (2017).679

19. Jin, J. et al. Genuine time-bin-encoded quantum key distribution over a turbulent680

depolarizing free-space channel. Opt. Express 27, 37214–37223 (2019).681

20. Vallone, G. et al. Interference at the single photon level along satellite-ground682

channels. Phys. Rev. Lett. 116, 253601 (2016).683

21. Shepherd, G. G. et al. Wamdii: wide-angle michelson doppler imaging interferom-684

eter for spacelab. Appl. Opt. 24, 1571–1584 (1985).685

22. Liu, D., Hostetler, C., Miller, I., Cook, A. & Hair, J. System analysis of a tilted686

field-widened michelson interferometer for high spectral resolution lidar. Opt.687

Express 20, 1406–1420 (2012).688

23. Liscidini, M. & Sipe, J. E. Scalable and efficient source of entangled frequency689

bins. Optics Letters 44, 2625 (2019).690

24. Tagliavacche, N. et al. Frequency-bin entanglement-based quantum key distribution.691

npj Quantum Information 11 (2025).692

25. Pang, Y. et al. Versatile chip-scale platform for high-rate entanglement generation693

using an AlGaAs microresonator array. PRX Quantum 6, 010338 (2025).694

26. Loudon, R. The Quantum Theory of Light (Oxford University Press, 2000).695

27. Kuzucu, O., Wong, F. N. C., Kurimura, S. & Tovstonog, S. Joint temporal density696

measurements for two-photon state characterization. Physical Review Letters 101697

(2008).698

28. Borghi, M., Pagano, P. L., Liscidini, M., Bajoni, D. & Galli, M. Uncorrelated 699

photon pair generation from an integrated silicon nitride resonator measured by 700

time-resolved coincidence detection. Optics Letters 49, 3966 (2024). 701

29. Freedman, S. J. & Clauser, J. F. Experimental test of local hidden-variable theories. 702

Physical Review Letters 28, 938–941 (1972). 703

30. Franson, J. D. Bell inequality for position and time. Phys. Rev. Lett. 62, 2205–2208 704

(1989). 705

31. Clauser, J. F., Horne, M. A., Shimony, A. & Holt, R. A. Proposed experiment to 706

test local hidden-variable theories. Phys. Rev. Lett. 23, 880–884 (1969). 707

32. Vanasse, G. A. Spectrometric Techniques, vol. 1 (Academic Press, San Diego, 708

1977). 709

33. Jin, J. et al. Demonstration of analyzers for multimode photonic time-bin qubits. 710

Phys. Rev. A 97, 043847 (2018). 711

34. Saunders, D. J., Jones, S. J., Wiseman, H. M. & Pryde, G. J. Experimental EPR- 712

steering using Bell-local states. Nature Physics 6, 845–849 (2010). 713

35. Uola, R., Costa, A. C. S., Nguyen, H. C. & Gühne, O. Quantum steering. Rev. Mod. 714

Phys. 92, 015001 (2020). 715

36. Maassen, H. & Uffink, J. B. M. Generalized entropic uncertainty relations. Phys. 716

Rev. Lett. 60, 1103–1106 (1988). 717

37. Schneeloch, J., Broadbent, C. J., Walborn, S. P., Cavalcanti, E. G. & Howell, J. C. 718

Einstein-podolsky-rosen steering inequalities from entropic uncertainty relations. 719

Phys. Rev. A 87, 062103 (2013). 720

38. Reid, M. D. Demonstration of the einstein-podolsky-rosen paradox using nonde- 721

generate parametric amplification. Phys. Rev. A 40, 913–923 (1989). 722

39. Cavalcanti, E. G., Jones, S. J., Wiseman, H. M. & Reid, M. D. Experimental criteria 723

for steering and the einstein-podolsky-rosen paradox. Phys. Rev. A 80, 032112 724

(2009). 725

40. Cozzolino, D., Da Lio, B., Bacco, D. & Oxenløwe, L. K. High-dimensional 726

quantum communication: Benefits, progress, and future challenges. Advanced 727

Quantum Technologies 2 (2019). 728

41. Pennacchietti, M. et al. Oscillating photonic Bell state from a semiconductor 729

quantum dot for quantum key distribution. Communications Physics 7, 62 (2024). 730

42. McSorley, S. M. et al. Free-space optical-frequency comparison over rapidly 731

moving links. Phys. Rev. Appl. 23, L021003 (2025). 732

43. Tannous, R. et al. Demonstration of a 6 state-4 state reference frame independent 733

channel for quantum key distribution. Applied Physics Letters 115, 211103 (2019). 734

44. Tannous, R. et al. Towards fully passive time-bin quantum key distribution over 735

moving free-space channels. Opt. Express 33, 35635–35648 (2025). 736

45. Clemmen, S., Farsi, A., Ramelow, S. & Gaeta, A. L. Ramsey interference with 737

single photons. Phys. Rev. Lett. 117, 223601 (2016). 738

46. Dekkers, K. et al. Observing high-dimensional bell inequality violations using 739

multi-outcome spectral measurements (2025). Available at https://arxiv. 740

org/abs/2506.20796. 2506.20796. 741

47. Collins, D., Gisin, N., Linden, N., Massar, S. & Popescu, S. Bell inequalities for 742

arbitrarily high-dimensional systems. Phys. Rev. Lett. 88, 040404 (2002). 743

48. Imany, P. et al. 50-ghz-spaced comb of high-dimensional frequency-bin entangled 744

photons from an on-chip silicon nitride microresonator. Opt. Express 26, 1825–1840 745

(2018). 746

49. Morrison, C. L. et al. Frequency-bin entanglement from domain-engineered down- 747

conversion. APL Photonics 7, 066102 (2022). 748

50. Henry, A. et al. Parallelization of frequency domain quantum gates: manipulation 749

and distribution of frequency-entangled photon pairs generated by a 21Â GHz 750

silicon microresonator. Advanced Photonics 6, 036003 (2024). 751

51. Pang, Y. et al. Versatile chip-scale platform for high-rate entanglement generation 752

using an AlGaAs microresonator array. PRX Quantum 6, 010338 (2025). 753

52. Herriott, D. R. & Schulte, H. J. Folded optical delay lines. Appl. Opt. 4, 883–889 754

(1965). 755

11/12



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

Article

53. Pepper, B., Ghobadi, R., Jeffrey, E., Simon, C. & Bouwmeester, D. Optomechanical756

superpositions via nested interferometry. Phys. Rev. Lett. 109, 023601 (2012).757

54. Lingaraju, N. B. et al. Bell state analyzer for spectrally distinct photons. Optica 9,758

280–283 (2022).759

55. Wang, F.-Y., Shi, B.-S. & Guo, G.-C. Observation of time correlation function760

of multimode two-photon pairs on a rubidium d2 line. Opt. Lett. 33, 2191–2193761

(2008).762

56. Yamazaki, T., Arizono, T., Kobayashi, T., Ikuta, R. & Yamamoto, T. Linear optical763

quantum computation with frequency-comb qubits and passive devices. Phys. Rev.764

Lett. 130, 200602 (2023).765

57. Korzh, B. et al. Demonstration of sub-3 ps temporal resolution with a supercon-766

ducting nanowire single-photon detector. Nature Photonics 14, 250–255 (2020).767

58. Esmaeil Zadeh, I. et al. Superconducting nanowire single-photon detectors: A768

perspective on evolution, state-of-the-art, future developments, and applications.769

Applied Physics Letters 118, 190502 (2021).770

59. Chang, J. et al. Multimode-fiber-coupled superconducting nanowire single-photon771

detectors with high detection efficiency and time resolution. Appl. Opt. 58, 9803–772

9807 (2019).773

60. Matres, J. & Sorin, W. V. Simple model for ring resonators backscatter. Opt.774

Express 25, 3242–3251 (2017).775

61. Martínez, N., Rodríguez-Ramos, L. F. & Sodnik, Z. Toward the uplink correction:776

application of adaptive optics techniques on free-space optical communications777

through the atmosphere. Optical Engineering 57, 076106 (2018).778

62. Vinet, S. et al. Frequency-bin entanglement analysis code (2025). Available at779

https://doi.org/10.5281/zenodo.16576461.780

Acknowledgements781

The authors thank Micro Photon Devices for kindly providing the782

MPD PDM-IR detector. The authors thank Kaylee Sherk, Kimia783

Mohammadi, Paul Godin, Katanya Kuntz and Giuseppe Vallone for784

helpful discussions.785

Funding786

This work is co-funded by the Natural Sciences and Engineer-787

ing Research Council of Canada (NSERC) and the European788

Union (EU) under Grant no. 101070168 (HyperSpace). The789

authors further acknowledge support from the NRC Quantum790

Sensing Challenge Program (QSP-019), the Canada Excel-791

lence Research Chair program (CERC), the Canadian Founda-792

tion for Innovation (CFI), the Ontario Research Fund (ORF)793

and the Institute for Quantum Computing. S.V. thanks the794

NSERC CGS-D for personal funding. M.C. and M.B acknowl-795

edge support by the Italian Ministry of Education (MUR)796

PNRR project PE0000023-NQSTI.797

Author contributions798

S.V., Y.Z., M.B., M.Ga., D.B. and T.J. conceived the original799

idea. M.C. and Y.Z. developed the theoretical framework.800

M.C. and M.B. developed the frequency-bin entangled pho-801

ton source. S.V. and M. Gi. engineered and fabricated the802

field-widened interferometers with the assistance of L.N. S.V.,803

M.C., M.B. and M. Gi. performed the experimental measure-804

ments. P.V., M.Ga., D.B. and T.J. supervised the experiment.805

S.V. performed the data analysis with the assistance of M.C.,806

Y.Z. and M.B. S.V., M.C. and Y.Z. wrote and revised the807

manuscript. All authors commented on the manuscript.808

Competing interests809

The authors declare no competing interests.810

Additional information 811

Supplementary information Supplementary information is pro- 812

vided in a separate file. 813

Correspondence and requests for materials should be addressed to 814

Stéphane Vinet. 815

12/12


