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Quantum optical microcombs in integrated ring resonators generate entangled photon pairs over
many spectral modes, and allow the preparation of high dimensional qudit states. Ideally, those
sources should be programmable and have a high generation rate, with comb lines tightly spaced
for the implementation of efficient qudit gates based on electro-optic frequency mixing. While these
requirements cannot all be satisfied by a single resonator device, for which there is a trade-off between
high generation rate and tight bin spacing, a promising strategy is the use of multiple resonators,
each generating photon pairs in specific frequency bins via spontaneous four-wave mixing.

Based on this approach we present a programmable silicon photonics device for the generation
of frequency bin entangled qudits, in which bin spacing, qudit dimension, and bipartite quantum
state can be reconfigured on-chip. Using resonators with a radius of 22µm, we achieve a high
brightness (∼ MHz/(mW)2) per comb line with a bin spacing of 15 GHz, and fidelities above 85%
with maximally entangled Bell states up to a Hilbert space dimension of sixteen. By individually
addressing each spectral mode, we realize states that can not be generated on-chip using a single
resonator. We measure the correlation matrices of maximally entangled two-qubit and two-qutrit
states on a set of mutually unbiased bases, finding fidelities exceeding 98%, and indicating that the
source can find application in high-dimensional secure communication protocols.

I. INTRODUCTION

Increasing the dimensionality of the Hilbert space of
any quantum system is important in the development of
large scale architectures for quantum technologies. This
goal can be achieved either by increasing the number
n of parties involved in the quantum state, or their lo-
cal dimension d. For photons, increasing d presents less
challenges than increasing n. Increasing n leads to less
tolerance to losses, and the lack of strong photon-photon
interactions makes the realization of controlled gates very
demanding [1]. But multidimensional photon states can
be efficiently prepared and controlled by employing one of
the many photon degrees of freedom [2], including orbital
angular momentum [3], path [4], time [5], and frequency
[6], or by using a combination of them [7, 8]. The qu-
dits that can be produced are a greater resource than
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the qubits of two-dimensional systems, in that they can
be exploited to demonstrate stronger violations of Bell’s
inequalities [9], they can be used to speed up quantum
algorithms [10], and they can reduce circuit depth for
logic operations [11]. Their use leads to improved noise
resilience in communication protocols [12], and they offer
the possibility of deterministically controlling operations
between the multiple qubits that can be encoded in the
Hilbert space of a single qudit [13].

One of the strategies for the generation of high-
dimensional states is to pump a parametric source of
photon pairs with a continuous-wave laser; this gener-
ates time-frequency entanglement [14, 15]. The large in-
formation content per biphoton can be exploited either
for transmitting a large alphabet in the time domain
[15, 16], or for the deployment of wavelength division
multiplexed networks for secure communication [17, 18].
The continuous spectra of photon pairs can be sliced into
non-overlapping frequency bins to encode different logi-
cal states, an operation that can be effected by filtering
the broadband emission with a Fabry-Perot cavity [14].
Alternatively, one can engineer the generation of photons
in discrete spectral modes [19].

On integrated platforms, quantum optical Kerr mi-
crocombs generated by ring resonators are important
sources of high-dimensional frequency entanglement [6,
20–22]. Compared to bulk sources, quantum micro-
combs have distinctive properties, such as high brightness
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(∼ MHz/(mW)2), phase coherence over many spectral
modes without active stabilization [21], and a free spec-
tral range (FSR) of tens of GHz [20] that allows for the
individual address and manipulation of each spectral line
[6]. In many applications, this is accomplished through a
quantum Fourier processor (QFP), a tool for the coherent
manipulation of frequency bin states [23]. It consists of
a repeated sequence of electro-optic modulators (EOMs),
used for the frequency mixing of the different modes, and
waveshapers, employed to apply a different phase shift to
each spectral line.

A whole framework of quantum information process-
ing with frequency bins is being developed, leading to a
new paradigm for quantum simulation and computation.
Arbitrary local operations on qubits have been demon-
strated with near unit fidelity and success probability
[24–26], and two-qubit gates have been proposed and ex-
perimentally realized with both heralded [27] and post
selection schemes [28]. A class of local qudit gates, which
includes those for the discrete Fourier transform [29] and
the frequency hop operation [30], has been demonstrated
using the QFP with multi-tone driving of the EOMs.
Promisingly, the number of optical elements in a QFP
that is required to realize arbitrary qudit gates is pre-
dicted to linearly scale with the system size [30].

Crucially, for these operations to be efficient the fre-
quency bin spacing δ should not exceed the bandwidth
of the EOMs, which is of the order of ∼ 50 GHz for
commercial devices. If generation is to be done in a sin-
gle microring resonator, the condition of closely spaced
combs requires the use of a ring with a small FSR, and
thus a radius of several hundred of microns. This limits
its brightness, which scales with the square of the FSR
[31]. Recently, it has been shown that this trade-off can
be bypassed with the use of multiple resonators, each as-
sociated with the generation of a pair of non-degenerate
frequency bins [31], and this was demonstrated experi-
mentally for a two qubit system [32, 33]. In that scheme,
a single pump is resonant with all the rings, and trig-
gers spontaneous four wave mixing (SFWM) in non-
degenerate frequency bins, which occurs because each
ring has a different FSR. But this requires the use of
auxiliary resonators to ensure that the sources can be
pumped both coherently and independently [31].

In this work, we generalize this strategy to demonstrate
the generation of programmable frequency-bin-entangled
qudits on a silicon photonics chip. We use four identical
rings, and offset their comb lines to create equally spaced
frequency bins with a separation of δ. This quantity can
be reconfigured to allow flex-grid (in frequency) opera-
tion. Each ring is pumped at a different wavelength with
mutually coherent pumps. This configuration allows us
to generate entangled states in a Hilbert space up to a
dimension of sixteen by using all the four resonators, and
does not require the use of auxiliary rings for pump sup-
pression [31, 32].

We first focus on the generation of two-dimensional
Bell states, and demonstrate that the source brightness

is independent of the bin spacing. Then we show that
the chip can be programmed to generate different qutrit
and ququart target states, some of which cannot be di-
rectly generated by a single resonator, and we validate
their fidelity using quantum state tomography. From the
reconstructed density matrices, we certify the qudit di-
mension through device independent dimension witness
[4], and the presence of entanglement from the violation
of the generalized Collins-Gisin-Linded-Massar-Popescu
(CGLMP) inequalities [9]. Last, with the perspective of
implementing our device for secure communication, we
measure the correlation matrices of maximally entangled
two- and three-dimensional Bell states on a set of mutu-
ally unbiased bases. We show fidelities exceeding 98%,
comparable to those obtained for path-encoded qudits
[4, 34], which certifies the high quality of the generated
states and of their coherent control.

II. RESULTS

Our source consists of a photonic circuit realized on
the silicon-on-insulator (SOI) platform; see Supplemen-
tal Material [35] for details of the fabrication procedure.
The chip is mounted on a sample holder that is temper-
ature stabilized, and metallic microheaters allow us to
independently tune different parts of the circuit through
the thermo-optic effect. Lensed fibers are used to couple
light into and out of the chip through inverse tapers with
a coupling loss of approximately 3.5 dB/facet. A sketch
of the layout of the device is shown in Fig.1(a). A tree
of Mach-Zehnder interferometers (MZ1-MZ3) splits light
into four paths, with adjustable amplitudes, and excites
four identical add-drop microring resonators (R0-R3) of
radius 22µm (FSR ≃ 524 GHz). The comb lines of each
pair of rings (i, j) are offset by an amount δij = δ|i− j|,
where δ is the tunable bin spacing. The transmission
spectra at the output waveguide of the device is shown in
Fig.1(c). It displays the four signal and idler resonances
that encode the logical states |k⟩s(i), where k = 0, 1, 2, 3;

here the bin spacing is set to δ = 15 GHz. The average
(loaded) quality factors of the signal and of the idler reso-
nances are respectively Qs ≃ 5.7×104 and Qi ≃ 7.8×104.
We use four mutually coherent pumps, each resonant

with a different ring, to trigger the generation of photon
pairs. The pumps are obtained by passing a continu-
ous wave laser (λp = 1551.9 nm) through a cascade of
two electro-optic amplitude modulators (EOAMS), both
driven by a sinusoidal radio-frequency (RF) signal at fre-
quency δ (see Fig.1(b)). This process creates several side-
bands that are equally spaced in frequency. We adjust
the relative phase of the two RF signals, and the bias
point of the two modulators, to roughly equalize the am-
plitude of the baseband to that of the first two pairs
of sidebands. Four out of the five comb lines are used
to pump the rings. Photon pair generation by SFWM
occurs in all the rings in a coherent superposition. We
operate at a pump power level such that multiple-pair
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FIG. 1. (a) Sketch of the circuit layout. Light is coupled to the chip from the Input port, and is split by a tree of Mach-
Zehnder interferometers (MZ1-MZ3) into four paths, each exciting a microring resonator (R0-R3). The relative phases of the
paths can be adjusted using the phase shifters PS1-PS3. Photon pairs are generated by SFWM over different frequency bins
(colored pulses indicate a signal-idler pair). (b) Sketch of the experimental setup. EDFA = Erbium-doped fiber amplifier,
BPF = bandpass filter, EOAM = electro-optic amplitude modulator, DUT = device under test, CWDM = coarse wavelength
division multiplexer, FPC = fiber polarization controller, RFG = radio frequency generator, PM = phase modulator, FC =
fiber circulator, FBG = fiber-Bragg-grating, SNSPD = superconducting nanowire single photon detector. (c) Transmission
spectra at the output waveguide. Signal and idler photons generated in different frequency bins are labeled as |k⟩s(i), where
k = [0 − 3]. A signal (idler) photon in bin k can only be generated by the kth ring. (d) Indistinguishability between all the
possible combinations of sources. (e) Measured brightness of the double (DR) ring source, and simulated brightness of the
single (SR) ring source, obtained by varying the frequency bin separation. Values are normalized to that at 75 GHz. The
visibility of the two photon interference is mapped into the bar color.

events are negligible, which allows to write the output
state as the two-photon state

|Φ⟩ = 1√
D

D−1∑
k=0

αk |k⟩s |k⟩i , (1)

where D is the number of frequency bins in the super-
position and αk are complex coefficients that depend on
the pump properties, the MZi and the phase shifters PSi,
as shown in Fig. 1(a). Fig.1(a). Photon pairs are pre-
filtered from the pump using a coarse wavelength divi-
sion multiplexer (CWDM), which also separates the sig-
nal from the idler. After that, they pass through separate
EO phase modulators (PM), which are used to analyze
the state. The PMs are driven by RF signals at a fre-
quency δ, which are both coherent with the one driving
the EO of the pump. The power Ps(i) and the phase θs(i)
of the signal (idler) PM is varied in the state analysis.
Tunable wavelength fiber-Bragg-gratings (FBG), with a
bandwidth of 10 GHz, are used to filter out photons from
specific combinations of frequency bins, which are then
detected by an array of superconducting nanowire single-

photon detectors (SNSPDs). Coincidence measurements
between the arrival time of the signal and the idler photon
are performed using a time-tagging electronics. We used
four FBGs and four detectors to simultaneously measure
four different frequency bin combinations for each filter
setting, which reduces the characterization time signifi-
cantly.

A. Sources indistinguishability and flex-grid
operation

The two-photon state in Eq.(1) consists in a coherent
superposition of D frequency bins, each associated with
a different source. And each has a different joint spec-
tral amplitude Φi(ωs, ωi), which describes the intra-bin
frequency correlation between signal and idler photons.
However, those fine-grain correlations are neglected in
the simpler description (1) of the state, in which the fre-
quency distribution is collapsed to a single label |k⟩s |k⟩i.
It can be demonstrated that this simplified model repro-
duces the measurement outcomes if the elements ρjj,kk of
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the density matrix ρ = |Φ⟩ ⟨Φ| are replaced by ρjj,kk →
Ijkρjj,kk, where Ijk is the indistinguishability between
source i and j (see Supplemental Material [35] for de-
tails). For Ijk < 1, the modified density matrix describes
a mixed state, as the fine-grain correlations depends on
the specific bin. Thus the Ijk are key parameters to char-
acterize the state. The fine-grain indistinguishability can
be measured by equally pumping two rings, say j and
k, to generate the maximally entangled two-qubit state
|ψ⟩ =

(
|j⟩s |j⟩i + |k⟩s |k⟩i

)
/
√
2, and by recording a two-

photon interference fringe from the projection of the sig-
nal and the idler photon on ⟨j|s(i)+ ejθs(i) ⟨k|s(i); Ijk can

be extracted from the visibility Vjk of the fringe, where
for a qubit Vjk = Ijk [6].

For this experiment, the bin spacing are set to 15 GHz.
The signal/idler projectors are realized by adjusting the
RF power driving the PMs to equalize the intensity |J±1|
of the first-order sidebands to that of the baseband (|J0|);
here the Jn are Bessel functions of the first kind, with
their argument equal to the strength of the modulation
index (see Supplemental Material [35]). The RF phase
θs = θi = θ̄ is varied to record a two-photon interference
coincidence measurement, in which the count rate is pro-
portional to ∝ 1+V cos(2θ̄) [6, 20]. The measured values
of Ijk are reported in Fig.1(d). The indistinguishability
values are within the interval [0.8 − 1], with an average
value of V = 0.87(7). This means that the joint spec-
tral amplitudes of the different sources do not perfectly
overlap. This is not surprising, for the resonances of the
four resonators slightly differ in both their quality factors
and extinctions, most likely due to small inhomogeneities
in the waveguide-resonator coupling gap (almost at the
very limit of the lithographic tool).

We now turn to the brightness of each resonator, which
has an average value of B = (0.63 ± 0.15)MHz/(mW)2.
Unlike the case of a single ring [31], in our system the
brightness does not depend on the choice of the bin spac-
ing. For example, we consider the Bell state |ψ⟩ gener-
ated by pumping resonators R2 and R3 and measure the
sum of the brightness of the two sources for three differ-
ent bin spacing δ: 25 GHz, 50 GHz and 75 GHz. The
results, shown in Fig.1(e), are normalized to the bright-
ness level measured at a bin separation of 75 GHz. For
each configuration, we also calculated the brightness of
a single ring with FSR=δ and with the same Q-factor.
The data for a single ring are normalized to the brightness
level calculated at a bin separation of 75 GHz. For the
double ring structure, the variation of the brightness be-
tween the different configurations is negligible. Instead,
if a single ring were used, there would be a reduction
of almost one order of magnitude between the smallest
and the largest bin separation ((25/75)2 ≃ 0.11), due to
the intrinsic trade-off between brightness and ring finesse
[31]. Note that a bin spacing of 15 GHz in a single ring
with the same Q-factor would correspond to a generation
rate (15/524)2 ∼ 10−3 times smaller than that of a dou-
ble ring source. Moreover, the single ring would have a
radius R = (vg/(2πδ)) ∼ 800µm, where vg is the group

velocity, occupying a footprint ∼ 103 times larger than
that of the four rings.
The bin spacing can be reconfigured (flex-grid opera-

tion) without compromising the quality of entanglement.
We prove this by extracting the visibility of quantum in-
terference for each bin spacing; under the assumption of
the presence of a color-less noise in our system, this can
be used to certify entanglement [9]. Following the ap-
proach of Imany et al. [20], we set the driving frequency
of the PMs to be half of the bin spacing and collect coin-
cidences in the bins half-way between |2⟩s(i) and |3⟩s(i).
The fringe visibilities V are reported in Fig.1(e). These
are all above 95%, and they do not depend on the bin
separation. Moreover, being greater than 1/

√
2, they also

indicate entanglement in the generated state [6].

B. Programmable generation of qudit states

We now demonstrate the programmability of our de-
vice by generating a variety of entangled qudit states that
we characterize through quantum state tomography. In
what follows, the bin spacing is fixed to 15 GHz. Quan-
tum state tomography is performed with N measurement
settings M(γ) = {Mi(γi)}i=i,..,N , each associated with
a set of D2 positive operator-valued measures (POVM)
{Piq}q=1,..,D2 that describe all the possible experimental
measurement outcomes, where the probability of obtain-
ing the qth outcome for the ith measurement setting is
Tr(ρPiq). We use γi to indicate the ith measurement set-
ting (RF power and phase) of the signal and the idler PM.
The POVMs Piq are defined as Piq = U†(γi) |q⟩ ⟨q|U(γi),
where U(γi) describes the action of the PMs on the sys-
tem and |q⟩ indicates one of the D2 computational ba-
sis vectors. We used N = 5 measurement settings for
D = 2, and N = 17 for D = 3 and D = 4, corresponding
respectively to 20 (D = 2), 153 (D = 3) and 272 (D = 4)
POVMs. These are more than the D4 measurements re-
quired to unambiguously determine the density matrix,
but the redundancy helps to speed up the convergence of
the reconstruction algorithm (maximum likelihood). The
complete list of the γi is reported in the Supplemental
Material [35].
We first program the two-qubit Bell state |Φ1⟩ =

(|22⟩ + |33⟩)/
√
2 by coherently pumping rings R2 and

R3. The reconstructed density matrix ρr is shown in
Fig.2(a). The state purity is P1 = 94.63(4)% and the
fidelity F1 = Tr

√√
ρtρr

√
ρt with respect to the target

density matrix ρt = |Φ1⟩ ⟨Φ1| is 95.0(2)%.
We then program the device to generate the two qutrit

states |Φ2⟩ = (|11⟩+ |22⟩+ |33⟩)/
√
3 and |Φ3⟩ = (|11⟩ −

|22⟩−|33⟩)/
√
3. Note that |Φ3⟩ cannot be directly gener-

ated using a single ring resonator without a subsequent
state manipulation, for example by using a waveshaper.
On the contrary, in our device, the state can be built
“piece by piece” by controlling the contributions of each
generating ring. Indeed, the states |Φ2⟩ and |Φ3⟩ are
obtained by coherently pumping the rings R1, R2, and
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FIG. 2. (a-f): Reconstructed density matrices (the real and the imaginary parts are reported respectively to the left and to the
right of each panel) for the different target quantum states reported in Table I. The sketch on the top of each matrix indicates
the status of the four rings R0-R3 (the gray color corresponds to an off-resonance source) and the phase of each term in the
quantum states in Table I.

R3. For |Φ2⟩, the relative phases between the biphoton
emissions from all the sources are set equal, while for
|Φ3⟩ the emission from source 1 is set to have a phase
shift of π with respect to those of sources 2 and 3. The
phases are regulated through the on-chip phase shifters
PS1 and PS2 in Fig.1(a). More details on the calibration
procedure are given in the Supplemental Material [35].

The reconstructed density matrices are shown in
Fig.2(b-c). The fidelity with the target states |Φ2⟩ and
|Φ3⟩ are respectively F2 = 86.2(3) and F3 = 86.1(3),
while the purities are respectively P2 = 78.3(5) and
P3 = 79.3(5), and are limited by the indistinguishabil-
ity Ijk between the sources. Indeed, if one considers
an average value of 0.87(7) for Ijk, which is the result
shown in Fig.1(d), our simulations indicate that the max-
imum attainable fidelity and purity for both states are
Fmax = 91(5)% and Pmax = 84(8)% respectively; see
Supplemental Material [35]. In addition, we believe that
low purity values might be due to an imperfect calibra-
tion of the PMs and to drifts of the system during the

data acquisition.

The programmability of our source can be exploited
to dynamically change the number of terms in the Bell
state that is being generated. As an example, we first
programmed the device to output the state |Φ2⟩, and
then we implemented the transformation |Φ2⟩ → |Φ4⟩,
where |Φ4⟩ = (|11⟩+ |33⟩)/

√
2, by detuning R2 from the

resonance condition. To reconstruct the density matrix
of this state, we used the same measurement settings
implemented for |Φ2⟩, which allows us to evaluate the
magnitude of residual component of the state |22⟩ in |Φ4⟩.
The reconstructed density matrix is reported in Fig.2(d),
showing a fidelity of F4 = 93.2(2)% with the target state,
and a purity of P4 = 88.5(4)%. The elements ρ22,jj are
comparable to the noise floor.

As a last example, we programmed the device to gener-
ate the two-ququart entangled states |Φ5⟩ = (|00⟩+|11⟩+
|22⟩+ |33⟩)/

√
4 and |Φ6⟩ = (|00⟩−|11⟩−|22⟩+ |33⟩)/

√
4;

note that the state |Φ6⟩ cannot be generated by a sin-
gle resonator. The two-ququart states are obtained by
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pumping all four rings R0-R3 simultaneously, and by reg-
ulating the relative phase of their biphoton emission us-
ing the phase shifters PS1, PS2, and PS3 in Fig.1(a). The
reconstructed density matrices are reported in Fig.2(e-
f). We computed a fidelity of F5 = 84.5(2)% for |Φ5⟩,
and F6 = 79.0(1)% for |Φ6⟩, with purities of respectively
P5 = 74.4(4)% and P6 = 76.2(1)%.
Finally, we used the reconstructed density matrices to

confirm that the generated states violate the generalized
CGLMP inequality for qudits [9], which verifies the pres-
ence of entanglement. The calculated CGLMP param-
eter S is reported in Table I. For all the states we find
that S > 2, hallmarking the presence of non-local correla-
tions. One can also investigate the local qudit dimension
through device independent dimension witness. As ex-
plained by Wang et al. [4], it is possible to calculate a
lower bound ⌈D⌉ (where ⌈x⌉ indicates the least integer
greater than x) of the dimensionality of each subsystem
from only local measurements in the Z-basis (i.e., the
computational basis). Following this approach, we com-
puted the values of D shown in Table I, which certify a
local dimension of ⌈D⌉ = 2 for |Φ1,4⟩, ⌈D⌉ = 3 for |Φ2,3⟩,
and ⌈D⌉ = 4 for |Φ5,6⟩.

Label {α0, α1, α2, α3} Fidelity Purity CGLMP D
|Φ1⟩ {0, 0, 1, 1} 95.0(2) 94.63(4) 2.59(1) 1.882(5)
|Φ2⟩ {0, 1, 1, 1} 86.2(3) 78.3(5) 2.37(1) 2.948(2)
|Φ3⟩ {0, 1,−1,−1} 86.1(3) 79.3(5) 2.337(7) 2.705(5)
|Φ4⟩ {0, 1, 0, 1} 93.2(2) 88.5(4) 2.74(1) 1.947(2)
|Φ5⟩ {1, 1, 1, 1} 84.5(2) 74.4(4) 2.336(7) 3.747(5)
|Φ6⟩ {1,−1,−1, 1} 79.0(1) 76.2(1) 2.066(4) 3.883(4)

TABLE I. Values of the fidelity, purity, CGLMP parameter
and dimension witnessD for the target states Φj (j = [1− 6]).
Each state is defined by the list of coefficients αk as
1√
D

∑D−1
k=0 αk |kk⟩ . Errors are computed by assuming a Pois-

sonian statistics on the recorded coincidences.

C. Qubit and qutrit correlations on mutually
unbiased basis

Given two orthonormal basis sets {|e1⟩ , ..., |eD⟩} and
{|f1⟩ , ..., |fD⟩}, these are said to be mutually unbiased if
⟨ej |fk⟩ = D−1. The generation of entangled states and
the ability of two users to perform projections on a set of
mutually unbiased basis are the backbone of many secure
communication protocols [12]. Maximally entangled Bell
states have the property that the outcomes of the mea-
surements between two parties, say Alice and Bob, are
always perfectly correlated or anti-correlated when they
measure by using the same basis. This allows users to
share the same secret key in a communication protocol.
At the same time, the two outcomes are completely un-
correlated when Alice and Bob choose two mutually unbi-
ased basis sets. More formally, given a maximally entan-
gled Bell state |Φ⟩, we have that | ⟨eje∗k|Φ⟩ |2 = D−1δjk
and | ⟨ejf∗k |Φ⟩ |2 = D−1, where the states |f∗⟩ , |e∗⟩ are

obtained from the complex conjugation of the expansion
coefficients of |f⟩ , |e⟩ on the computational basis. An
important parameter that allows one to predict an upper
bound to the tolerable level of errors in the communica-
tion, and which defines the amount of secure bits that
can be extracted from the secret key, is the fidelity Fmub

with which such correlations are reproduced in the ex-
periment [12, 34].
We evaluate this parameter for our entangled photon

source by using the PMs to perform projective measure-
ments on mutually unbiased basis. We choose to work
with the qubit and qutrit states |Φ1⟩ and |Φ2⟩. For the
qubit, we choose the eigenvectors of the Pauli operators
X, Y , and Z as a set of three mutually unbiased ba-
sis. The projections on the X and Y basis are imple-
mented by first adjusting the RF power of the PMs to
have |J0| = |J±1| = J̄ , and then by choosing the RF
phases within the set {0, π} (X set) or {0, π/2} (Y set).
We collect coincidences from the signal/idler bins |2⟩. In
the case of the qutrit, we only implement two out of the
four mutually unbiased basis sets [36], which we choose
to be the Z and the Fourier basis [4]. The remaining sets
cannot be implemented with a single PM, since they re-
quire photon projection on bin superpositions that have
a relative phase that is not monotonic with the bin num-
ber [36]. However, they could be realized with a QFP
[29]. The Fourier basis is realized by setting the PMs
to have |J0| = |J±1|, and then by varying the RF phases
within the set {0, 2π/3, 4π/3}. Coincidences are collected
in the signal/idler bin |1⟩. Because J−n = (−1)nJn, we
actually implement I−F , where I− is a 3×3 identity ma-
trix except that I−33 = −1, and F is the Fourier matrix
[27]. The measured correlation matrices Ce for dimension
D = 2 (qubit) and D = 3 (qutrit) are respectively shown
in Fig.3(a) and in Fig.3(b). The fidelity Fmub with the
theoretical expectations Ct is defined as [30]

Fmub ≡ Tr(Ce
†Ct)Tr(Ct

†Ce)

Tr(C†
eCe)Tr(C

†
tCt)

. (2)

We find Fmub = 98.76(3)% for D = 2, and
Fmub = 98.78(3)% for D = 3, which are values compara-
ble to those obtained for path-encoded qudits [4, 34].
As shown in Fig.3, the probabilities of the outcomes

associated with the superposition basis X, Y and F do
not sum to one. This happens because the PMs also
scatter photons outside the computational basis, so that
the implemented projectors |e′⟩ = J̄

√
D |e⟩ (where |e⟩

can be any of the eigenvectors of the operators X, Y or
F ) are not normalized to one. This does not introduce
any bias in the correlation matrices in Fig.3, and it acts
only as an excess loss.
More generally, the transformation imparted by a

PM is described by a circulant matrix W defined
on the infinite-dimensional space spanned by equidis-
tant frequency bins [30]. Consequently, if W changes
the measurement basis to Q = {|q0⟩ , ..., |qD−1⟩} =
{W † |0⟩ , ...,W † |D − 1⟩}, the coefficients Wik of the
expansion |qi⟩ =

∑
kWik |i⟩ are related by Wik =
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a) b)

FIG. 3. (a) Experimental (left panel) and theoretical (right panel) distribution of the outcomes associated with the projections
of the Bell state |Φ1⟩ on a set of three mutually unbiased basis. These are the eigenvectors of the Pauli X, Y and Z operators.
(b) Same as in panel (a), but relative to the three-dimensional Bell state |Φ2⟩. The two sets of mutually unbiased basis are the
eigenvectors of the Pauli Z operator and the Fourier basis F .

Wi+m,k+m (where m is an integer number). Within the
three-dimensional space span{|0⟩ , |1⟩ , |2⟩}, the PM can
implement the transformationW † |1⟩ = J−1 |0⟩+J0 |1⟩+
J1 |2⟩ = J̄

√
3 |F0⟩ (|F0⟩ = (|0⟩+ |1⟩ − |2⟩) /

√
3), which

allows us to estimate the probability ⟨F ′
0| ρ |F ′

0⟩ from the
photon counts measured on |1⟩, but the same PM set-
ting will also implement W † |0⟩ = J0 |0⟩+ J1 |1⟩+ J2 |2⟩
and W † |2⟩ = J−2 |0⟩+ J−1 |1⟩+ J0 |2⟩, which differ with

respect to both |F1⟩ =
(
e−i 2π

3 |0⟩+ |1⟩ − ei
2π
3 |2⟩

)
/
√
3

and |F2⟩ =
(
e−i 4π

3 |0⟩+ |1⟩ − ei
4π
3 |2⟩

)
/
√
3 (e.g., J−2

cannot be equal to J−1 and J0 simultaneously). As a
consequence, we can apply W to map any of the (not

normalized) vectors |F ′
j⟩ = J̄

√
D |Fj⟩ to a particular Z-

basis vector, in this case |1⟩, but W will not map |F ′
j ̸=k⟩

to |0⟩ and |2⟩; these basis vectors can not be measured
without changing the PM setting. It will be then very
inefficient to run a communication protocol using only
PMs, but these limitations can be overcome through the
use of QFPs, which can be used to implement arbitrary
qubit gates [24] and the high-dimensional Fourier gate
[29] with almost unit probability. The process fidelity
of those gates exceeds 99.9%, which suggests that high-
dimensional entanglement-based QKD could be imple-
mented by using our source.

III. CONCLUSION

We presented a programmable silicon photonics chip
for the generation of frequency-bin entangled qudits up
to a dimension of four. Each bin is associated with the
spontaneous emission of photon pairs from different high-
finesse ring-resonators, thus decoupling the generation
rate from the spectral separation of the bins. The device
can be programmed to generate multiple qudit entangled
states, including some that cannot be directly generated
using a single ring. All the generated states were vali-
dated by quantum state tomography. We measured the
correlation matrices of maximally entangled two-qubit

and two-qutrit states when projected on different mu-
tually unbiased basis sets, finding a high fidelity with
the target correlation matrices. This indicates that our
source could be used in high dimensional secure commu-
nication protocols, and we can envision other applica-
tions, such as the multiplexing of single photons.
Indeed, a variable electro-optic frequency shift can be

used as a feed-forward operation to increase the proba-
bility of having a single photon at the output without
a corresponding increase of multiphoton events [37]. A
similar approach has been used to herald single photons
in pure spectral modes [38]. In both cases, the number of
multiplexed spectral modes is limited by the maximum
frequency shift that can be imparted to the photons. It
is then important to have a source that generates closely
spaced and bright spectral modes, which are exactly what
our device can provide.
Furthermore, we could exploit the programmability of

our source in quantum simulations and multiphoton in-
terference. For example, quantum transport of corre-
lated biphotons in discrete frequency modes exhibits a
rich variety of behaviors, from walks showing enhanced
ballistic transport to subspaces featuring scattering cen-
ters or local traps [39]. Interestingly, one can change
from a diffusion regime to another by modifying the rel-
ative phases between the comb lines, which in our case
can be done on chip. Since the walk-depth increases with
the strength of the electro-optic modulation, large depths
could be reached by using comb lines that are closely
spaced, for which the electro-optic mixing is more effec-
tive. Very generally, the high brightness of our source
could be exploited to probe multiphoton interference in
the frequency domain, in analogy with boson sampling
experiments previously reported in path [40] and time-
bin encoding [41], or in frustrated interference [42, 43].
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