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Abstract. Harnessing the frequency dimension in integrated photonics offers key advantages in terms of
scalability, noise resilience, parallelization, and compatibility with telecom multiplexing techniques.
Integrated ring resonators have been used to generate frequency-entangled states through spontaneous
four-wave mixing. However, state-of-the-art integrated resonators are limited by trade-offs among size,
spectral separation, and efficient photon pair generation. We have developed silicon ring resonators with
a footprint below 0.05 mm? providing more than 70 frequency channels separated by 21 GHz. We exploit
the narrow frequency separation to parallelize and independently control 34 single qubit-gates with
a single set of three off-the-shelf electro-optic devices. We fully characterize 17 frequency-bin maximally
entangled qubit pairs by performing quantum state tomography. We demonstrate for the first time, we
believe, a fully connected five-user quantum network in the frequency domain. These results are a step
towards a generation of quantum circuits implemented with scalable silicon photonics technology, for
applications in quantum computing and secure communications.
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1 Introduction microresonator (MR) (2017),” silicon nitride MRs (2018-
2023),> lithium niobate waveguides,*** and while frequency-
entanglement can occur in any silicon-on-insulator (SOI) reso-

. . - X nator generating photon pairs, it has only recently been observed
opening the way for scalable quantum information processing. on the SOI platform, combining SOI MRs.*'" The frequency

This scheme has gained interest since 2017, when a universal bins are created by external filtering of the wideband nonlinear

scheme folr quantum information with frequency-encoding was sources,”*!2 or by exploiting the inherently discrete frequencies
proposed.” Frequency-encoded entangled states are a major

249,10
resource for quantum information and have since been gener-
ated in various nanophotonics structures, such as the Hydex

Frequency encoding provides a resource-efficient way to access
a high-dimensional Hilbert space within a single spatial mode,

of the resonators.

SOI technology provides key advantages for the generation
of correlated and entangled photon pairs, including the scalabil-
ity and the availability of a wide library of high-performance
*Address all correspondence to Nadia Belabas, nadia.belabas @c2n.upsaclay.fr; optic and optoelectronic devices. Indeed, silicon photonics
Antoine Henry, antoine.henry @telecom-paris.fr has been identified as an enabling technology for quantum
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information."” In particular, it is possible to generate biphoton
frequency combs through spontaneous four-wave mixing
(SFWM) in high-quality-factor MRs.'*"” SOI offers the ability
to work in the telecom range, where photon pairs are produced
by SFWM, and manipulated using available resources from
classical optical telecommunications such as filters, demulti-
plexers and modulators, and available fiber networks. Moreover,
in the telecom wavelength range, where the SOI is transparent
and efficient for SFWM, off-the-shelf filters, demultiplexers,
and modulators are available, and long-distance interaction
between future quantum processors or communication nodes
can be achieved using existing classical telecom infrastructures.

The manipulation of frequency bins separated by up to
several hundreds of gigahertz can be made through nonlinear
processes like optical frequency conversion.'®'* However, this
method may be hampered by limited configurability and by
the optical noise from the pump required to generate the non-
linear phenomena. When generated at the telecom wavelengths,
near 1550 nm, frequency bins can be manipulated using off-the-
shelf telecom devices, such as electro-optic phase modulators
(EOMs)** and programmable filters (PFs)."** It has been
shown that the combination of two EOMs and a PF allows
arbitrary qubit transformation if the qubit mode spacing Af
is equal to the radio frequency Q (RF) driving the EOMs.”*
The reconfigurability of such quantum frequency processors
allows for various applications.”>”’

The frequency mode spacing Af is a key parameter. The lim-
ited bandwidth of standard telecom EOMs limits the maximum
achievable qubit frequency spacing, Af, to a few tens of giga-
hertz. In addition, low Af boosts the spectral efficiency, i.e.,
maximizes the achievable Hilbert dimension for a given avail-
able source bandwidth. Yet, large resonators are difficult to
fabricate, as propagation losses degrade the quality factor.
Furthermore, SFWM efficiency scales inversely with Af2.%
Achieving narrow frequency spacing with integrated resonators,
while keeping high nonlinear efficiency, is a challenging task.
Spectral separation of 40 to 50 GHz has been achieved using
silicon nitride ring resonators with a radius near 500 ym, yield-
ing a footprint exceeding 1 mm?.>* Frequency separation of
only Af ~20 GHz has been recently achieved by combining
silicon rings with resonances separated by 200 GHz.”'® This
clever design nevertheless gives rise to variable qubit mode
spacing and limits the number of achievable frequency modes.

Frequency-entangled quantum states can be characterized
by EOMs and PFs. A single modulator does not allow for a
unitary control of a photonic qubit, but permits the quantum
state tomography of high-dimensional states.”™**'° Quantum
state tomography can be performed with parallelizable unitary
operation on entangled qubits if the spacing is lower than the
RF bandwidth. In Ref. 7, where frequency-entangled qubits are
generated from a periodically poled lithium niobate spontaneous
parametric down conversion (SPDC) source filtered by a fibered
etalon frequency comb with a spacing of 25 GHz, quantum state
tomography is performed with the [EOM-PF-EOM] configura-
tion. The parallelization of two gates allows the control of two
independent frequency qubits.

Quantum networks leverage the parallelization, i.e., indepen-
dent control of qubits, together with wavelength demultiplexing
to create networks of connected users.®* By distributing
frequency-correlated two-photon entangled qubit pairs gener-
ated by a single-photon pair source, it is possible to generate
complex networks up to trusted-node-free, fully connected
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networks.”™° In contrast with networks that rely on trusted
nodes, point-to-point connections or active switching,”?%*
trusted-node-free, fully connected networks are a scalable way
to create a quantum network connecting a large number of
users.®

In this paper, we report the parallelization of 34 tunable
electro-optic frequency domain quantum gates, implemented
with a single [EOM-PF-EOM] configuration. We develop to
this end an SOI spiral ring resonator with a footprint below
0.05 mm? and a frequency channel separation Af =21 GHz.
The rings are fabricated using STMicroelectronics’ silicon pho-
tonics R&D and manufacturing platform based on 300-mm SOI
wafers and 193-nm-deep-ultraviolet (DUV) lithography, ensur-
ing compatibility with large-scale production.” The narrow
spectral separation allows photon pair generation through
SFWM on more than 70 frequency modes over a 1.4 THz band-
width. In addition, the 21 GHz spectral separation allows imple-
menting parallel and arbitrary qubit transformations, based on
the [EOM-PF-EOM] scheme implemented with commercially
available electro-optic devices. We perform quantum state
tomography on frequency domain maximally entangled pho-
tons. We select 20 correlated frequency modes to encode 10 fre-
quency-entangled photon pairs to create a trusted-node-free
fully connected network where five users each share a secure
key with every other user.

2 Results

2.1 21 GHz SOI Spiral MR

We generate photon pairs through SFWM in an SOI MR.
The integrated photonic devices were fabricated using
STMicroelectronics’ silicon photonics R&D and manufacturing
platform based on 300 mm SOI wafers. The structures were
defined with DUV lithography and transferred to the silicon
layer with reactive ion etching.” A 2 mm-thick PMMA layer
was deposited over the chip surface for protection. The thick-
ness of the guiding silicon layer is 300 nm, for compatibility
with STMicroelectronics’ silicon photonics R&D and manu-
facturing platform. In Fig. 1(a), we show the dispersion calcu-
lated as a function of the wavelength for different waveguide
widths. We find that a waveguide width of 700 nm yields small
anomalous dispersion near 1550 nm. The spiral waveguide
length is set to 3.54 mm to yield a free spectral range (FSR)
near 21 GHz, which determines the frequency channel separa-
tion (Af). The spiral shape is chosen to reduce the footprint
of the device. This reduced layout has a negligible effect on
the waveguide dispersion, and thus on the phase-matching
conditions and the bandwidth of the generated biphoton
comb. The waveguide bendings follow a Bezier trajectory to
minimize transition mismatch between straight and curved
waveguides, ensuring a smooth transition between the straight
and bent waveguides, with a bend radius that is reduced
adiabatically.***' Even if this approach is known to minimize
transition mismatch, there is a residual loss penalty compared
to a circular resonator of a larger footprint, which will slightly
reduce the optical quality factor. Still, as shown in Figs. 1(c) and
1(d), the proposed resonator exhibits a full width at half-maxi-
mum of 450 MHz, leading to a quality factor Q ~ 4.75 x 10°.
These results compare favorably with previously reported
silicon resonators used for photon-pair generation,”* while
achieving an FSR of only 21.18 GHz. Note that the area of
our resonator, of mm? (165 um by 255 um) is 23 times smaller
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Fig. 1 (a) Waveguide dispersion as a function of the wavelength, calculated for a waveguide
height of 300 nm and different waveguide widths. (b) SEM image of the resonator. (c) Normalized
transmission spectrum of the resonator. (d) Measured quality factor as a function of the wave-

length.

than that of a circular ring resonator with the same length. The
sample temperature is tuned and stabilized by a Peltier module
at 25°C + 0.01°C. Cleaved SMF28 fibers, set at a 15 deg inci-
dence angle, are used to couple light in and out of the chip,
through single-etch grating couplers. The measured fiber-to-
fiber insertion loss is 7.6 dB, i.e., 3.8 dB per coupler including
propagation loss.

For a broadband photon pair generation process, the FSR
needs to be constant as a function of the optical wavelength.
Figure 2 shows the evolution of the FSR as a function of the
wavelength and optical frequency. We observe a flat FSR
throughout the working wavelength range.

The photon pairs are generated through SFWM. An optical
pump of frequency w,, is tuned on a resonator mode so that
signal and idler photons are emitted on symmetric resonances
at frequency % +n-FSR (n € N). As a result, the measured
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Fig. 2 Measured FSR as a function of wavelength and optical

frequency around 1540 nm.
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FSR varies less than 20 MHz over the whole measured SFWM
spectrum where the correlated pairs can be observed from
1526.7 to 1553 nm. The quantum state |¢) of the generated
photon pairs is expressed as

1 L
¢>:ﬁ;e "

where I, and S,

1,)[S0), D

stand for idler and signal frequencies with
I,= ‘;’” n-FSR and S, “2',’[ + n-FSR, respectlvely a, cor-
responds to the biphoton residual spectral phase within the
450 MHz linewidth of the resonances. The ring resonator in-
trinsically produces frequency-bin entangled qudits of dimen-
sion N where N is limited here by the bandwidth of the PFs
(5 THz) and phase-matching conditions.

To characterize the spectral correlations, we measure the anti-
diagonal terms of the joint spectral intensity (JSI) of the bipho-
ton state. We use the setup shown in Fig. 3(a). A bandpass (BP)
filter is used to suppress the amplified spontaneous emission of
the CW pump laser at 1540 nm up to 40 dB. Two fibered notch
Bragg filters with a bandwidth of 80 GHz are used at the output
of the SOI MR to filter out 70 dB of the laser light, and an addi-
tional filtering of the laser light is done with the PF (Finisar
WaveShaper 4000A), ensuring more than 100 dB pump rejec-
tion. The spectrally correlated photon pairs are spatially sepa-
rated by the same PF, sent to superconducting nanowire single
photon detectors (SNSPDs) with a 70% quantum efficiency,
and analyzed using the Swabian TimeTagger Ultra (TT). In this
paper, the coincidences are taken in a 1 ns window. The dead
time of the detectors is ~20 ns, allowing maximum efficiency
for the range of count rates observed in this work (in the order of
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Fig. 3 (a) Setup for measurement of the joint spectral intensity.
BP, bandpass filter; NF, notch filter; PF, programmabile filter; PC,
polarization controller; and SNSPDs, superconducting single-
photon detectors. (b) Anti-diagonal elements of the JSI measure-
ment for every accessible signal-idler pair from n = 3 to n = 83.

40 kHz). The combined time jitter of the SNSPDs and the TT is
around 120 ps. Consistently generating photon pairs, requires
stabilization due to the small cavity linewidth. We perform ther-
mal stabilization using a Peltier module and also stabilize the
frequency of the optical pump. As we observe a decrease in
transmission through the device when tuning on a cavity mode,
we utilize the pump’s output intensity as feedback to shift the
pump’s frequency to a point where the intensity is at a mini-
mum. Placing the optical pump at +500 MHz from the cavity

mode allows for automatic tuning. The 100 ms response time
ensures a fast stabilization throughout the experiment.

In Fig. 3(b), we plot the number of coincidences between
correlated signal and idler photons as a function of the selected
resonance number n associated with the frequency pairs 7,,, S,,.

The off-diagonal terms, not shown here, are at the level of
accidental coincidences of ~200 coincidences per second.
The low FSR of our resonator allows access to a larger number
of resonances compared to previous works,”™ providing pos-
sibilities of parallelization of operations over a larger number
of qubits and perspectives for the processing of higher-dimen-
sional quantum states. The long cavity nonetheless leads to
more propagation losses. The overall decrease of the coinciden-
ces with increasing n is linked to the spectral transmission of the
grating couplers.

For a specific signal idler pair, |Ss,1;5), we give single
counts, two-photon coincidences between the signal and idler
photons, as well as the three-photon coincidences between a sig-
nal and an idler whose path is split in two by a beam splitter. We
infer from these measurements the generated number of pairs,
the coincidence-to-accidental ratio (CAR), and the heralded
g (0). The generated number of pairs is calculated using
the ratio between the product of the single counts and coinci-
dence counts Np = N’Af Ns the CAR is obtained by computing
the ratio between actual and accidental two-photon coinciden-
ces,* and the ¢'*(0) is computed using the three-photon coin-
cidences. Figure 4(a) shows the setup of the experiment. The
two photons are deterministically separated using a PF that
routes the modes |S;s) and |I;5) to distinct fibers. The signal
photon is directly routed to an SNSPD. In contrast, the idler
photon either goes directly to the detector or goes through
a fibered beam splitter whose outputs are directed to two
single-photon detectors. Figures 4(b)—4(f) show, respectively,

Fig. 4 Photon pair generation and heralded single-photon characterization of the SOI MR.
(a) Setup for measuring single counts, two-photon coincidences, and three-photon coincidences.
NF, notch filter; PF, programmable filter; and TT, time tagger. (b) Single counts, (c) coincidences,
(d) generated number of pairs, (e) heralded g (0), and (f) CAR, each as a function of input power
(refer to text).
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the measured single counts, the coincidence rate, the generated
number of pairs, ¢»(0), and the CAR as a function of the
on-chip power.

The performance of our source can be compared to the liter-
ature by computing the internal brightness B, corresponding to
the number of pairs normalized by the on-chip power and spec-
tral bandwidth. Table 1 compares several values of brightness
for similar works with silicon MRs. We assess a high value of
brightness, which correlates with the measured high quality
factors.

2.2 Frequency-Domain Quantum State Tomography

In this section, we demonstrate quantum state tomography of
a frequency two-dimensional maximally entangled state pro-
duced by our 21 GHz SOI MR. A first PF1 (see Fig. 5) selects
two adjacent signal and idler mode pairs from the high-
dimensional two-photon state of Eq. (1) coming out of the
resonator to produce the biphoton maximally entangled state
%(‘Insr» + |In+1Sn+l>)' . . .

To perform the tomography of this state, single qubit rota-
tions in the frequency domain are necessary. We implement
those using EOMs and PFs as demonstrated in Ref. 24 (see
Appendix A). The setup is shown in Fig. 5 and uses these de-
vices sequentially in an [EOM-PF-EOM] configuration. RF
driving of the EOM at Q = FSR is possible here because the
low FSR of our MR is compatible with the 40 GHz bandwidth
of the EOM. With this configuration, the [EOM-PF-EOM]
device shown in Fig. 5 can achieve parallel independent
manipulation of signal and idler photons.

Figure 5 shows a simplified setup for the quantum state
tomography. In the full setup, polarizers are present before each
EOM. Before each detector, a polarizer is also added to control
the input polarization and a fibered notch filter around 900 nm
is placed to suppress parasitic calibration light coming from
the PF.

Previously reported tomography in the spectral domain used
a single EOM.*™*’ Such a simple setup can be used when the
frequency spacing between two modes is too large to match
the RF driving frequency Q and then corresponds to a multiple
of Q. This setup has the advantage of low loss but does not allow
independent unitary operations on parallel qubits. In Ref. 7,
quantum state tomography was performed using two parallel
tunable quantum gates with the same [EOM-PF-EOM] con-
figuration. A Bayesian method based on measurements only
in the Z and X bases was used to reconstruct the density matrix,

Implementation of the

From SOI Quantum gates
1 N
0= St Q| = W=} QE 3]
n=1 . -
e PFLYEOM PF EOM . PF3
g M) R g
2 bs S 2
a : © =
2 i ¥ [=
S ¢ o =
<Ll | gl _
ITL+1 In Sn Sn+1 Ip Sq
Frequency Frequency

75 (182 + 12, 50)

Fig. 5 Setup for the quantum state tomography. PF, program-
mable filter; EOM, electro-optic phase modulator. Insets are
the action of the PFs on the frequency modes. PF1 is used both
as an amplitude filter to select the four modes of the two qubits,
and as a phase gate implementing a phase ¢; and ¢4 on the fre-
quency modes /,, and S,,. The boxed devices implement identity
or Hadamard gate on the qubits. All the projections required for
the tomography are accessible with these two gates. PF3 selects
two modes /, and S, where p,q € {n,n+1}.

and a fidelity of 0.92 £ 0.01 to a |¥") entangled state was ob-
tained.

Our logical qubits are defined as follows: [0X) = |X,) and
[1X) = |X,,41), where X = S, I refers to the logical signal or idler
qubit (see Fig. 5). To perform the quantum state tomography, we
need to project the two qubits onto four state vectors belonging to
three different bases Z = {|0X), |1X)}, X = {|4+%),|—¥)}, and

Y ={|+).| i)} where [£)) =-5(J0Y) £]1})) and
| £ %) :%(|Of>:|:i|lf>). The quantum gate (see Fig. 5)

allows us to choose between the Z and X bases. To access
the Y basis, we use PF1 to apply a relative phase shift ¢; (¢,)
between the modes of the idler (signal) qubit. C,;, denotes the
coincidence numbers corresponding to the projections on vec-
tors |a) and |b) from the three different bases X, Y, and Z.
Table 2 shows the recorded coincidences for the 16 projections
performed on the two-qubit state for n = 34.

Figure 6 shows the reconstructed density matrix. Comparing
it to the density matrix of a maximally entangled state
™) :\%2(|134,S34> + |I55, S35)), we obtain a fidelity F =
0.961 = 0.007. The errors are calculated using Monte Carlo
methods.

Table 1 Comparison of internal brightness, FSR, and frequency channels accessible with commercial EOMs and other SOI imple-
mentations. We measured the brightness B on the signal-idler pair |/15, S15). *: Clementi et al.® and Borghi et al.’® used several coupled
rings to achieve, respectively, an effective 18 GHz and a 15 GHz mode spacing.

Work B (pairss™' mW=2 GHz™") FSR (GHz) Number of frequency channels
Oser et al.*® 5x10° 3x10* 200 —

Mazeas et al.*? 1.6 x 108 4 x10% 230 —

Jiang et al.*® 6.24 x 107 3.47x10%/4.94 x 10° 2315 —

Clementi et al.® 4.80 x 107 1.5x10° * Two signal-idler pairs
Borghi et al.™® 1.80 x 10%/2.50 x 10° 5.7 x10%/7.8 x 10* * Four signal-idler pairs
This work (5.1 £3)x 107 4.75x 105 21 80 signal-idler pairs
Advanced Photonics 036003-5 May/Jun 2024 e Vol. 6(3)
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Table 2 Coincidences for the two-photon projections C,, inte-
grated for 125 s, in a coincidence window of 1 ns.

Projections Coincidences Projections Coincidences
Cop 1548 Cio 716

Co 36 C. 4 767

Co+ 622 C.. 1275
Co,+i 663 C,.i 608

Cio 22 Ciio 837

Ci1 1553 Ciin 695

Ci,y 692 Ciis 723
Ci, 664 Coii 42

(b)

S
\\’5”“ ) [134,S34)
Ne2
[
-0.4 -0.2 O 0.2 0.4

Fig. 6 Numerical reconstruction of the experimental density
matrix of a two-qubit frequency-bin entangled state generated by
the SOI resonator + PF1. (a) Real part and (b) imaginary part.

Having checked the fidelity of the produced frequency-
entangled state, we take advantage of the broad bandwidth of
our source and the versatility of the [EOM—PF-EOM] setup
to parallelize the measurement of such high-quality entangled
states by performing 34 quantum gates on 17 frequency-
entangled qubit pairs, in a first implementation of frequency-
encoded quantum communication protocol.

2.3 Frequency-Bin Entangled Photons in a Fully
Connected Trusted-Node-Free Network

Quantum key distribution is one of the most mature applications
of quantum information. Beyond original protocols involving
only two parties, current efforts push towards multi-user
quantum networks.” Trusted-node architectures allow for the
creation of such networks but require users to trust part of the
network. Quantum networks based on the demultiplexing of
spectrally correlated entangled states enable scalable multi-user
quantum networks.**>* In this section, we show a proof of
principle of a trusted-node-free fully connected network of
up to five users in which every user can share a secure key with
every other user, using frequency-bin entangled qubits gener-
ated by our broadband photon pair source. In previous imple-
mentations or proof-of-principle experiments based on time-bin
or polarization-based entangled sources,””>*® the main chal-
lenge was phase or polarization stabilization. In addition to the
previously mentioned assets, the frequency degree of freedom
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that we harness here has the advantage of requiring no phase
stabilization for superposition analysis.

In this setup, polarization control is nevertheless necessary
when entering the modulators. Recent advances have proposed
schemes using polarization diversity EOMs to address this chal-
lenge,”” which is a relevant and additional asset for real-world
applications. As we encode frequency qubits on distinct pairs of
adjacent frequencies, we can use a PF as a demultiplexer to
spectrally separate and distribute the pairs to respective users
to create a network. For each mode pair, compensation for
the biphoton residual phase is required in order to produce
the desired |¢™) states.*

To validate our scheme, we first show that the parallelization
of the quantum gate enables measurement of entanglement
for qubits separated by two guard modes, allowing for a mea-
sured cross talk <1073 between adjacent quantum gates (see
Appendix A). Figure 7 shows the fidelity for the accessible fre-
quency-bin entangled pairs. We start from the n = 10 resonance
from the pump frequency, to avoid any residual pump laser
leakage. The fidelity is higher than 0.8 for 14 pairs. The few
lower values are related to the dips observed in the coincidence
spectrum shown in Fig. 3 around the 50th and 70th resonances
from the pump.

Important metrics for quantum networks are the key rate and
qubit error rate (QBER). We deduce these parameters from
our coincidence measurements, using the method proposed in
Ref. 48. We use the coincidences in the Z basis (Cyg, Co,
Ci 0, Cy1) and the X basis (C, ., C, _, C_ ., C__) to compute
the raw coincidence rate, QBER, and sifted key rate (see
Appendix B).

Figure 8(a) shows, for each accessible pair, the number of
raw coincidences R, and the QBER. By comparing it with
Fig. 7, we see that, as expected, the qubits with a lower raw
key rate (and higher QBER) are also the ones with the lower
fidelity to an entangled state. A given pair achieves secure
quantum communication only if the corresponding QBER is
lower than the positive key rate threshold of 0.11.* Among
the 17 accessible pairs, only 12 satisfy this condition. A sifted

1.0

o
@
1
¢}
e

Fidelity
o
o
1
ko

o
N
1

0.2 1

0.0 T T T T T T
10 22 34 46 58 70
Detuning from pump in FSR unit

Fig. 7 Fidelity to a maximally entangled state for several fre-
quency-bin entangled photon pairs. The x-axis corresponds to
the number of resonances between the frequency qubit and
the pump mode.
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Fig. 8 (a) Raw coincidences (bars) and QBER (dots) between two users and (b) sifted key rate,
calculated using the method in Ref. 34 as a function of n, spectral detuning from the pump. Each
link between two users is a two-qubit frequency-bin entangled pair and is color-coded. For exam-
ple, the bottom users of the network in the inset of (b) receive, respectively, the two frequency
channels |14o), |/11) and |Syg), |S11), which connect them in the network.

key rate in bit/s can also be derived from the raw rate R,,,, using
the method in Ref. 34, as depicted in Fig. 8(b). The inset in
Fig. 8(b) shows how the distribution of 10 photon pairs is used
to create a node-free quantum network of five users.

In this proof-of-principle experiment, the achieved key rates
(0.5 to 2.5 bits/s) are limited by the performance of the source,
as well as the insertion loss of the devices (14 dB for the three
PFs and the two EOMs). As an example, reducing the insertion
loss of each device to 1 dB per device would increase the sifted
key rate to 50 bits/s. Integrating these components on the same
chip would help to limit losses and improve the overall insertion
loss of the [EOM—-PF-EOM)] configuration to 1.3 dB.* Several
methods are proposed to achieve the integration of elements
allowing the manipulation of frequency-bin qubits.’'” It is
also worth noting that the number of accessible pairs could
be increased by setting the pump frequency at the center of
the PF bandwidth.

3 Conclusion

In this paper, we introduce an SOI MR for producing photon
pairs at telecom wavelengths through SFWM and encoding fre-
quency-bin qubits on adjacent pairs of resonances. Due to the
broadband emission of the source and the 21 GHz FSR, we can
generate up to 17 pairs of frequency-entangled qubits. We
manipulate these qubits using quantum gates based on a single
set of devices composed of one PF between two EOMs, ena-
bling independent control of each qubit. This leverages the
ability to use these reprogrammable quantum gates for quantum
information applications.

We demonstrate quantum state tomography with these
quantum gates on parallel qubits and assess fidelity to a |¢T)
entangled state of over 0.8 for 14 of them.

Finally, we demonstrate a local proof of concept of a fully
connected network and compute the key rate and QBER of
17 photon pairs, taking into account the threshold for attacks
on the quantum channels and error correction. We can distribute
10 photon pairs and create a fully connected network of up to
five users.

Scaling up the dimensionality of the manipulated quantum
states is an intrinsic feature of frequency encoding. Arbitrary
manipulation of higher-dimensional states would require no addi-
tional optical elements. Summing N — 1 RF harmonics to drive
the EOMs would enable the manipulation of N-dimensional
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entangled states with the [EOM-PF-EOM] configuration. An
alternative approach with the same [EOM-PF-EOM] configu-
ration and a single tone, or with one EOM enables qutrits
manipulation.****"'> However, this approach cannot independ-
ently implement arbitrary quantum gates to parallel qutrits.
Moreover, on-chip integration of electro-optic devices and
PFs is a promising lead to reduce the losses (currently around
9.5 dB for our quantum gates implementation).” SOI is a plat-
form of choice for these integration purposes, as it allows for
hybrid integration of lithium niobate with silicon photonics,’***
thus high speed EOM on chip.” Integration of frequency-
domain transformations has also been proposed using a lithium
niobate resonator driven by RF signals.”"*> Our work thus offers
perspectives for scalable frequency-domain architectures for high-
dimensional and resource-efficient quantum communications.

4 Appendix A: Frequency-Domain Quantum
Gates

4.1 Gate Characterization

In this section, we use a combination of EOMs and PFs to create
frequency-bin quantum gates™** that can be parallelized to a
large number of qubits. The setup in Fig. 9(a) presents the quan-
tum gate, composed of two EOMs iXblue MPZ-1n-40 (EOM1
and EOM?2), driven by a multichannel RF sine wave generator
Anapico APMS33G, and one phase-only programmable filter
Finisar WaveShaper 1000A (PF). The overall insertion loss
of the quantum gate is around 9.5 dB from the input of the first
modulator to the output of the second. The time-dependent
phase shift ¢(z) applied by the EOM to the optical wave is
proportional to the sine wave produced by the RF generator,

¢(1) = p cos(Qr + 0), )
where the RF frequency Q determines the mode separation be-
tween the generated frequency modes |w,) = |wy + nQ), and
u is the modulation index, proportional to the RF voltage V:
u= HVL”. V. is the voltage giving rise to a # phase shift. The
specific settings of the modulators and PF allowing the imple-
mentation of the quantum gate (tomography) are the following:
both modulators must be driven with the modulation index
u = 0.81 and the relative phase between them must be set to z.
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Fig. 9 Classical characterization of the quantum gate.
(a) Principle of a frequency-domain operation. (b) Principle of
a frequency-domain quantum gate. (c) Phase pattern applied
by the PF. (d) Measured tunability of the quantum gate operation.

This operation is achieved by using the multichannel available
on the generator, on which we can set a relative phase, ranging
from O to #. It is noteworthy that compensation of the dispersion
is required in order to keep this relative RF phase shift constant
at all optical frequencies within the PF bandwidth. Another
PF is used as a wavelength-selecting switch after the quantum
gate to select the frequency mode to be detected by the IR
photodiode. Figure 9(b) shows the principle of the operation
performed. We define a frequency-bin qubit as a qubit for
which the information is encoded on two frequency modes, here
generically called |wg) and | ). The goal of the quantum gate is
to apply a controlled rotation on the qubit, here represented by
the coefficients f and . To characterize the quantum operation,
we use the fidelity F and the success probability P>,

_ Te(WiT)Tr(TTW)
C Te(WIW)Tr(TT)’

Tr(WTW)

P =)

3

where the fidelity corresponds to how close the realized oper-
ation (W) is to the ideal case (T), and the success probability
measures the unitarity of the operation, accounting for the en-
ergy loss toward unwanted frequency modes.

Figure 9(c) represents the phase pattern applied by the PF to
tune the operation of the gate. A step phase of height a is applied
between the two qubit modes. In order to characterize the
spectral processing implemented by this single-qubit gate, we
use coherent light, as it is sufficient to characterize a single-
qubit gate.

Figure 9(d) shows the effect of the phase difference a applied
by the PF between the two qubit modes on the quantum gate,
evolving from identity (o« = 0) to Hadamard operation (o = ).
The success probability experimentally reaches P = 0.95,
implying that the intrinsic transmission of the quantum gate is

(a) Hinput |wo) (b)
= T
© 9]
z 5
[e]
é -20 E
8 o
g 5
©
= -40
/e, 7¢ /. /¢
ERTERENY

Output modes Output modes

Fig. 10 (a) Light coupling from mode |wg) (black) or |w4) (red) into
nine neighboring modes. The gray shaded areas represent the
guard modes that are not used for parallelization. (b) Transmission
measurement for nine frequency modes when a Hadamard gate
is applied to two qubits separated by two guard modes.

4.2 Gate Parallelization

In these experiments, the mode spacing is taken to be 21 GHz.
This is compliant with the resolution of the PFs (10 GHz), and
the accessible modulation bandwidth of commercial EOMs
(40 GHz). The phase pattern depicted in Fig. 9(c) shows a step
phase applied between the two modes of the qubit. By applying
a phase change over several pairs of frequency modes, it is pos-
sible to parallelize independent quantum operations over several
frequency-bin qubits.

It is important, for parallelization, that two consecutive gates
are isolated from each other. To determine what is the minimum
desired spacing between each qubit, we send light through the
quantum gate, tuned to realize the Hadamard transformation.
We define the cross talk between the qubit as the portion of
the light being converted from one qubit to another. The exper-
imental results are shown in Fig. 10(a), where the black (red)
lines correspond to the measured light when we input light
in the mode wq (@ ). From this figure, we see that two separa-
tion modes between consecutive operations are enough to ensure
less than 1072 cross talk between two qubits. Figure 10(b) shows
the intensity transmission matrix of a 10-dimensional frequency
space, where we apply two Hadamard gates on the frequency
modes @y, ®; and w4, @s. This leverages the possibility to oper-
ate in parallel on many qubits. To allow the parallelization of the
quantum gates for the whole C-band, it is necessary to compen-
sate for the dispersion in the fiber between the two modulators.
To this end, the PF in the middle of the [EOM-PF-EOM] setup
applies a supplementary phase shift over the whole PF spectrum
corresponding to a negative dispersion of —0.4 ps/nm.

5 Appendix B: Evaluating the Performance
for Quantum Key Distribution

We use the coincidences in the Z basis (Cyy, Co 1, Cip, C1.1)
and the X basis (C, , C._, C__, C__) to compute the raw
coincidence rate, QBER, and sifted key rate. The raw numbers
of coincidences in these bases are equal to*

slightly below 0.5 but the splitting between the two modes is l

balanced, leading to a fidelity # = 0.99. The success probabil- Cz 2 (Coo+ Cor+ Cro+Cr), @
ity does not take into account the insertion loss of each device,

summing up to around 9.5 dB (3.5 for the PF, and 3 for each Cx l(C +C._+C_,+C__). 5)
modulator). 20 A - '
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If the integration time is 7, the raw coincidence rate is then 13
1Cy + Cx 14.
raw — 57 . (6)
’ 15.
The QBER is the ratio of accidental to total coincidences
over the two bases, 16
Gy +Cp+C_+C_ 7
Cz+Cx ' 17.
We compute the sifted key rate using formulas in Ref. 48,
accounting for error correction. 18.
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