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* Quantum states encoded in frequency bins

Frequency-bin encoding: Frequency-bin encoding

Dense fiber transmission

Intrinsic phase stability

‘w()) ‘w1> ) Robustness to polarization instabilities

‘O> |1> Access to High Dimensional Hilbert space, quDits
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» Silicon-on-lnsulator micro resonator

Antoine Henry, C2N

Sio,
Si

L.Vivien C.Ramos E.Cassan

S.Monfray F. Boeuf

10 nm

Telecom frequency Silicon technology
Low fiber losses Widely used micro-electronics know-how

Already existing telecom networks Easy to integrate, CMOS compatible, scalable
Off-the-shelf telecom devices X NL component (5.10-8m=2W-1) > SiN
[C.Harris, PRX ,4 041047 (2014)] [Guo, Yuan, Opfics letters,39 8 2526-9 (201714)]
[C.Reimer, Opt.Express 22 6535-6546 (2074)] [X.Shi, PRA, 12.3 034053 (20179)]
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d » Silicon-on-lnsulator micro resonator -

Antoine Henry, C2N

SiO,
Si

Four Wave Mixing

Wp Wp

Idler Signal
T) oc Z e |I,.S,)
(DP
Quality factor: + FSR 21GHz
Q =3x10° \Xx‘)\ X\/\,\ X&Q\ %XQ\ Sx\) %,\/q,\

Fiber-to-fiber losses:
7.9dB

éﬁ—’ 6),
—&— data, average out of res = —?.EUdEI [Kuesl Nal‘ure (2077)]200 GHZ FSR
04  —62 0o 02 04 [Imany, Opt. Express(2018)] 50GHZ FSR

Wavelength (nm) +1.54e3 [M.Borghi, Phys. Rev. Applied 19 064026 (2023)] 20 GHz FSR with multiple 100 GHz rings
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d » Silicon-on-lnsulator micro resonator -

Antoine Henry, C2N
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Si

Four Wave Mixing
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d *BBM92 Quantum Key Distribution protocols==

[PRL. 68, 557-559 (1992)]

_____
- =~

" Charlie ™.

| 1 | 1
I I I I
: : / Entangled : :
n 1

' Measures randomly: je——————! ) 5 , f————! Measures randomly: |

[ ] [ ] I [ ] [ ] I
: Natural Superposition '\, photon pair . Natural Superposition
| | \\ // | p p I
'\ Basis ) ~._source - '\ Basis )

———————————————————

N N S S
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d *BBM92 Quantum Key Distribution protocols==

[PRL. 68, 557-559 (1992)]

_____
- =~

: Alice : /" Charlie ™. : Bob :
. Measures randomly: 54—1\ Entang ed, ,"—H Measures randomly: i
. Natural Superposition R photon pair ' . Natural Superposition !
\ Basis ) “~. source \ Basis )

N S N S Secret Key to encode information N N S S

discard discard % \/ discard discy
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d Natural and Superposition Basis :
Polarization Vs. Frequency encoding

* Polarization +> N Natural Basis Superposition Basis
[F.Appas, npj Quantum Inf 7, 118 (2021)] 1
[R. Winik, Phys. Rev. B 95 235435 (2017)] H) D) = 7 ([H) +1[V))
1
A) = — (H) — |V
V') | A) 7 ([H) —[V))
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d » Natural and Superposition Basis :
Polarization Vs. Frequency encoding

» Polarization + N Natural Basis ><S Superposition Basis
[F.Appas, npf Quantum Inf 7, 118 (20217)] 1
IR, Winik, Phys. Rev. B 95 235435 (2017)] | H') D) = 7 ([H) +|V))
1
A= — (|H) — |V
| V) |A) ﬁ(l H) —|V))
* Frequency bins
D=2
ng) = |wo) \>—1(\>+|>)
Ng) = |W S0) — Wo Wi
v V2
1 1T
n — W S1) — —— | |Wo —|—6 ]
ng) = |wr) |51) \/5(‘ ) w1 ))
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d Natural and Superposition Basis :
Polarization Vs. Frequency encoding

» Polarization +’ N Natural Basis Superposition Basis
[F.Appas, npj Quantum Inf 7, 118 (20217)] 1
IR, Winik, Phys. Rev. B 95 235435 (2017)] H) D) = 7 (I1H) + V)
1
V) 4) = —= (1H) = V)
* Frequency bins
D=3
1
Ing) = |wo) |s0) = 7 (lwo) + |w1) + |w2))
1 1T 1T
n1) = |wi) |31>:ﬁ(|w0>+62 3 wr) + €47 wp)
1 1T T
n2) = |w2) |52) = ﬁ(|w0>+64 3 wr) + €572 |uwp))
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S
d » Natural and Superposition Basis :
Polarization Vs. Frequency encoding

» Polarization + N Natural Basis ><S Superposition Basis
[F.Appas, npf Quantum Inf 7, 118 (20217)] 1
IR, Winik, Phys. Rev. B 95 235435 (2017)] | H') D) = 7 ([H) +|V))
1
V) |A) = 7 ([H) —[V))
* Frequency bins
.03 JOint Spectral Intensity D=4 etc... T U
N 6 n0>:| > s0) = —= (Jwo) + |w1) + |w2) + |ws3
L -
: - | . 1 T T T
21T , ) = for) o) = )+ € o) 47 ) 45
% | Ik 1 1T i i
o ‘ Al na) = ) e = S e ) ) )
S oL il | AL TR RRREL 1 . .
detuning from pump in FSR unit \/Z
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»Manipulation of Frequency-bins with telecom devices-

o

Programable Filter (PF) oS Opticat
Spatial I -1
- Divergence
Conven.t/ipg\al \\: |

Grating | :,ﬁ_}:

- Cygl'ih‘drical
Mirror

[Kues, Nature 546, 622-626 (2017)] [HH.Lu, Nat Commun 13, 4338 (2022)]
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»Manipulation of Frequency-bins with telecom devices-

. . - Electro-Optics phase modulators
Programable Filter (PF) Leos ythlcal EIeCtrO'OptIC Modulator superposition of frequencies
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// 7 SR \ f = e rE — o
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Mirror

[Kues, Nature 546, 622-626 (2017)] [HH.Lu, Nat Commun 13, 4338 (2022)]
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»Manipulation of Frequency-bins with telecom devices-

" - . Electro-Optics phase modulators
Programable Filter (PF) e 'ptlca_l EIectro-Optlc Modulator superposition of frequencies
E (EOM)
3 ]
] Spectra T e 5
4/ Dispersion - s o
# AN L J +
__j,f—'f . a
~ =
» ©
“Cylindrical
Mirror
Limitations: 0f > 10 GHz 1, < 33 GHz
_8_
_g_
)
T -10-
7]
'-é’ —-12 ®
E —-13 FSR
G —
= - 21 GHz
~15 ®
—8— data, average out of res = -7.90dB I
—0.4 -02 0.0 0.2 0.4
[Kues, Nature 546, 622-626 (2017)]  [HH.Lu, Nat Commun 13, 4338 (2022)] Wavelength (nm)
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Tunable Rotation for independent Qubits
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» Manipulating Frequency bins with telecom devices:
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George CRISAN

[Lukens et al. Vol. 4, Issue 1(2017)]
[Lu et. al, Phys. Rev. Lett. 125, 120503]
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(ISn-1) + [5n) + [Sn+1))
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d >Change of base in the frequency domain
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» Scan the states in the Superposition basis:
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Nyt = Cnm + Crv + Cyvm + Cyy
C}.\?W — CnOnO _I_ Cnlno _I_ C’I'L()’nl _l_ Cnlnl

Natural Basis projections for D2 quDits
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Projections

[F.Appas, npf Quantum Inf 7, 118 (2021)]
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Quantum Key Distribution performances quDit D=2
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Quantum Key Distribution performances quDit D=2

o raw __
Ny = CurH +CHY +CvE + Cyy Syt = CpD +Cpa +Cup + Cas
C}.\?W — C’I’L()’no + Cn1n0 _I_ C’I’L()’nl + Cnlnl gaw — CSOSO _I_ Csl S0 _I_ 08031 _I_ Csl S1
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[F.Appas, npf Quantum Inf 7, 118 (20217)]
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Quantum Key Distribution performances quDit D=3

Cf\?w — total coincidences in [N basis Cgaw — total coincidences in S basis

Natural Basis projections for D3 quDits L. Superposition Basis projections for D3 quDits
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[F.Appas, npf Quantum Inf 7, 118 (20217)]
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d Quantum Key Distribution performances estimati

Secret Key Rate

SKR > %[mejx log2((d) —{Hd@}

/

1 Cﬁw 4 Cgaw
Rraw — 9
L Tintegration time )

s — Q BER — (Cac)cidenta(ls D
CZra,w + C Xran

§ Binary Entropy Function )
(&

H(e) = —elog2(d_ 1) — (1 —e)log, (1 —e)

- J

{Post Processing efficiency fy(e) =1.2 J

[Bouchard,Quantum. 2, 111 (2018)]

[Appas, npj Quantum Inf 7, 118 (2027)]
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d Quantum Key Distribution performances estimation

Secret Key Rate

SKR > %[mejx log2((d) —{Hd@}

2.0 -
. D : :
| Oy O LDlmensan S =5H
Rraw:zT. . %_15 [D—Li.
9 Integration time y - "N
Q
5 Q BER — (S:vc)czdenta(l:awp E 10
C," +Cx J o
4 . . ) % 0.5
Binary Entropy Function
€
H(e) = —elog2(d 1) — (1 —e€)logy(1—e)
~ — o 0.0 | |
{Post Processing efficiency f,(e) =1.2 J 0.00 0.05 %Ill?)o:R 0.15, O-IZOE

[Bouchard,Quantum. 2, 111 (2018)] | '
[N.Cerf,PRL. 88, 12 (2002)]

JAppas, npj Quantum Inf 7, 118 (2021)] 11.0% 15.9% 21.0%
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Secret Key Rate Vs quDit dimension: Theory

1O4€

Simulated Secret Key Rate
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L <
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Simulation sifted SKR vs distance
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Simulated and Experimental SKR

Secret Key Rate (bps)

Simulation SKR 2D

—— Simulation SKR 3D
-o-- SKR quDit, D=2
-#-- SKR qudit, D=3

N
o
o

d Experimental SKR and QBER: Qubit vs Quitrit
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Work in progress
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»Perspectives: Demultiplexing Qudits for a Fully
Connected HDQKD Network
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6 -
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Joint Spectral Intensity
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20
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8

[F.Appas, npf Quantum Inf 7, 118 (2021)] Polarization domain
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» Conclusion

Natural Basis projected on Natural Basis D3 qudits
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1L

\ wo) wr ) wa) |ws) we) @
0) 1) [2) [3) [4)

Coincidence Rate (kHz)

{Uoluo) (uglur) (Ugluz) (ur|ug) (ur|ur) {ur|uz) {uzluo) (uz|uy) Uz |us)

Projections

Entangled photonic guDits /

encoded In 21GHz spaced frequency bins =~
generated on chip using a silicon micro resonator
for Quantum Communications with telecom devices

. Simulation sifted SKR vs Attenuation
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