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Conventional qubits＝ standing wave

Photonic qubits＝ traveling wave

Life time (decoherence)
Need a chip, many cables (spatial-domain multiplexing)

No life time (measurement within coherence time)
No need a chip, 4 cables (time-domain multiplexing)

With 5G/6G technology
100GHz clock frequency
100 multi-core
Super quantum computer
No need quantum algorithms

1GHz clock frequency
Single core
Need quantum algorithms
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Logical qubits for
Quantum error correction
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Fault-tolerant quantum computing

5G technology

D. Gottesman et al. PRA 64, 012310 (2001)
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Fault-tolerant quantum computing
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Homodyne measurementOptical parametric amplifier

Large scale!

Universal!
Fault tolerant!

All-optical quantum computer 
with 10THz clock frequency



Sequential teleportation

Quantum computing
Quantum circuit model Qubit

R. P. Feynman (1980)

Continuous variable
S. Lloyd and S. L. Braunstein 
(1999)

Qubit
R. Raussendorf 
and H. J. Briegel (2001)

Continuous variable
N. C. Menicucci and 
P. van Loock et al. (2006)

Measurement-based model (one-way quantum computing)

Extremely powerful for flying qubits

Large-scale entangled state
(Cluster state)
Measurement and
Feedforward

Changing measurement bases = changing operation

Quantum look-up table



Quantum computing with flying qubits (photons)
Quantum circuit model 

flying qubits

Large-scale quantum computing = large-scale optical setup
No flexibility of the setup (only one type of computing)  

photons

Measurement-based model 
One-way quantum computing with time-domain multiplexing

S. Yokoyama et al., Nature Photonics 7, 982 (2013).
J. Yoshikawa et al., APL Photonics 1, 060801 (2016).

10000-wave-packet CV cluster state (2013), one million (unlimited) (2016) 

Squeezed light

Ultra-large-scale CV cluster state!! 

out

Large-scale quantum computing = fixed-size of the setup
Programmable 

Traveling wave → Measurement within laser coherence time
No decoherence!!

We can do it forever!! 

The age of standing-wave qubit is over!!



Unlimited time-domain multiplexing technology
One-million wave-packet entanglement!!

S. Yokoyama, R. Ukai, S. C. Armstrong, C. Sornphiphatphong, T. Kaji, S. Suzuki, J. Yoshikawa, H. Yonezawa, N. C. Menicucci, and A. 
Furusawa, Nature Photonics 7, 982 (2013).

J. Yoshikawa, S. Yokoyama, T. Kaji, C. Sornphiphatphong, Y. Shiozawa, K. Makino, and A. Furusawa, APL Photonics 1, 060801 (2016).

Squeezed light

Ultra-large-scale CV cluster state



Time-domain multiplexed 2D cluster state 

Science 366, 373 (2019)

Quantum look-up table



OPO

We succeeded in creation of a 2D cluster state of 5 x 5000 !!

-4.5dB

The van loock - Furusawa criteria

Delay

Science 366, 373 (2019)

P. van Loock & A. Furusawa, Phys. Rev. A 67, 052315 (2003)
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Fault-tolerant quantum computing
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Phase rotation SqueezingShear

θ (deg) θ (deg) θ (deg)

W. Asavanant et al., Phys. Rev. Applied 16, 034005 (2021).

Clifford universality!!



input outputp-displacement

nonlinear measurement

Nonlinear measurement

cubic phase state

Input

nonlinear measurement

We succeeded in projection onto a cubic phase state!!

Detector tomography

Universal!

A. Sakaguchi et al., 
Nature Communications
14, 3817 (2023).

Lookup table!!

Optical nonlinearity can be created 
with classical nonlinear feedforward.

(classical electrical circuit ≈ 100% fidelity)

Ultra-low-latency 
FPGA board

5G technology

20GHz ASIC!!
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GKP qubit generation

Science 383, 289 (2024)

H. M. Vasconcelos et al., Opt. Lett. 35, 3261 (2010).
D. J. Weigand & B. M. Terhal, PRA 97, 022341 (2018).

Breeding



GKP qubit generation
Generalized 
Photon Subtraction

18dB squeezed vacuum
n = 10 – 20
Success probability 10%

K. Takase et al., arXiv:2401.07287 [quant-ph]
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Homodyne measurement

Large scale!

Universal!
Fault tolerant!

OPA-a

OPA-b

OPA-c

OPA-d

Optical parametric amplifier

All-optical quantum computer 
with 10THz clock frequency



6 THz bandwidth
8.3 dB squeezing

Above a fault-tolerant threshold!!
K. Fukui, Phys. Rev. A 107, 052414 (2023)



2THz-bandwidth universal squeezer
T=50%

Anti-squeezing without feedforward

Anti-squeezing with feedforward

Squeezing with feedforward

Shot noise

Squeezing with feedforward

Anti-squeezing with feedforward

Squeezing without feedforward

Squeezer

Optical feedforward

Optical pre-amp

Power 
measurement

Amplitude 
measurement

We succeeded in 2THz quantum operation!!



Large-scale optical quantum computer!!

We don’t have to have a chip!!
Modules and fiber-optics are enough for large-scale 
quantum computers!!

CV-QAOA

100MHz→10GHz→100GHz Clock

CV-Quantum Neural Networks

5G technology

Real machine  Cloud  



CV-Quantum Neural Networks



WDM
5G technology

Optical pre-amp
Squeezer

A. Inoue et al., Apple. Phys. Lett. 122, 104001 (2023).

5G homodyne receiver

Super quantum computer!
100GHz clock frequency!

100 Cores!
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Homodyne measurement

Large scale!

Universal!
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OPA-a

OPA-b

OPA-c

OPA-d

Optical parametric amplifier

Real machine  

Cloud  



We will launch OptQC!!
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