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CQC2T is an international team working to develop technology for 
universal quantum computing and secure quantum communication 

! Over 200 researchers 

! Across 7 Australian universities 

! 25 formal international partners 

! 22 co-ordinated research programs
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physical process

What is Computation?

! Laws of computation limited by knowledge of physics!
! Computations are processes within chosen model 

(classical / quantum / other)
! Computations are constructed from a small, universal set 

of gates (elementary operations)

input 
(information)

output 
(information)abstract:

physical: initial state of a 
physical system

final state of a 
physical system

computation
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CVs: Advantages
! Practical 

• (optics) deterministic entanglement 

• (optics) immensely scalable 

• (optics) room-temperature operation 

• (circuit QED) microwave cavities are less noisy than transmons
! Fundamental 

• avoid premature optimisation 
(e.g,, in optics, why should we restrict to photonic qubits?)

! Both together 

• more options for practical tasks (e.g., quantum cryptography, cluster 
states) 

• "hybrid" schemes: CV technology helps to manipulate photonic 
quantum states
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CVs: Disadvantages
! Practical 

• imperfections due to finite energy 

• eventually need to discretise for error correction
! Fundamental 

• more questions to answer (e.g., what discretisation?) 

• must incorporate effects of noise from day one 
(complicated, easy to end up writing a crap paper)

! Both together 

• must do extra work to employ existing algorithms 

• smaller literature, fewer optimised experimental platforms
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Optical implementation

! Continuous quantum variables 
• Computational basis: eigenstates of q = (a + a†)/√2 

• Conjugate basis: eigenstates of p = –i(a – a†)/√2
! Advantages of CV (over qubit) cluster states 

• Deterministic generation 
• Scalable to huge sizes

! Problem: ideal CV cluster states would require 
infinite energy! 
• Finite energy → errors ("noise") in computation 
• Fault tolerance still possible through quantum 

error correction
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Projecting to qubit-level errors

Recovery 
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Projecting to qubit-level errors

Qubit-level 
error
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Fault tolerance

! Measurements implement (slightly faulty) qubit gates 
! Use qubit-level quantum error correction to reduce 

errors (well established) 
! Fault tolerance 

 (initial error < threshold amount) → 
 (arbitrarily low error in final computation)
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Fault tolerance – typical thresholds

~15.6 – 20.5 dB 
for qubit error rates 10–2 – 10-6 
(depends on qubit code employed)

PRL 112, 120504 (2014)

~10 – 18 dB 
based on topological codes

PRX Quantum 2, 030325 (2021)

PRA 101, 012316 (2020)

Quantum 5, 392 (2021)

PRX 8, 021054 (2018)

PRX Quantum 2, 040353 (2021)



Why GKP?

31



32

GKP vs photonic qubits

Photonic GKP General CV

1-system 
Clifford passive Gaussian Gaussian

2-system 
Clifford postselect (?) Gaussian Gaussian

1-system 
non-Clifford passive non-Gaussian non-Gaussian

Preparation SPDC, dots, 
rare-earth, etc

squeezed multi-
cat state ?

Measurement avalanche 
photodiode homodyne ?



33

GKP vs photonic qubits

Photonic GKP General CV

1-system 
Clifford passive Gaussian Gaussian

2-system 
Clifford postselect (?) Gaussian Gaussian

1-system 
non-Clifford passive non-Gaussian non-Gaussian

Preparation SPDC, dots, 
rare-earth, etc

squeezed multi-
cat state

?

Measurement avalanche 
photodiode homodyne ?



33

GKP vs photonic qubits

Photonic GKP General CV

1-system 
Clifford passive Gaussian Gaussian

2-system 
Clifford postselect (?) Gaussian Gaussian

1-system 
non-Clifford passive non-Gaussian non-Gaussian

Preparation SPDC, dots, 
rare-earth, etc

squeezed multi-
cat state

?

Measurement avalanche 
photodiode homodyne ?



34

GKP vs photonic qubits

Photonic GKP General CV

1-system 
Clifford passive Gaussian Gaussian

2-system 
Clifford postselect (?) Gaussian Gaussian

1-system 
non-Clifford passive Gaussian (new!) non-Gaussian

Preparation SPDC, dots, 
rare-earth, etc

squeezed multi-
cat state

?

Measurement avalanche 
photodiode homodyne ?



34

GKP vs photonic qubits

Photonic GKP General CV

1-system 
Clifford passive Gaussian Gaussian

2-system 
Clifford postselect (?) Gaussian Gaussian

1-system 
non-Clifford passive Gaussian (new!) non-Gaussian

Preparation SPDC, dots, 
rare-earth, etc

squeezed multi-
cat state

?

Measurement avalanche 
photodiode homodyne ?



35

GKP vs photonic qubits

Photonic GKP General CV

1-system 
Clifford passive Gaussian Gaussian

2-system 
Clifford postselect (?) Gaussian Gaussian

1-system 
non-Clifford passive Gaussian (new!) non-Gaussian

Preparation SPDC, dots, 
rare-earth, etc

squeezed multi-
cat state ?

Measurement avalanche 
photodiode homodyne ?



36

Experimental GKP states



36

Experimental GKP states

|0L⟩ |1L⟩



37

Experimental GKP states



38

Experimental GKP states



Making CV cluster states

39



40

Linear optics
! Squeezed light (laser on a nonlinear crystal) + 

beamsplitter network

S

S

S

S

S

* P. van Loock, C. Weedbrook, M. Gu, PRA 76, 032321 (2007)
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Macronode-based cluster states

Each black dot (node) 
represents either 
(1) a specific colour or 
(2) a pulse of light 

Edges represent 
entanglement



Frequency-mode (colour-based) 
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Frequency-mode cluster states

60-mode linear cluster state
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Frequency-mode cluster state (wire)

Pump
Laser*1

Pump
Laser*2

Pump*1

Pump*2

OPO
pump cluster state

frequency-
sensitive

measurements
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Homodyne
detectors

Pumps
OPO

Measurement
selection

Frequency-mode cluster state (wire)

OPO
pump cluster state

frequency-
sensitive

measurements



Temporal-mode (pulse-based) 
cluster states
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Temporal-mode cluster states

10,000-mode linear cluster state
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Temporal-mode cluster states

1-million-mode linear cluster state!
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Temporal-mode cluster states
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Temporal-mode cluster states

24,800 total modes 
5 x 1240 macronodes 

(4 modes each)
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Temporal-mode cluster states

30,000 total modes 
12 x 1250 macronodes 

(2 modes each)
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Temporal-mode cluster states

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

Prototypes of CV measurement-based 
quantum computing

Larsen et al., Nature Phys. 17, 
1018 (2021)
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Gaussian boson sampling

https://thequantuminsider.com/2020/12/03/china-joins-the-quantum-supremacy-club-chinese-
research-team-claims-to-demonstrate-quantum-supremacy-with-gaussian-boson-sampling/

Photon-sampled multimode Gaussian state

216 squeezed states, 216 modes, programmable50 squeezed states, 100 modes
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Commercial Architecture by Xanadu

Proposal for 3D hybrid 
GKP-CV cluster state for 
topological, fault-tolerant, 

optical quantum computing 
(~10-13 dB threshold)

Bourassa et al., Quantum 5, 392 (2021) Tzitrin et al., PRX Quantum 2, 040353 (2021)
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What's left to do?

! Quality of states produced is too low (measured in 
amount of squeezing) 

! Table-top experiments; need to be miniaturised 
(optical chip) 

! GKP states are hard to make—they've been made 
in trapped ions and microwave cavities, not in 
optics yet, but proposals exist:
• Gaussian boson sampling
• Breeding squeezed cat states
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Conclusion
! CV cluster states 

• Enable quantum computation using measurements of quantum 
continuous variables 

• Fault tolerance is possible with quantum error correction 
• GKP code is promising bosonic code for this purpose 
• Proposal for fault-tolerant quantum computer: hybrid CV-GKP 

cluster states 

! Experimental methods shown to be scalable 
• 1D and 2D CV cluster states 
• Millions of modes achieved 
• Measurement-based quantum-computing prototype demoed 
• Need to improve squeezing 
• Need to make GKP states 
• Gaussian boson sampling demonstrated
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