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Squeezing level by gate error rate
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Equivalent noise of two-mode macronode-based 
cluster states

Bilayer Square Lattice. 
Alexander, 2018

Double Bilayer Square 
Lattice.  Larsen, 2020

Modified Bilayer Square 
Lattice.  Alexander, 2018 Quad-rail Lattice.  Walshe, 2021

Various groups work with different types of macronode cluster state.
Reported squeezing requirements for error rates of  range 
from  16-17.5 dB

10−2



Cluster state projection

Double bilayer square lattice

Bilayer square lattice

Modified bilayer square lattice

Quad rail lattice
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Arbitrary Streamlined QC
Quad rail lattice (QRL)Arbitrary four splitter

The only piece that depends on the beam splitter network is ̂V (2)

If we can do the same gate in a single step in each architecture, we 
will have the same noise properties in each architecture.
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Four splitter equivalence

All four splitters belong to a single equivalence class that permits 3 operations:

1. SWAP

̂F2 — — —

̂F2

—

3. 

1. SWAP gates after the four splitter (to the left)
2.  gates on any wires after the four splitter (to the left)̂F2

3. An  on any single wire before the four splitter (to the right)̂F2
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BSL reduction
Bilayer square lattice (BSL)

=



BSL reduction
Bilayer square lattice (BSL)

B(4)
cBSL =

Given  
in QRL gate

θa = θd



Dictionary of single step two-mode gates

These two-mode gates can each be done in a single step, minimising the 
noise added by the operation. Noise which is independent of the 
architecture chosen.
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Typical thresholds
~15.6 – 20.5 dB

for qubit error rates 10–2 – 10-6

(depends on qubit code employed)

PRL 112, 120504 (2014)

PRX Quantum 2, 030325 (2021)

PRA 101, 012316 (2020)

Quantum 5, 392 (2021)

PRX 8, 021054 (2018)

PRX Quantum 2, 040353 (2021)

~10 – 18 dB

based on topological codes
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The teleported gate

Substitute into the equation:

|ψ⟩ = ∫ dt ψ̃ (t) | t⟩p |ϕ⟩ = ∫ ds ϕ(s) |s⟩q

B̂1,2 |ψ⟩1 |ϕ⟩2 = B̂1,2 ∫ dt ds ψ̃ (t)ϕ(s) | t⟩p1
|s⟩q2

= ∫ dt ds ψ̃ (t)ϕ(s) B̂1,2 | t⟩p1
|s⟩q2

= ∫ dt ds ψ̃ (t)ϕ(s) D̂2(s + it) |EPR⟩

= ∫ d2α ψ̃ (αI)ϕ(αR) D̂2(α) |EPR⟩

= ̂A2(ψ, ϕ) |EPR⟩



Error correction with the teleported gate

(A)

(B)

(AB)
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Two-mode gate

Cz gate:

Disentangled gate:



GKP with GBS
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Virtual beam splitter

B̂†
1,2xB̂1,2 = SB̂1,2

x = 1

2

̂q1 − ̂q2
̂q1 + ̂q2
̂p1 − ̂p2
̂p1 + ̂p2

] You can know  and  perfectlŷq1 ̂q2] You cannot know  and , or 
 and  at the same time

̂q1 ̂p1
̂q2 ̂p2



Classic vs. Quantum

0 0

1 1



Continuous variable measurement-based quantum 
computing



Teleportation

| in⟩

|ψ⟩

p⟨m |

K̂(m, ψ) | in⟩



Teleportation

| in⟩

|ψ⟩

pθ
⟨m |

K̂(m, ψ, θ) | in⟩

θPhase-space picture



Two- and one-mode gates
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GKP error correction
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Fault-tolerant continuous variable measurement-
based quantum computing



Robust fault tolerance

10−6

10−3

1 %

Error Rate Squeezing (dB)

20.5 dB

17.4 dB

15.6 dB



Using the experimentally accessible resource

≠

Simplified view



Error Correction on the Macronode Wire

Ø

Ø
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Circuit identities 



Kraus operator for a macronode measurement



Kraus operator for a macronode measurement



Kraus operator for a macronode measurement

θ± =
θa ± θb

2



Kraus operator for a macronode measurement

θ± =
θa ± θb

2



The teleported gate


