Equivalent gate noise on macro
cluster state architectures

Blayney Walshe
Ben Q. Baragiola, Rafael N. Alexander, Nicolas C. Menicucci

s JQuURMITIEREE



Experimental efforts

LETTERS nature

PUBLISHED ONLINE: 17 NOVEMBER 2013 | DOI: 10.1038/NPHOTON.2013.287 p Otonlcs

Ultra-large-scale continuous-variable cluster
states multiplexed in the time domain
Shota Yokoyama’, Ryuji Ukai', Seiji C. Armstrong’?, Chanond Sornphiphatphong', Toshiyuki Kaji',

Shigenari Suzuki', Jun-ichi Yoshikawa', Hidehiro Yonezawa', Nicolas C. Menicucci?
and Akira Furusawa'

State preparation

Verification

® RMIT

UNIVERSITY




Experimental efforts

Invited Article: Generation of one-million-mode
continuous-variable cluster state by unlimited
time-domain multiplexing

Jun-ichi Yoshikawa,! Shota Yokoyama,'? Toshiyuki Kaji,'
Chanond Sornphiphatphong,’ Yu Shiozawa,' Kenzo Makino,’

st and Akira Furusawa'?

Shq 'Department of Applied Physics, School of Engineering, The University of Tokyo,

Shi 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-8656, Japan

an( 2Centre for Quantum Computation and Communication Technology, School of Engineering

and Information Technology, University of New South Wales, Canberra,
Australian Capital Territory 2600, Australia

(Received 23 June 2016; accepted 1 September 2016; published online 27 September 2016)

Fibre delay

En L HD

® RMIT

UNIVERSITY




Experimental efforts
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Quad rail lattice (QRL)
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Quad rail lattice (QRL)

Two-mode gate
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Quad rail lattice (QRL)

Two-mode gate
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Streamlined QC

Quad rail lattice (QRL)

Gaussian unitaries that implement the Clifford group on GKP encoded states:
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Quad rail lattice (QRL)

Streamlined QC

Gaussian unitaries that implement the Clifford group on GKP encoded states:
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Quad rail lattice (QRL)

Squeezing level by gate error rate

Gate Error rate: 1072 Error rate: 1073
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Quad rail lattice (QRL)

Noise Accumulation
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Quad rail lattice (QRL)

Noise Accumulation
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Noise Accumulation

Quad rail lattice (QRL)
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Quad rail lattice (QRL)

Noise Accumulation
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Equivalent noise of two-mode macronode-based
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Various groups work with different types of macronode cluster state.

Reported squeezing requirements for error rates of 10~ range
from 16-17.5 dB
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Cluster state projection
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Quad rail lattice (QRL)

Arbitrary Streamlined QC
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Quad rail lattice (QRL)

Arbitrary Streamlined QC

1 —>

macronode (O localmode 2> beam splitters Qe ccccesesesccsssssccccoeense
e e Mg pa. ! (n)
o L aml v
. (out) |#)
: po (el (in)
. ped<md| ! ")
 (out) )

V(be,04) ® RMIT

UNIVERSITY




Quad rail lattice (QRL)

Arbitrary Streamlined QC
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Arbitrary four splitter

Arbitrary Streamlined QC
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Arbitrary four splitter

Arbitrary Streamlined QC

1 —>

macronode (O local mode 2> beamsplitters e e e e e e e
) o8 (| Four splitter (in) -
O - . Poa 8T - " :
w2 : o, (1] — —
L (out) B® H— ) -
; o {me] — — (i)
: ped(md| — - ¥
: (out) )
—  (in)
14RIC)
— (o) ® RMIT

UNIVERSITY



Arbitrary Streamlined QC

Arbitrary four splitter
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Arbitrary four splitter

Arbitrary Streamlined QC
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The only piece that depends on the beam splitter network is v
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Arbitrary four splitter

Arbitrary Streamlined QC

(out) — N(B)ILN (B) r— — | (in)
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The only piece that depends on the beam splitter network is v

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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Bilayer square lattice (BSL)

Bilayer square lattice four splitter
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Bilayer square lattice (BSL)

Four splitter
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Bilayer square lattice (BSL)

Four splitter
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Bilayer square lattice (BSL)

Four splitter
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Bilayer square lattice (BSL)

Four splitter equivalence
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All four splitters belong to a single equivalence class that permits 3 operations:
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Bilayer square lattice (BSL)

Four splitter equivalence

v

F2
All four splitters belong to a single equivalence class that permits 3 operations:
1. SWAP gates after the four splitter (to the left)
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Bilayer square lattice (BSL)

Four splitter equivalence
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All four splitters belong to a single equivalence class that permits 3 operations:
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Bilayer square lattice (BSL)

Four splitter equivalence

v

F2
All four splitters belong to a single equivalence class that permits 3 operations:
1. SWAP gates after the four splitter (to the left)
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Bilayer square lattice (BSL)

Four splitter equivalence

v

F2
All four splitters belong to a single equivalence class that permits 3 operations:
1. SWAP gates after the four splitter (to the left)
2. F? gates on any wires after the four splitter (to the left)
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Bilayer square lattice (BSL)

Four splitter equivalence

Y V F2

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

1. SWAP gates after the four splitter (to the left)
2. F? gates on any wires after the four splitter (to the left)
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Bilayer square lattice (BSL)

Four splitter equivalence

Y V F2

All four splitters belong to a single equivalence class that permits 3 operations:
1. SWAP gates after the four splitter (to the left)
2. [2 gates on any wires after the four splitter (to the left)
3. An F2 on any single wire before the four splitter (to the right)
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Bilayer square lattice (BSL)

Four splitter equivalence

Y V F2

All four splitters belbng to a single equivalence class that permits 3 operations:
1. SWAP gates after the four splitter (to the left)
2. [2 gates on any wires after the four splitter (to the left)
3. An F2 on any single wire before the four splitter (to the right)
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Bilayer square lattice (BSL)

BSL reduction
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Bilayer square lattice (BSL)

BSL reduction
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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.

| Architecture | QRL | BSL |DBSL | Mikkel-splitter |
Ma’pping {0070b,0079d} {9a79b79d’ 00}|9a:90 {9a70030d79b}|9a:0d {9a,0b,0d,00}|9b:9d
SWAP {O, %, %,O} *%k * 3k k%

I®1 {g,o,ggo} {§,0,0,§}3 {g,o,o,g}3 {g,o,o,g}3

E®F n {Tﬂ’%’%’%} {Tﬂ-’%’g’f {%7%,2,% {Tﬂ,g,g,f}
PO®PA) {5, 3 F x5 3 FX {5 s FX 3 FX 3 {5 3 FX 5 F X35, 5 F X0 5 F x5}
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The teleported gate
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The teleported gate

0), Beamsplitter decomposition
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The teleported gate
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The teleported gate
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The teleported gate
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The teleported gate

é1,2 W) 1),

L ® RMIT
UNIVERSITY



The teleported gate
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The teleported gate
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Error correction with the teleported gate
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Two qunaught states (AB)
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Two qunaught states (AB)
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Two-mode gate
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Two-mode gate
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Two-mode gate
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Two-mode gate
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Two-mode gate
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Two-mode gate
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Two-mode gate
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Figure 1: GBS devices for state preparation. (left) A single
integrated photonic device implementing GBS-based preparation
of non-Gaussian states based on the schemes presented in
Refs. [27-30]. The emitted light from one output port is in a
chosen non-Gaussian state subject to obtaining the correct click
pattern {n;} at the PNR detectors connected to the remaining
output ports. The double purple lines represent classical logic,
which is used to trigger a switch on the emitted port. (right) A
simplified representation of a single GBS device.
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Virtual beam splitter
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Virtual beam splitter
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Virtual beam splitter
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Classic vs. Quantum
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Continuous variable measurement-based quantum
computing




Teleportation
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Teleportation
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Defining a qubit
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Noise Accumulation
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Noise Accumulation
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Noise Accumulation
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Robust fault tolerance
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Using the experimentally accessible resource

Spatial node index
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Error Correction on the Macronode Wire
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Bounce rules
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Kraus operator for a macronode measurement
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Kraus operator for a macronode measurement
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Kraus operator for a macronode measurement
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Kraus operator for a macronode measurement

A

R (o, ) = — AW, )D(0) (0ar )

V(0a,05) = R(0; — )S(tan6_)R(6)

Aw.9) = [[ #adlansandia)

B
I

PHYSICAL REVIEW A 102, 062411 (2020)

Continuous-variable gate teleportation and b ic-code error correction

Blayney W. Walshe ©,'-" Ben Q Baragl ola®,' Rafael N. Ale: xa.nd 2 and Nicolas C. Menicucci ©'
! Centre for Quantum Comy ion and C hnol y School of Scies RMITU niversity, Melbourne, Victoria 3000, Australia
2Center for Quantum Information and Control, University of New Mexico, Albuquerque, New Mexi 871?1 USA

® (Received 15 September 2020; accepted 10 N ber 2020; published 15 D ber 2020) UNIVERSITY




The teleported gate
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