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Introduction

Motivation

Motivation

@ FTQC schemes use concatenated codes.
@ Goals —

(a) achieve noise rates comparable to digital computers,
(b) balance noise tolerance with overhead,
(c) obtain acceptable noise threshold

@ ‘Several codes needed in practice to achieve goals.
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Introduction

Motivation

Code Hierarchy
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@ outer code
e high rate, low distance

@ middle code(s) ?

@ Inner code
@ low rate, high distance

@ desire few levels
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Introduction

Motivation

Code Hierarchy
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Introduction

Relation to Prior Work

Prior Work

@ Steane, “Overhead and noise threshold of FTQEC” (2002)

@ only detailed survey of many codes for FTQEC
e Steane and Golay codes numerically simulated
e model developed — applicable to many other CSS codes
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Introduction
A

Relation to Prior Work

Prior Work

@ Steane, “Overhead and noise threshold of FTQEC” (2002)

@ only detailed survey of many codes for FTQEC
e Steane and Golay codes numerically simulated
e model developed — applicable to many other CSS codes

9 Th reshold increases Steane to Golay, decreases thereafter |
9 One level” architecture, balance of rate/distance
@ [[127, 29, 15]] for subsequent ion-trap architecture (2004)

i
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Introduction

Relation to Prior Work

Why Another Code Survey?

@ There is arigorous theory based on extended rectangles
for any minimum distance [AGP]; prior work not directly
compatible with this theory

@ Other families of codes to consider
@ JMore codes can now be simulated
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Introduction

Goals

1) Threshold vs Block Size of Inner Codes

Threshold Lower Bound

A _1»';It0(n)
cth 2 (i(my11)
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Introduction

Goals

1) Threshold vs Block Size of Inner Codes

Threshold Lower Bound

A —1/f(n)
il = (tu(fg;—l)—1)

@ Suppose fp(n) linear
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Introduction

Goals

1) Threshold vs Block Size of Inner Codes

threshold

[ 1

Threshold Lower Bound

A —1/fy(n)
it (ro(rS;L)

@ Suppose fp(n) linear
@ «A(n) linear: limit nonzero
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Introduction

Goals

1) Threshold vs Block Size of Inner Codes

threshold
i

Threshold Lower Bound

@ Suppose fp(n) linear
@ «A(n) linear: limit nonzero

@ A(n) quadratic: limit zero —n
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Introduction

Goals

2) Threshold versus Overhead of Inner Codes

@ overhead: CNQOTs/Rectangle
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Introduction

Goals

2) Threshold versus Overhead of Inner Codes

@ overhead: CNOTs/Rectangle

@ grows with

@ n = block size

e I(n) = effective
error-correcting capability

@ L = number of ancilla
preparation attempts

@ restrict to “low” overhead
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Introduction

Goals

2) Threshold versus Overhead of Inner Codes

@ overhead: CNQOTs/Rectangle treshald
@ grows with

@ n = block size
e Ip(n) = effective
error-correcting capability (
e L = number of ancilla
preparation attempts

= CNOTs/Rec

@ restrict to “low” overhead

What code has largest threshold at given overhead?
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Introduction

Goals

2) Threshold versus Overhead of Inner Codes

@ overhead: CNQOTs/Rectangle treshald

@ grows with

@ n = block size

e Ip(n) = effective
error-correcting capability

e L = number of ancilla
preparation attempts

!

= CNOTs/Rec

@ restrict to “low” overhead

What code has largest threshold at given overhead? g

irsa: 07060062 Pa

|Jrue]|

(KN
||u“i|
i



Approach

Rectangle Construction

Extended Rectangle
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Approach
| _lelsieial)

Rectangle Construction

Extended Rectangle

SteFTEC
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Approach
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Rectangle Construction

Extended Rectangle

SteFTEC
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Approach

Rectangle Construction

Preparing Ancilla: Encoding

Systematic Form
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Rectangle Construction

Preparing Ancilla: Encoding

Systematic Form
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Rectangle Construction

Preparing Ancilla: Encoding

Systematic Form
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Approach

Rectangle Construction

Preparing Ancilla: Testing

stages of error—detection

R
—

parallel preparation attempts

L
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Approach

Rectangle Construction

Construction Summary

@ CNOT ex-Recs of codes encoding k ~ 1 qubits
@ STEFTEC with

e A stages of error-detection
@ L parallel preparation attempits

@ Notes:

e fault-tolerant but not strictly fauli-tolerant
e ex-Recs not optimized
@ No penalty for non-local gates

O
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Approach
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Simulation Method

“ex-Rec aware” Monte-Carlo Method

Correctness [AGP]

R

) (mcly ! |
—fL I_ECT 1Ga = 1-EC %5 | 5 2 = — i—Etﬂ—él_DmgT 0-Ga | !
e ) \ £ £ !

(|

T o e mmmmmmo = Ty e

@ sEstimate P(1-Rec not correct) for dep. noise
@ No need to repeat gates for steady-state distribution
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Approach

Simulation Method

Example

@ Dy is prob. of dep. fault
@ py = P(1-Rec incorrect)
@ 1-o0 error bars

@ sample local poly. fits;
estimate quasithreshold
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Approach
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Code Zoo

Families of Codes

Only consider binary codes whose generators can each be
written as a product of only X's or only Z's — CNOT transversal.

@ Bacon-Shor codes

@ Bravyi-Kitaev planar codes

o%oubly-even dual-containing (DC) codes

@ Binary subfield DC codes (polynomial codes)
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Approach
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Code Zoo

Code Zoo Manifest

NAME PARAM. DECODER
Bacon-Shor, 3 x 3 19,1, 3]] Majority
Bacon-Shor, 5 x 5 | [[25,1,5]] Majority
Bacon-Shor, 7 x 7 | [[49,1,7]] Majority
Bacon-Shor, 9 x 9 | [[81,1,9]] Majority
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Code Zoo

Approach

Code Zoo Manifest

irsa: 07060062

NAME PARAM. DECODER
Bacon-Shor, 3 x 3 18.1. 3] Majority
Bacon-Shor, 5 x 5 | [[25,1,5]] Majority
Bacon-Shor, 7 x 7 | [[49,1,7]] Majority
Bacon-Shor, 9 x 9 | [[81,1,9]] Majority

Planar, 3 x 3 [13,1,3]] | Min. Wi. Max. Match

Planar, 5 x 5 [41,1.5]] | Min. Wt. Max. Match

Planar, 7 x 7 | [[85,1,7]] | Min. Wt. Max. Match
y
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Code Zoo

Approach

Code Zoo Manifest
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NAME PARAM. DECODER
Bacon-Shor, 3 x 3 19,1, 3]] Majority
Bacon-Shor, 5 x 5 | [[25,1,5]] Majority
Bacon-Shor, 7 x 7 | [[49,1,7]] Majority
Bacon-Shor, 9 x 9 | [[81,1,9]] Majority

Planar, 3 x 3 [13,1,3]] | Min. Wi. Max. Match

Planar, 5 x 5 [41.1.5]] | Min. Wt. Max. Match

Planar, 7 x 7 [85,1,7]] | Min. Wi. Max. Maich
¢ Steane 17,1, 3]] Meggitt

Golay 123, 1, 7] Meggitt

QR47 47,1,11] Algebraic

Concat. Steane | [[49,1,9]] Table w/ Flags
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Approach
NS SIalInie:

Code Zoo

Code Zoo Manifest

NAME PARAM. DECODER
Bacon-Shor, 3 x 3 [8.1,3]] Majority
Bacon-Shor, 5 x 5 | [[25,1,5]] Majority
Bacon-Shor, 7 x 7 | [[49,1,7]] Majority
Bacon-Shor, 9 x 9 | [[81,1,9]] Majority

Planar, 3 x 3 [13,1,3]] | Min. Wi. Max. Match
Planar, 5 x 5 [41.1.5]] | Min. Wt. Max. Match
Planar, 7 x 7 [85,1,7]] | Min. Wi. Max. Maich
n Steane [7,1, 3]] Meggitt
Golay [23, 1. 7] Meggitt
QR47 [[47,1.11]] Algebraic
Concat. Steane | [[49,1,9]] Table w/ Flags
Polynomial, GF(16) | [[60, 4, 10]] Megaqitt R
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Threshold vs Block Size

Perfect Ancilla

[epsilon thi

Level-1 deg, guasithresh.

gy L L - g : :
Pirsa: 07060062 i L 0 i = &l g 2l % 101 Pa

|

Jim
A
| IT

block: sizes [al



Threshold vs Block Size

Imperfect Ancilla
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Threshold vs Block Size

Imperfect Ancilla
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Threshold vs Overhead

Threshold vs Overhead: Code by Code
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Threshold vs Block Size

Imperfect Ancilla

[epsLlon thl

ooill —

Level-1 deg, guasithresh.

[=]

0.0y —L - - - . - L !
Pirsa: 07060062 £ bl =4 4 [37) A T 2l ¥ 101 Pa

!

[l
I

block: siza [a]



Threshold vs Overhead

Threshold vs Overhead: Code by Code
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Threshold vs Overhead

Threshold vs Overhead: Code by Code
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Threshold vs Overhead

Threshold vs Overhead: Code by Code
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Threshold vs Overhead

Threshold vs Overhead: Code by Code
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Threshold vs Overhead

Threshold vs Overhead: Code by Code

—h ek

7.1.3]]

3. 33

[13.1.3]] (=) R
[23.1,7]]
[25.1,5]]
[41.1,5]] (=)
[47.1,11]]
[49.1,7]]
49,1, 9]

60, 4, 10]]
181.1,9]] i.
: :8 5 7 1 r 7] ] i .':' /:?Iﬁ"'-" SEGEO 8 "I",":'i'f ﬂ':!:\:'D'J 1?":"-""-'- FEC00ng i ii:.":i?l- 1.F.-=;::"'=.'. ’j‘l FAE 7 'IEIII'}C":

irsa: 07060062 Pa

!

[l
I



Threshold vs Overhead

Threshold vs Overhead: Code by Code
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Threshold vs Overhead

Threshold vs Overhead: Code by Code
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Summary

Summary

@ The Golay code performs well in this survey: 3 x 103
depolarizing noise threshold at 3 x 10* CNOTs/Rec.

@ As Overhead increases from zero to 3 x 104, the following

codes (in the survey) achieve highest thresholds in this

setting: Bacon-Shor 32, Steane, Bacon-Shor 52,
Bacon-Shor 72, Golay, . ..

@ Planar 5 x 5 Is comparable to Golay when memory
{ﬂl?ocations are neglected.

@ Qutlook:

e Failure rates p; at fixed py vs Overhead
e Comparison with Knill's scheme, Fibonacci scheme
e Other levels of hierarchy: outer, intermediate, physical
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