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Code |FTEC/| locs. |eo(x107%)[ed'C (x10~%)
Steane [[7,1,3]] |Steane| 575 0.27
c?) 119,1,3]] |Steane| 297 1.21 1.21 - 0.06
Knill | 297 1.26 1.26 +0.05
c®) [[25,1,5]] |Steane| 1,185 1.94 | 1.92+0.02
Knill | 1,185 2.07 + 0.03
Golay [[23,1,7]] [Steane| 7,551 ~ 1
c\) 1149,1,7]] |Steane| 2,681 1.74 £ 0.01
Knill | 2,681 1.91 + 0.01

TABLE I: Rigorous lower bounds on the accuracy thresh-
old, €o, for adversarial stochastic noise with the concatenated
Bacon-Shor code of varying block size and comparison with
prior rigorous lower bounds using the concatenated Steane
[7,1,3]] code [14] and Golay [[23,1,7]] code [16]. The third
column gives the number of locations in the CNOT extended
rectangle [14]. The forth column gives exact lower bounds on
go; the results are obtained using a computer-assisted com-
binatorial analysis. The fifth column is the Monte-Carlo es-
timate for g9 with 1o uncertainties. Bold fonts indicate the
best results in each column.
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1.0 'I’V\C\kg XYWy COXAST ™, [LATnCKn http://arxiv.org/abs/1310.8457i
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Comparing the Overhead of Topological and Concatenated
Quantum Error Correction http://arxiv.org/abs/1312.2316

Martin Suchara, Arvin Faruque, Ching-Yi Lai, Gerardo Paz, Frederic T. Chong, John Kubiatowicz

Table 3. Logical gate count for Shor’s algorithm factoring a 1024-bit number. A conservative
estimate of parallelization factors shown.

Gate Occurences Parallelism
CNOT 1.18 x 10° 1
H 3.36 x 108 1

TorT! 1.18 x10° 2.33

Logical Circuit Bacon-Shor Code Surface Code
Xmeas. Zmeas. X z z r;:‘as. X z
5% 5%, 0% 0% ) 0% ,0%
|0> prep. \ X meas.
6% 3 \ | |/ \ l /

|+> prep. -4
5%

8%
CNOT |0>prep.
8% .
SWAP ===
61% |+> prep. \/

8%

Fig. 13. The gate types used in a typical logical circuit and a typical fault-tolerant circuit that
uses the Bacon-Shor and Surface codes all differ.

2013-2014 USC notes Page 17


http://arxiv.org/abs/1310.8457
http://arxiv.org/abs/1312.2316

Table 4. The resources needed to factor a 1024-bit number with Shor’s algorithm. Results shown
for the surface and Bacon-Shor codes on three technologies.

Neutral Supercond. Ion
Technology Atoms Qubits Traps
Gate error 1x1073 1x1073 1x10°
Avg. gate time 19,000 ns 25 ns 32,000 ns
Execution time 2.62 years 10.81 hours 2.22 years
No. qubits 5.29 x 108 4.57 x 107 1.44 x 108
No. gates 1.02 x 10% 2.55 x 10*° 5.10 x 10*°
Dominant gate CNOT CNoOoT CNOT
Code distance 17 5 3 Surface code
Logical gate error 499 x 107 295 x 107" 492x107*° bedrer v \,\\\&\/\
Logical gate time 1.29 x 10° ns  2.10 x 10° ns  5.96 x 10° ns

C e
No. qubits per logical 3.73 x 10° 3.23 x 10° 1.16 x 10° ercoc coyes

No. gates per logical  1.11 x 10° 9.60 x 10° 3.46 x 10°

Execution time N/A 5.10 years 57.98 days
No. qubits N/A 2.65 x 102 4.60 x 10°
No. gates N/A 1.16 x 10%  4.07 x 10*®
Dominant gate N/A SWAP CNOT
Code concatenations N/A 5 1 Bacon-Shor code
Logical gate error N/A 3.42x 107" 509 x 107 \DQ)\-\»ef aX \ow
Logical gate time N/A 1.42 x 10" ns  7.27 x 10° ns ercoc rayes
No. qubits per logical N/A 2.82 x 108 49
No. gates per logical N/A 1.18 x 10! 79
Time Per Logical Operation Number of Qubits per Tile
1e+14 — T T T T I T T 1e+14 — T T I T T
Bacon-Shor code —— | Bacon-Shor code
1e+12 | Surface code -~ 1 g eeg Surface code - ]
@ 1e+10 ] & te+10 ]
% 10408 i S 1e+08 .
E° g tes06 |
1e+06 1 3 10000 | 1
1m0 i - ' 1 1 L 1 1 1 i 100 '} 1 5
7 7 7 . 7 7 o o o 7 7 7 P £ P4 Z o o o
% % %% S0 % o %, %, T - T O %, %,
physical gate error _ physical gate error
Physical Gates Per Logical Operation Concatenation Level / Code Distance
1e+16 [~ Bacon-Shor code —— || ] g “Bacon-Shor code ] o
2 tes14 | Surface code -~ 1 |2 100} Surface code -~ 1
& 1e+12 e 8 ]
5 1e+10 I 1]e
5 1e+08 | 1 1l& 1w} 1
€ 1es06 b e | 118
-
= 10000 + ] -S-
100 1 1 1 1 I I Il 1 7] s 1 I ! ! =
7 2% 7 7 7 o © 7 Qo

7 o Q 7 o Q
e, o, B T, e % “g ¥ ‘0 (S 3 3 ‘Qy QO
2 % % % % % Y, R % % %, Y “
physical gate error physical gate error
— y

Fig. 10. Properties of error correction in an abstract quantum technology with physical gate error
varying between 1 x 10710 and 1 x 10~2. Vertical lines indicate the error correction threshold of
the Bacon-Shor and Surface error-correcting codes. The target error rate for a logical operation
was chosen to be 1 x 10710,
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physical gate error

Code Concatenations - Bacon Shor Code Code Distance - Surface Code

o0 +—t+——-++—+~—+2t—r—t—tr—1r 8 0.01 100
£ B
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1 a
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A A O N B SR SR N Ty vl XS W Hao T TR P
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Fig. 11. The required concatenation level and code distance of the Bacon Shor and surface codes
increase with increasing gate error of the physical technology and decreasing desired logical gate
error.
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