Resource Analysis of a Fault-Tolerant Quantum Computer
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Physical Qubits
— Cavity QED Systems with Single—Electron—Doped Quantum Dots —

GaAs/AlGaAs
DBR Cavity

Quantum Dot

A simple planar microcavity with

Layered architecture for quantum computing 2D lattice of site-controlled QDs
N. Cody Jones, Rodney Van Meter, Austin G. Fowler, Peter L. McMahon, C. Schneider, M. Strauss, T. Sunner, A. Huggenberger,
Jungsang Kim, Thaddeus D. Ladd, and Yoshihisa Yamamoto D. Wiener, S. Reitzenstein, M. Kamp, S. Hofling and A.
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Primary Components of the Physical Layer
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Proposal: PRL 99, 040501(2007), PRB 84, 235307(2011)

Electron spin: Nature 456, 218(2008), Nature Physics 4, 780(2008), Nature Photonics 4, 367(2010)
Hole spin: Nature physics 7, 872(2011)
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Parameters for Layer 1: Quantum Operation

Operation

Mechanism

Duration

Notes

Spin phase
precession

(Z-axis)

Magnetic field
splitting of spin
energy levels

TLarmc:-r — 40 Ps

Inhomogeneous nuclear en-
vironment causes spectral
broadening in Larmor fre-
quency, which is the source
of To™ processes.

Spin state
rotation pulse

Stimulated Raman
transition with
broadband optical
pulse

Tpulse — 4 pPS

Red-detuned
ground
transitions.

from spin
state-trion

Nonlinear phase

CW laser signal modulated

Entanging o of s stotes ||y ot
’ o , lator (EOM).
common cavity mode ( )
Dispersive
QND phase-shift of light i 1 s CW laser signal modulated
Measurement |reflected from planar QND by an EOM.

cavity




Virtual Layer

Virtual 1-qubit

Gate Virtual T, (Dephasing)
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Virtual Layer
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Simulation of the decoupling eectiveness of the 8H

A special dynamical decoupling sequence for QUDOS, known as sequence compared to CP and UDD (each using 4 X
8H since it requires eight Hadamard pulses. TL is the Larmor gates) in the presence of Slt_ephasmg noise and cpntrol
period determined by the external magnetic eld. (a) Timing errors. Here, “pulse error” is a systematic, relative
specication for the 8H sequence, where is an arbitrary time. deviation in the energy of every .pulse. In all cases,
Each of the pulse pairs enacts a -rotation around the X-axis of two Hadamard pulses are comblneq tQ p_rOdU_Ce an
the virtual qubit Bloch sphere. For 8H to work eciently, T2. (b) approximate X gate. The vertical axis is indelity after
Four 8H sequences in a row interleaved with arbitrary gates evolu.t|on Qf the sequence in Fig. (a) Wlth r=1ns;
formed from three Hadamard pulses (orange). The overall here indelityis 1 - F = 1-Z1l, whereZ Il is the
sequence forms a virtual gate by way of a BB1 compensation identity-to-identity matrix element in process
sequence. tomography for the decoupling gate

seguence with random noise. Since we aim to
execute virtual gates with 1-F < 1073, laser pulse
errors must be less than 1% in order for the virtual
gubit memory error rate to be adequately low.



Optical Spin Echo Experiment with a Single Spin in Planar Microcavity
D. Press et al., Nature Photonics 4, 367 (2010)
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Quantum Error Correction Layer
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Topological Surface Code

Two advantages:

« High threshold for gate errors < 1%

* Requires only nearest-neighbor interaction

Surface Code
Unit Cell

\/

?—69

Required Speed

Lattice Refresh Time: T _ 5007 ..<T,
. Syndrome Qubit “
(detect errors)
Data Qubit M| Measurement |H| Hadamard
(store information)
A lattice refresh cycle of the surface code can be performed in parallel 10

across the entire 2D array of qubits.



Separation in Time Scales

» Operation times increase by orders of
magnitude from Physical to Logical layer
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Primary Control Cycle of the Surface Code Quantum Computer
— Pipelining —

Issue }
Commands

Compiled Decompose QEC Physical contrr]c_'l )
Algorithm circuits into virtual sequences whic .

’ qubits and gates produce virtual Qua ntum Rengn
qubits and gates

Application
Layer
QEC Virtual Layer ’
Controller q Controller q @
Store Quantum
Quantum Error Virtual Laver Inform
Correction p -~
p ing rocessing @
Logical ’
Controller Process
. . Quantum
Pipelined Control Cycle e —
Construct logical ‘
ig&ﬁ;i;%?u antum QEC Syndrome Physical-to-Virtual
decomposing arbitrary Processing Object Translation Measure
gates into fundamental Quantum
gates and ancillas Information

QEC
Syndrome h Virtual Layer «_ l
Processor Processor

Layer 5: Application

. Process virtual qubit Translate hardware
Layer 4: Logical measurements to readout signal into
Layer 3: QEC determine error measurement of
Layer 2: Virtual syndrome and virtual qubits

update Pauli frame

@ Layer 1: Physical

Process
Results

N. Cody Jones et al., arXiv:1010.5022 [quant-ph]
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Resource and Operation Time of Surface Code Architecture

Shor’s factoring algorithm for 2048-bit integer

Parameter Symbol Value _ _
Threshold error per virtual gate Ethresh 7.5 x 103 # of logical qubits Q ~ 6N
Error per virtual gate ev 1x10~° Success probability of quantum
Number of logieal gates K 9 x 102 algorithm
Number of logical qubits 12288
P O oo d . - ~99.99%

rror per logical gate 33 9 x 10
Surface code distance d 53 @
Virtual qubits per logical qubit 19600 g, <104/KQ
Operation Label Composition Max @

Duration code distance 53

Lattice Refresh LatticeRefresh 2% (IZ-4xCNOT-MZ-IX- | 1.61 ps I f nhvsical
with Alternating 4 x CNOT - MX) tOta_ number of physica
Phase Masks qubits
Defect Braiding DefectBraid 30 x LatticeRefresh 48.4 ps 8 ..
Logical CNOT LogicalCNOT 3 x DefectBraid 145 ps 2x10 (mmlmum)
State Distillation StateDistill 5 x DefectBraid 242 us ~ 109 (SUﬁiCient)
Logical Toffoli LogicalToffoli 14 % DefectBraid 678 us

Gate

e

Total computational time ~10 days

13



Circuit Depth Shor’s Algorithm

Circuit Depth (Toffoli Gates)

10x10
ol
gl
St 90
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St 60
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31
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3P 1024 2048 4096

Bits to Factor (N)

Optical quantum dots
Surface code QEC

Shor implementation given in
[Van Meter, et al. [/QI 8,295 (2010)]

Execution Time (days)
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- Algorithm stalls when distillation is not fast enough
* Require ~90% of QC devoted to distillation
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