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A pulse producing a unitary evolution £, such that
T : _
PH,P'=-H., ie,{P,H,}=0

(Carr-Purcell, Hahn spin-echo)

X XZX=-Z =
H “time reversal”,
SB
H, averaged to zero

=
HSB —1ZRB (in 1% order Magnus expan.)

H
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Pynamical Decoupling = Symmetrnzation

Viola & LleydPhys. Rev. A 58; 2733 (1998); Byrd & Lidar, Q. Inf. Proc. 1, 19 (2002)

System-bath Hamiltonian: H;=%'S, ®B,

e X

o system bath
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Dynamical Decoupling Theory

“Symmetrizing group” of pulses { g;} and their inverses are applied in series:

(9 T9y)-+(9,F9,)(9,F9,) ~exp(-iz ) 9;'H, ;)

T=exp(-IHg7)

first order Magnus expansion
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Dynamical Decoupling Theory

“Symmetrizing group” of pulses { g;} and their inverses are applied in series:

(9 T9y)-+(9,F9,)(9,F9,) ~exp(-iz ) 9;'H, ;)
T=exp(-IHg7)

first order Magnus expansion
Choose the pulses so that:

H sg H &3 = Zi giT H 00 = 0 Dynamical Decoupling Condition

For a qubit the Pauli group G=X,Y,Z [} (x pulses around all three axes) removes an
arbitrary Hgyp:

OXFX) (YFY) (ZF2) (1F1) = XFZEXFZF

Periodic DD: periodic repetition of the universal DD pulse sequence




The Effective Hamiltonian

Another view of the universal decoupling sequence:

| X
N
| <
| N

S
N

\Vv Fr=exp[-iTH . (T)]

T =exp[-irH
XPlHTH ] H_. (T)=0, ideally




The Effective Hamiltonian

Another view of the universal decoupling sequence:

| X

N
| <
| N
| X<

S

\Vv Fr=exp[-iTH . (T)]

T =exp[-irH
XPlHTH ] H_. (T)=0, ideally

But, errors accumulate...: H_, (T)#0




Periodic Dynamical Decoupling

PDD Strategy: repeat the basic X{ZfZfX{Z cycle with total of N pulses.
The total duration is fixed at T. N can be changed.
Pulse interval: 7 = T /N

Define noise strength N — | ‘H eff (T) ‘ ‘T

norm of final effective system-bath Hamiltonian times the total
duration.




Periodic Dynamical Decoupling

PDD Strategy: repeat the basic X{ZfZfX{Z cycle with total of N pulses.
The total duration is fixed at T. N can be changed.
Pulse interval: 7 = T /N

Define noise strength N — | ‘H eff (T) ‘ ‘T

norm of final effective system-bath Hamiltonian times the total
duration.

PDD leading order result for error:

Can we do better?
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Nest the universal DD pulse sequence into its own free evolution periods F:
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Concatenated Universal Dynamical Decoupling

Nest the universal DD pulse sequence into its own free evolution periods F :

p(D=XFf zFf XFf ZF
pP(2)= X p(1)Z p(1)X p(1)Z p(1)
p(n+l)= X p(n)Z p(n)X p(n)Z p(n)

Level Concatenated DD Series after multiplying Pauli matrices
1 XFZEXTFZT
2 VA PS VARG VA DS VA R VA DS VARG VA VS VA
3 ISVAVS VARG VA PS VA LVA RS VA A VA VS VA VA VA VS VA NG VA VS VA R VA RS VA NG VA DA VA DS VA §
ISVARNSVARS VAR VARS VARG VAP VA VA VA VS VA NG VA DS VA R VA VS VA MG VA DS YA §

Length grows exponentially; how about error reduction?

[Khodjasteh & Lidar, PRL 95, 180501 (2005) ]




Performance of Concatenated Sequences

error — (error)2 — ((error)?)2 — (((error)?)2)2 o (error)

[Khodjasteh & Lidar, PRA 75, 062310 (2007) ]




Performance of Concatenated Sequences

error — (error)2 — ((error)2)2 — (((error)?)2)2 — o (error)

For fixed total time T=Nt and N zero-width (ideal) pulses:

n o< N b N—clog N
Compare to periodic DD: 1 X ]\@

[Khodjasteh & Lidar, PRA 75, 062310 (2007) ]




Hybrid DD-DFS Quantum Gates

"Decouple while Compute"
arXiv:0911.2398
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Computation

Problem: DD pulses interfere with computational pulses — they
cancel everything!

How can they be reconciled?

« Need a commuting structure of pulses and computation.
e A solution:

Use encoded qubits from a DFS.

Logical gates over DFS generated by Heisenberg.

DD pulses acting as global X and Z are still a universal decoupling group, and
commute with Heisenberg

arxiv:0911.2398
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Heisenberg Computation over DFS is Universal

« Heisenberg exchange interaction:
Hueis = )5 ; Jij (XiX; + YiY; + ZiZ5) = ), 5 Jij B
« Universal over collective-decoherence DFS
[J. Kempe, D. Bacon, D.A.L., B. Whaley, Phys. Rev. A 63, 042307 (2001)]

1

+ Over 4-qubit DFS: Jo,)=(jo1)-[10))(01) - 10)

2
|1L>:%(2|0011>+2|11oo>—(|011o>+|1001>+|101o>+|0101>))

X = _%(Eli& - %Elz) 7 = —FE19

e¥X and e9Z generate arbitrary single encoded qubit gates

CNOT involves 42 elementary steps (D. Bacon, Ph.D. thesis)

arxXiv:0911.2398
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Universal Decoupling Group Commutes with Heisenberg

« nlevels of concatenation, N=4" pulses

« Universal decoupling group on M (even) system-spins:

p(l):XUZUXUZU\A(/) X Z XZ X
l o—4(0/N)Hgate

Ujujuju
XlXM leM > t

p(2)= X p(1)Z p(DX p(1)Z p(1)

[HHeisaX or Z] =0

arxiv:0911.2398
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Error Model: Electron qubits in GaAs, nuclear spin bath

« “Error Hamiltonian” (everything excluding DD):

l.."l E : (m) E : _ —=(n) =(m)
H-F': _'-“-“‘"- +'-4-'B _|_ .:‘4.”_”![]”' ! 'gllr"

il L =<_ 1T

Helsenberg System-Bath (hyperfine coupling)

O O system
Al% —=(n) =(m) q n) _(m)
+ E Br.!.rr;.{ﬂ” e a — EU}L 0y )

—& —& ) Bath

Bi,3

L=< T

Dipolar Bath-Bath

A, ., =C/2Mmm and B, ,, = D/d>

F e,

B= Z” < m Bﬂ..m. = 10kHz

arxiv:0911.2398
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Model Assumptions for Exact Numerical Simulations

« Simulated discrete universal set: {n/8, Hadamard, CPhase}
« Single-encoded qubit gates: 4 system qubits, 6 bath qubits
 Encoded CPhase: 8 system qubits, 2 bath qubits

« Bath initialized in thermal equilibrium at zero K (equal superposition
over all basis states)

+  System initialized as %(\OMIJ)

arxXiv:0911.2398
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Simulations for a protected logic gate: electron spin in a GaAs quantum dot

F= H \/ pactual \/ pldeal x/8—gate

., —(mﬁmﬂsz (1. 8y = (10°,10°) Hz (1.8) = (10°,10°) Hz
ﬁ] 5 0F . ﬁ} . . . . e . ’8. . . y

0 1 2 3 4 s (S R R R

(J.£) = (10°.10") Hz o (.4 = (10",10") Hz 0 WA= (lr;:E 10‘“;1{;

logy(1-F)

o 1 2 3 4 35 o 1 2 3 4 b123456
(1,5 = (107, 10°) Hz o (1,8 = (10°,10%) He . (1.f) = (10°,10%) Hz

Concatenation Level =|Og(t| me)
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Simulations for a protected CPHASE gate: electron spin in GaAs quantum dot

Controlled—phase gate

(1.8 = (107,107 Hz (1.4 =(10".10%) Hz (1.8) = (10°,10%) Hz

(1.8) = (10%.10) Hz

1 2 3 4 3 4]

(1.8) = (10%.10%) Hz

Concatenation Level =— IO N
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Better than Concatenated DD?

Does there exist an optimal pulse sequence?

Optimal = removes maximum decoherence
with least possible number of pulses




Better than Concatenated DD?

week ending
PRL 98, 100504 (2007) PHYSICAL REVIEW LETTERS 9 MARCH 2007

Keeping a Quantum Bit Alive by Optimized 77-Pulse Sequences

Gotz S. Uhrig™

Lehrstuhl fiir Theoretische Physik I, Universitit Dortmund, Otto-Hahn Strafie 4, 44221 Dortmund, Germany
(Received 26 September 2006; published 9 March 2007)

A general strategy to maintain the coherence of a quantum bit is proposed. The analytical result is
derived rigorously including all memory and backaction effects. It is based on an optimized 7-pulse
sequence for dynamic decoupling extending the Carr-Purcell-Meiboom-Gill cycle. The optimized
sequence is very efficient, in particular, for strong couplings to the environment.
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Better than Concatenated DD?

week ending
PRL 98, 100504 (2007) PHYSICAL REVIEW LETTERS 9 MARCH 2007

Keeping a Quantum Bit Alive by Optimized 77-Pulse Sequences

Gotz S. Uhrig™

week endin

PRL 101, 180403 (2008) PHYSICAL REVIEW LETTERS 31 OCTOBER 2008

Universality of Uhrig Dynamical Decoupling for Suppressing Qubit Pure Dephasing

_and Relaxation
OR

Wen Yang and Ren-Bao Liu™

Department of Physics, The Chinese University of Hong Kong, Shatin, N. T., Hong Kong, China
(Received 25 July 2008; published 29 October 2008)

The optimal N-pulse dynamical decoupling discovered by Uhrig for a spin-boson model [Phys. Rev.
Lett. 98, 100504 (2007)] is proved to be universal in suppressing to Q(T""") the pure dephasing or the
longitudinal relaxation of a qubit (or spin 1/2) coupled to a generic bath in a short-time evolution of
duration 7'. For suppressing the longitudinal relaxation, a Uhrig 77-pulse sequence can be generalized to be
a superposition of the ideal Uhrig #-pulse sequence as the core and an arbitrarily shaped pulse sequence
satisfying certain symmetry requirements. The generalized Uhrig dynamical decoupling offers the
possibility of manipulating the qubit while simultaneously combating the longitudinal relaxation.




Better than Concatenated DD?

PHYSICAL REVIEW LETTERS week ending

PRL 98, 100504 (2007) 9 MARCH 2007

Keeping a Quantum Bit Alive by Optimized 77-Pulse Sequences

Gotz S. Uhrig™

week ending

PRL 101, 180403 (2008) PHYSICAL REVIEW LETTERS 31 OCTOBER 2008

Universality of Uhrig Dynamical Decoupling for Suppressing Qubit Pure Dephasing

_and Relaxation

OR

Wen Yang and Ren-Bao Liu™
week ending

PRL 102, 120502 (2009) PHYSICAL REVIEW LETTERS 27 MARCH 2009

Concatenated Control Sequences Based on Optimized Dynamic Decoupling

Gotz S. Uhrig™
School of Physics, University of New South Wales, Kensington 2052, Svdnev NSW, Australia
(Received 30 October 2008; published 27 March 2009)

! Two recent developments in quantum control, concatenation and optimization of pulse intervals, are i
combined to yield a strategy to suppress unwanted couplings in quantum systems to high order.
Longitudinal relaxation and transverse dephasing can be suppressed so that systems with a small splitting
between their energy levels can be kept isolated from their environment. The required number of pulses
grows exponentially with the desired order but is only the square root of the number needed if only
concatenation is used. An approximate scheme even brings the number down to polynomial growth. The
approach is expected to be useful for quantum information and for high-precision nuclear magnetic
resonance.




Better than Concatenated DD?

week endin

PRL 104, 130501 (2010) PHYSICAL REVIEW LETTERS 7 APRIL .20%0

Near-Optimal Dynamical Decoupling of a Qubit

Jacob R. West,' Bryan H. Fong,' and Daniel A. Lidar”
'HRL Laboratories, LLC, 3011 Malibu Canyvon Road, Malibu, California 90265, USA
*Departments of Chemistry, Electrical Engineering, and Physics, Center for Quantum Information Science & Technology,

University of Southern California, Los Angeles, California 90089, USA
(Received | September 2009: published 1 April 2010)

We present a near-optimal quantum dynamical decoupling scheme that eliminates general decoherence
of a qubit to order n using O(n?) pulses, an exponential decrease in pulses over all previous decoupling
methods. Numerical simulations of a qubit coupled to a spin bath demonstrate the superior performance of
the new pulse sequences.
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Better than Concatenated DD?

week endin

PRL 104, 130501 (2010) PHYSICAL REVIEW LETTERS QAPR]LQD%[}

Near-Optimal Dynamical Decoupling of a Qubit

Jacob R. West,' Bryan H. Fong.' and Daniel A. Lidar®

'HRL Laboratories, LLC, 3011 Malibu Canyvon Road, Malibu, California 90265, USA
*Departments of Chemistry, Electrical Engineering, and Physics, Center for Quantum Information Science & Technology,
University of Southern California, Los Angeles, California 90089, USA
(Received | September 2009: published 1 April 2010)

We present a near-optimal quantum dynamical decoupling scheme that eliminates general decoherence
of a qubit to order n using O(n?) pulses, an exponential decrease in pulses over all previous decoupling
methods. Numerical simulations of a qubit coupled to a spin bath demonstrate the superior performance of
the new pulse sequences.

“Quadratic DD” eliminates the first n orders in the Dyson series of the
joint system-bath propagator using n? pulses

Concatenated DD requires 4" pulses to do the same, approximately




Inner workings of Quadratic DD

Z pulses occur at Uhrig times: X pulses occur at times:

2n+2 Js

- 2 jm _ < 2( Lk
t;=Tsin (—) t,,=T;sIn (n

If X and Z pulses coincide, Y pulses are used.




Inner workings of Quadratic DD

Z pulses occur at Uhrig times: X pulses occur at times:
J7T _ a2 _k
t,=Tsin ( +2) liy =T, (2njiz)+ i
If X and Z pulses coincide, Y pulses are used. j, ke {l,n}

» This can be visualized as an outer product of Uhrig sequences:
- Colors correspond to interval conjugation type (,X,Y,2)
- Areas correspond to interval duration
- Final pulse sequence is read off row-by-row down the 2D array

» The total normalized time for the sequence is S, 2

S2=407.9

ue® W YUY
B XUMX W ZUMZ

$2=109.7
$2-46.6

=16.
52 =4,
n=2 n=3 n=4 n=5

For every value of n, the first \/n terms in the Dyson series are removed

S2-222.9

n=6




Comparison of DD Sequences

DD Comparison

1t of pulses

100 150 250

Periodic DD: 4n pulses
Concatenated DD: 4" pulses
Concatenated Uhrig DD: n2" pulses
Quadratic DD: (n+1)2 pulses

— 1

H=BU®B)+J(X®B,+Y®B, +Z®B,) B, 22"(" ®0,,

Jr= Br=10%. The shortest pulse interval ris the same in all simulations
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Part 3: Decouple-then-compute
Or: how dynamical decoupling can help fault tolerance

arXiv:0911.3202

DL, with Hui-Khoon Ng and John Preskill

IQI-Caltech, CQIST-USC

Lidar, Ng, Preskill (IQl-Caltech, CQIST-USC) FTQC with DD
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Fault tolerant quantum computation Obstacles

Obstacles to scalable quantum computation

@ Environment causes decoherence.
@ Gates for computation are noisy.
@ Gates for quantum error correction are noisy

Is reliable quantum computation nevertheless possible?

Yes, under certain reasonable noise models:

the quantum accuracy threshold theorem

Lidar, Ng, Preskill (IQl-Caltech, CQIST-USC) FTQC with DD ITAMP, Aug. 11, 2010

2/18



Noise model and Quantum Accuracy Threshold Theorem
Noise Model
@ System and bath are coupled via an “error” Hamiltonian He,,.
@ Time between gates is 7p.
@ The noise strengthis n = || Hex || 70-

Quantum accuracy threshold theorem
@ Simulate ideal L-gate circuit using an L*-gate circuit protected by
many levels of concatenated quantum error correction. There
exists a threshold ng such that concatenation suffices for accurate
simulation of arbitrarily long quantum computations, if the noise is
“sufficiently weak”:
n<mg~10"*

@ 7 also determines number of extra gates needed to compute

fault-tolerantly:
* Iog(noL/e))C
" xL|{—=———+
('09(770/77)

(e is desired accuracy error (upper bound on trace norm difference), ¢ = O(1), a circuit.-dependent constant)

Lidar, Ng, Preskill (IQl-Caltech, CQIST-USC) FTQC with DD ITAMP, Aug. 11, 2010 3/18



Fault tolerance with dynamical decoupling Fault tolerance and dynamical decoupling

Let’s add dynamical decoupling (DD): each gate will be preceded by a
DD pulse sequence. What do we stand to gain?

@ DD doesn’t involve measurements
@ DD doesn’t require ancillas

— DD easier to implement than QEC.

Lidar, Ng, Preskill (IQl-Caltech, CQIST-USC) FTQC with DD ITAMP, Aug. 11,2010 6/18
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Fault tolerance with dynamical decoupling Fault tolerance and dynamical decoupling

Let’s add dynamical decoupling (DD): each gate will be preceded by a
DD pulse sequence. What do we stand to gain?

@ DD doesn’t involve measurements
@ DD doesn’t require ancillas

— DD easier to implement than QEC.
@ Noise model changes in presence of DD:

Here — Hog, hence
1N = ||Here|l70 = 7pD = ||Hest|| 70

@ Can adding DD to fault-tolerant circuit weaken noise strength
and reduce resource requirements?
l.e., can we have npp < n?
And if we did, what good what it do?

Lidar, Ng, Preskill (IQl-Caltech, CQIST-USC) FTQC with DD ITAMP, Aug. 11, 2010 6/18



Fault tolerance with dynamical decoupling How can DD help FT?

@ Gates unprotected by DD: scalable if the noise strength of
unprotected gates is below the accuracy threshold,
ThoDD = 7 < 7).

@ Gates protected by DD: scalable if npp < 9.

Two ways DD can help FT:

Lidar, Ng, Preskill (IQl-Caltech, CQIST-USC) FTQC with DD ITAMP, Aug. 11, 2010 7/18
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@ Gates unprotected by DD: scalable if the noise strength of
unprotected gates is below the accuracy threshold,
ThoDD = 1] < 70

@ Gates protected by DD: scalable if npp < 9.

Two ways DD can help FT:

o
threshold

| | |
T 1 1

Ibp o ThobD noise strength

Arbitrarily large quantum circuits can be simulated accurately with
DD-protected gates, but not with unprotected gates
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Fault tolerance with dynamical decoupling How can DD help FT?

@ Gates unprotected by DD: scalable if the noise strength of
unprotected gates is below the accuracy threshold,
ToDD = 7] < 7)0-

@ Gates protected by DD: scalable if npp < 9.

Two ways DD can help FT:

o
threshold

Ibp o ThobD noise strength

Arbitrarily large quantum circuits can be simulated accurately with
DD-protected gates, but not with unprotected gates

o
threshold

Il Il
T

|
T T
TIbp ThobD o noise strength

Even when n,opp < 109, DD may reduce the overhead cost of
fault-tolerant quantum computing if npp < 7DD

Lidar, Ng, Preskill (IQl-Caltech, CQIST-USC) FTQC with DD ITAMP, Aug. 11,2010 7/18



Fault tolerance with dynamical decoupling How can DD help FT?

The task

@ |dentify and compute the noise strength of the DD-protected
circuit, npp
@ I|dentify conditions under which npp < MmopD

@ Determine which DD schemes are best at lowering the noise
strength while being compatible with QEC

Lidar, Ng, Preskill (IQl-Caltech, CQIST-USC) FTQC with DD ITAMP, Aug. 11, 2010 8/18



Fault tolerance with dynamical decoupling

tiMe —

Lidar, Ng, Preskill (IQl-Caltech, CQIS FTQC with DD



Fault tolerance with dynamical decoupling Noise model, computation and DD

time —

Joint evolution of S and B; noise Hamiltonian H.

Hg = free bath evolution

Hg = free no-noise system evolution

40
Hgg = system-bath interaction } Herr = Hs + Hsp

Hiun = H = Hp + Herr.

Lidar, Ng, Preskill (IQl-Caltech, CQIST-USC) FTQC with DD ITAMP, Aug. 11, 2010

9/18



Fault tolerance with dynamical decoupling

TiME  ——

Add computation:

@ Sequence of gates used to fault-tolerantly simulate ideal circuit.

Lidar, Ng, Preskill (IQl-Caltech, CQIST-USC)

FTQC with DD




Fault tolerance with dynamical decoupling Noise model, computation and DD

To tiMe m——d>

Add computation:

@ Sequence of gates used to fault-tolerantly simulate ideal circuit.

@ Divide into time-steps of duration 7y: shortest possible interval
between pulses.

Lidar, Ng, Preskill (IQl-Caltech, CQIST-USC) FTQC with DD ITAMP, Aug. 11, 2010 9/18



Fault tolerance with dynamical decoupling Noise model, computation and DD

| | @ j : G |
S 1 2 [ G 1 6 1
G = L 4.1 G S—
B : 1 1 : 5 G 1 1
| | Gy | | | EE
——
W 1 t|me 1 1 1 1

Add computation:
@ Sequence of gates used to fault-tolerantly simulate ideal circuit.

@ Divide into time-steps of duration 7: shortest possible interval
between pulses.

@ Gates applied by pulses of width ¢ at the end of each time-interval

T0-

Lidar, Ng, Preskill (IQl-Caltech, CQIST-USC) FTQC with DD ITAMP, Aug. 11, 2010 9/18



Fault tolerance with dynamical decoupling Noise model, computation and DD

Gz
S— L

1
To time —>

Add computation:
@ Sequence of gates used to fault-tolerantly simulate ideal circuit.

@ Divide into time-steps of duration 7: shortest possible interval
between pulses.

@ Gates applied by pulses of width ¢ at the end of each time-interval

T0-

Hiai = H 4 Hc(t) = Hp + Herr + Hc(1).

Lidar, Ng, Preskill (IQl-Caltech, CQIST-USC) FTQC with DD ITAMP, Aug. 11,2010 9/18



Fault tolerance with dynamical decoupling Noise model, computation and DD

Q

@

@

] E
{=>)

Ta time —>

Add DD:
° Replace each gate by (DD pulse sequence + gate)
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Fault tolerance with dynamical decoupling Noise model, computation and DD

G
S G_ (G} L
B “ “ el
e
Ta 7 7 tiMe — 7
Add DD:

° Replace each gate by (DD pulse sequence + gate)

DD-protec;ed gate G
Hwn = H+ He(t), Hc(t) includes DD pulses.
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Fault tolerance with dynamical decoupling Noise strength in presence of DD

Noise strength of a DD-protected gate B
Recall: gate G; DD-protected gate G; , time taken by G.

@ Local-bath assumption — examine each DD-protected gate
separately.

@ Noise strength n8, — deviation from ideal evolution (Her = 0):
DD

135 = Maxa||Ga — Ga ® Ug(b)||
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Fault tolerance with dynamical decoupling Noise strength in presence of DD

Noise strength of a DD-protected gate B
Recall: gate G; DD-protected gate G; , time taken by G.

@ Local-bath assumption — examine each DD-protected gate
separately.

@ Noise strength 12, — deviation from ideal evolution (Heyr = 0):
DD

n3p = Maxal|Ga — Ga ® Ug(to)||
o If ngD < np, fault-tolerant quantum computation possible.
Compute good upper bound npp > ngD.
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Fault tolerance with dynamical decoupling Noise strength in presence of DD

Noise strength of a DD-protected gate B
Recall: gate G; DD-protected gate G; , time taken by G.

@ Local-bath assumption — examine each DD-protected gate
separately.

@ Noise strength n3, — deviation from ideal evolution (Her = 0):

n3p = Maxal|Ga — Ga ® Ug(to)||

o If ngD < np, fault-tolerant quantum computation possible.
Compute good upper bound npp > T]SD.

© 18p < [|Q1(to) + itoHa || + X5z 120 (t0) -

~—_——

Qi (fo)
» Qn(ty) are terms in Magnus expansion for G in “toggling frame”.
» Computed from toggling frame Hamiltonian H(t) = UL(t)HU,(t).
» First-order decoupling: (%) = 0. Assumed for non-trivial DD with
zero-width pulses.
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Fault tolerance with dynamical decoupling Noise strength in presence of DD

Bound on the noise strength

@ Compute bounds on individual
Magnus terms.
@ Parameters: Jrg, eg < 1

> J= ||HerrHs
> € = [[Her|| + | Hall = [IH]].
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Bound on the noise strength

@ Compute bounds on individual

Magnus terms. General Time- _
@ Parameters: Jrg, erg < 1 symmetric
- Ci 0 0
> J = [[Herll, C 3 0
> € = ||Henl + [|Hall = [|H]|. 2
. Cs | 4/9 2/9
@ Noise strength for DD-protected Co | 11/9 0
gate: Cs 9.43

1op = (Jio) 321 Cr(etp)™!
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Bound on the noise strength

@ Compute bounds on individual

Magnus terms. General Time- _
@ Parameters: Jrg, erg < 1 symmetric
- Ci 0 0
> J = [[Herll, C 3 0
> € = ||Henl + [|Hall = [|H]|. 2
. Cs| 4/9 2/9
@ Noise strength for DD-protected Co | 11/9 0
gate: Cs 9.43

oo = (Jlo) oy Crleto)™

@ Time-symmetric DD sequence: H(ty — t) = H(t)
» Qn(ty) = 0 for all neven.
» Qu(f) = 0 = second-order decoupling.
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Bound on the noise strength

@ Compute bounds on individual

Magnus terms. General Time- _
@ Parameters: Jrg, erg < 1 symmetric
- Ci 0 0
> J = ||II-I-IerI‘Hs H H CZ 1 O
= > .
" [Herel| + [|Hall = [|H]] C. T 579
@ Noise strength for DD-protected Co | 11/9 0
gate: Cs 9.43

oo = (Jlo) oy Crleto)™

@ Time-symmetric DD sequence: H(ty — t) = H(t)
» Qn(ty) = 0 for all neven.
» Qu(f) = 0 = second-order decoupling.

@ DD weakens noise strength if npp < nnopp = J70-

» Less stringent fault tolerance threshold condition npp < 7.
» Lower resource requirements to attain same level of accuracy.
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Example - single-qubit errors (i: system qubit label).

H = HB + Herr’ Wlth Herr = EI a ) ® B(I)

@ Universal decoupling sequence:

npp ~ (Jlo)(eto) = (4J70)(4eTo)

@ Time-symmetric version: Apply universal decoupling sequence,

repeat, but time-reversed.
—H—RH -

2 2
nDD ~ §(~/1‘0)(61‘0)2 = 5(&/70)(8670)2

@ Recall: TnoDD = Jro.
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Effective noise strengths for zero-width pulses

threshold

t
oo "o hobp noise strength

2 T T T T T
----- universal decoupling sequence
1.8} |—time-symmetric sequence 8
1.6f .
1.4+ .

81:0=O .0403
DD hurts \

DD helps

s

8‘Co=0 .0511

e

o 0.01 0.02 0.03 0.04 0.05 0.06
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Reduction in number of gates required in fault tolerant simulation

_10—4 i * : o wi * Loy _ log(ng /Mnopp) '\ ©
J7g = 107", N zero-width pulses, L}, gates for simulation with DD, Ly without DD, L = N < 109(n9 /mpD)

threshold
|

,
t t t
oo "hhobD "o noise strength

T
- - universal decoupling sequence|
_, [ |——time-symmetric sequence

10 "¢ &
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Examples

Concatenated DD
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Concatenated DD
Concatenated DD sequence is recursively generated.
E.g., for single-qubit universal decoupling sequence:

p1 = ZIXIZIX]

P2 = Zp1 Xp1£p1 Xp1
Pk = ZPk—1XPk—1ZPk—1 XPk—1

@ Such sequences don'’t allow errors to build up by reducing them at
all concatenation levels

@ However, if sequence becomes too long errors build up and
effectiveness diminishes

@ There exists an optimal concatenation level:
Kopt = — log(eTg)—+const
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o Universal DD: 4N5J S TTDOD S %(5670)_% lOQN(éeTO)_g (cis a constant, § is pulse width)

@ time-symmetric DD: 8N6J < L2 < o7 (Terg) ~ 'o9n(Gero) =2

1
0.001,
106
~
o -’
S
————— universal decoupling sequence
<X 10 pling seq
- . .
8—8 time-symmetric sequence
=
< 102
107
10718
10°5 104 0.001 0.01 0.1

Cetg
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Conclusions

Conclusions
Obtained rigorous bounds obtained on the Magnus expansion.
Enabled answering:

Can adding DD to fault-tolerant circuit weaken the noise strength n and
reduce resource requirements?

@ Yes, if erg is small enough.

@ Time-symmetric sequence: extra power of ey in noise strength.
Can result in smaller noise strength if sequence is not too long.

@ Concatenated sequence: orders of magnitude reduction of noise
strength as ety shrinks.

@ Result: can enable fault tolerant quantum computation even when
unprotected gates are above threshold.

Lidar, Ng, Preskill (IQl-Caltech, CQIST-USC) FTQC with DD ITAMP, Aug. 11,2010 18/18



	Fault tolerant quantum computation
	Obstacles
	Noise model and Quantum Accuracy Threshold Theorem
	Quantum error correction

	Fault tolerance with dynamical decoupling
	Fault tolerance and dynamical decoupling
	How can DD help FT?
	Noise model, computation and DD
	Noise strength in presence of DD

	Examples
	Single-qubit errors
	High-performance decoupling

	Conclusions
	DD-intro.pdf
	Dynamical Decoupling Basics
	Dynamical Decoupling Basics
	Dynamical Decoupling Basics
	Dynamical Decoupling = Symmetrization�Viola & Lloyd Phys. Rev. A 58, 2733 (1998); Byrd & Lidar, Q. Inf. Proc. 1, 19 (2002)
	Dynamical Decoupling = Symmetrization�Viola & Lloyd Phys. Rev. A 58, 2733 (1998); Byrd & Lidar, Q. Inf. Proc. 1, 19 (2002)
	Dynamical Decoupling = Symmetrization�Viola & Lloyd Phys. Rev. A 58, 2733 (1998); Byrd & Lidar, Q. Inf. Proc. 1, 19 (2002)
	Dynamical Decoupling = Symmetrization�Viola & Lloyd Phys. Rev. A 58, 2733 (1998); Byrd & Lidar, Q. Inf. Proc. 1, 19 (2002)
	Dynamical Decoupling = Symmetrization�Viola & Lloyd Phys. Rev. A 58, 2733 (1998); Byrd & Lidar, Q. Inf. Proc. 1, 19 (2002)
	Dynamical Decoupling = Symmetrization�Viola & Lloyd Phys. Rev. A 58, 2733 (1998); Byrd & Lidar, Q. Inf. Proc. 1, 19 (2002)
	Dynamical Decoupling = Symmetrization�Viola & Lloyd Phys. Rev. A 58, 2733 (1998); Byrd & Lidar, Q. Inf. Proc. 1, 19 (2002)
	Slide Number 11
	Slide Number 12
	Slide Number 13
	The Effective Hamiltonian
	The Effective Hamiltonian
	Periodic Dynamical Decoupling
	Periodic Dynamical Decoupling
	DD as a Rescaling Transformation
	Concatenated Universal Dynamical Decoupling
	Concatenated Universal Dynamical Decoupling
	Concatenated Universal Dynamical Decoupling
	Performance of Concatenated Sequences
	Performance of Concatenated Sequences

	intro-slide.pdf
	High Fidelity Quantum Computing via Dynamical Decoupling��ITAMP, Aug.11, 2010

	QDD.pdf
	Better than Concatenated DD?
	Better than Concatenated DD?
	Better than Concatenated DD?
	Better than Concatenated DD?
	Better than Concatenated DD?
	Better than Concatenated DD?
	Inner workings of Quadratic DD
	Inner workings of Quadratic DD
	Comparison of DD Sequences

	DDFT-Talk-Harvard.pdf
	Fault tolerant quantum computation
	Obstacles
	Noise model and Quantum Accuracy Threshold Theorem
	Quantum error correction

	Fault tolerance with dynamical decoupling
	Fault tolerance and dynamical decoupling
	How can DD help FT?
	Noise model, computation and DD
	Noise strength in presence of DD

	Examples
	Single-qubit errors
	High-performance decoupling

	Conclusions




