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Dynamical decoupling has been actively investigated since Viola first suggested using a pulse
sequence to protect a qubit from decoherence. Since then, many schemes of dynamical decoupling
have been proposed to achieve high-order suppression, both analytically and numerically. However,
hitherto, there has not been a systematic framework to understand all existing uniform 7-pulse

dynamical decoupling schemes.

In this report, we use the projection pulse sequences as basic

building blocks and concatenation as a way to combine them. We derived a new concatenated-
projection dynamical decoupling (CPDD), a framework in which we can systematically construct
pulse sequences to achieve arbitrary high suppression order. All previously known uniform dynamical
decoupling sequences using 7 pulse can be fit into this framework. Understanding uniform dynamical
decoupling as successive projections on the Hamiltonian will also give insights on how to invent new

ways to construct better pulse sequences.

PACS numbers: 03.65.Yz,03.67.Pp,89.70.+c

I. INTRODUCTION

One of the major difficulties in the realization of quan-
tum computing and quantum information processing is
protecting the quantum state from decoherence. Quan-
tum error correction protocols were developed to meet
this challenge [1-3]. For a review and recent progress of
this area, see references [4, 5].

While quantum error correction can be regarded as
a form of closed-loop control, dynamical decoupling has
been proposed as a way to counteract the interaction
between a quantum system and the environment by an
open-loop control field. The idea of using pulse se-
quences, to protect nuclear spins from classical decoher-
ence, dates back to 1950, when the spin-echo method was
found [6]. Since then, many pulse methods have been de-
veloped in nuclear magnetic resonance spectroscopy [8].
In 1998, it was first pointed out that a similar technique,
periodical dynamical decoupling (PDD), can be applied
to open quantum systems [9]. By using a control field,
with duration shorter than the time scale of the environ-
ment, dynamical decoupling can suppress the interaction
between a qubit and the bath [9]. Important theoret-
ical progress was made by understanding the effect of
dynamical decoupling as the result of a symmetrizing
procedure over the group composed of all independent
7 pulses [10, 11]. However, the finite switching time in
real experimental conditions makes the symmetrizing im-
perfect. Therefore, concatenated dynamical decoupling
(CDD) was proposed to eliminate higher-order errors in
the interaction Hamiltonian [12, 13].

In realistic experiments, the imperfection of pulses
such as the rotation angle error and the finite width,
must be taken into account. CDD is preferred over PDD
in this case, due to the fact that concatenation not only
suppresses the interaction with the environment but also
the pulse errors to higher order [12, 13].

Meanwhile, by optimizing the pulse interval to sup-
press the low-frequency region of the noise spectrum,
Uhrig dynamical decoupling (UDD) can achieve the same
suppression order with fewer pulses, compared with CDD
[16, 17]. Although it has superior performance, UDD is
very sensitive to pulse errors, due to the fact that it only
uses single-axis rotations. However, to protect unknown
states, uniform DD with multi-axis rotations can com-
pensate errors due to its symmetric structure [18, 22-24].

Another development in dynamical decoupling is to use
random pulses, instead of deterministic schemes, for suf-
ficiently long sequences [14, 15]. Instead of trying to sup-
press the interaction to arbitrarily high orders, random
dynamical decoupling schemes improves the time depen-
dence of the error accumulation from quadratic to linear
[14, 15].

In this paper we only consider deterministic uniform
dynamical decoupling for two reasons: (1) it is easy to im-
plement in experiment, and (2) it is robust against pulse
error compared to UDD. Besides analytical calculations,
recently many other DD sequences have been found using
genetic algorithms to optimize the suppression order [19],
some of which even achieve same suppression order with
fewer pulses than CDD. However, a unified understand-
ing of all known DD schemes has not been developed
until now.

In this work, we propose concatenated-projection dy-
namical decoupling (CPDD) to unify all known uniform
DD schemes. Our framework gives a way to construct
new pulse sequences and to calculate their suppression
order. In Sec. II, we describe the mathematical settings
of the dynamical decoupling technique. In Sec. III, we
first define our projection pulse sequence and explain its
effect as an ‘atomic’ projection. Then we use concate-
nated projections along different directions to construct
more complex pulse sequences with arbitrary suppres-
sion order in Sec. IV. These results comprise the two
cornerstones of our theory of CPDD. In Sec. V we for-



mally introduce CPDD by defining the CPDD equiva-
lence classes, which are specified by three integers. In
subsection A, a series of properties of CPDD are devel-
oped; in subsection B we design a deterministic scheme
to construct optimized pulse sequence for each suppres-
sion order. A table of known DD schemes is given as well
to show how these known schemes fit into our CPDD
framework. In Sec. VI, we discuss why, intuitively, some
CPDD sequences are superior than CDD. We also point
out a typo in Ref.[19], which is easily detected within
the framework of CPDD. We present our conclusion in
Sec. VII.

II. DYNAMICAL DECOUPLING SETTINGS

We consider a qubit system S coupled to an arbitrary
bath B, which forms a closed system on the Hilbert
space Hg ®@ Hp. The overall Hamiltonian can be written
in the form,

Hy=Hs®1p+1g® Hp+ Hsp, (1)

where 1 is the identity operator, Hg is the pure system
Hamiltonian, Hp is the pure environment Hamiltonian,
and Hgp is the interaction between the qubit and the
bath. In the following, we will assume the interaction
takes the general linear form,

Hsp =0, ® B, +0,® B, +0.® B,, (2)

where B,, By, and B, are abitary operator on Hp.
Decoherence can be suppressed by adding a control
field solely to the system, i.e., H.(t) ® 1 g. If the control
field is a series of pulses, then the suppression effect can
be understood as a symmetrizing procedure [10]. In the
toggling frame, the Hamiltonian is transformed into,

H(t) = Ul(t)HoU.(t), (3)

where U.(t) = T exp{—i fg H.(t)dt} is the evolution
operator of the control field. Here 7T is time ordering
operator. The evolution of the state vector is governed
by the evolution operator,

U(t) = TeXp{ — /Ot H(t)dt}. (4)

If the sequence length is 7., we can define an average
Hamiltonian H(7.) by U(7.) = exp(—iH7.). By expand-
ing U (1e), we can collect terms according to different
order of 7,

t _ _
Texp{ — z/ E[(t)dt} _ efi[H(U)JrH(l)Jr.,.]n' (5)
0

The first two terms are
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We make the separation,

E[ = ]ls & HB + E[erru (7)

in which He,, is the part responsible for undesired evolu-
tion of the qubit.

In the context of dynamical decoupling, the only mea-
sure of the performance of a pulse sequence is the sup-
pression order. The suppression order N is defined
through the following equation,

oo

Hew= Y H™, (8)

m=N+1

which means the corresponding pulse sequence achieves
N*" order decoupling.

III. PROJECTION PULSE SEQUENCE

Now consider that we use K uniform ideal 7 pulses
as the control field. Thus the field takes the form
H.(t) = _Zle F0j6(t —tj), where t; = j1g, 7q is the
pulse interval and o; € {1, 0,,0y,0.}. In the following,
we use Pk...P1, Px € {I,X,Y,Z} to represent corre-
sponding pulse sequence. In the limit of 7; — 0, we have
a continuous pulse sequence, and only the zeroth-order
term in the Magnus expansion survives,

g@:l/CW@mm@ﬁ 9)
Te 0

Also, since the pulses are ideal, U.(t) is a piece-wise
constant function. The first-order average Hamiltonian
reduces to

K
HO = % > Ul (t;) HoUe(t;). (10)

j=1

If we chose pulses such that U.(t;) go through each ele-
ment of certain group such as G = {I, X, Y, Z}, Eq. (10)
is just a symmetrizing procedure which projects Hy onto
the commutant of the group algebra [10].

A more intuitive way to view the effect of pulse se-
quence is to look at them as combination of basic projec-
tions [12]. The simplest pulse sequence is P;P;, which is
similar to the CPMG pulse sequence [7, 20]. Hereafter we



call it the projection pulse sequence and use the notation
p; = P;P;. To explain its projecting effect, we consider
the spin-boson model, which induces the longitudinal de-
cay of the spin. The interaction takes the form,

Hsp = Z:(QWJr ® b + gio~ @ b)), (11)
K

where by is the annihilation operator of a photon with
momentum k, and g is the coupling strength between
photon with mode k and the spin. Here o is the creation
(annihilation) operator, o* = o, + ic,,.

If we apply p. = ZZ to the system, then U.(t;) €
G = {1, Z}. Using Eq. (10), the interaction term will be
completely removed in the continuous limit due to the
fact 0,0,(y)0. = —04(y). Therefore, geometrically the
pulse sequence p, projects the Hamiltonian along the z
direction.

However, in real experimental conditions, there is an
upper limit of the pulse switching rate; thus 74 is finite.
Although the Magnus expansion is still valid, so long as
Tewe << 1, where w, is the cut-off frequency of the bath,
the projection is not exact anymore due to higher-order
corrections.

Theorem 1 : Assume the interaction between a single
qubit and bath takes the form of Eq. (2). After applying
the projection pulse sequence p; (j = x,y,z) with pulse
interval T4, the zeroth order error Hamiltonian defined
in Eq. (7) and Eq. (8) is given by,

%) ="’y = 0; © B;. (12)

r =

Thus the full error average Hamiltonian is given by,

Hewe = 05 @ [By + K ()] + 03 @ [BY + kP o(73)],
ilj
(13)

©) 4o represent the mapping from Hy to

where we use M

HC(?B that is induced by the projection pulse sequence p;.
The symbol L represents the directions orthogonal to di-
rection j and Bl-(l) ~ kgl)O(Td). Here kg") is some combi-
nation of commutators of the bath operators with dimen-
sion of [H]™.

This projection point of view gives a geometrical and in-
tuitive way to understand the effect of the pulse sequence
P;P;. The full proof is given in Appendix A.

In summary, we have shown that the effect of the pro-
jection pulse sequence p; = P; P; is to project the Hamil-
tonian along ¢ direction up to first order.

IV. CONCATENATION OF CYCLIC PULSE
SEQUENCES AS SUCCESSIVE PROJECTIONS

The higher-order terms remaining in the He,,, after ap-
plying the projections, will coherently add up with time.

To achieve higher-order suppression, we need to project
the Hamiltonian along different directions successfully.
We will show in this section that the effect of the concate-
nation of cyclic pulse sequences is to apply successively
the projections induced by each pulse sequence.

A pulse sequence is called cyclic when the generated
evolution operator is periodic with period 7. up to a
phase factor,

Uec(nt,) = eU,(7e), (14)

where n =0,1,2 ... and ¢ is an arbitrary phase.

An equivalent definition of a cyclic pulse sequence is
that the product of all the pulses is equal to one, up to
an arbitrary phase,

K .
I[P =en, (15)
i=1

which follows directly from Eq. (14) when n = 0. We will
see that this property is necessary for the proof of the
equivalence between concatenation and successive pro-
jections.

Another useful property of the cyclic pulse sequence
is that the concatenation of two cyclic pulse sequences is
still cyclic. The proof is straightforward and we include it
in the Appendix A. Having the definition of cyclic pulse
sequence, we now prove the second basic theorem of our
CPDD scheme.

Lemma 1 : Consider two pulse sequences A and B,
Pi...P}, where i = A, B, with the same pulse interval.
The first pulse sequence A = P;P; (j € {x,y,2}), which
is a projection pulse sequence, and sequence B is concate-
nated from multiple projection pulse sequences. A third
pulse sequence C' is constructed by concatenating A and
B, C = A[B] = P;BP;B. The following relationship is
true,

1o =157y, (16)
where the mapping 70 induced by applying the pulse se-
quence i is defined in Theorem 1.

Lemma 1 is the theoretical cornerstone of this work. It
explains why concatenation can increase the suppression
order, which is not so obvious. The cyclic properties and
the changeability of different pulses (up to an irrelevant
phase factor) are necessary for the proof. The full proof
is included in the Appendix A.

V. CONCATENATED PROJECTIONS
DYNAMICAL DECOUPLING

What really distinguishes our work from the CDD
scheme is that we chose the projection pulse sequence as
the basic element of concatenation. Motivated by Theo-
rems 1 and 2, we define our concatenated-projection dy-
namical decoupling (CPDD) as a new way to construct



pulse sequences by applying projections along different
directions successively. Since each projection kills the in-
teraction terms orthogonal to it by one more order, by
appropriately combining different projections, our CPDD
can achieve arbitrarily high suppression order.

Definition 1 : A CPDD pulse sequence is specified by

an ordered series iN,iN—1,...,11. It is constructed by con-

catenating N projection pulse sequences successively, A =

Din [Din_1l---[Piy |---], wherei; € {z,y,2} and1 <j < N.
g

The suppressing effect of the CPDD sequence on the
Hamiltonian follows immediately from the combination
of the effects of projections and concatenation.

Theorem 2 : Consider a CPDD pulse sequence A spec-
ified by in,iN—_1,...,51. After applying pulse sequence A,
the average interaction Hamiltonian is given by

Herr = Z o ® [B/L(dl) + kl(di-i-l)o(T(liii-i-l)]7 (17)

i=x,y,2

d; = an’ (18)

jLi
and n; is the number of p; sequences.

Proof : Repeatedly using Lemma 1, the leading order
of the error average Hamiltonian after applying sequence
A is given by

7TE40)H0 = Wg?)wl(g)...wgglﬂo . (19)
From Theorem 1, each projection remove the first order
term in the perpendicular direction. Therefore,

a9 =3 ooB", (20)

1=x,Y,2

where

di = an. (21)

From Theorem 2 we can see that the effect of n;
pis is to suppress the error Hamiltonian along the 4
direction to n;th order. From Eq. (21) we also notice
that the order of how different projection pulse sequences
is concatenated does not affect the leading order of the
average Hamiltonian along each direction. Therefore we
can define an equivalence relationship between different
CPDD pulse sequences,

Definition 2 : Consider two pulse sequences A and
A’. The leading order of the error Hamiltonians induced

4

by each of them are HY) = Y imay2 O © B and
%) = Yimay 0 ® Bl-(d;). We define A and A’ to be

equivalent to each other

A~ A, (22)

if the leading order of the average error Hamiltonians are
the same along each direction, namely n; = n,.

It can be easily proved that the relationship defined above
satisfies the three properties of an equivalence relation-
ship.

Therefore, for a CPDD sequence specified by sequence
a = IN,IN—1,.--,41, all CPDD sequences specified by
a’s permutations A{iy,in_1,...,%1} form an equivalence
class. By the virtue of the equivalence class, only three
numbers ng,ny,n, are needed to completely specify a
CPDD class.

Definition 3 : A CPDD class is defined as an equiva-
lence class with equivalence relationship defined in Def-
inition 2, specified by three integers, {ng,ny,n,}. The
structure of the pulse sequence can be generated by con-
catenating all n; p; sequences (i = x,y,z) in arbitrary
order.

From the definition of CPDD and Theorem 2, we derive
a series of properties satisfied by CPDD sequences and
their equivalence classes.

A. Properties of CPDD

Due to the way concatenation connects two pulse se-
quences, we can derive two properties that the structure
of each CPDD sequence must satisfy.

1. For an arbitrary CPDD pulse sequence, each
odd site has the same kind of 7 pulse.

We prove this by induction. Consider a pulse sequence
A = PgPyk_1...P;, which is concatenated from N pro-
jection pulse sequences. Pulse sequences A,, are concate-
nated from the first n (1 <n < N) of them. The follow-
ing relations are satisfied,

Ap = pilAn_1], (23)

where p; is the nth projection pulse sequence. Assume
for subsequence A,_; the pulses are the same for each
odd site,

A1 =Py oFy....P Py. (24)
Let’s examine the pulse sequence A,,,

An = pi[An—l]
— (P,Pyyp_2)Py...PyPy(P;Pay_s)Py... P2 Py. (25)

Therefore, the fact that all the pulses at each odd site
are the same still holds.



Since Az = pilp,] = (P, P;)P;(P;P;)P;, which also has
the same kind of pulse on its odd sites, by induction we
have proved that for each odd sites of Ay the pulses are
the same:

P2m+1 ZP(), m=0,1,... (26)

2. For an arbitrary CPDD pulse sequence, the
first half and the second half subsequences are the same.
Again this property follows from the definition of
concatenation. Using Eq. (23) for n = N we have

A =p;,[An-1]. (27)
Assume An—l = PQN_QPQN_g...Pl, we have

A= (P, Pon_2)Pon_3..P\(P;, Pan—2)Pan_3...Py.
(28)
Obviously sequence A is composed the same two copies
of Ax_1, or more precisely
P, =

m—N/2> m:1,2,...,N. (29)

3. For CPDD class {ng ny,n.}, the number of
pulses or sequence length K is given by

an7ny7nz _ 2nz+’ﬂy+’ﬂz' (30)

The proof is straightforward. At first, each basic
projection is induced by the two same pulses. Secondly,
the length of two concatenated pulse sequences, A
and B, is equal to the product of the length of each
two, Kap) = KaKp. Therefore, for a pulse sequence
composed of n; pairs of (P;, P;), the total pulse number
K is given by Eq. (30).

4. For the CPDD class {ng,ny,n.}, the suppres-
sion order achieved is given by,

Nnyingm. = min{ny +n.,ng +n.,ng +ny}. (31)

From Theorem 2, the leading order of the error Hamil-
tonian induced by any pulse sequence in the CPDD class
{nz,ny,n,} is given by

a9 = 3 oo B, (32)
1=x,Y,2
where d; = Ej ;Mmj. Since the suppression order N

is defined as the leading order of H, N = min {d,, d,,d. }.

From the expression of suppression order, Eq. (31),
we can see that simply increasing pulse numbers (num-
ber of projections) does not necessarily increase the

suppression order. Actually, in the framework of CPDD,
only for pulse sequences with certain pulse numbers can
the suppression order increase.

5. For a given suppression order N, the minimum
number of pulses, Ky, required to achieve such sup-
pression order is given by

loga (Kimia) = 58N + 31 —15Y)],  (33)

where 19V =19 1@ ... 1.
—_—
N

To achieve suppression order N, 3N terms in the
interaction Hamiltonian need to be eliminated due to
the form of Hsp, Eq. (2). However, each basic pro-
jection m; requires two pulses, which implies that only
an even number of terms can be eliminated for a given
CPDD sequence. Therefore, we need to add one more
pulse depending on whether N is odd or not. Divid-
ing the total number of eliminated terms by two we have,

1 1 N1
> ni=5BN+5(1+(-1) 1, (34)

I=x,Y,Z

Using the results of property 3, we have Eq. (33). The
mysterious series 4,8, 32,64, 256... was first found by a
genetic algorithm in Ref. [19] which is now understood
within the framework of our unifying CPDD.

B. Optimized uniform dynamical decoupling

The pulse sequences corresponding to the pulse num-
ber in Eq. (33) uses the minimum number of pulses at
each suppression order. This optimized uniform dynami-
cal decoupling (OUDD) scheme can be represented using
the CPDD indexes as

1
OUDDy : o {k - 19F k4 19% k4 19%) (35)

The suppression order of OUDDy, is Ny = k and the
sequence length is given by Ky, in Eq. (33).

As we can see, some of the pulse sequences are
particular levels of CDD; and GAS;. To compare with
OUDD and other known DD schemes, we list the
corresponding CPDD indexes of known DD schemes in
Table I below.



TABLE I: Known DD schemes represented as

CPDD
{ngz,ny,nz} Name Pulse sequence | K | N
{0,0,1} Projection PP 270
{0,1,11 |PDD(CDD,)| PBPPP; | 4 |1
1,1,1) GAS, |IPP,PIPPP,| 8 |2
0,1,1} CDD, | CDD[CDD,_,] | & |1
TRAD GAS, | GAS,[GAS_| | & |2

VI. DISCUSSION

Although CDD also relies on concatenation, the
fact that our CPDD uses basic projections as building
blocks makes finding more efficient pulse sequences
possible. To make this clear, we consider the CDD from
the view point of our CPDD. CDD; can be consid-
ered as the concatenation of two different projections,
CDD; = X(YY)X(YY) = ZYZY [13]. Therefore the
effect of CDD; is to apply projections along the y and x
direction successively,

T‘—(C?)DDlHSB = wl(jo)wg(go)Ho

= 7000, ® By + 0, ® B{Y + 0. ® BY]

Y

= 0, ® B +0,® B{") + 5. ® B
~ kWo(r}). (36)

As we can see, CDD; completely removes the zeroth or-
der interaction terms, thus achieving suppression order
Ncpp, = 1.

Now consider CDD;, which is the concatenation of
two CDD; sequences: we write explicitly the process of
the successive projections ,

7T%DD2I{SB = Wéo)wio)ﬁéo)ﬁg(co)Ho

= 707105, @ BY + 0, ® BV + 0, ® BY)

= 0,®B% +0,®B® +0,®BY

z

~ kPo(r2). (37)

As we can see from above, a total of eight eliminations
(each projection pulse sequence eliminates two terms
in the orthogonal directions) are used to completely
remove the first two orders of the interaction Hgpg.
However, the two additional eliminations of B, does
not contribute to further increasing of the suppression
order. To avoid this, we consider projecting along each
direction exactly once, namely 7,m,7,, which belong
to the CPDD class {1,1,1}. Translating the projection
back to corresponding pulse sequence according to the
rule of concatenation, we have

rPr @7 palpylp]]
= p[Y(Z2)Y(Z2Z)]
= X(XZXZ)X(XZXZ)
= 1ZXZIZXZ, (38)

which only uses eight pulses and six projections. This
was first found by a genetic algorithm and called GAS,
in Ref. [19].

To achieve suppression order of N = 2, CDDsy needs
16 pulses while GA8a sequences only requires 8 pulses.
This efficiency of using pulses comes from the very fact
that GAS8a uses basic projections 7; as building blocks
while CDD; uses composed projections m;m; (i # j) as
building blocks.

In Ref. [19], the author claimed to find another 8
pulse sequence GA8,=Z(XY XY)Z (XY XY) which also
achieved suppression order of N = 2. From the structure
of GAS8y, we know the projections induced by it is,

0

(0) O (7 0), (39)

Taag, = T2 T3

which belong to CPDD class {0,1,2}. Using the results
from Eq. (31), the suppression order of GA8;, is equal to
1. Therefore the claim in Ref. [19] is typo.

To double check our results, we also use the multi-
precision package mpmath [28] to compute the suppres-
sion order of both GA8, and GAS8, for a 5-spin model
with random coupling constants. Here the distance D
is defined as the distance between an actual evolution
operator and the unit operator [19],

1
D(U,]ls)zvl—d—HFHT“ (40)
M

where dy is the dimension of the Hilbert space, I' =
Trg[U] and || - ||z represents the trace norm. An upper
bound of D can be calculated[19],

D S O[] (41)

Therefore, we can extract the suppression order by plot-
ting D versus 74 in the log-log diagram. As we can see
in Figure 1, GAg, achieves higher suppression order than
GAgp which is in agreement with the argument from the
view point of our CPDD.

VII. CONCLUSION

We have developed tour CPDD schemes in which
CPDD sequences are concatenated from different
projection pulse sequences. We also define CPDD
equivalence classes as the set of pulse sequences that
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FIG. 1: (Color online) Comparing the suppression order
of GAS8, and GAS,. D is the dimensionless distance
between actual evolution operator and the unit
operator, defined in [19], and 74 is the pulse interval
with unit second. The suppression order N is defined
by the relation D ~ O() t1). We consider the
parameters J in the range of J74 € [1076,107], where
J is the norm of the interaction Hamiltonian.

have the same leading order along each direction in the
Magnus expansion of the average Hamiltonian. Based
upon the definition of our CPDD pulse sequences, we
prove a series of properties about the structure of the
sequences that must hold for CPDD. We also give
a formula to calculate suppression order for a given
CPDD class specified by {ns,ny,n.}. We propose the
optimal uniform DD sequence given in Eq. (35) use in
experiments, since each of the sequences in the series
achieves its suppression order using minimum pulse
numbers. Although some of OUDD are already known
DD sequences, our CPDD framework gives a unifying
and consistent way to both understand and construct all
of them.

The main advantage of using UDD is that the pulse
number needed scales linearly with the suppression
order, Nypp ~ O(K), which is much more efficient
than the exponentially dependence in CPDD. However,
UDD is subject to several difficulties. Firstly it is
valid only for environmental spectrum with a hard
cut-off [17, 25], and secondly it is very sensitive to pulse

errors [18, 22-24]. However, for our CPDD, especially
the OUDD class, some pulse sequences have rotation
symmetry thus making them robust against pulse
error. Although we have not given a rigorous bound
analysis for CPDD here, the results and the calculation
should be similar to those in Ref. [13]: the distance
between the actual state and the desired state goes to
zero as the concatenation level goes to infinity. More
importantly, pulse errors are suppressed along with se-
ries of concatenations as long as the error is not too large.

Moreover, although the suppression order of CPDD
is still exponentially dependent on the pulse number,
Ncppp ~ O(log, K), the reduction of the number of
pulses for the same suppression order is exponentially
large compared to the case of CDD, Ncpp ~ O(log, K).

Given the structure of our CPDD, one can see
that two directions to try to find more efficient pulse
sequences are worth exploring. Firstly, to find basic
sequences, which could achieve higher N to K ratio than
projection pulse sequences. The concatenated UDD
[26, 27] obviously belongs to this class. However, the
applicability of Lemma 1 in the context of non-uniform
DD is questionable and requires a new proof. Secondly,
we seek to find new ways to combine two pulse sequences
or two projections. Since the fact that exponentially
large pulse numbers are needed to achieve high suppres-
sion order resulting from the concatenation , new ideas
in this direction may greatly improve the efficiency of
uniform dynamical decoupling.
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Appendix A

In this appendix we include the proof of Theorem
1 and Lemma 1, which are the foundations of our
CPDD scheme. A proof about a property of cyclic pulse
sequences is also included.

Proof of Theorem 1: Without loss of generality,
we consider the pulse sequence is ZZ, where Z = —io..
The transformed Hamiltonian H(t) is given by

g(t):{H1,0<t<Td (A1)

Ho, 14 <t <214,



where
H =1®8By+0,?9B;+0,®B,+0,®B,, (A2)
Hy = 1®By—0,B; —0,®By,+0,®B,. (A3)

After applying the pulse sequence P; P, the first and sec-
ond order expansion of the average Hamiltonian is given

by Eq. (6),

2
_ 1
0 _ 2 .
HO = o Z}H (Ad)
_ —i
HY = 5 Z[H Hj). (A5)
1<J
Using Eq. A1, we have
H® = 1®By+0.®B., (A6)

HY = Td[Bo, Bz] ® o4
+74[Bo, By] ® o + 274[By, Bz] ® 0. (A7)

Since the commutator between bath operators is not zero
in general, we have

Heyr=0.®[B + kgl)O(Td)] + Z 0; ® [Bi(l) + k§2)0(7—§)]7
ilz
(A8)
where Bl-(l) = 714[By, B;]. The same calculation gives
similar results for j = z,y. Q.E.D.

Proof of Lemma 1 : The concatenated sequence C' is
given by

(PPRYPE_,..PP(P,PE)..PP, (A9)

where the bracket means the there is no free evolution
in between the two pulses inside the bracket. Since the
projection pulse sequence is cyclic by definition, and se-
quence B is also cyclic by Theorem 3,

K
[[ PP =e“1. (A10)
1=1

The 2K p evolution operator of the control field, U is
given by,

vl =11 7f

j<m

To construct wff) and wg)), we group US and US, Kp
together(m < Kp).

For 1 <m < Kp,

(A1)

vi = [ pP=U2, (A12)
j<=m
and,
Kp
Unitkn = ( H PJB)B(HPJB)( H PJ'B)
j<=m j>m j<=m
= p [[ PP
j<=m
= ?PUB | (A13)

where we have used the commutativity of Pauli matrices
and the cyclic property Eq. (A10) of pulse sequence B.

Now adding the action of US and U2+KB on Hgsp
together, we have

USTHspUS, + UgiKBHSBUg-FKB

= UETHSBUE + UETBTHSBPZ'UE

= UBter Hsp)UE (A14)
If m = Kp, we have U and U§j , which are
Ug, = RPR |] PP
Jj<KpB
— B
=r Il 7
j<=Kp
= “PUR, (A15)
Uk, = B IT PE)R( II PF)
j<=Kp j<=Kp
= e“Ug,. (A16)

Now using Eqs. (A14, A15, A16), the first order of aver-
age Hamiltonian after applying sequence C is given by

©) 1
Y = — N yliggpul
C 2KBmZ:1 m SBYm,
1 s
= 2kn (UgTHSBUg+UgiKBHSBUg+KB)
m=1
1 &5 1A At
- UBT(— UATH UA)UB
KB; m 2; ! SBY| m
T (A17)
Q.E.D.

Theorem 3 The concatenation of two cyclic pulse se-
quences is still cyclic.

Proof of Theorem 3 : Consider two cyclic pulse se-
quences A and B. From [Eq. (15)] we have

Ka
[[P* =€, (A18)
i=1
Kp
[[P? =e“r. (A19)

i=1
The pulse sequence C'is constructed by concatenating A
and B, thus
C = A[B]
= pA(PP..PRPNPE..PR)..PE (PE..PE )
(A20)



Therefore the product of all pulses of sequence C is

Ke Kgp Kp
HPiC = PlA(H Pz'B)-'-'Pf?A (H PiB)
i=1 i=1 i=1

= Pfei‘z’B...PI‘?Aei‘bB

Ka
— e’LKB(,‘bB H PlA
i=1

— i(KBoBtoa)q

= el (A21)

where we define ¢, = Kpopp + ¢ 4. Therefore, the pulse
sequence C=A[B] is also cyclic. Q.E.D.



10

. W. Shor, Phys. Rev. A 52, R2493 (1995).

. M. Steane, Phys. Rev. Lett 77, 793 (1996).

. Knill and R. Laflamme, Phys. Rev. A 55, 900 (1997).
. Zoller, T. Beth, Binosi, R. Blatt, H. Brlegel D. Bruss,
. Calarco, J. 1. Clrac D. Deutsch, J. Eisert, et al., Eur.

M Steane Rep Prog. Phys 61, 117 (1998).
. L. Hahn, Phys. Rev. 80, 580 (1950)
. Y. Carr and E. M. Purcell, Phys. Rev. 94, 630 (1954).
. P. Slichter, Principles of Magnetic Resonance, 3rd. ed
(Springer-Verlag, New York, 1990).
[ | L. Viola and S. Lloyd, Phys. Rev. A 58, 2733 (1998).
L. Viola, E. Knill and S. Lloyd, Phys. Rev. Lett. 82, 2417
(1999).
[11] P. Zanardi, Phys. Lett. A 258, 77 (1999).
[12] K. Khodjasteh and D. A. lear7 Phys. Rev. Lett. 95,
180501 (2005).
[13] K. Khodjasteh and D. A. Lidar, Phys. Rev. A 75, 062310
(2007).
[14] L. Viola and E. Knill, Phys. Rev. Lett. 94, 060502 (2005).
[15] L. F. Santos and L. Viola, New J. Phys. 10, 083009
(2008).
[16] G. Uhrig, Phys. Rev. Lett. 98, 100504 (2007).
[17] G. Uhrig, New J. Phys. 10, 083024 (2008).

[18] Z. Xiao, L. He and W. G. Wang, Phys. Rev. A 83, 032322
(2011).

[19] G. Quiroz, D. A. Lidar, Phys. Rev. A 88, 052306 (2013).

[20] N. Bloembergen, E. M. Purcell, R. V. Pound, Phys. Rev.
73, 679 (1948).

[21] M. A. Nielsen and I. L. Chuang, Quantum Computation
and Quantum Information (Cambridge University Press,
Cambridge, UK, 2000).

[22] C. A. Ryan, J. S. Hodges and D. G. Cory, Phys. Rev.
Lett. 105, 200402 (2010).

[23] G. de Lange, Z. H .Wang, D. Riste, V. V. Dobrovitski,
and R. Hanson, Science, 330, 6000 (2010).

[24] A. M. Souza, G. A. lvarez, and D. Suter, Phil. Trans. R.
Soc. A, 370, 4748-4769 (2012).

[25] S. Pasini and G. S. Uhrig, Phys. Rev. A 81, 012309
(2010).

[26] G. Uhrig, Phys. Rev. Lett. 102, 120502 (2009).

[27] J. R. West, B. H. Fong, D. A. Lidar, Phys. Rev. Lett.
104, 130501 (2010).

[28] F. Johansson et al. mpmath: a Python Ulibrary
for arbitrary-precision floating-point arithmetic (version
0.18), December 2018. http://mpmath.org/.



