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Quantum error correction (QEC) codes are necessary to fault-tolerantly
operate quantum computers. However, every such code is inherently limited
by its inability to detect logical errors. Here, we propose and implement a
method that leverages dynamical decoupling (DD) to drastically suppress
logical errors. The key to achieving this is to use the normalizer elements of the
QEC code as DD pulses, which we refer to as normalizer dynamical decoupling
(NDD). The resulting hybrid QEC-NDD strategy is in principle capable of
handling arbitrary weight errors. We test an error detecting version of this
strategy using IBM transmon devices and the [[4, 2, 2]] code, demonstrating
performance that significantly exceeds the capabilities of using either this
code or DD in isolation. We present a method that allows for the detection of
logical errors affecting logically encoded Bell states, which, in this case, arise
primarily from crosstalk among physical qubits. Building on this, we experi-
mentally demonstrate high-fidelity entangled logical qubits. The fidelities we
achieve are beyond-breakeven, i.e., they significantly exceed the correspond-
ing fidelities of unprotected entangled qubits in the same setting.

M Check for updates

Quantum error correction (QEC)" is fundamental to the realization of
fault-tolerant quantum computation*, ensuring the preservation of
quantum information undergoing error processes during computa-
tion and storage’®. Numerous successful experimental demonstra-
tions of QEC across various platforms have been reported over the

Conventionally, suppressing higher-weight errors requires
increasing the QEC code distance, e.g., by means of code
concatenation”, or increasingly larger codes such as is done with
surface codes®?*, color codes®, or quantum low-density parity-check
codes®. Although effective, these strategies result in significant over-

years, with the scale and pace accelerating recently towards genuine
fault tolerance’ .

Fault-tolerant quantum computing will require the stability of
logical qubits on the long timescales of quantum algorithms that solve
utility-scale problems” . Above threshold, on such timescales, low-
weight physical errors may transform into logical errors, i.e., errors of
weight higher than a deployed fixed-distance QEC code can handle.
This can become a concern even below threshold, as long-range spatial
and temporal correlations may develop that violate the assumptions
underlying fault tolerance theory?°?.

head, substantially increasing the number of physical qubits required
and the time required to decode and correct errors.

Here, we propose and demonstrate a low-cost method that
combines a fixed-distance QEC or quantum error detection (QED) code
with dynamical decoupling (DD)?. This hybrid method, which we call
QEC-NDD in the general case, can handle arbitrary-weight errors. Here,
NDD stands for “normalizer dynamical decoupling”; the decoupling
sequence is implemented using the normalizer elements of the QEC
code as pulses. Throughout, we view NDD as a complement to QEC or
QED: it suppresses logical errors that fixed-distance codes cannot
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detect, and simultaneously lowers the incidence of detectable physical
errors. It thereby reduces the discard rate of postselected events.

Standard, “physical” DD, where DD pulses act not at the logical
level but at the physical qubit level, has recently shown great progress,
improving the fidelity of storing quantum states**™°, circuits®~?, and
even the performance of entire algorithms®**. Furthermore, physical
DD can be seamlessly combined with fault-tolerant QEC**, and sev-
eral recent QEC experiments have used physical DD
profitably™'*1**"*_ However, such pulse sequences can introduce
additional errors due to control imperfections in the pulses and due to
crosstalk, potentially overshadowing the benefits of DD. To address
this challenge, we design our NDD sequences to be robust against such
control errors*>* and crosstalk****, ensuring that the advantages of
logical error suppression are not compromised. This robust design
allows our NDD implementation to enhance the protection of the code
space as intended, effectively targeting both logical and control errors.
We demonstrate the practical utility and advantages of this approach
using 127-qubit IBM quantum processors.

The workhorse in our demonstrations is the [[4, 2, 2]] quantum
error detection code, whose two logical qubits we use to prepare
logically encoded Bell states. The [[4, 2, 2]] code is an experimentally
relevant primitive with recent demonstrations and proposals in mul-
tiple platforms*~*¢, Moreover, its error-detection capability via post-
selection lets us seamlessly combine it with DD to isolate and quantify
logical-error suppression without the overhead of repeated stabilizer
rounds. This makes it an ideal first testbed for normalizer-based
decoupling.

To demonstrate the effectiveness of NDD in suppressing logical
errors, we first need a method to detect such errors. However, this
code is constrained by its low distance and is incapable of detecting
prevalent logical errors, including ZZ crosstalk errors. To overcome
this limitation, we design experiments in which, through the use of
logically encoded Bell states, we nevertheless unequivocally detect the
occurrence of logical errors for a known input logical state. This is then
followed by the implementation of various versions of NDD, each
employing different subsets of normalizer elements to construct the
sequence. These implementations effectively demonstrate significant
suppression of logical errors and substantial improvement in the
fidelity of the code space.

Results

Error model

We consider the most general “total decoherence” system-bath inter-
action for n qubits:

4
Hsp=_ a;P;®B;. 4))
j=1

In writing this expression we exclude the bath Hamiltonian /s ® B
(where By = Hp) and select exactly one representative P; from each of
the 4" equivalence classes 73,1 such that (s.t.) Po =I5 (we use the notation
Is to denote the identity operator on the entire system Hilbert space;
we use / for a generic identity operator). There is still some freedom in
how we order the elements of P, and which phases we choose. We use
this freedom later to organize {Pj}‘.‘:;1 in the context of [[n, k, d]] codes.

Our model for Hsp is general enough to contain system-only error
terms, since any of the bath operators B; may be set equal to the bath
identity operator /z. Henceforth, when unambiguous, we use / to
denote the identity operator regardless of the space on which it acts or
its dimension. The joint system-bath free-evolution unitary is
fr=e THs*I®H) The adjective “free” refers to the fact that we are
leaving out any system-only control Hamiltonian; such control will
enter later through DD or QEC. The goal of the latter is, respectively, to
suppress or correct the deleterious effects caused by Hsg.

Dynamical decoupling and quantum error correction

In its simplest form, accounting only for first-order decoupling and
ignoring pulse errors, DD theory can be understood as group
symmetrization®’. Let U(m) denote the group of unitary operators on
C™. Consider a discrete group G c U2") with elements {gj}j'.gz'a1
representing unitary transformations g; acting purely on the system.
We set g, = g‘g‘ = IS and refer to the corresponding phase- strlpped
group G=m(G)= c U@R"/U@) as the “decoupling group”,
where K = G| = |g|/4 This yields the DD cycle

K-1
U= [ g g =e s iot + (%)
j=0 2

=pif xS fiP1 fr

Here, {p; gjgj 1} ., are the pulses of the corresponding DD pulse
sequence, T is the pulse interval, and T = Kt is the total duration of one
repetition of the sequence. Note that, equivalently, g 8j_1=Pj_1"Po,
where po = Is. We set /i =1 throughout, so 7 is in units of time (us in our
experiments) and all Hamiltonians have inverse-time units.

(Hgp) is the group-symmetrized system-bath Hamiltonian, where

Ag = 612 Zgj

1 ot
k2848 3)
8

is the projection of the arbitrary bounded system-bath operator A
onto the subalgebra of operators that commute with every element of
g (i.e., its commutant). (A) is also called the group average of A with
respect to G.

Definition 1. (Decoupling) Let A be an arbitrary operator acting on the
joint system-bath Hilbert space. G decouples A (to first order) if
(A)g =cl ® B where cis a constant, including zero, and B is an arbitrary
bath operator.

Tosetup an example, letus define P, ={+ P}, +iP; Pl e Uu@2"to
be the full Pauli group with 4™ elements generated by {I X, Y, Zy*" and
the phase factors {1, +i}, where X = ¢ and likewise for Y and Z. There is
a natural projection (quotient homomorphism) m : P, — P, which
takes the Pauli operator and ignores its global phase, yielding a “phase-
stripped” Pauli. Correspondingly, let P,=P,/{+1, i} c U2")/U(1)
be the Abelian factor group with 4" elements, also known as the pro-
jective Pauli group.

If we pick, G="P,, then G decouples an arbitrary n-qubit system-
bath Hamiltonian since then (Hgg), =0, albeit at a sequence time cost
of T=4"t”. To illustrate this, consider n = 1; the most general system-
bath Hamiltonian of a single qubit is Hez=>; ,a;P; ® B; with
P; e P\ If G= 7?1 (X,Z)={I,X,Y,Z}, then U(T) simplifies into the
well-known (universal) XY4 sequence U(41) = YAXF Y/ Xf;*%, and indeed,
(Hgp)g =0. The XX sequence is U(21) = Xf:Xf;, and decouples ¥ and Z,
but not X errors. The XY4 sequence can be seen as a concatenation of
the XX and ZZ sequences, with the latter defined similarly to XX*.

Note that a common misconception is that DD is not effective
against purely Markovian noise; however, this is not the case, essen-
tially since even in the Markovian limit, the bath can have a nonzero
correlation time™*,

In general, decoupling using subgroups of P,, will eliminate parts
of Hsg, presenting an opportunity to selectively combine DD with
QEC***, See Methods for pertinent background on QEC codes.

Let S be a stabilizer group specifying an [[n, k, d]] stabilizer code.
The group of logical operators is N'(S)/S, where N/ (S) is the normalizer
of S in P,, (which here coincides with the centralizer, i.e., the group of
Pauli operators commuting with all elements of S). We can pick a
canonical set of generators of the stabilizer group and a canonical
group of logical operators £. (That is, any transversal for S in N'(S)
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satisfying m~1(im(£)) = £ can be picked as £, i.e., any subgroup of N(S)
with exactly one representative from each coset LS c NV(S)s.t.il € L.)
Any such £ is isomorphic to P, and can be thought of as a group of
Paulis acting on logical qubits.
We can use the remaining freedom mentioned above to reorder
{Pj}J‘.‘:B1 and pick the phases of those operators to ensure that
¢ Po = IS
* S, ={Py, ..., Pur_;}=S\{[s} (these are non-identity stabilizers
acting trivially on the code space)
* L, =Pyt ...,Ppii_j} C NS\ (S) (these manifest as unde-
tectable logical errors when acting on the code space)
* D, ={P,ust, ..., Pyn_1} C P\N(S) (these are detectable errors).

We chose the phases of the representatives of S to ensure they are
actually in S (and not different from elements of S by a phase). This
represents {Pj}j‘.‘:a1 as a disjoint union

(P gi=Ug) S, UL UD,. @)

The system Hilbert space H can be split as
H= Hstab ® Hlog' (5)

where S acts on the first component and £ acts on the second, and
where dim(#,,,,)=2""* and dim(H,og) = 2K, corresponding to the n - k
(virtual) syndrome qubits and k logical qubits, respectively.

With respect to this virtual tensor product decomposition
induced by the syndrome measurement™, every Pauli operator £ € S,
L,, or D, can be written as:

* E=P®I € S, with P € P,_, (astabilizer with trivial action on the
code space)

* E=P®Q < L, with[P,S,]=0 (alogical operator manifesting as an
error if it appears in Hsp).

* E=P® Q € D, with {P, S} = O for one or more S; € S, (a detect-
able error).

Correspondingly, it is always possible to write the system-bath
interaction [Eq. (1)] as

Hsg=Hg; + Hj + Hgg (6a)
s 2k
Hg= " S;@B™, S €8, (6b)
i=1
2k
Hg= > LioB% LieL, (6¢)
i=1
An_on+k
Hg= Y D;®Bf* DieD, (6d)

i=1

where (B, B8, B3} are bath operators with units of inverse time
(with A =1).

Eq. (6) groups terms with similar action on the code space C. In
total, Hsg + Is ® Hg has 4" linearly independent terms corresponding to
the elements of P,. Specifically, Hg; + /s ® Hy collects all 2"* distinct
terms in {/s} U S, that act as the identity operator on the code space
and, therefore, are harmless. Hg; collects all 2*(4* - 1) Pauli operators
in £,; these terms are non-trivial logical operators that leave the code
space (and each of the other syndrome spaces) invariant. Finally, H?é
collects all remaining 4" — 2" — 27k(4% - 1) = 4" — 2" terms in D, , which
correspond to detectable and potentially correctable errors.

We can now establish when an error £ € P, is decoupled.

Lemma 1. Let H=(CZ)®" be the Hilbert space of n qubits. Then all
elements of P, are unitary operators on H. Consider a term in Hsp
corresponding to some E € P,. It is decoupled by G in the sense of
Definition 1 if and only if there exists g € G anticommuting with E.

Proof. If there exists g € G that anticommutes with £ then g'Fg = —E and

1 R 1 .
> h'En= > (gh)'Egh= — (E)g, %

Fy. = — =
Hlo= g & 1912

so the group average (E); = 0. If there is no such g, then all elements of
G commute with £ (because every two elements of P,, either commute
or anticommute). Then g'Eg = E for all g € G, hence (E);=E (i.e., the
term is undecoupled).

Encoded dynamical decoupling
A key observation is that the decoupling group is arbitrary’**” and may,
in particular, be formed from the stabilizer group S and/or the group of
logical operators £ of a stabilizer code C*. We call these different choices
“encoded dynamical decoupling,” as they all involve the use of encoded
operations (relative to a QEC code) as DD pulses, instead of physical DD
pulses. We next provide several examples of encoded DD groups.
When using a QEC code, the approach of using the full Pauli group
P, is excessive, since there is no need to decouple the terms in Hy;
this observation motivated ref. 36 to introduce SLDD, which achieves a
reduction from a DD group order of 4" to 2"*. The savings are sub-
stantial when k < n.

Definition 2. (SLDD) For any stabilizer group S and associated cano-
nical group of logical operators £, the stabilizer-logical dynamical
decoupling (SLDD) group is

Gsipp = (SL). ®8)

Note that S£=N\(S) and thus independent of the choice of L.

The main weakness of SLDD is that it still incurs a cost that is
exponential in the number of physical qubits n. This observation
motivates us to consider a different hybrid approach that shifts more
of the burden for handling correctable errors to the QEC code and uses
only the logical operators of the code as DD pulses:

Definition 3. (LDD) Pick a canonical group of logical operators £. The
logical dynamical decoupling (LDD) group is

Gipp = L=1(L). )

Compared to SLDD, this approach has the desired effect of
reducing the DD group order to 7<4%, independent of n.

For the sake of completeness, we also mention the case of DD
using only the stabilizers:

Definition 4. (SDD) For any stabilizer group S, the SDD group is

gSDD =S= H(S) (10)

SDD can be seen as an alternative to QEC since it decouples all
detectable errors. However, it does not decouple any logical errors and
is therefore not a particularly useful method when used in conjunction
with error correction. It does play an important role in scenarios where
QEC is not viable, such as in adiabatic quantum computing’®.

We can now classify the different decoupling groups by the errors
they decouple.

Theorem 1. (Decoupling by group type)
1. SDD decouples all detectable errors: (H?é)g =0.
'SDD
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Table 1| Comparative resource cost for various DD methods

Decoupling # of pulses Error type Requires QEC
group G suppressed

Comparative DD resource cost

P, 27 all No

SDD 2k detectable No

LDD 2% logical Yes

SLDD 2nk detectable & logical  No

NDD 2 logical, some yes

physical

Number of pulses required to suppress the most general system-bath Hamiltonian Hsg [Eq. (6)]
acting on n qubits, and whether active error correction is required in addition. Full Pauli group DD
and SLDD suppress all error mechanisms that can decohere code states, while LDD does not, as
it leaves dealing with these error mechanisms for the QEC cycle. Consequently, LDD does not
scale with n but with k, whereas Pauli group DD and SLDD both scale with n. In the NDD case, ris
the number of chosen normalizer generators.

2. LDD decouples all logical errors: (Hss)g =0
DD

3. SLDD decouples all errors: (H; + HSB)QSLDD =0
Proof.. It follows from Lemma 1 that it suffices to show that for each
term in Hg;, He,, or Hey, there exists g e G it anticommutes with,
where G is the corresponding decoupling group. Indeed:

1. SDD: Each detectable error anticommmutes with at least one
element of S.

2. LDD: Each nontrivial logical error anticommmutes with at least
one element of L.

3. Since [ € L, the stabilizer S C G pp = {SL|L € L}. Thus, the group
average of Hs; + Hey with respect to G, pp, includes both S, which
decouples all detectable errors, and £, which decouples all logical
errors.[]

Table 1 summarizes the relative resource cost of full Pauli group
DD, SDD, LDD, and SLDD.

It is common to use only subgroups of the complete group of
logical operators. In the context of standard (unencoded) DD, this is
the case, e.g., when using single-axis sequences such as XX instead of
the universal XY4 sequence. In the present context, we would like to
consider subgroups of N (S) other than S and £, which will similarly
suppress selected subsets of errors. We refer to this as normalizer DD,
since the corresponding DD group elements are generic normalizer
elements, as opposed to canonical logical operators.

Definition 5. (NDD) Normalizer DD (NDD) is any pulse _sequence
formed from using a subgroup of G, pp, other than Gy, or Gy pp-

NDD is our main focus experimentally. Unlike SLDD or LDD, the
order of an NDD sequence is set by the number r of chosen normalizer
generators, not by n or k. Any r elements that anticommute with the
targeted error set yield a first-order sequence of length K=2"(e.g.,r=2
yields a four-pulse XY4), i.e., a constant-length sequence independent
of code size.

This resource flexibility lets one tailor NDD to both the code and
the hardware by canceling only the dominant channels (e.g., ZZ-related
logical Zerrors), while avoiding hardware-problematic controls such as
virtual-Z pulses on fixed-frequency transmons®’. In practice, this keeps
sequences short and robust and is what enables the present experi-
mental realization.

Because the chosen normalizer generators commute with a
standard subset of logical Clifford operations, NDD can be interleaved
with such gates without breaking first-order decoupling; in our
implementation, the encoding uses logical SWAP-based CNOTSs while
gaps are protected by physical DD and the code space by NDD.

It is important to emphasize that additional errors may and will
generally be decoupled by each of the decoupling groups, beyond
those mentioned in Theorem 1. For example, a detectable weight-1

Pauli operator that anticommutes with an element of G,,, will be
decoupled despite not being a logical error for any code with d > 2.

Another important point is that since we are employing a Hamil-
tonian noise model, any terms that arise in second order perturbatlon
theory, i.e., the O(T?) terms we are neglecting in Eq. (2), will mix HSB,
Hg;, and Hg; through commutators. This means that the clean
separation we have assumed between error types disappears at this
higher order of perturbation theory. However, higher-order decou-
pling sequences are known that achieve suppression up to arbitrary
order q [i.e., leaving an O(T7*") unsuppressed error term in U(T)]**°%¢',
For simplicity, in this work, we restrict our attention to first-order
sequences.

Illustration of LDD and NDD: the [[4, 2, 2]] [[4, 2, 2]] code

To illustrate the concepts discussed above, we analyze the example of
the [[4, 2, 2]] code, as it plays a key role in our experiments. The
stabilizer group of the [[4, 2, 2]] code is S = (XXXX,ZZZZ). A canonical
set of logical operators for the code can be chosen such that X; = X//X,
X,=1IXX, Z,=11ZZ and Z,=ZIIZ, i.e., L= i, XIIX,lIXX,lIZZ,ZIIZ)
(see “Methods” for additional pertinent details regarding this code).
Thus, {XIIX, lIXX, l1ZZ, ZIIZ} is the generator set of the 16-element LDD
group ELDD = @}. This LDD group (as well as any of the corres-
ponding NDD groups) suppresses every logical error £, in the
27k(4k - 1) = 4 x 15 = 60-element group (V(S)\S)/{ =1, +i}: the group-
averaged logical system-bath Hamiltonian (Hg3) ; [Eq. (6¢)] vanishes, as
every one of its terms is a logical operator that anticommutes with an
element of G.

This leaves 4" - 2" = 256 - 64 = 192 detectable errors. These
errors can be written compactly as D= {(X/I - N(S)) U (YIIl - N(S)) U
ZII - N(S))}, yielding 3 x|N(S)|=192 terms. Each such error is
detectable because it anticommutes with at least one element of S. Of
these, only the 12 errors of the form PQPP, with P= Q € {I, X, Y, Z}, are
unsuppressed by LDD.

Now suppose that instead of suppressing the full HS , the goal is
to suppress just HSB =7,® B'°g +7,® BIog This scenario is particu-
larly relevant to the experiments we descrlbe below. In this case, it
suffices to use the smaller LDD-subgroup (X,X,), since both Z; and Z,
anticommute with XX = X, X,. The corresponding LDD cycle is then
XXf XXf,, where f, = exp(—ierB). For crosstalk-related reasons that
will become apparent below, it turns out that it is advantageous to
replace the second XX by $;XX =IXIX = X'X’, where §; =XXXX € S.

@ _replaceme_nt yields the 4-p_ulse_ NDD cycle
XX XXE XX XX o= (XX XX NS SOXXFXX)US ). This
cycle is generated by the NDD group G=(XX,S;)={/,XX,S;,X'X'}.

Below, we refer to this decoupling group as NXX.

As another example of NDD, consider the encoded XY4 sequence
with the LDD group G=(XX,ZZ) and DD cycle YYf XXf YYf XXf,.
Again, for crosstalk-related reasons it will turn out to be advantageous
to replace the canonical YY=YIY] by Y'Y =S,YY, where
S;=YYYY € S. The resulting DD cycle Y'Y/f XXf Y'Y’ XXf is gen-
erated by the NDD group G=(XX,Z'Z')={I,XX,Y'Y',Z’Z'}, where
Z'7'=S,7ZZ. From here on, we refer to this decoupling sequence as
NXY4, which is capable of suppressing all types of single logical qubit
errors.

Experimental design
For our experiments, while sequences utilizing the full LDD/NDD
group can be constructed (see “Methods”), we instead use a subgroup-
NDD, generated by a subgroup of £ and a subgroup of S. This sub-
group NDD works better in practice because of its robustness and
ability to suppress crosstalk. This section is dedicated to demon-
strating experimentally how our hybrid QED + subgroup-NDD protocol
results in a significant fidelity enhancement of entangled logical qubits.
The data for the experiments we report here were collected on
two separate occasions from a total of 24 sets of four-qubit
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Fig. 1| Main setup. a Schematic of the experimental design: we encode a logical
Bell state y using the [[4, 2, 2]] code and let it undergo either free evolution or NDD
for a duration 7. We then run the unencoding circuit for x» and measure the
resulting bitstring. The encoding and unencoding circuits together take up to 5 ps.
b The logical error set that relates the four Bell states as a result of a logical operator
acting on one (i = 1 or 2) of the two logical qubits. ¢ Interpretation of different
bitstrings for an encoded state (Uenc,), depending on the unencoding (UW ¥)
circuit used. The color code indicates that the encoded state has undergone either
no error (black) or one of the logical errors (red, blue, green) indicated in (b). The
DD sequences used in our experiments are d Robust Normalizer XX (RNXX),

|O>i
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e Robust Normalizer XY4 (RNXY4), and f physically Staggered XY4 (SXY4). Each
panel shows both the physical implementation (top) and the logical interpretation
of each sequence (bottom). A dagger in (d, e) denotes a negative m rotation, i.e.,
X =R,(1m)= exp(—inc* /2), X =R, (—m)= exp(imo* /2), and likewise for Y. In (d) the
first column is the canonical XX = X1X/ (see “Methods”), the second column is

X'X'=8,XX, where S; =XXXX € S, etc. Likewise, in (e), the second column is
Y'Y= SZYY where the canonical YY=YIYl and S,=YYYY € S. On the [[4, 2, 2]]
code, staggered physical XY4 shown in (f) acts as a logical Z-only NDD (bottom),
hence comparisons between SXY4 and NDD reflect logical-level decoupling of the
same dominant channel.

experiments run on the ibm kyiv quantum processor. Dataset 1,
using 14 sets of qubits, was collected during the week of August 12th
(2024). Dataset 2, using 9 sets of qubits, was collected on March 1st and
2nd (2025). These 9 four-qubit sets differ from those in dataset 1 in
order to test the robustness of our results. The figure captions below
specify the dataset. For each data point in our results, fidelity is inde-
pendently calculated for each qubit set and then bootstrapped by
resampling. The mean fidelity and standard deviation are derived from
the bootstrapped data, where larger error bars indicate greater varia-
bility among the qubit sets.

The ibm kyiv processor consists of coupled, fixed-frequency
transmons. Such qubits exhibit an always-on interaction between adja-
cent pairs®. This crosstalk gives rise to weight-2 error terms that cor-
respond to logical errors with our [[4, 2, 2]] code choice. Other errors of
weight >2, if present, would likewise correspond to logical errors. To
demonstrate that NDD can suppress all logical errors, we design an
experiment that enables the unequivocal detection of such errors.

To this end, we use the two logical qubits of the [[4, 2, 2]] code
to create logical Bell states |®,)=(]00)%(11))/~2 and |W,)=
(101) +110))/+/2. The corresponding encoding circuits Uency, Where
X €{|®.),|W,)}, create two copies of physical Bell states, followed by
the application of a logical controlled-NOT (CNOT) to generate the
logical Bell states (see “Methods”). In principle, it would be possible to
detect specific logical errors using other logical states (e.g., |00) would
allow us to detect X- or Y-type logical errors), but we specifically opt for
logical Bell states as they have shorter encoding circuits. Additionally,
the four logical Bell states form an orthonormal basis and the logical
errors we are interested in permute this basis.

To estimate the fidelity of a logical Bell state y, we start from the
physical ground state |0000), encode into the state of interest by
applying Uenc,y, and then let it evolve for some time 7, either freely or
subject to DD. After time 7 we unencode by applying Uemx, and
measure all qubits. Measuring the bitstring 0000 would indicate that
no error occurred.

If, instead, we obtain any of the odd-Hamming weight bitstrings,
this would signal detection of a physical error, as such states are not in
the codespace. The final possibility is that we obtain one of the other
even-Hamming weight bitstrings {0110, 1001, 1111}, corresponding to a
logical error. This procedure can be used to estimate the probability of
finding the ground state as the empirical fraction of ground state
measurement outcomes, which is also the fidelity of the logical Bell
state .

To obtain the fidelity of a logical error, we first observe that each
of the logical Bell states is related to the other three logical Bell states
through a specific logical error: x' =0y, for O € (X;,Y;,Z;} andi=10r2;
i.e., alogical operator that acts on either of the two logical qubits. More
generally, any other combinations of logical weight-1 errors also map
the input Bell state to the other Bell states. That is, for p, g < (X, Y,Z},
wehave Y’ =0 q)x=1® P 9x =P q)  Ix, up to overall phases. We
note that the following two-qubit logical errors leave the logical Bell
states unchanged and therefore do not influence the experimental
outcome: Oy =y, for O € {II,XX,YY,ZZ}.

We thus proceed as follows: instead of applying Uenc yatt=twe
deliberately unencode into a different logical Bell state x’ [see Fig. 1a].
In this manner, each of the even-weight bitstrings gives us a measure of
the occurrence of one of the logical errors & , where Ois determined
by the unencoding we choose [see Fig. 1b, c]. Using this methodology,
we can detect the occurrence of different types of logical errors and
quantify the associated error probability.

In more detail, each row in Fig. 1c shows a different initially
encoded logical Bell state. Each column corresponds to one of the
unencoding circuits. In each unencoding scenario, the different bit-
strings indicate that the state being unencoded is either the initial
logical Bell state or some other logical Bell state. For example, consider
the case where we originally encode |®, ) and then unencode into |®_)
at ¢ = 7. I the state being unencoded is indeed |®_)=Z;|® ), then the
0000 bitstring signals that a Zlogical error (Z;) has occurred. However,
if no error has occurred, then due to unencoding into |®_), the result
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Fig. 2 | Circuit schematics. Encoding |® . ) and unencoding |®_) with physical and logical DD. Physical XY4 dynamical decoupling sequences (yellow boxes) are inserted
into the idle gaps of the circuit. The code subspace is protected with NDD sequences. This is the DD-protected version of the circuit shown in Fig. 1a.

Table 2 | Fidelity improvement (%) of the encoded logical Bell states with physical circuit-DD

No DD XY4 URg URg URqo URsg RGAS8,
PD.) 65.44 +£0.24 83.94+0.18 83.08 + 0.19 83.11+0.19 82.05 +0.19 81.43+0.20 84.20+0.18
|®_) 61.23 +0.24 83.78+0.18 81.92+0.19 82.63 + 0.19 81.07 £0.19 80.81+0.18 83.34+0.18
W) 66.18 + 0.23 84.68+0.18 84.17+0.18 83.37+0.19 82.46 + 0.19 81.21+£0.19 84.65+0.18
W_) 65.43 +£0.23 86.57+0.17 85.20 £ 0.18 85.563 +0.18 84.17+0.18 83.44 +0.17 86.38 + 0.17

Experiments were performed on fourteen different sets of qubits on ibm_kyiv, with 4000 shots per set. The fidelities were computed independently for each set and then bootstrapped. The
reported values represent the bootstrapped averages with 1o uncertainty. The boxed values are the highest fidelities in each row.

should be the 0110 bitstring. Generalizing, it is possible to detect the
different logical errors using the experiments indicated in Fig. 1c.

However, we specifically choose the unencoding so that it is
always the 0000 bitstring that corresponds to the occurrence of the
logical error operator in which we are interested. We make this choice
since |0000) is the ground state of the system and therefore is robust
against relaxation errors. This strongly increases the likelihood that the
detected errors are purely logical and are unaffected by thermal
relaxation. Note that due to this choice, the bitstring that corresponds
to the fidelity 7, (¢) of the prepared initial state varies [black color-
coded bitstrings in Fig. 1c].

From here on, we use the notation y— x’ to denote the procedure
of preparing the encoded logical Bell state x and unencoding into x’,
i.e, of using the encoding unitary Uency and the unencoding uni-
tary Ugye -

We note that logical state tomography is an alternative method
for learning about the performance of LDD or NDD, and in particular,
for certifying the entanglement of logical Bell states. However, the [[4,
2, 2]] code imposes some additional challenges in performing logical
tomography, which precluded its use in our work; see “Methods” for
details.

Physical dynamical decoupling improves logical Bell state
fidelity
We first show that we can substantially improve the logical Bell fidelity
by padding the idle gaps of the encoding circuits with physical (as
opposed to logical or normalizer) DD sequences. An idle gap is a
temporal circuit segment during which no gates are applied. Such gaps
occur, e.g., when a pair of qubits is involved in a two-qubit gate that
takes much longer than a single-qubit gate simultaneously being
applied to another qubit; the latter is then idle after the completion of
the single-qubit gate, while awaiting the completion of the two-
qubit gate.

As shown in Fig. 2, we inserted various DD sequences into the idle
gaps of Bell state circuits. This includes XY4”, universally robust
sequences UR,,* for n = 6, 8,10, 18, and RGAS,*’.

Since the UR, sequences rely heavily on the use of both
positive and negative rotations, it is important to clarify that
henceforth, we use the notation X =R (m)= exp(—imo*/2),
X= R (—m)= exp(imo*/2), and likewise for ¥, to denote physical
DD pulses. That is, unlike the case described for G=P,, the
symbols X and Y no longer denote the Pauli o* and ¢® operators.
The reason this matters is that physical DD pulses suffer from
control errors (both axis-angle and angle-magnitude errors), as
well as errors due to the presence of the system-bath interaction
while the pulse is on. In other words, the notation R.(m), etc.,
hides the fact that in reality the exact rotation axis deviates from
x and the exact rotation angle deviates from m. When these
deviations are accounted for, DD sequences that are formally
identical due to phase cancellation, such as XX and XX, result in
different operations at the physical level. For more details, see
“Methods”.

We performed the experiments (during the week of August 12th,
2024) on fourteen different sets of qubits of ibm kyiv and report the
average fidelity values in Table 2. In these experiments, we encoded
and unencoded the same state, i.e., used Uenc,, along with U, .. We
see that using DD, the encoding fidelity improves by -20% for all four
logical Bell states, with XY4 and RGA8, being the top performers (we
attribute the lower performance of the longer UR,, sequences to pulse
interference effects™).

In all, these results demonstrate that logical Bell state preserva-
tion can benefit significantly from physical DD. Having established the
utility of physical DD, we proceed to combine it with NDD in the next
section.

Logical error suppression and detection by NDD

For all our experimental results, “No DD” refers to [[4, 2, 2]] encoding
without any physical or logical DD. In all other experiments, we use
physical XY4 to pad all the encoding and unencoding idle gaps, and
combine them with various flavors of NDD. This choice allows us to
clearly assess the improvements introduced by DD, compared to
relying solely on the code’s error detection capabilities.
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Fig. 3 | Performance of NDD (dataset 1). The experiments encode the logical Bell
states |®, ) in (a) and (b), and |W, ) in (c) and (d). We then unencode in the logical
Bell state related through Z; on either of the logical qubits; i.e., |®, )~ |®_) in(a,b),
and |W, ) |W_) in (c, d). In this setting, the frequency of 0110 outcomes [(a, ¢)]is a
measure of the fidelity of the originally encoded state, while 0000 corresponds to
the detection of aZ; error [(b, d)]. Without any DD, the fidelity [(a, ¢)]is low and the
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delay time 7 (us)

probability of logical errors [(b, d)] is high. Standard NDD sequences (NXX and
NXY4 improve the fidelity and logical error probability at short times (<15 ps) but
their performance declines at longer times: they exhibit coherent errors as seen in
the oscillations of the corresponding curves. Robust sequences (RNXX and RNXY4)
are the top performers; their ability to suppress the Z; error is particularly note-
worthy. Error bars are 1o standard deviation after bootstrapping the data.

Logical Z errors

We start by gradually increasing the time delay 7 (up to 55 pis) between
the encoding and unencoding without DD. This situation is relevant in
the context of QEC experiments. For example, one could prepare an
encoded qubit and then leave it to idle while other logical operations
are applied to other encoded qubits™.

We perform the Z; error detection using the logical Bell states
W,) and |®,), and display the results in Fig. 3. As can be seen in
Fig. 3a, ¢, without NDD the free evolution fidelity (denoted as No DD)
decays rapidly and exhibits ZZ crosstalk-induced oscillations.
Figure 3b, d show that logical Z errors accumulate over time.

We next use two types of NDD sequences to suppress this effect:
Normalizer XX (NXX) and Normalizer XY4 (NXY4). Physical-level
schematics of these NDD sequences are shown in the boxed four-pulse
sequences of Fig. 1d, e, respectively (disregarding the tilde notation).
Their logical-level counterparts are shown at the bottom of Fig. 1. We
generate both NXX and NXY4 using the native logical operations of the
[[4, 2, 2]] code. For example, in the upper part of Fig. 1d, reading the
first (second) column from top to bottom yields XIX/=XX
(X'X" = IXIX =$,XX; S; = XXXX), which is the XX (X'X') column at the
bottom of Fig. 1d. Reading the pulse sequences from left to right, the
staggering (appearance of delays as indicated by the identity opera-
tions) is deliberately introduced to suppress crosstalk at the physical
level*’; see “Methods” for more details.

The corresponding results are denoted as NXX (red) and NXY4
(dark green) in Fig. 3. NXX is a single-axis non-universal sequence,
while NXY4 is “nearly” universal: it suppresses all logical errors except
its own generating set {XIXI, IXIX, YIYI, IYIY}. At short times (<15 ps),
these results are better than those without DD because some errors

(including ZZ crosstalk) are suppressed by both NXX and NXY4.
However, at longer times, the benefit is lost and, moreover, small
oscillations appear that indicate the presence of coherent errors. To
overcome this, we create robust versions of NXY4 and NXX by
ensuring that all physical qubits in the code undergo physical DD
sequences robust to pulse errors. Specifically, we use the universally
robust (UR) sequence family*, and ensure that each physical qubit
undergoes a UR, sequence, i.e., XXXX or YYYY, where a tilde denotes
an X or Y rotation by - instead of m. These robust versions, which we
call RNXX and RNXY4, are the full sequences shown in Fig. 1d, e. The
performance of RNXX (yellow) and RNXY4 (blue), as seen in Fig. 3,
exhibits a significant improvement. Notably, the logical Bell state
fidelities decay more slowly and without oscillations [panels (a) and
(c)l, and the logical Z errors are strongly suppressed [panels (b)
and (d)].

In addition, we apply the physical staggered XY4 (SXY4)
sequence. This corresponds to applying a single XY4 sequence to each
physical qubit but in a staggered manner to reduce crosstalk®. This
sequence, shown in Fig. 1f, also corresponds to a non-universal purely
logical-Z-error suppressing, NDD sequence for the [[4, 2, 2]] code
[bottom of panel (f)]. Interestingly, Fig. 3 shows that SXY4 performs on
par with RNXX and RNXY4. To explain this, note that staggered phy-
sical DD on the [[4, 2, 2]] code implements a logical sequence, there-
fore, on the [[4, 2, 2]] code, per-qubit SXY4 and logical NDD are not
independent sequences; fair disambiguation of ‘logical vs physical’
should be assessed on other codes where this lack of sequence inde-
pendence does not occur. In addition, this on-par-performance finding
signals that the dominant logical errors are of Z-type. We confirm this
in the following.
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Logical X and Y errors

So far, we have only discussed the detection and suppression of Z-type
logical errors. In order to detect Xand Y-type logical errors, we proceed
in analogy to the Z error detection procedure, but with a different
unencoding step. Namely, we start by encoding the logical |®, ) state,
and then unencode in either |W, ) to detect X-type errors or in |W_) to
detect Y-type errors. The results are shown in Fig. 4 where, for com-
parison, we have also included the no-DD |®, ) |®_) and |W , )~ |W_)
results shown in Fig. 3b, d, which measure Z-type logical errors. It is
clear from Fig. 4 that while unsuppressed logical errors Z accumulate
rapidly, logical errors of X and Y-type grow much more slowly. This
confirms that ZZ crosstalk is the main source of logical errors.

0.25 1

| 2, AR
= 0.20 IJf

ability

o

—

t
L

o

—_

o
i

detection prob

<

o

>
!

0.00{ &*

20 30 40
delay time 7 (us)

Fig. 4 | Logical error detection. Probability of the 0000 bitstring, for logical X, Y,
and Z-type errors (dataset 1). The lower probability of logical X and Y-type errors
signals that the main source of logical errors is ZZ crosstalk. These experiments are
performed without DD.

NDD with postselection

Having implemented NDD, we can further improve the results by using
the error detection capability of the [[4, 2, 2]] code, which allows us to
perform postselection. We do so by discarding any measurement
outcome outside the logical basis (which would be the result of a
physical error); i.e., we only keep measurement results corresponding
to the bitstrings {0000, 0110, 1001, 1111}. This allows us to post-select
on no detected syndrome. Note that a multi-round schedule that
aborts on first fault detection selects the same class of “no-event”
trajectories as our end-of-interval check, while adding measurement/
ancilla overhead. The performance differences we report therefore
isolate the effect of NDD-QED versus one-shot QED under identical
post-selection and timing constraints (see “Methods”). Empirically,
NDD both raises the fidelity (Fig. 5) and lowers the discard rate asso-
ciated with detected physical faults (Fig. 6). Combining the error-
detection capability of the code and NDD leads to our central experi-
mental result, the demonstration of high-fidelity entangled logical
qubits, shown in Fig. 5.

In Fig. 5a, b, we show the fidelities of |®, ) |®_) and W, ) |W_)
for dataset 2. Without DD, the fidelity decays rapidly while exhibiting
crosstalk oscillations, as seen for dataset 1 in Fig. 3. The fidelity
improves once we perform postselection as described above. This
leaves us with bitstrings corresponding to logical states, but logical
errors still reduce the fidelity. Using NDD in the form of the RNXY4
sequence—which suppresses both logical errors and physical errors—
followed by postselection, we achieve fidelities >82% for |®_) and
>87% for |W ) over a 55 ps period. The average fidelities over the same
period are 91.12% for |®, ) and 93.66 % for |W . ). For the particular set
of qubits numbered {58, 59, 60, and 61} (light dashed lines), we find
that the combination of NDD and postselection yields average fide-
lities of =95.44% for |® . ) and =94.78% for |W, ), which is significantly
higher than when we use only the error detection capability of the
code: =44.81% for |®, ) and =48.47% for |W, ).

Preserving an encoded Bell pair at high fidelity over algorithmic
timescales is an operational resource for teleportation-based sub-
routines and for linking logical modules; our NDD-protected pre-
servation directly targets this use case.

Best Physical No DD Best Physical SXY4 No DD —— No DD+PS —4— RNXY4 —4— RNXY4+PS

(a) 1.01 (b) 1.0

0.81 0.84

= 0.6 = 061
= =
ol =

5 0.4 K 0.44

0.2 021

T T T T

0 10

T T T T T T T

20 30 40 50
delay time 7 (us)

Fig. 5 | Main results reporting the fidelity of logical Bell states (dataset 2).
a|®,) (using |®, )—|D_))and (b) W, ) (using |W, ) |W_)). In both cases, without
DD, the fidelity drops to 20% in = 10 ps. Note that for ibm kyiv, median

T1 = 279.92 ps, median T, = 111.926 ps. Using error detection and applying post-
selection, the fidelity improves to an average of =40% over the entire 55 us (No
DD + PS). Using NDD alone is roughly equivalent to No DD + PS, but removes the
crosstalk oscillations (RNXY4). When we combine NDD with postselection, the
fidelity increases substantially and remains above 82% [in (a)] and 87% [in (b)] over a
55 ps period (RNXY4 + PS). The light green dashed lines in each panel represent the
results obtained from running the respective protocol on the best-performing set

T T T T T T T

20 30 40 50
delay time 7 (us)

T T T T

0 10

of physical qubits (using qubits 58, 59, 60, and 61). In this case, RNXY4 + PS yields
F ~ 92% after 55 ps (for both cases), significantly higher than the fidelity using
postselection after error detection alone. Also shown is the best physical Bell state
prepared on the same set of qubits, which, without DD (Best Physical No DD)
performs comparably to No DD + PS, though with much larger crosstalk-induced
fidelity oscillations. Applying staggered XY4 (Best Physical SXY4) removes the
crosstalk and improves the best physical Bell state fidelity beyond RNXY4's
(decaying to F ~ 71% after 55 ps), but remains well below the performance of
RNXY4 + PS.
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Fig. 6 | Effect of NDD on postselection. The percentage of data discarded per circuit
as a function of the delay time between encoding and unencoding (dataset 2). While
NDD suppresses logical errors, it also reduces certain physical errors, as evidenced by
the lower data discard rate when using NDD (i.e., fewer physical errors are detected).

Beyond breakeven and the state-of-the-art

Figure 5 also includes results for physical (unencoded) Bell states. Here
we show only the best Bell pair among all pairs we tested, both without
DD and with staggered (crosstalk-robust*) XY4. The former (“Best
Physical No DD”) exhibits strong crosstalk-induced oscillations with an
overall fidelity comparable to that of the mean logical encoded Bell
pairs case without DD (No DD +PS). Adding SXY4 significantly
improves the fidelity and outperforms even the mean fidelity of logical
Bell pairs with NDD (RNXY4). This shows that NDD by itself is not
better than working with physical qubits and a crosstalk-robust DD
sequence. However, physical Bell pairs with SXY4 are significantly
worse than RNXY4 + PS, i.e., the case of NDD with postselection on the
results of the [[4, 2, 2]] code. This constitutes clear evidence of beyond-
breakeven performance for our QED-NDD strategy.

Overall, it is clear that the combination of NDD and postselection
significantly boosts the fidelity of logical Bell states. Moreover, our
results improve upon the current state-of-the-art using super-
conducting transmon qubits. E.g., ref. 63 used distance d = 2 surface
codes to encode the four logical Bell states, with a peak encoding
fidelity of 79.5%. In contrast, we find an average postselected encoding
fidelity of 98.05%. The averaging is over the 9 sets of qubits and over
the two logical Bell states we prepare.

Reference 64 used the heavy-hex surface code with variable dis-
tance d and reported a peak postselected fidelity of 93.7% after the first
stabilizer round for d = 2, declining to =30% after five rounds, which
corresponds to 27 pson ibm_torino. In contrast, we find an average
peak postselected encoding fidelity of 98.05% that declines to 84.87%
after 55 pis, and a peak postselected fidelity of 98.00% (also averaged
over the two logical Bell states we prepare) for the best set of qubits,
that declines to 92.89% after 55 ps, while also lowering the discard rate
under post-selection.

Reference 45 benchmarked beyond-breakeven preparation of an
encoded magic state using error-suppressed circuits with either post-
selection or real-time feed-forward; fidelity was evaluated immediately
after preparation (logical infidelity =1.23 x 10 with post-selection;
=1.87 x 102 with feed-forward), and the main idling arose from control-
flow latencies of order hundreds of nanoseconds during feed-forward.
Informally, their result answers “How good is the state right after it is
prepared?”, whereas our study answers “How long can the state be
kept good?”

Physical error suppression and detection by NDD

As explained in the discussion following Theorem 1 and with the
illustration of NDD with the [[4, 2, 2]] code, the NDD sequences sup-
press not only logical errors but physical errors as well. To see this,
consider, e.g., the RNXX sequence [Fig. 1d]. As described in “Methods”,
reading the pulse sequence vertically, each time step of this sequence
operates in the logical subspace as XX. Simultaneously, reading the
sequence horizontally over a complete round of NDD, all four physical
qubits undergo the physical XX sequence (i.e., X - 7 — X - 1), which
suppresses the set of physical errors {Y,~,Z,~}}*:1. Similarly, for the
RNXY4 sequence [Fig. 1e], each physical qubit undergoes UR4. which
robustly* suppresses the sets of physical errors {Y;, Z;};_, 5 (due to the
XXXX sequence) and {X;, Z;};_, , (due to the YYV¥ sequence).

One way to gauge the impact of this suppression of physical errors
is shown in Fig. 6, which displays the percentage of discarded data per
circuit as a result of postselection over 55us (out of 4000 shots),
comparing No DD to RNXY4 for the two logical Bell states |® . ) and
|W., ). The results are obtained through bootstrapping across the ten
sets of four qubits used in these experiments. Significantly less data is
discarded with RNXY4 than without DD. Since discarded data corre-
sponds to the detection of physical errors, this means that NDD not
only enhances the fidelity of logical Bell states by suppressing logical
errors, but also reduces the occurrence of physical errors.

We can go further and use Algorithmic Error Tomography*® to
identify specific physical error types. For example, the 0100 and 0010
bitstrings correspond, respectively, to physical Z,, Z, and Z;, Z;, errors
in the |®, )~ |®_) logical Bell state experiment. In Fig. 7 we show the
corresponding relative bitstring counts, which are measures of
detecting either of these errors. Additionally, we show the 0110 and
0000 relative bitstring counts, which correspond to the logical fidelity
and the logical Z error, respectively. Without DD (dashed), we observe
that the logical fidelity is low, and both logical and physical errors
increase and oscillate. With DD (solid), the RNXY4 sequence strongly
suppresses both types of errors.

These results demonstrate that, as claimed, NDD sequences sup-
press both physical and logical errors.

Discussion

The operation of QEC and QED codes is adversely affected by the
occurrence of logical errors that the code cannot detect or correct.
Here, we have introduced an efficient method for combining QEC or
QED with dynamical decoupling, implemented in terms of the nor-
malizer elements of the code. Our work is the first experimental
demonstration of unequivocal suppression of the logical errors of a
given code using this method. We designed our NDD sequences to
simultaneously perform logical error suppression and to be robust DD
sequences at the physical level, resistant to both control errors and
crosstalk. As an added benefit, these sequences suppress many phy-
sical errors as well. Our results using the [[4, 2, 2]] code and IBM
transmon qubits, featured in Fig. 5, demonstrate a beyond-breakeven
fidelity of entangled logical qubits. The fidelities we report are the
highest to date for entangled logical qubits using superconducting
qubits.

Our findings address a need along the path toward fault-tolerant
quantum computation: keeping codes relatively small and nimble
while still effectively handling logical errors. Because an NDD sequence
of length K=2"depends only on the chosen generator set (Definition 5;
Table 1), one can target dominant correlated errors with constant-
length sequences independent of n or d. Scheduling normalizer pulses
in idle gaps preserves cycle timing and reduces both logical-error
accumulation (Figs. 3-5) and detected-fault rates (Fig. 6), thus
decreasing decoder and restart overhead.

The sequence performance cannot be easily predicted based on
standard reported metrics such as average Ty, T, single- and two-qubit
gate fidelities. As such, future research should aim to optimize NDD
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Fig. 7 | Suppressing logical and physical errors. The relative count of the {0000,
0110, 0100, 0010} bitstrings in the |®, )~ |®_) experiments (dataset 2). The two
even-weight bitstrings correspond to the logical fidelity (0110) and logical Z error
(0000), and the two odd-weight bitstrings correspond to the detection of physical
{Z,-}j-‘:1 errors. Dashed (solid) lines correspond to no DD (RNXY4). The NDD
sequence, in addition to suppressing the logical errors and improving the logical
fidelity, also strongly suppresses the occurrence of these physical errors.

sequences tailored to specific codes and integrate QEC-NDD into
quantum algorithms. Another interesting future direction is the opti-
mization of QEC-NDD for cross-talk-free transmon devices with tun-
able couplers; we present preliminary results in “Methods”.

Methods

Quantum codes and logical errors

A general [[n, k, d]] code encodes k logical qubits into n physical qubits
with distance d. The weight w of an error is the number of physical
qubits it affects simultaneously. An [[n, k, d]] stabilizer code corrects
every error whose weight satisfies w<t= L%J and detects every error
whose weight w<d - 1. A d = 2 code is a pure quantum error detection
(QED) code, and a distance-d QEC code can always be used as a QED
code for errors of weight <d. The code distance is the minimum
number of physical qubits that must experience an error to cause an
undetectable logical error, i.e., an error forming a logical operation
inside the code space. These logical errors can either be inherently
present or result from the accumulation of lower-weight errors over
time. For example, in the context of superconducting qubits with
fixed-frequency couplers, a prevalent challenge is ZZ crosstalk®, which
inherently introduces weight-two errors that can present as logical
errors for distance-2 codes.

An [[n, k, d]] stabilizer code C is defined as the +1 eigenspace of a
stabilizer group S of order 2"* (with commuting generators {Sj}f’z’l" ). A
stabilizer group is any subgroup of P,, that excludes -/ (which implies
that it is Abelian). One can factor the n-qubit Hilbert space into k logical
qubits withk an associated group of canonical logical operators
L= (i,Xj,Zj)j:1 C P, (weuse (---) to denote a generating set; |£| = 4% 1)
and n — k syndrome qubits (which can be used to detect errors). Spe-
cifically, syndrome qubits can be used to detect Pauli group terms that
anticommute with at least one of the n - k stabilizer generators®. Since
S is commutative, operators in S can be simultaneously diagonalized.
This simultaneous diagonalization partitions the Hilbert space into an
orthogonal sum of 2" * subspaces (known as syndrome spaces), each of
dimension 2¢, corresponding to 2"* choices of +1 eigenvalues of S; for
Jj=1,...,n-k,i.e., different values of the syndrome. C is associated with
the trivial (no error, corresponding to +1 eigenvalue of all ;) syndrome,

and two logical operators act identically on C if they only differ by a
stabilizer element, i.e., the full group of logical operators is N (S)=SL,
the normalizer of S in P,.

For a code C c (C?
defined as

)®", the stabilizer group S is uniquely

S={P e P, :VIP) e C,PIY)=p)}. 1D
The normalizer (or centralizer) of S in P, is the group N/(S) of Pauli
operators commuting with all elements of S. The normalizer
N(8)=Ny(S) of S € G is defined as {g € Gs.t.gSg~1 =S}, and the cen-
tralizer Z(S)=24(S) of S € G is defined as {g € Gs.t.Vs € S,gs=sg}.
These two notions coincide in the case of stabilizer groups. The nor-
malizer is also uniquely defined. However, the group of canonical
logical operators is not unique: one can choose arbitrary stabilizers
and multiply the canonical generators X 7] by those to obtain other
choices of the group L.

Another important set is D="7P,\N(S), the set of detectable
errors. Since every pair of elements of P, either commute or antic-
ommute, and N(S) contains all elements of P, that commute with S,
every element of D must anticommute with at least one element of S.

Table 1 reports only the number of DD pulses per cycle for each
decoupling family; it intentionally does not include the overhead of
stabilizer readout that accompanies QED/QEC when LDD is used in
practice. To make the end-to-end accounting explicit, consider an
[[n, k, d]] stabilizer code with generators {Sf};:lk of weights {w}. A
standard ancilla-mediated parity check of a single generator S; couples
the ancilla once to each data qubit on which S; acts nontrivially (after
basis changes for X- or Y-type checks), and then measures the ancilla. In
the simplest implementation this uses w; two-qubit entangling gates
(CNOT or CZ with one per non-identity factor in S) plus one ancilla
measurement; repeating over all generators, one QED/QEC round
therefore incurs };w; entangling gates and n — k measurements, up to
device-specific parallelization constraints (which reduce latency but
not this gate-count budget), and ignoring the comparatively cheap
single-qubit basis-change rotations. By contrast, an NDD cycle uses
K = 2" pulses determined solely by the r chosen normalizer generators
(Definition 5), requires no ancillas or measurements, and can be
scheduled in idle windows between algorithmic gates. For our [[4, 2, 2]]
code with S = (XXXX, ZZZZ) (both weight-4), a naive single QED round
thus requires w; + w, = 4 + 4 = 8 entangling operations and two mea-
surements, whereas our RNXY4 uses r = 2 (K = 4) logical pulses per
cycle and simultaneously embeds universally-robust (UR) physical DD.
Hence the observed suppression of logical errors (Figs. 3-5) and the
lower discard rate under postselection (Fig. 6). This separation of costs
clarifies how NDD can yield a lower end-to-end overhead.

[[4, 2, 2]] code

The [[4, 2, 2]] code is an error detection code that encodes k = 2 logical
qubits into n = 4 physical qubits®. The stabilizer group is
S={I,XXXX,YYYY,ZZZZ}. Defining the logical states as

|m) [0000) + [1111) , |E> — |0110) +|1001)

V2 V2 12)
[01) = [00m*1100) g7y _ [1010)+ 010D
V2 ’ V2 ’

a set of logical operators for the code can be defined such that
X;=XIIX, and X, =1IXX, up to multiplication by a stabilizer element.
Therefore, we have XX = XIX|. Similar definitions apply to the logical Z
operators: Z; =11ZZ and Z, =Z11Z, allowing us to form the full logical
Pauli group. Using the same definitions, we have CNOT,, = SWAP;, and
similarly, CNOT,; =SWAP,,, i.e.,, we can perform logical CNOTs by
swapping the physical qubits.

Our particular choice of logical operators is motivated by the fact
that XX and YY (i.e., the logical operators we use to implement the
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Fig. 8 | NDD with tunable couplers. An encoded |®, ) Bell state on ibm marra-
kesh for a single set of qubits. a shows the logical errors and b shows the post-

selection results. This device features tunable couplers that significantly reduce the
crosstalk. Nevertheless, accumulation of dephasing errors over time (up to =55 ps)

delay time (us)

leads to the appearance of logical errors. The same NDD sequence we used in the
main text successfully suppresses these errors, as shown in (a). Additionally, NDD
with postselection outperforms postselection alone, as shown in (b).

LDD or NDD sequences) have a natural staggering of their physical X
and Y gates. In other words, in the implementation of the logical
operators comprising NDD, nearest-neighbor qubits are always inter-
leaved with an identity operation (e.g., IXIX as opposed to IXX]). This is
critical for nearest-neighbor crosstalk cancellation®.

To encode the logical Bell states |W,) and |®,) using the two
logical qubits of the [[4, 2, 2]] code, consider:

©.)= 55(100) 2 D) (13a)

= \/ijuooom +|1111) +0101) + [1010)) (13b)
=W21 %HOOOO) +|1111) £ |0011) + |1100)] (13¢)
:mn%mom +11))(100) # [11))]. 13d)

Thus, we proceed by preparing two physical copies of the target Bell
state on the four physical qubits, then apply CNOT,;, which creates the
intended Bell state. The |W, ) Bell states are prepared similarly.

Construction of our [[4, 2, 2]] code subgroup-NDD sequence
One of the limitations of our experimental setup is that physical Zgates
are unavailable: fixed-frequency transmons utilize virtual-Z gates® 5,
Such gates are problematic, as DD sequences rely on physical rotations
of the qubit®. This highlights a critical aspect of using NDD: by judi-
ciously choosing the normalizers, one can eliminate the need for Z
gates in the logical operators. Here, now demonstrate that there are
DD sequences satisfying the conditions of Theorem 1 which do not use
any physical Z pulses in the context of the [[4, 2, 2]] code. This
hardware-compatible construction, i.e., no physical Zand UR physical
subsequences, is essential to making code-structured DD viable on
current superconducting platforms.

To construct such a sequence, we first choose generators of £ that
do not involve physical Zs. A simple example is
L= (0, XIIX,lIXX,1IYY,YIlY).One could follow the construction below
with this choice. However, in order to improve the ability of the DD
sequence to suppress ZZ crosstalk, we make a different choice. First,
multiply the original generators of £ (that is, XIIX, lIXX, llZZ, ZIIZ) by the
stabilizers XXXX, XXXX, XXXX, and ZZZZ, respectively, to obtain
L' =i, IXXI,XXII,XXYY,I1ZZI). Then, after some group operations, we
can write the same group using a different set of generators containing

no Zs: L'=(,XXILIYY,IYIY,XIX]). The corresponding NDD
sequence consisting of two repetitions of XIXI, IYIY, XIXI, 1YY, XIXI, IYlY,
XiIXt, and XXII, which implements the decoupling group £'/{*1, +i},
and involves no Z gates.

This sequence was obtained as follows: denote the generators of
L (or £') as hy, hy, h3, hy and choose any Gray code—a sequence of
bitstrings ao, ..., a;5 such that neighboring bitstrings differ in only a
single digit. Then, pick g; = h% (forj=0, ...,15), where g; is interpreted
as a multiindex (i.e., gi= Ht:lhf’)k). The pulses of the DD sequence
are ggj. forj=0, ..., 15.

One-shot vs repeated QED post-selection

Consider an [[n, k.d]] code with stabilizer generators %j”:’f Let a
detectable-fault be any event that takes the state outside the code-
space (i.e., anticommutes with at least one S). A post-select-on-no-
syndrome protocol keeps only trajectories in which no detectable fault
occurs during the storage interval [0, 7].

If stabilizers are measured at rounds ¢, ..., t,, with abort-on-fault-
detection, the surviving trajectories are exactly those with zero
detectable faults on [0, 7]. With a single check at ¢ = T (our protocol),
the surviving trajectories are also those with zero detectable faults on
[0, 7], except for the rare case where a sequence of two or more
detectable faults returns the system to the codespace before ¢ = 7.
Under a sparse-fault model (Markovian faults with rate A4.), the
probability of such events is O((/lde[r)z), which is negligible on the
timescales and rates relevant here. Therefore, for our preservation
task, repeated checks do not change the set of surviving trajectories
used to compute conditional fidelity; they only increase runtime and
introduce additional control/measurement overhead. In contrast, NDD
reduces both (i) the accumulation of undetectable logical errors and
(ii) the incidence of detectable faults (as seen in the reduced discard
fraction; Fig. 6), which is why the combination NDD plus post-selection
achieves the highest conditional fidelities (Fig. 5).

Issues involving the implementation of logical state tomo-
graphy using the [[4, 2, 2]] code

A general two-qubit state requires information about 15 expectation
values, which requires 9 independent measurement settings (achieved
by measuring each qubit in three complementary bases; e.g., X, ¥, and
). This holds for logical tomography of a logical two-qubit state as
well. There are a few ways in which a logical observable can be mea-
sured. First, one can use stabilizer-measurement-like circuits where the
logical operator is measured by executing a circuit composed of CNOT
gates targeting an ancilla qubit that is measured to learn the logical
measurement outcome. This method can further be paired with a
round of syndrome extraction using additional ancilla qubits to learn
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whether the state was in the code space to begin with. This combina-
tion of measurements allows us to invoke the code’s protection while
simultaneously performing a measurement. The downside of this
method is the additional overhead in CNOTSs and ancilla qubits needed
to perform the measurement protocol. In our case, this would require
a substantial overhead in SWAP gates as well since the IBM QPU’s
heavy-hex lattice does not pair naturally with the [[4, 2, 2]] code. Using
this logical measurement method would inevitably introduce more
errors and reduce the accuracy of logical state tomography.

An alternative, less costly approach for performing logical mea-
surements is to directly measure all data qubits of the code in lieu of
introducing ancillas and additional CNOTs. However, this method is
incompatible with extracting information about the entire stabilizer
generator set while also performing the logical measurement. As a
result, we would not be able to know with certainty that the system
state was in the code space at the time of measurement. There is some
nuance to this approach, which does allow us to learn information
about stabilizers which commute qubit-wise (i.e., they share the same
Pauli operator or / on the same qubit) with the logical operator being
measured. For example, we can simultaneously measure X; =X/IX,
X, =1IXX, XX, =XIXI and the stabilizer S; = XXXX since these opera-
tors all qubit-wise commute. Performing the measurement of each
data qubit in the X basis gives us information about each of these
logical observables, as well as information about whether or not the
system was in the logical code space with respect to the stabilizer
generator S;. Unfortunately, this symmetry does not hold for the
operators Y; =XIZY,Y,=ZIXY, and S, = YYYY since these operators do
not all commute qubit-wise. This means that we cannot simultaneously
learn information about these logical observables and information
about whether or not the system was in the code space with respect to
the stabilizer S, in the same shot, reducing our total information about
the system. This would lead to a less precise estimation of the logical
density matrix, as we will count more experimental shots involving the
system outside of the logical state space in our estimation of the logical
expectation value.

For these reasons, we did not use logical state tomography in
this work.

Creating robust logical sequences

As discussed in the main text, we use the logical operators XX = X/X/
and YY =IYIY = YIYI (along with identity operators) to generate the
LDD groups G,y 4+ ={I,XX,YY,ZZ},and G, ., = {I, XX}. Cycling over the
group elements creates the basis for the four-pulse sequences shown
in the red boxes of Fig. 1d, e. However, we add two additional com-
ponents to enhance crosstalk cancellation and robustness.

Since the main source of logical errors is ZZ crosstalk, we modify
LDD so that it cancels such errors. Thus, in the case of LXX, we insert a
stabilizer every other pulse-step to consistently apply a staggered
sequence to all qubits; in this manner, we move from LDD to NDD.
These sequences correspond to applying logical X and Y operators to
both logical qubits.

To create the robust sequences, we mirror the original sequences
(hence the eight-pulse sequences), and instead of X and Y, we apply
X=R.(-m), )7=Ry(—n), respectively, such that each sequence under-
goes a robust pulse sequence at the physical level. We also apply
staggered physical XY4 to each qubit as shown in Fig. If. This sequence
is also inherently robust at the physical level since each qubit receives
an XY4 sequence, which is robust to pulse errors*. However, it is not a
universal decoupling sequence at the logical level, as seen in the figure
(i.e., it lacks the ability to decouple arbitrary single logical-qubit
errors).

Normalizer dynamical decoupling with tunable couplers
Here we present additional experiments on ibm marrakesh, which
features tunable couplers’, unlike the always-on ZZ interaction in

ibm_kyiv. Consequently, for this set of experiments, crosstalk is sig-
nificantly reduced compared to the other set of results (<5 kHz vs. tens
of kHz). Nevertheless, a combination of dephasing and residual
crosstalk accumulates, leading to logical errors. Figure 8 illustrates the
performance of NDD sequences on this QPU, averaged over 9 different
qubit sets. Figure 8a [equivalent to Fig. 3b] shows that without DD,
logical errors remain unsuppressed. However, both NDD sequences we
employ successfully suppress these errors. Figure 8b [equivalent to
Fig. 5a] demonstrates that using only postselection, the fidelity
averages to F ~ 56.23%, whereas combining postselection with NDD
increases it to F ~ 91.73%.

Data availability
All data are available from the corresponding authors upon request.

Code availability
Qiskit experiments and analysis codes that support the findings of this
study are available from the corresponding authors upon request.
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