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We show that universal quantum computation can be concretely made fault-tolerant without mid-circuit
measurements. To this end, we introduce a measurement-free deformation protocol of the Bacon-Shor
code to realize a logical CCZ gate. Combined with a fold-transversal logical Hadamard gate, this enables
a universal set of fault-tolerant operations using only transversal gates and qubit permutations. For the pur-
pose of benchmarking under circuit-level noise, we develop an efficient method to simulate non-Clifford
circuits with a small number of Hadamard gates. Separately, we demonstrate that certain CSS codes can be
concatenated without measurements or having to rely on a universal logical gate set. This is made possible
by means of a resource-efficient gadget—termed the “disposable Toffoli gadget”—that realizes the error-
correcting feedback. Then, under concatenation of the Bacon-Shor code, we observe a fault-tolerance
threshold at a circuit-level depolarizing noise rate of approximately 0.12%. Together, the deformation and
concatenation protocols outline a blueprint for a fully fault-tolerant architecture without any feed-forward
operation, particularly suited to state-of-the-art neutral-atom platforms.
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I. INTRODUCTION

Given the inherently noisy nature of quantum hardware,
it is crucial to develop approaches that suppress or limit
the impact of errors. One possible pathway is quantum
error correction (QEC), which provides a means to detect
and correct errors during the execution of quantum algo-
rithms [1,2]. At the heart of QEC lies the encoding of
quantum information into a specific subspace within the
broader physical Hilbert space—often achieved through a
non-local encoding—allowing the system to be resilient
against local errors. This redundancy, while effective, also
significantly increases the resource overhead required for
implementing QEC, both in terms of time and space. As a
result, the choice of the error-correction protocol should be
tailored to the specific quantum computing hardware, both
to minimize overhead and to best exploit the platform’s
characteristics. Despite these complexities, recent experi-
mental breakthroughs have marked remarkable progress in
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QEC across different architectures, such as superconduct-
ing qubits [3–11], trapped ions [12–21], nitrogen vacancies
in diamonds [22], and neutral-atom arrays [23–26].

In traditional QEC approaches, measurements of
mutually-commuting correlators—known as error
syndromes—are used to inform a classical decoding
algorithm, which then determines the corrective actions
applied to the system, either through physical interven-
tion or software-based tracking of errors [1]. These mea-
surements often correspond to stabilizer operators, which
commute with logical operators, such that the logical state
remains unaffected [27].

In some quantum computing platforms, such as those
based on neutral atoms or trapped ions, the relatively slow
nature of such measurements often hinders the efficiency of
this syndrome extraction [17,18,23,28–32]. An alternative
approach, measurement-free (MF) QEC, has emerged as a
promising solution [33–39], replacing classical processing
with a combination of unitary dynamics and a dissipative
element needed to remove the entropy introduced by noise.
The latter is achieved through reset operations or a continu-
ous supply of fresh ancilla qubits, which has recently been
demonstrated in neutral-atom platforms [40–42]. In partic-
ular, the first fully fault-tolerant (FT) proposal correcting a
single error was achieved in Ref. [38], by adapting Steane-
type error-correction techniques [43]. Later, some of the
authors of this work showed that by using redundant syn-
drome information, alternative schemes can be formulated
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with a lower overhead in terms of both the number of
qubits and gate count [39].

The notion of fault-tolerance is essential for the design
of an error-corrected quantum computer. Broadly speak-
ing, an FT implementation is capable of limiting error
propagation, thus achieving a logical error rate that is lower
than the physical error rate, as long as the latter remains
below a certain threshold. This is relevant both for the QEC
round (which must not increase the noise level during its
noisy execution), and for logical operations. Transversal
operations are particularly appealing, as they are straight-
forwardly FT [1]. Transversal operations correspond to a
single layer of physical gates, each of which acts on at
most one physical qubit of each logical qubit. Therefore,
errors can propagate between logical qubits, but remain
correctable, since QEC is applied to each logical qubit
block individually.

However, it is well known that no QEC code can
have a transversal universal gate set [44], and, in partic-
ular, the only transversal gates for two-dimensional codes
are unitaries belonging to the Clifford group [45]. Sev-
eral ways have been proposed to get around these no-go
results. These include magic state distillation [46–50],
code switching between appropriate codes [51–53], using
non-local connectivity between Bacon-Shor codes [54],
implementing pieceable constructions where operations
are intertwined with intermediate error correction [55],
or allowing for a loss of distance in concatenated codes
[56–58].

The main theoretical challenges for MF QEC are two-
fold: (i) implementing universal quantum computation at
the logical level, and (ii) demonstrating scalability beyond
small-distance codes. We tackle these challenges in the fol-
lowing way. We show (i) that a universal gate set is achiev-
able with the Bacon-Shor code, by exploiting transversal
operations and a MF code deformation procedure to real-
ize a transversal CCZ gate; and (ii) that a universal gate set
is not required to perform MF QEC cycles at higher lev-
els of concatenation, allowing for an efficient scaling up
of the code distance. During the completion of this work,
the authors of Ref. [59] demonstrated MF code-switching
between color codes to implement a universal set of logical
gates. Equipped with this universal set, it is then possible to
concatenate the code with itself to reach higher distances.
In contrast, we show that the cost of concatenation can be
lowered using resource-efficient gadgets, hence drastically
increasing logical performance and scalability.

This work is organized as follows. In Sec. II, we review
the Bacon-Shor code, which was shown to yield the
best performance among currently devised MF schemes
[37–39]. In Sec. III, we construct a MF procedure to
deform the code and exploit the protocol proposed in
Ref. [54] to implement a logical CCZ gate, thus enabling
MF universal quantum computation. We then turn to
address the second challenge in Sec. IV. While this code
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FIG. 1. (a) The 3 × 3 Bacon-Shor code, with red (blue) areas
depicting the support of X -type (Z-type) stabilizer operators.
(b) Any Bacon-Shor code has a gauge freedom. In particular, the
pairwise ZiZj gauges along rows can be chosen to be +1, result-
ing in a Shor code. We call this the Shor gauge. To perform a
logical CCZ, each logical qubit must start from this gauge, and
then be extended to a 3 × 9 Bacon-Shor code, as shown in (c).
The logical CCZ is then performed between logical qubits, by a
transversal application of physical CCZ gates, with permutations
across the columns. (d) To return to the original 3 × 3 configura-
tion, a shrink move is performed. (e) To increase the tolerance to
errors, concatenation of the same code is performed, where the
data qubits of a code are composed of logical qubits at a lower
level.

deformation allows for a universal logical gates set, we
take a different approach and implement MF QEC on con-
catenated codes without the need for a universal gate set.
Inspired by Ref. [33], we implement a feedback opera-
tion which we dub the disposable Toffoli gadget and is
significantly more efficient than using the aforementioned
logical CCZ construction. The essence of this gadget
is to unencode ancilla qubits—storing stabilizer infor-
mation—into a repetition code and then exploiting the
(partial) transversality between repetition codes and a tar-
get code from the Calderbank-Steane-Shor (CSS) [60,61]
family. Finally, in Sec. V we discuss potential advan-
tages of this measurement-free approach, and how they are
particularly suitable for neutral-atom platforms.

II. THE BACON-SHOR CODE

In this section, we introduce the Bacon-Shor code
(Sec. II A), we summarize the construction for logical CCZ
used in Ref. [54] (Sec. II B), and introduce some proper-
ties relating the Bacon-Shor code and the repetition code
(Sec. II C), which we will use throughout this paper.
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A. Notation

The main properties of a QEC code are typically
described by the triplet [[n, k, d]], where n is the number
of physical qubits, k is the number of logical qubits, and d
is the code distance, i.e. the minimum number of single-
qubit operations required to get from one codeword to
another. Additionally, we define t as the number of toler-
able errors—i.e. all errors of weight smaller than or equal
to t can be corrected—satisfying t ≤ �(d − 1)/2�.

In this work, we will be focusing on the Bacon-Shor
code [62,63]. This code essentially combines an n1-qubit
repetition code against Z errors with an n2-qubit repeti-
tion code against X errors in an n1 × n2 array of data
qubits. Labeling the qubits in this array with (i, j ), the sta-
bilizers for the [[n1n2, 1, min(n1, n2)]] Bacon-Shor code are
generated from

SX
i =

n2∏

j =1

Xi,j Xi+1,j , SZ
i =

n1∏

i=1

Zi,j Zi,j +1. (1)

These are depicted in Fig. 1(a) for the minimal error-
correcting instance [[9, 1, 3]]. This specific instance is the
main focus of this paper, as its MF QEC implementation,
proposed in Ref. [39], is particularly simple.

The logical operators are XL = ∏
j Xi,j and ZL = ∏

i Zi,j
for any value of i or j respectively, as shown in Fig. 2(a).
As with all CSS codes, all logical Pauli operations are
trivially transversal. Additionally, the logical CNOT can be
implemented transversally, by performing a CNOT between
pairs of data qubits. Additionally, the logical Hadamard
gate is fold-transversal—it corresponds to a Hadamard
gate on all data qubits and a relabeling of the physical
qubits, which can be achieved with a reflection along the
diagonal to swap X and Z stabilizers [63].

The Bacon-Shor code is a subsystem code [1,62], such
that multiple states encode the same logical codeword.
These states are equivalent up to multiplication with gauge
operators, which commute with the stabilizers and logical
operators, thus not affecting the logical information. The
gauge group is generated by the pairs Xi,j Xi+1,j (Zi,j Zi,j +1)
acting on qubits in the same column (row). In what follows,
we will be mainly interested in the “Shor gauge” of the
code, where all Zi,j Zi,j +1 gauge operators have eigenvalue
+1. In this gauge, the codewords are equivalent to those of
Shor’s code [64]. In particular, in this gauge certain logical
states become a tensor product of cat states

|±〉(Z)L = 1

2
√

2
(|000〉 ± |111〉)⊗3 . (2)

These states are particularly important, since they can be
prepared fault-tolerantly without additional overhead [12].
We will denote the opposite gauge, in which all Xi,j Xi+1,j
have eigenvalue +1, as the “anti-Shor” gauge. In this
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FIG. 2. (a) The logical operators of a Bacon-Shor code corre-
spond to a single row (XL) or column (ZL). (b) A bit-flip repetition
code is formed by pairwise SR

i = ZiZi+1 stabilizers along a chain.
(c) A transversal CCX between a three-qubit repetition code and
d = 3 Bacon-Shor code. Note that this gate is only unidirectional.
(d)–(e) The unencoding operation �Z (�X ) maps a Bacon-Shor
code down to a bit-flip (phase-flip) repetition code. Intuitively,
each column (row), supporting a separate representation of the
relevant logical operator, is mapped to a qubit of the result-
ing repetition code. The stabilizers after each layer of gates are
depicted.

gauge, the states |0〉L and |1〉L have a similar structure as
Eq. (2), this time as a tensor product of cat states along the
columns instead of rows. A mixed gauge can be chosen as
well, as long as the gauge operators commute. In partic-
ular, the rotated surface is a specific gauge choice of the
Bacon-Shor code [65].

B. Logical CCZ

It was shown in Ref. [54] that a m × mk Bacon-Shor
code in the Shor gauge supports a transversal logical CkZL,
up to a qubit permutation. In particular, as shown in Fig. 3,
the logical CCZL between three 3 × 9 logical qubits is
implemented by a single layer of 27 physical CCZ gates

CCZL =
8∏

j =0

2∏

i=0

CCZ(i,j ),(i⊕�j /3�,j ),(i⊕j ,j ), (3)

where it is assumed that (i, j ) indices start from 0 for ease
of notation, and ⊕ represents addition modulo 3.

Since the Hadamard and CCZ gates together define a
universal gate set, it is then sufficient to demonstrate that
these two gates can be performed fault-tolerantly. As our
starting point, we choose the 3 × 3 Bacon-Shor code, since
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|ψ1 L

|ψ2 L|ψ3 L

FIG. 3. Graphical depiction of the connectivity required for
the transversal CCZL |ψ1ψ2ψ3〉L between three logical states
|ψk〉L, k = 1, 2, 3, each encoded in the 3 × 9 the Bacon-Shor
codes, in the Shor gauge. Different colors correspond to differ-
ent CCZ gates between rows, and highlight that the permutations
occur only across columns.

it has a MF QEC implementation [39], as well as a straight-
forward fold-transversal Hadamard gate. However, certain
technicalities need to be addressed. The transversal real-
ization of the logical Hadamard gate HL is only supported
on a m × m patch of physical qubits, while the CCZL
gate in Eq. (3) requires a m × m2 patch. Furthermore, the
latter requires to be in the Shor gauge, which is not pre-
served under the application of HL. To address these issues,
in Sec. III we will demonstrate a fully MF protocol to
implement the logical gate set: first, the code is mapped
to the Shor gauge, by means of a gauge fixing proce-
dure [Fig. 1(b)], then extended to a 3 × 9 code [Fig. 1(c)];
now the logical CCZ can be performed using Eq. (3), cf.
Fig. 1(d). To return to the original code, we then shrink it
down to a 3 × 3 code [Fig. 1(b)].

C. Relationship with the repetition code

Before continuing with the logical protocol, we wish to
outline some properties connecting CSS codes with rep-
etition codes, which we will exploit later on. The bit-flip
(phase-flip) repetition code is defined on n qubits by pair-
wise stabilizers SR

i = ZiZi+1 (SR
i = XiXi+1), cf. Fig. 2(b),

and protects against X -type (Z-type) errors. The respective
logical codewords are |0/1〉(Z)R = |0/1〉⊗n and |±〉(X )R =
|±〉⊗n. Generalizing the constructions proposed in Ref.
[33], throughout this work we exploit the fact that unidi-
rectional transversal gates exist between repetition codes
and CSS codes. In particular, a logical CkX (CkZ) gate on
a distance-d code can be controlled from k length-d bit-flip
repetition codes, as illustrated in Fig. 2(c) for the Toffoli
gate. This gate is transversal, as it is composed of d phys-
ical CkX (CkZ) gates targeting d qubits supporting the XL
(ZL) operator of the code. As explained in Appendix A, the
stabilizer structure is preserved.

Additionally, we introduce a gadget to convert a logi-
cal codeword to a codeword of the repetition code. We call
this an unencoding gadget, and can be used when partial
protection against either bit flips or phase flips is suffi-
cient. For an arbitrary logical state |ψ〉L = α |0〉L + β |1〉L,

|α|2 + |β|2 = 1, we introduce the unencoding operations

�X /Z |ψ〉L = |ψ〉(X /Z)R ⊗ |0〉⊗6 , (4)

which converts it to |ψ〉(X /Z)R = α |0〉(X /Z)R + β |1〉(X /Z)R .
Notice that these gadgets are not unitary, since information
about the gauge choice is removed by the reset operations
R. The implementation of the unencoding gadgets for the
3 × 3 Bacon-Shor code is illustrated in Figs. 2(d) and 2(e),
and is similar to the reverse of the encoding circuit. This
is somewhat reminiscent of code morphing [66], albeit dif-
fering both conceptually and implementation-wise. Effec-
tively, the unencoding gadget �Z (�X ) maps the value of
each column’s ZL (row’s XL) on a qubit of the resulting
repetition code—thus it is applicable to any gauge choice
of the Bacon-Shor code, e.g. the rotated surface code. For
generic CSS codes, such gadgets can be implemented,
albeit with a larger overhead, by repeatedly performing
Hadamard tests on different logical strings of the logical
operators, and performing a majority vote, as was proposed
in Ref. [33].

By combining the unencoding gadget with the property
in Fig. 2(c), we can engineer a FT feedback operation with-
out measurements: a logical operation can be conditioned
on another logical state, at the price of having to unen-
code the latter to a repetition code. This can still be useful
in many situations, such as when the control state is later
discarded. For instance, this will be used later on to per-
form the gauge fixing procedure detailed in Sec. III, and
in Sec. IV to construct an efficient feedback operation for
concatenated codes.

III. MEASUREMENT-FREE FAULT-TOLERANT
LOGICAL CCZ

In this section, we discuss in detail the protocol for a
fault-tolerant CCZL, schematically illustrated in Fig. 1. For
the distance-3 Bacon-Shor code, this corresponds to the
protocol in Fig. 4. We describe in more detail this protocol
in Sec. III A and benchmark it under depolarizing noise in
Sec. III B.

A. Circuit design

To apply Eq. (3), the Shor gauge must be first enforced
on the code. In general, this is necessary in a FT quan-
tum computation even if we initialized logical states in
the correct gauge, since the H gate exchanges the Shor
and anti-Shor gauge. Furthermore, the QEC circuit pro-
posed in Ref. [39], and later adapted in Sec. IV, corrects
every single-qubit error up to a gauge operator. From a
measurement-free perspective, fixing the gauge is some-
what more challenging than correcting single errors, as
we must account for both gauge flips as well as possible
single-qubit errors, so the heuristics developed in Ref. [39]
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FIG. 4. (a) Components of the protocol for the CCZL gate between 3 × 3 Bacon-Shor codes. (b) Measurement-free gauge fixing by
teleportation. A logical Bell state (|00〉L + |11〉L)/

√
2 is first prepared in the Shor gauge. Note that, because the |+〉L is prepared in

the Shor gauge, the last logical qubit does not need to be prepared in |0〉L. This auxiliary state is then entangled with the logical state,
and then MF teleportation using CX and CZ gates is performed, by first unencoding to the repetition code, cf. Sec. II C. (c) The extend
gadget deforms a 3 × 3 Bacon-Shor code to its 3 × 9 variant, by exploiting the Shor gauge in the previous step. (d) A measurement-
free error-correction round for the repetition code, used to correct for single bit flips on each triplet of each row of the logical states.
(e) The extend gadget is reversed by a shrink gadget, bringing the logical state back to a 3 × 3 Bacon-Shor code.

are not applicable. To gauge a logical state, we propose two
different alternatives: (i) a teleportation protocol and (ii)
Steane-type gauge fixing. Both have similar performances
under depolarizing noise, so we focus on the former, while
the latter is relegated to Appendix B.

In the teleportation protocol, the logical state is moved
to a fresh register, which is initialized in the correct gauge.
The gauge information of the original state is removed
by the unencoding gadget. Its MF variant is illustrated
in Fig. 4(b), and requires two additional logical registers.
Note that it can also correct single bit-flip errors, and has
the added benefit of converting potential leakage errors
into computational errors.

To extend a Bacon-Shor code in the Shor gauge from
3 × 3 to 3 × 9, it is sufficient to perform two consecutive
transversal CNOTs from the code to a |0〉⊗9, cf. Fig. 4(c).
However, this may propagate bit flips that may lead to
uncorrectable errors, so to make the procedure FT we intro-
duce bit-flip corrections C(R)X along the rows, cf. Fig. 4(d).
To shrink back a logical state to the 3 × 3 code, it is
then sufficient to perform a series of CNOTs, illustrated in
Fig. 4(e). Since the circuits act independently on each row,
phase flips cannot propagate to different rows and remain
correctable. In principle, such schemes can be general-
ized to any 3 × 3k Bacon-Shor code, to directly perform
transversal CkZ gates [54].

B. Numerical results

We benchmark the scheme in Fig. 4 against the
hardware-agnostic depolarizing noise, where after each

gate, a random Pauli error is applied with probability p .
That is, given the set of Pauli strings of length �, i.e.
P� = {I , X , Y, Z}⊗�, any �-qubit gate is followed by the
channel

E(ρ) = (1 − p)ρ + p
|P�| − 1

∑

P∈P�
P 
=I⊗�

PρP†. (5)

FIG. 5. Average error rate of the logical CCZ gate under
depolarizing noise, computed using Eq. (6). The performance
is benchmarked for initial states encoded without errors in the
Shor (blue) or anti-Shor (red) gauges. Starting from |+ + +〉L,
we can prepare the non-Clifford resource state |CCZ〉L. We there-
fore show the fidelity (orange) of its preparation using a noisy
FT preparation in the Shor gauge, and without any gauge fixing.
Shaded regions correspond to 99 % confidence intervals.
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Considering that the circuits contain more than 80 qubits
and 27 physical CCZ gates, both state vector simulators as
well as Clifford simulators are not suitable. Nevertheless,
the logical states contain very few non-zero amplitudes in
the computational basis, so the state vector is extremely
sparse. In particular, the worst-case scenario is |±〉L in the
anti-Shor gauge, since it is the eigenstate of six indepen-
dent XX gauge operators and XL, leading to 26+1 = 128
non-zero amplitudes. If one simply keeps track of these
non-zero entries—much as one would do with “pen and
paper” calculation—the simulations can be performed with
very moderate computational resources.

For this task, we develop SparseStates.jl [67]
a simulation package in Julia which can efficiently simu-
late circuits with few branching gates, i.e. gates that create
superpositions in the computational basis (which are only
H gates in our case). This allows us to compute thou-
sands of circuit samples per second with circuits involving
more than 100 qubits and hundreds of Toffoli-like gates.
To the best of our knowledge, only Ref. [68] implements
a similar method, based on hash maps, and with further
gate rearrangements for the optimized simulation of quan-
tum algorithms. Instead, our state-vector implementation is
array-based, which allows us to perform most operations
in place—avoid unnecessary memory allocations—and
opening up the possibility to exploit vectorized instructions
available on most general-purpose processors.

To assess the performance of a protocol ideally realizing
an operation U at the logical level, we compute the average
logical fidelity [69], by averaging over all different com-
binations of Pauli eigenstates S� = {|±X 〉 , |±Y〉 , |±Z〉}⊗�
as input states [70]. To account for the degeneracy of the
gauge choice, we expand the overlap between each target
state and the resulting state ρσ as a sum over expectation
values of logical Pauli strings

FU = 1
|S�|

∑

|σ 〉∈S�
〈σ |U†ρσU|σ 〉L =

∑

|σ 〉∈S�
P∈P�

c(P)σ Tr (PLρσ ) ,

(6)

where � is the number of logical qubits U acts on and
c(P)σ = (1/|S�|) 〈σ |U†PU|σ 〉L. Different Kraus operators
are sampled according to Eq. (5), simulating up to 224

realizations or 210 failures per state, whichever comes first.
The numerical results for the CCZL gate are presented

in Fig. 5, for two different gauge choices. However,
these choices have minimal impact on the results, owing
to the gauge fixing procedure (see also Appendix B).
The quadratic scaling law of the logical error confirms the
fault-tolerance of the scheme. Additionally, we show the
performance of preparing the |CCZ〉L = CCZL |+ + +〉L
magic state, with a noisy FT initialization of the Shor
gauge, and hence not requiring any gauge fixing. This state
can serve as a non-Clifford resource, and may be useful

for alternative constructions, for instance as the starting
point of a distillation protocol to obtain better logical fideli-
ties. Interestingly, the preparation of |CCZ〉L exhibits a
modest performance penalty, despite the absence of gauge
fixing. This can be attributed to the noisy preparation and
the inherent asymmetry in the CCZL protocol. States like
|+ + +〉L are maximally vulnerable to phase errors, and
most subroutines in the protocol let single phase flips prop-
agate, as they do not lead to uncorrectable errors. However,
at higher orders in p , multiple phase flips can accumulate,
leading to logical phase errors.

Finally, we note that a MF code switching protocol
was recently proposed by Ref. [59], to realize a logical
T gate and achieving a breakeven fidelity of 2.6 × 10−4.
This figure is, broadly speaking, comparable to the numer-
ical results presented here. Notably, decomposing a CCZ
gate requires six CX gates and seven T gates [71,72]. The
relative utility of these non-Clifford gates depends on the
algorithmic context.

IV. MEASUREMENT-FREE CONCATENATION

Having demonstrated all the ingredients for FT and MF
universal computation, in this section we show that the
Bacon-Shor code can be scaled up by means of concate-
nation, thus achieving exponential suppression of noise.
In Sec. IV A we introduce code concatenation and how
it applies to MF QEC. Then, in Sec. IV B we present an
optimized QEC protocol for the concatenated Bacon-Shor
code. We do not exploit the deformation procedure devel-
oped in Sec. III, but rather introduce a gadget to perform
MF feedback operations. We call this the disposable Tof-
foli gadget, since it effectively acts as a transversal gate
as long as the control qubits do not need to be protected
or preserved, such as the case of ancilla qubits. Numerical
benchmarks are presented in Sec. IV C.

A. Code concatenation

We explore repeated concatenation of the same code,
which we denote as

CN = C ◦ · · · ◦ C︸ ︷︷ ︸
N times

, (7)

such that the first layer of concatenation is C1 ≡ C. The
concatenation operation ◦ is a way of combining two
codes: the logical qubits of the inner code are used as phys-
ical qubits of the outer one, cf. Fig. 1(e). By recursively
applying this operation, we can then construct a N -layer
concatenated code.

Concatenation is a modular way of increasing the code
distance. Indeed, by concatenating N times a CSS code
of distance d, the resulting distance is dN = dN [1]. The
number of errors tN that we can correct depends on the

040337-6



UNIVERSAL QUANTUM COMPUTATION VIA SCALABLE. . . PRX QUANTUM 6, 040337 (2025)

TABLE I. Key properties of the first layers of concatenation,
the effective distance deff, the number of correctable faults t
(deff = 2t + 1) and pseudothresholds obtained from numerical
simulations with depolarizing noise.

Code [[n, k, d]] deff t Pseudothreshold

C1 [[9, 1, 3]] 3 1 3.84 × 10−3

C2 [[81, 1, 9]] 7 3 1.95 × 10−3

C3 [[729, 1, 27]] 15 7 1.50 × 10−3

decoding strategy. Since in MF QEC decoding and correc-
tions are operated by noisy quantum circuits rather than
via classical processing, the complexity of the available
feedback operations is in practice limited. In the sim-
plest decoding strategy each unit operates autonomously,
decoding each inner code individually, layer by layer. This
still achieves an exponential suppression, albeit slower,
of errors at the cost of a polynomial increase in the size
of the error-correction circuit. In a FT protocol adopting
this strategy, any t faults at the lower level of concatena-
tion are correctable, hence we have the recurrence relation
tN = (t + 1)(tN−1 + 1)− 1, which yields

tN = (t + 1)N − 1. (8)

For a base code correcting a single error (t = 1), we obtain
the sequence tN = 1, 3, 7, 15, . . . for the first layers of con-
catenation. This corresponds to an effective distance deff

N =
2tN + 1, exponentially worse than the best case dN , cf.
Table I. Nevertheless, one still has an exponential sup-
pression of errors by increasing tN , guaranteeing that a
threshold exists [73–75]. To understand this, we consider
a circuit-level error model, where errors occur at every
gate independently with probability p . Defining the log-
ical failure rate at the N th level of concatenation as pN ,
with p0 ≡ p , we have pN+1 ∼ Cpt+1

N , where C > 1 is a
constant, corresponding to the number of combinations
of t + 1 faults leading to a logical error. Therefore, if
p < pth = C−1/t, then recursively pN+1 < pN ∀N , hence
the suppression of the error rate is faster than the circuit
growth and a threshold is attained.

To achieve the upper bound tN = �(dN − 1)/2�, decod-
ing strategies exist, but require message-passing between
different layers [76]. To see how layer-by-layer decoding
is not optimal, consider the concatenation of a three-bit
classical repetition code with itself. This is equivalent to
a nine-bit repetition code, which can correct up to four
errors. However, by decoding each inner code individu-
ally, we can correct only up to three errors, as two errors in
two subcodes can lead to the wrong logical state.

One can see layer-by-layer MF correction as a decod-
ing trade-off: we trade fault-tolerance for lower latency.
The latter includes (1) measurement latency—the time
to perform the quantum measurements; (2) decoding
latency—the time to communicate the syndromes to the

decoder, decode the syndromes, and then apply or track
the corrections. Feed-forward (FF) decoding uses mea-
surements and classical computation to achieve the tN
upper bound, but MF decoding can speed up the logi-
cal performance by allowing the decoding units to oper-
ate autonomously. This addresses both measurement and
decoding latencies, at the price of suboptimal decoding and
lower error tolerance.

Regarding the measurement latency, MF decoding is
attractive for several platforms, including trapped ions and
neutral atoms, as it completely side-steps the issue of
having slow measurements, which is one of the main bot-
tlenecks in a QEC round [17,18,23,28–32]. In Appendix C
we analyze the threshold measurement time for which
MF decoding achieves the same fault-tolerance as a stan-
dard FF protocol, in the case of neutral-atom arrays. We
estimate that the measurement latency in current state-of-
the-art hardware is a significant bottleneck, such that MF
schemes could outpace their conventional counterpart for
small to mid-distance codes (deff � 15).

The MF protocol avoids the decoding latency as well.
The fastest decoders have been shown to operate in real-
time only for small distances [8,9]. Real-time decoding
at larger distances with many logical qubits is extremely
challenging, and an active field of research [77–79]. It
generally requires trading tolerance for speed, too: faster
decoding, such as union-find [80], has lower thresholds.

B. Circuit design

The starting point of our concatenation procedure is the
MF error-correcting circuit for the 3 × 3 Bacon-Shor code
proposed in Ref. [39]. For each subcircuit C(m)X (C(m)Z ) cor-
recting bit flips (phase flips), Z-type (X -type) stabilizers
are extracted to ancilla qubits, as shown in Fig. 6. Addi-
tionally, a third stabilizer S3 = S1S2 is extracted, to be FT
against circuit-level noise. For a more detailed discussion
on how to choose the set of redundant stabilizers and deter-
mine the circuit’s design, we refer the reader to Ref. [39].
When concatenating this code with itself, we promote both
physical qubits as well as ancilla qubits to logical qubits of
the lower layer.

For the correction, we construct a gadget to perform
the feedback efficiently, exploiting the fact that the phase
information in the ancilla qubits is unimportant. We unen-
code the ancilla qubits to a length-dN repetition code
using the unencoding gadgets repeatedly [see Figs. 2(d)
and 2(e)], to exploit the transversality of multi-controlled
gates described in Sec. II C and shown in Fig. 2(c). We
note that the involved physical operations either have dis-
joint supports or act on the same column (row). As can
be seen in Fig. 2(a) these columns (rows) are orthogo-
nal to the XL (ZL) operator, thus the unencoding protocol
�Z (�X ) is FT, as each error location can affect at most
one qubit of the repetition code. By partially unencoding
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FIG. 6. Measurement-free fault-tolerant QEC implementation for the concatenated Bacon-Shor code, composed of a C(m)X and a C(m)Z
subcircuit correcting for X and Z errors, respectively, where m is the layer of concatenation. At the lowest layer C1 ≡ C, intermediate
error-correcting subcircuits C0

X /Z and unencoding operations �0
X /Z are replaced by identities. The ancilla registers at higher layers of

concatenation are initialized fault-tolerantly using the circuits on the right, with |0/+〉L0 ≡ |0/+〉.

the logical ancilla qubits to a repetition code, we can then
perform transversal multi-controlled operations on the log-
ical qubits. This is well-suited to the MF context, since it
reduces the overhead for MF feedback operations while
preserving fault-tolerance—as phase errors on the ancillas
are not transferred to the data qubits, and single bit flips
result in at most a correctable bit flip on the data qubits.

Finally, when concatenating a desired code, we need to
include the error-correcting rounds for the underlying lay-
ers, which we call subrounds. To ensure fault-tolerance,
subrounds can be introduced after every single gate [75].
However, for the Bacon-Shor code we consider, we realize
that in many locations this is not necessary. In particu-
lar, we can allow errors on the ancilla qubits to propagate
onto the logical qubit, as long as they correspond to a
gauge of the code. For instance, in CX (CZ), a single phase
(bit) flip after initialization of the first ancilla would result
in an error Z1,1Z1,2 (X1,1X2,1) on the data qubits after the
first two layers of CNOTs. If we let these errors propa-
gate further however, we would end up potentially with
correlated errors along rows (columns) which are aligned
with the logical XL (ZL) operator, and would lead to an
uncorrectable error. Therefore, we just need to place a CX

(CZ) subround on the ancilla qubits after having extracted
a Zi,j Zi+1,j (Xi,j Xi,j +1) gauge.

C. Performance

We consider the performance of the circuits presented
in Sec. IV B under depolarizing noise, defined in Eq. (5).
We consider the first three layers of concatenation, summa-
rized in Table I. The circuits are simulated with stim [81],
which allows for large system-size simulations by using
the stabilizer tableau formalism.

To convert Toffoli-like gates into a circuit composed
solely of Clifford gates, we note that all ancillas are reset
after use, such that we can separately sample their values as
either 0 or 1. We therefore convert multi-qubit gates using
the principle of deferred measurement

R

R

=

X

(9)
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and including the corresponding noise channels defined by
Eq. (5), such that every Toffoli-like gate is followed by a
three-qubit depolarizing noise channel.

Classical logic in stim is limited to exclusive-or, so,
in order to benefit from the faster compiled samplers, we
need to further delay the feedback operations. To do so, we
precompute a table associating each pair of virtual mea-
surements to a list of future measurements that need to be
flipped. For example, for a quantum memory experiment
with the C(R)X gadget, the final part is replaced as follows:

R

R

R

=
m1

m2

m3

m4 m5

m6

R

R

R

m7

m8

m9

(10)

where m1 ∧ m2 flip m7, m3 ∧ m4 flip m8 and m5 ∧
m6 flip m9. In general, propagations of Pauli cor-
rections are more complicated, but can still be com-
puted efficiently, since the circuit is composed entirely
of Clifford gates. For this purpose, we use stim’s
FlipSimulator. This approach eliminates entirely
all mid-circuit classical logic, enabling the use of the
high-performance CompiledMeasurementSampler.
After sampling the feedback-free circuits, the measure-
ment outcomes are sequentially updated using the precom-
puted table [82]. We then simulate noisy circuits stochasti-
cally for a variable number of cycles NC, for all eigenstates
of the Pauli matrices, sampling up to 224 realizations or 210

failures—whichever occurs first.
In Fig. 7, we show the logical error rate per cycle

pL = 1 − F1/NC
I , calculated by averaging over all the

eigenstates of the logical Pauli operators, cf. Eq. (6). The
numerical results indicate that the failure rate of CN scales
asymptotically as ptN +1, as expected for a protocol that is
robust against tN faults at the circuit level. From this data,
we extract an asymptotic threshold pth � 1.2 × 10−3, and
the pseudothresholds in Table I, potentially relevant for
real implementations. Compared to universal concatenated
constructions that rely on measurements [58], we note
that our protocol has a comparable asymptotic threshold,
despite having the overhead of being measurement-free.
For higher levels of concatenations, we can approxi-
mate the logical error rate sufficiently below threshold
as pL(p) ∼ pL(pth) (p/pth)

tN +1. As shown in the inset of
Fig. 7, we can then estimate the level of concatenation
required to reach a target pL.
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p L
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∝ p
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∝ p
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N

pL = 10−6
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pL = 10−12

FIG. 7. Logical error rate per cycle pL vs gate error rate p, for
the first three layers of concatenation. The initial state is pre-
pared without errors, and multiple QEC rounds are performed
(markers). The solid lines correspond to the asymptotic esti-
mates, extracted from a polynomial fit. From these estimates, we
extrapolate the concatenation level N required to reach different
target logical error rates (inset).

Overall, these results indicate that the MF error-
correcting protocols can achieve below-breakeven logi-
cal error rates on near-term quantum devices, assuming
physical error rates below 0.1 %, generally considered
within reach. In particular, state-of-the-art trapped ion plat-
forms have already demonstrated comparable error rates
[83–85] and neutral atom arrays are making rapid progress
towards this goal [86–90]. Furthermore, a few layers of
concatenation (N ≤ 3) are sufficient to achieve a strong
suppression of logical errors, within the regimes of interest
for next-generation devices [91].

V. OUTLOOK

We have constructed a fully fault-tolerant architecture
for universal and scalable quantum computation that does
not require any measurements.

First, by performing a measurement-free gauge fixing
and code deformation, we have demonstrated a fault-
tolerant protocol for the realization of a logical CCZ
gate in the Bacon-Shor code. Together with the code’s
fault-tolerant initialization and transversal Hadamard gate,
this enables measurement-free, fault-tolerant and universal
operations. These ideas of gauge fixing are very power-
ful, as well-known error-correction concepts such as lattice
surgery and code deformation have been recast as a gauge
fixing procedure [92]. It is likely that in the future such
concepts can be exploited in the measurement-free context,
to devise more efficient universal logical operations.

Second, we propose to concatenate measurement-free
implementations of small codes to realize higher-distance
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FIG. 8. Decomposition of the correction step for the 3 × 3
Bacon-Shor code in Fig. 6 in terms of two-qubit gates. By copy-
ing the control qubits in the ancilla register |a〉, we can then use a
Toffoli-reset gadget with fewer gates than the full decomposition,
as already recognized in Ref. [38].

codes and thus achieve protection against an arbitrary num-
ber of faults. Remarkably, these concatenated protocols
do not require a universal gate set, as we use a gadget
to perform the feedback operation in a hardware-efficient
way. We stress that such constructions are not unique to
the Bacon-Shor code, but could be adapted to other codes
of the CSS family as well. In particular, we note that
the disposable Toffoli gadget is also compatible with the
d = 3 rotated surface code, without any modifications. By
performing numerical simulations, we find that the per-
formance is competitive and can be considered for error-
correcting experiments on near-term devices. Furthermore,
it can be expected that the protocols can be further tai-
lored to a real hardware device. For example, by exploiting
biased noise, the performance of measurement-free pro-
tocols can be significantly enhanced [39]. Furthermore,
neutral atoms provide an ideal platform for the implemen-
tation of such protocols, as native CCZ operations have
been demonstrated [87]. In the case where such operations
are not available, the protocols can be adapted without
spoiling fault-tolerance. As an example, as shown in Fig. 8,
the correction operations can always be decomposed fault-
tolerantly, by copying the control qubits to an auxiliary
register, and performing a simplified decomposition of the
feedback operation [38].

Altogether, this architecture requires non-local, but
heavily parallelizable operations. This is an ideal setting
for neutral-atom platforms, which have demonstrated par-
allel Clifford operations and parallel shuttling of multiple

registers for the realization of transversal entangling oper-
ations [23,24]. Furthermore, continuous loading of atoms
provides a reservoir of fresh qubits, which can emulate
reset operations in a scalable way [40–42]. Despite a
potential performance overhead, measurement-free proto-
cols can be a valid alternative to significantly speed up
the logical clock rate. In Appendix C, we perform “back-
of-the-envelope” calculations that suggest that for fault-
tolerant experiments in the foreseeable future (d � 15),
measurement times would need to significantly decrease to
match the clock times of their measurement-free counter-
part. This further motivates measurement-free error correc-
tion as a viable and scalable pathway towards fault-tolerant
quantum computation.
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APPENDIX A: TRANSVERSALITY OF
CONTROLLED GATES BETWEEN REPETITION

CODES AND CSS CODES

In this Appendix, we show that a logical CkX (CkZ) gate
on a distance-d CSS code can be controlled from k length-
d bit-flip repetition codes, without affecting the stabilizer
structure of the logical qubits involved. These consist of d
physical CkX (CkZ) gates targeting the d qubits of the code
supporting the XL (ZL) operator.

For the CX gate, using the well-known propagation
rules

X
=

X

X , X
=

X ,

Z = Z

, Z
=

Z

Z , (A1)

we realize that the only non-trivial propagation are the
SZ stabilizers of the code overlapping with XL, which
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get mapped to the stabilizers of the repetition code. By
definition, XL commutes with the stabilizers, meaning
every overlap with SZ stabilizers involves an even number
of qubits. But an even product of distinct Z operators can
always be absorbed by the stabilizer generators of the repe-
tition code. In the case of a CZ gate, the targets support the
ZL operator, and equivalent results are obtained by using
the identity CZ = (I ⊗ H)CX (I ⊗ H). By symmetry these
arguments also hold for unidirectional gates on length d
phase-flip repetition codes controlled by distance-d CSS
codes.

We can now extend these result to three-qubit gates as
well. Again, using the propagation rules for the Toffoli gate

X
=

X

, X

=
X ,

Z
=

Z

, Z

=
Z , (A2)

the only non-trivial propagation arises from the SZ stabi-
lizers of the code overlapping with XL. The even number
of overlapping qubits results in an even number of CZ
operations between the controlling bit-flip codes, which
reciprocally cancel. Similarly, in the CCZ gate, the non-
trivial propagation is due the intersection of SX stabilizers
and ZL, which again results in the propagation of an even
number of CZs, which reciprocally cancel out.

In general, the CkX (CkZ) gates controlled on the bit-
flip codes only have non-trivial propagation of the SZ (SX )
stabilizers of the code overlapping with XL (ZL). These lead
to an even number of Ck−1Z gates between the controlling

bit-flip codes, which mutually cancel out, thus preserving
the stabilizer structure.

APPENDIX B: STEANE-TYPE MF GAUGE FIXING

As an alternative, we also propose a gauge fixing
inspired by Steane-type MF QEC [38,43], which both cor-
rects single-qubit bit flips and enforces the Shor gauge,
using fewer qubits if fast resets are available.

This protocol is illustrated in Fig. 9. The main idea is
to treat each row one at a time, extracting each ZZ gauge
operator to detect bit flips (orange box). For each bit flip,
we apply a XX gauge operator between the current row
(green box) and the next one (purple box). This sets each
of the Z gauges to their +1 eigenvalue, and moves single
bit-flip errors to the last row. We can then perform a similar
bit-flip correction on the last row to correct for a potentially
remaining bit flip. As with Steane-type QEC, this scheme
avoids the propagation of more than one error.

The scheme can be sped up, by extracting ZZ gauge
operators of the top and bottom rows simultaneously, and
then applying the XX gauge operator between said row
and, respectively, the one below or above. By repeating
this process iteratively, between rows progressively closer
to the middle, errors are moved to the middle row. Finally,
one round of extraction and correction on the middle row
corrects a potentially remaining bit flip.

A comparison of the two different gauge fixing proto-
cols presented is shown in Fig. 10, exhibiting very similar
performance. We note that the performance of the telepor-
tation circuit is independent of the initial state’s gauge,
while the Steane-type gauge fixing has a marginally lower
error rate when the gauge is correct.
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FIG. 9. Gauge fixing by adapting Steane-type error correction. This circuit maps the X errors of a single row into a three-qubit cat
state, decodes it by a redundant extraction of the parities [39] (orange box), and, if a bit flip occurred, applies a XX gauge operator
between the current row (green box) and the next one (purple box). This circuit is repeated for all rows except for the last one, where
remaining bit-flip errors are extracted and then corrected by applying only the first part of the corrections.
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computed using Eq. (6), for states encoded in either the Shor
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APPENDIX C: PRACTICAL CONSIDERATIONS

In this section, we compare the implementation of the
MF protocols and more conventional QEC protocols on
a potential neutral-atom platform, from the point of view
of logical clock time. In particular, we assume a two-
dimensional array of atoms, with parallel shuttling capa-
bilities. Since the concatenation procedure increases the
footprint of the logical register, it is important to account
for potentially long shuttling times. For measurements, we
consider the situation of either reconfigurable arrays with
a separate readout zone [23], or a static array with local
imaging of ancillae, enabled for example by shelving of
the data qubits to different atomic levels. For simplicity,
we only consider shuttling and measurement times, since
these are typically much more important than the execution
time of individual gates [23,93].

With regards to shuttling, its speed is limited by the
amount of heating it induces. Two main shuttling trajec-
tories have been designed to address this problem, namely
a constant-jerk (CJ) movement [93] or an acceleration
profile based on shortcut-to-adiabaticity (STA) techniques
[94]. If an atom undergoes K movements of distance Di
each, the time taken by each movement is

	ti = (
αKD2

i

)f
, (C1)

where f = 1/4 (1/6) for CJ (STA) shuttling, and α is
a constant that depends on the experimental setting and
the trajectory. More details can be found at Refs. [93,94].
On the other hand, with regards to mid-circuit measure-
ments and feed-forward, current state-of-the-art experi-
ments across various atomic species and qubit encodings
have attained times ranging between 1 ms to 20 ms [23,29–
32,88,95].

For the MF QEC protocol, we assume the quasi-parallel
extraction of individual stabilizers, since we can devise
an alternative MF QEC protocol using four ancilla qubits
instead of three, cf. Fig. 11. The advantage of this protocol

is that it avoids measuring the stabilizer S3 (cf. Sec. IV B),
which requires longer-range interactions, by measuring S1
and S2 twice. Compared to Fig. 1(e), it exhibits a slightly
lower pseudothreshold, despite having more redundancy.
The total time required for a subcircuit CN at N levels of
concatenation then can be broken down as

T(N )C = T(N )circ + 5T(N−1)
C , (C2)

where T(N )circ is the time required for shuttling in between
logical gates, whereas 5T(N−1)

C accounts for the error-
correcting subcircuits CN−1.

In this scheme, each ancilla moves at most K = 6 times:
thrice horizontally and twice diagonally during the syn-
drome extraction [cf. Fig. 11(b)], and at most once more
horizontally for the application of the feedback Toffoli
operation—the unencoding gadget can be realized with
nearest-neighbor gates only. Each horizontal movement,
at the N th concatenation level, covers a distance D(N )

i =
δxdN−1, where δx is the spacing between data qubits and
dN = 3N ; diagonal movements are longer by a factor

√
2.

We note that the shuttling schedule presented is compat-
ible with the constraints imposed by the acousto-optical-
deflectors (AODs) used to steer atoms in neutral-atom
hardware [96,97]. Then, by using Eq. (C1), we have

T(N )circ =
∑

i

	ti = κ
(
Kα32(N−1)δx2)f

, (C3)

where κ depends on the parallelization and relative size of
the moves. There are a total of 10 steps of parallel shut-
tling, covering syndrome extraction—which contributes
eight steps as per cf. Fig. 11(c)—and the feedback opera-
tion. Six steps only include shorter horizontal moves, while
in the remaining four the longest movement is diagonal.
Then, κ = 6 + 4 · 2f . Inserting this result in Eq. (C2) we
obtain

T(N )C = 5T(N−1)
C + κ

(
Kα32(N−1)δx2)f

. (C4)

Unraveling this recursive relation yields

T(N )C = κ
(
Kαδx2)f

N−1∑

n=0

5n32(N−1−n)f

= κ
(
Kαδx2)f 5N − 32Nf

5 − 32f . (C5)

For comparing with equivalent feed-forward implemen-
tations, we use a QEC code that is equivalent by the
number of correctable errors tN rather than the distance,
cf. Eq. (8). Thus, we consider a logical qubit encoded in a
deff

N × deff
N register, using some CSS code such as the rotated

surface code, allowing for local stabilizer extractions with-
out shuttling. We assume that by correctly decoding the
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FIG. 11. (a) Alternative measurement-free and fault-tolerant QEC implementation for the Bacon-Shor code, using four ancillae. The
colored operations follow the same convention of Fig. 6, indicating subcircuit error correction and unencoding routines. (b) Shuttling
pattern for the first two (left) and last two (right) ancillae. (c) Shuttling schedule for the syndrome extraction, showing which data qubit
each ancilla ai interacts with at a certain moment in time, and the direction of the shuttling in between. The order with which ancillae
interact with data qubits is important to preserve fault-tolerance [39]. The schedule proposed is chosen to maximize the number of
parallel operations, while also avoiding the propagation of uncorrectable errors from the ancillae to the data qubits.

syndrome information, we can correct up to tN = �(deff
N −

1)/2� faults on the data qubits. In this setting, a QEC cycle
is then dominated by the measurement and feed-forward
time TFF . In particular, for an extraction of a single type of
syndromes, the measurements of the stabilizers is gener-
ally performed deff

N times to be robust against circuit-level
noise. Within this measurement time we also include the
shuttling time to a separate readout zone, if needed, which
can be non-negligible [23].

The breakeven measurement and feed-forward time T∗
FF

for which the MF protocol with shuttling would match the
FF implementation, for the same tolerance tN , is then

T∗
FF(N ) = 2κ

(
Kαδx2)f 5N − 32Nf

5 − 32f

1
2N+1 − 1

, (C6)

where the factor 2 arises from the fact that the MF proto-
col measures X -type and Z-type stabilizers one after the
other, whether we assume that they are measured in paral-
lel in FF schemes. With an estimate of δx = 4 µm, and the
experimentally demonstrated values [93,94]

αSTA ≈ 1.4 × 10−11 ms6/µm2,

αCJ ≈ 1.3 × 10−7 ms4/µm2,
(C7)

we obtain

T∗
FF � 0.23 ms, 0.64 ms and 1.6 ms (C8)

for N = 1, 2 and 3 with STA shuttling, and roughly twice
as much with CJ shuttling. Recalling that current state-
of-the-art experiments have attained a TFF that ranges
between 1 ms to 20 ms [23,29–32,88,95], then the MF
approach not only avoids the need for mid-circuit measure-
ments but can shorten the QEC cycle time.

For the purposes of clarifying the impact of the experi-
mental design on the performance of the protocol, we note
that the QEC cycle time of the MF protocol is estimated to
scale as

T(N )C ∝ αf ∝ m
1
2 (1+f )w1−f

tr

U
1
2 (1−f )
tr

, (C9)

where m is the mass of the used atom, wtr and Utr are
the width and the depth of the trap, and recall that f =
1/4 (1/6) for CJ (STA) shuttling. This implies that by
increasing the trapping depth and adopting lighter atomic
species as ancilla qubits, a significant reduction in time
could be achieved.

With regards to the comparison between MF and FF
approaches, we note that, on the one hand, the FF imple-
mentation could be improved in principle by not applying d
rounds of syndrome extraction for every type of stabilizer,
as recent research has shown that for a logical computa-
tion fewer rounds of measurements can be performed and
fault-tolerance can still be preserved, at the price of a more
complicated decoding [98]. It remains to be seen if such
approaches can be adapted to the measurement-free set-
ting as well. On the other hand, for a FF implementation of
a logical computation it is important to take into account
shuttling times to a separate readout zone, if required. An
increase in the number of logical qubits or in code dis-
tance necessarily increases the separation from the readout
zone, which in turn lengthens the measurement time. Con-
sidering that practically-relevant quantum algorithms will
require hundreds to thousands logical qubits [99], future
experiments will need to tackle such increasing overhead.
Moreover, the complexity of classical decoding increases
with the distance of the QEC code, in turn providing
additional overhead and latency.
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