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Logical qubits can be protected from decoherence by performing quantum error-correction (QEC)
cycles repeatedly. Algorithms for fault-tolerant QEC must be compiled to the specific hardware plat-
form under consideration in order to practically realize a quantum memory that operates for in principle
arbitrary long times. All circuit components must be assumed as noisy unless specific assumptions about
the form of the noise are made. Modern QEC schemes are challenging to implement experimentally in
physical architectures where in-sequence measurements and feed forward of classical information cannot
be reliably executed fast enough or even at all. Here we provide a novel scheme to perform QEC cycles
without the need of measuring qubits that is fully fault-tolerant with respect to all components used in
the circuit. Our scheme can be used for any low-distance CSS code since its only requirement towards
the underlying code is a transversal CNOT gate. Similarly to Steane-type EC, we coherently copy errors
to a logical auxiliary qubit but then apply a coherent feedback operation from the auxiliary system to the
logical data qubit. The logical auxiliary qubit is prepared fault tolerantly without measurements, too. We
benchmark logical failure rates of the scheme in comparison to a flag-qubit-based EC cycle. We map out
a parameter region where our scheme is feasible and estimate physical error rates necessary to achieve the
break-even point of beneficial QEC with our scheme. We outline how our scheme could be implemented
in ion traps and with neutral atoms in a tweezer array. For recently demonstrated capabilities of atom shut-
tling and native multiatom Rydberg gates, we achieve moderate circuit depths and beneficial performance
of our scheme while not breaking fault tolerance. These results thereby enable practical fault-tolerant QEC
in hardware architectures that do not support midcircuit measurements.
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I. INTRODUCTION

Implementation of quantum error-correction (QEC) rou-
tines into inevitably noisy physical hardware is conjectured
to be indispensable in order to enable large-scale universal
quantum computation [1]. If errors on the quantum reg-
ister that holds the logical information can be corrected
faster than they occur, the threshold theorem guarantees
that the computation can be continued for in principle
arbitrary long times [2,3]. Fault-tolerant (FT) quantum cir-
cuits come with a qubit, gate, or time overhead compared
to non-FT circuits but can lead to lower logical failure
rates provided the error rates of physical components are
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below a break-even point [4]. For a QEC code capable of
correcting t errors, any possible combination of t Pauli
faults on all components [5] of a quantum circuit can never
lead to failure of the circuit in order for the protocol to be
fully FT.

The ability to perform measurements is considered cru-
cial to perform FT QEC. Several milestones towards error-
corrected quantum computation have been achieved using
FT circuit designs [6–15]. Repeated QEC cycles were
realized in both ion traps [16] and superconducting trans-
mons [17–19]. Recently, it was shown experimentally that
increasing the size of the QEC code can suppress the logi-
cal failure rate in a surface-code experiment [20]. Neutral-
atom platforms are catching up quickly. The preparation
of logical states of the Steane, surface, and toric code has
been demonstrated in an experiment with mobile atoms in
optical tweezers [21]. Proposals for FT quantum comput-
ing have been put forward that take into account specific
aspects of this physical platform such as enhanced leak-
age errors [22,23] and first experimental observations were
made recently [24,25].
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Although most quantum computing hardware platforms
are able to perform measurements of physical qubits,
each have their own limitations that hinder straightfor-
ward application of QEC. In superconducting transmons,
for example, error rates of measurements are typically
larger than error rates of physical gates and measure-
ment crosstalk can affect neighboring qubits [20]. In many
hardware platforms, measurements are much slower than
gate operations, leading to errors on qubits that are idling
during measurement and feedback. In trapped-ion and
neutral-atom platforms, this problem is exacerbated by
the necessity of applying relatively slow laser recooling
of ions after qubit detection [26] or laser cooling during
detection to avoid atom loss [27]. In trapped ion systems,
alternative routes explore using different ion species for
sympathetic cooling [28,29] or physical shuttling of ions
into dedicated readout zones separated from the rest of
the system to avoid heating of a large ion crystal [13,30–
32]. In neutral-atom platforms, midcircuit measurements
have only recently been demonstrated [33–35]; however,
they are still orders of magnitude slower than typical
gate times on that platform. Real-time feedback based on
measurements remains experimentally challenging but has
been demonstrated lately [36,37]. Future experiments that
involve in-sequence logic might require technologies such
as cavity-enhanced fluorescence imaging [38,39], shuttling
of atoms into dedicated readout zones [21], or the use of
multiple atom species [40].

Because of these challenges, there has been continu-
ous effort in finding QEC schemes that circumvent the
need of measuring individual qubits to obtain information
about potential errors while at the same time maintain-
ing fault tolerance. Note that some dissipative element is
still needed for QEC to remove entropy from the system;
either by the ability to reset qubits or to have a sufficiently
large reservoir of fresh qubits [41–43]. Autonomous quan-
tum error-correction protocols make use of engineered
dissipation in a non-FT way [44]. In bosonic codes it is
common to engineer Lindbladians that have the code states
as fixed points [45,46]. Measurement-free EC need not
be substantially inferior than conventional QEC in prin-
ciple [47,48]. A non-FT measurement-free surface-code
implementation has been shown in Ref. [49]. Techniques
to devise the T gate and the Toffoli gate fault tolerantly
without measurements were given in Ref. [50]. In Ref.
[51] a different measurement-free FT EC protocol was
devised specific to the Bacon-Shor code while extend-
able to the class of Calderbank-Shor-Steane (CSS) codes.
The authors proved a competitive threshold by means of
concatenation for the nine-qubit Bacon-Shor code. QEC
cycles can be implemented fault tolerantly given additional
assumptions about the form of the noise [52,53]. How-
ever, devising practical measurement-free QEC schemes
compatible with the number of qubits and native gate
operations available in current quantum computers that

incorporate full fault tolerance remains a challenging
task.

In this paper we provide a QEC technique without
measurements that is fully fault tolerant towards circuit-
level depolarizing noise on all circuit locations, inspired
by Steane-type EC. We note that now logical qubit
operations, i.e., initialization, Clifford gates, and QEC
cycles, can be implemented without the need of mea-
surements and real-time feedback. In Sec. II we present
our novel measurement-free FT QEC scheme, discuss
resource requirements and compare the scheme to con-
ventional flag-qubit-assisted QEC [54–57]. Our scheme
needs auxiliary logical qubit states, which can be pre-
pared fault tolerantly without measurements [58,59], as
we show in Sec. III. In Sec. IV we provide protocols
for practical implementations in state-of-the-art quantum
hardware, via (a) decompositions into two-qubit gates, (b)
native multiqubit-controlled gates that were proposed for
neutral-atom or ion trap architectures and (c) multiqubit
Mølmer-Sørensen (MS) gates native to ion-trap quantum
processors. Contrary to general folklore, using all these
multiqubit operations does not invalidate the FT prop-
erty of the scheme if used at suitable positions in the
QEC circuits. Moreover, we propose a shuttling sched-
ule to implement the proposed scheme in a state-of-the-art
neutral-atom quantum processor. We provide conclusions
and an outlook on future work in Sec. V.

II. MEASUREMENT-FREE FT QEC CYCLE

Quantum error-correcting codes are based on so-called
stabilizer operators, whose eigenvalues must be measured
in order to determine and correct for potential errors that
might have happened to the logical qubit that is encoded
in such a code [60]. Two standard techniques to render
QEC fault tolerant are Shor- and Steane-type EC [61,62].
The former verifies that a measured stabilizer expectation
value is correct by fault tolerantly encoding the syndrome
into the parity of an auxiliary preverified FT GHZ state.
The readout procedure must be repeated until a majority
vote determines the most likely value in order to pro-
tect against single measurement errors. With much fewer
qubit and repetition overhead, the flag-qubit paradigm was
shown to efficiently realize FT QEC cycles [54–56]. A
small number of additional physical flag qubits act as her-
alds of errors that—with non-FT QEC—would lead to
logical failure but can be corrected with flag-FT QEC.
Measurement of syndrome and flag qubits is combined
with classical processing and feedback conditioned on the
in-sequence measurement information and, possibly, addi-
tional stabilizer measurements. This technique can be used
in any QEC code. Steane-type EC, on the other hand,
can be applied to the class of CSS quantum codes [63],
which includes the well-known surface code [64,65] and
two-dimensional color codes [66–69].
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Steane-type EC sequentially corrects one type of Pauli
error (first X then Z or vice versa) by mapping faults
from the data qubit register to a logical auxiliary qubit in
the state |+〉L or |0〉L, respectively. It then uses appropri-
ate logical measurements of the logical auxiliary qubits to
infer the most likely error on the logical data qubit, which
can then be corrected by conditioning the classical recov-
ery operation on the measurement outcome of the logical
auxiliary qubit.

We demonstrate that with sufficient qubit and gate over-
head the need for measurements in Steane-type EC can
be circumvented. In the following we first lay out our
scheme for a general distance-3 CSS code and the [[7, 1, 3]]
Steane code [70]—the smallest representative of the fam-
ily of two-dimensional color codes [66–69]—explicitly.
We then discuss resources needed for implementation.
Lastly, we demonstrate in which parameter regime we
can expect an advantage of the scheme over conventional
syndrome-measurement-based QEC.

A. Scheme

We illustrate one measurement-free FT QEC cycle of
our protocol with logical building blocks in Fig. 1. It
requires three qubit registers: the first holds the logical
data qubit formed of n physical qubits, which we aim to
correct, in an arbitrary logical state |ψ〉L, potentially hav-
ing suffered from some fault. The second register of equal
size is used to initialize a logical auxiliary qubit, analogous
to Steane-type EC, in the state |+〉L (|0〉L) when correct-
ing X (Z) errors. The third register contains a unencoded
physical qubits which are all initialized to |0〉 (|+〉) when
correcting X (Z) errors. Our goal is to propagate faults,
which are potentially present on the logical data qubit,
through the circuit while at the same time preserving the
logical qubit state during fault-free operation. In order to
correct for X errors on the state |ψ〉L, a transversal, i.e.,
bitwise, CNOT gate propagates them to the logical auxiliary
qubit first as marked by the yellow block in Fig. 1. For two

logical qubits both encoded in the same CSS code, bitwise
application of physical CNOT gates between their physical
data qubits implements the logical CNOT gate. Transversal
gates are naturally fault tolerant since there are no cou-
plings between two qubits of the same block. Thus, a single
fault on one logical qubit or a physical CNOT gate can
never propagate to an uncorrectable error on any logical
qubit. Since |+〉L (|0〉L) is the state on the target (control)
of the logical CNOT when correcting X (Z) errors, there is
no backaction on the control (target) state where we hold
|ψ〉L. This way, one does not learn about the logical state
itself since no expectation values of logical operators are
mapped to the logical auxiliary qubit but only individual
faults. Note that one cannot use n CNOT gates coupling the
ancilla qubits in tensor product states |0〉⊗n or |+〉⊗n to the
logical state to read out errors on the code state. Then fol-
lows a coherent syndrome mapping S from the second to
the third register. The mapping can be done without special
treatment to ensure fault tolerance, for example, preventing
uncorrectable errors on the logical auxiliary qubit, since
the second register is anyway reset (R) afterwards. As a
last step, the syndrome is coherently copied (C) back from
the third to the second register and the feedback operation
F applies the correction on the data qubit in the first reg-
ister that matches the syndrome. This last step needs to be
repeated for all syndrome-correction pairs. Subsequently,
the analogous procedure is applied to correct for Z errors
with the previous X - and Z-type states and operations
interchanged. An additional step of Hadamard gates on
the a auxiliary qubits transforms the |+〉 states needed for
the syndrome mapping to Z eigenstates for the controlled
feedback operation.

As an illustrative application example, we demonstrate
our scheme using the [[7, 1, 3]] Steane code. Our scheme is
equally applicable to the distance-3 surface code [64,71],
for which the treatment of single-qubit errors is analogous
and we discuss the treatment of higher-weight errors in
Appendix A. These two codes are the smallest instances of
the leading approaches towards practical topological QEC.

FIG. 1. Logical building blocks of the measurement-free fault-tolerant quantum error-correction cycle. Errors on the logical qubit
|ψ〉L are copied to a logical auxiliary qubit initialized fault tolerantly in the appropriate basis. Then the a-bit syndrome is mapped
from the logical auxiliary qubit (block S) to the second auxiliary block of a physical qubits. For each syndrome-correction pair, we
repeatedly reset (R) the physical qubits to |0〉, copy (C) the syndrome and apply the matching feedback operation Fσ of Pauli type
σ ∈ {X , Z}. The repetition refers to all 2a − 1 possible nontrivial syndromes. Instead of qubit reset, one may also supply fresh auxiliary
qubits. The copy and feedback can be parallelized to avoid repetition and to reduce circuit depth and thereby the overall duration of
the protocol if a larger number of physical auxiliary qubits is available (see Sec. II B).
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(a)

(b)

FIG. 2. Detailed circuit on the physical qubit level of the measurement-free fault-tolerant quantum error-correction cycle for the
Steane code. The syndrome mapping (orange) does not require a distinctly FT routine because we perform intermediate reset operations
R to the state |0〉 that erase potentially dangerous faults. The control qubits of the feedback gates (green) are conditioned on the
physical qubits being in the |1〉 (|0〉) state for a black (white) circle. Any suitable procedure to prepare the logical auxiliary qubits fault
tolerantly can be used. We provide a measurement-free FT initialization circuit in Fig. 6. For the last correction operation, copying
from the third to the second block can be omitted. One can verify that no single error of any type on any circuit element will lead
to an uncorrectable error. (a) X -correction block. A single bit-flip error on the logical data qubit, say X6 (red star), is propagated to
the logical auxiliary qubit. The sixth physical CNOT gate propagates the fault as illustrated by the two subsequent red X markers.
For a Z fault, the propagation would happen reversely from the target to the control qubit of a CNOT gate. Propagation of Y faults
can be viewed as simultaneous occurrence of X and Z faults. Then, the syndrome is mapped to three physical qubits and copied to
all multiqubit-controlled feedback gates. The error is corrected by the second C3NOT gate. For the first and all other C3NOT gates the
syndrome does not match the control structure. Thus, they have no additional effect on the logical data qubit. Note that, in contrast,
for standard Steane-type EC, one would correct X6 by measuring all qubits of the logical auxiliary qubit in the Z basis after the logical
CNOT gate and applying the feedback conditioned on the measurement result. (b) Z-correction block. As required for an FT circuit,
single faults within the auxiliary system can never cause more than a weight-1 error on the logical data qubit. As an example, we show
the single fault event Z12Z16 (blue stars), which propagates to a correctable weight-1 error on the logical data qubit through the last
C3Z gate.

For the surface code, FT state preparation has recently been
realized without measurements in Ref. [59]. The Steane
code allows one to encode k = 1 logical qubit in the code
space as defined as the joint +1 eigenspace of the six
stabilizer generators

KX
1 = X4X5X6X7 KZ

1 = Z4Z5Z6Z7

KX
2 = X1X3X5X7 KZ

2 = Z1Z3Z5Z7

KX
3 = X2X3X6X7 KZ

3 = Z2Z3Z6Z7

(1)

on n = 7 physical qubits as shown as part of Fig. 2(a).
The logical operators of the Steane code can be chosen
as XL = X ⊗7 and ZL = Z⊗7. The Steane code can correct
t = 1 arbitrary Pauli error and thus has distance d = 3.
For a logical measurement after the QEC cycle, all phys-
ical qubits can be measured transversally (and thus fault
tolerantly).

The detailed circuits are depicted on the physical qubit
level in Fig. 2. Here we remark that each data qubit cor-
rection is conditioned on its distinct three-bit syndrome,
which is encoded into the control pattern of the C3NOT
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(or C3Z) gates that perform the corrections. Since the
repetition for each data qubit correction starts by reset-
ting the second register, the syndrome information
can be copied anew from the third register using—in
this example—a = (n − k)/2 = 3 transversal CNOT gates
without breaking fault tolerance. The feedback operations
are quasitransversal in the sense that a distinct syndrome
is uniquely connected to a single physical data qubit. Due
to the reset operations there is no connection between the
individual syndromes. Consider, for example, the error X6
in Fig. 2(a). It will be mapped to the three-qubit state |101〉
in the third register and, as a consequence, only the second
C3NOT gate with the 101-control structure will act nontriv-
ially on the logical data qubit and correct the error. As long
as only a single fault occurs on the second or third register,
at most one (potentially erroneous) correction operator is
applied to the first block. The input state |ψ〉L is assumed
fault free when a fault happens within the cycle because
the scheme is FT towards a single fault only. This result-
ing single error on |ψ〉L will always be correctable by the
QEC code. If |ψ〉L already carries a single error, it is guar-
anteed by the then fault-free QEC cycle that the correct
syndrome is mapped to the third register and the appro-
priate correction is applied. Two faults are necessary to
cause failure of the protocol but a single fault can never
cause failure because of fault tolerance. Assuming a phys-
ical fault rate p , the probability of failure is of order p2

while for a non-FT protocol the probability of failure is of
order p .

Note that we required only that transversal CNOT opera-
tions between the first and second block (to propagate the
errors) as well as between the second and third block (to
coherently copy the syndrome) are available. The FT auxil-
iary qubit initialization, syndrome mapping, and feedback
can be implemented with any routine that is most suitable
for the particular hardware under consideration. Possible
implementations into a neutral-atom tweezer array and an
ion trap are sketched in Fig. 3, which we elaborate in more
detail in Sec. IV.

B. Resources

The scheme as presented in Fig. 2 requires 2n physical
qubits for the two logical qubits and a qubits to store the
syndrome of one Pauli type. In total, N = 2n + a = O(n)
physical qubits are needed for an [[n, k = 1, d = 3]] CSS
code. If the X and Z syndromes have the same length, as
for color codes or surface codes, we can take the number
of syndrome qubits to be a = (n − k)/2. Note that some
additional physical qubits might be required for the FT ini-
tialization of the logical auxiliary qubits depending on the
specific code under consideration. The time overhead that
is needed in order to perform the 2a − 1 feedback oper-
ations can be transformed into a qubit overhead, which
is useful, e.g., if the cycle time would be too long to

(a)

(b)

FIG. 3. Sketched embedding of the scheme for the Steane code
into (a) a neutral-atom tweezer array and (b) a static linear ion
trap. For the tweezer array, we show a proposed initial configu-
ration of the atoms. Entangling gates can by applied in parallel
to atoms at close range. Between the application of entangling
gates, atoms are shuttled to new locations, which we outline in
more detail in Fig. 11.

implement the repeated copy steps or when no reset
operation is available. Instead of repeatedly applying resets
we can coherently copy the syndrome 2a − 2 times to
fresh auxiliary qubits. In this case the total number of
qubits would increase to N ′ = 2n + a (2a − 1) = O[2(n/2)]
because we still need two logical qubits using n physi-
cal qubits each but then we also need 2a − 1 blocks of a
qubits each to connect each feedback operation to a distinct
syndrome block.

Let us now count the number of CNOT gates that are
needed to implement one QEC cycle, assuming for sim-
plicity that the X -correction block and the Z-correction
block are symmetric and thus require the same number
of CNOT gates. Each logical CNOT gate amounts to n
physical CNOTs. Then, a × s CNOTs are needed for the
syndrome mapping step where we assume, for simplic-
ity, that all stabilizers have the same weight s, i.e., the
number of physical qubits that the stabilizers act nontriv-
ially on. Coherently copying the syndrome 2a − 2 times
requires a bitwise CNOT gates each. We need m = 2a+1 − 3
two-qubit gates to exactly decompose a single a-qubit-
controlled feedback operation targeting a single physical
data qubit [72]. For all 2a − 1 feedback operations we
need m CNOT gates each. Therefore, in total, we require
at most 2 × (n + a(s + 2a − 2)+ m (2a − 1)) CNOT gates
to implement the QEC cycle.

It is desirable to reduce the circuit depth of the QEC
cycle as much as possible due to the limited coherence
times in near-term devices. If CNOT gates can be executed
in parallel, the transversal CNOT gate can be run in just one
time step, the stabilizer readout needs s time steps (again
assuming all stabilizers have the same weight) and copying
the syndrome from one block to 2a − 1 blocks can be done
in a time steps. All feedback operations can in principle be
executed in a single time step if the physical architecture
permits.
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Logical CNOT

Feedback

Syndrome

Copy

|ψ〉L

X

X

X

X

X

X

X

|+〉L

|0〉⊗3

|0〉⊗3

|0〉⊗3

|0〉⊗3

|0〉⊗3

|0〉⊗3

|0〉⊗3

(1) (2) (3) (4) (5) (6) (7) (8) (9)

FIG. 4. The X -correction block of the measurement-free FT QEC scheme can be scheduled in nine time steps (dashed vertical lines)
when parallel gate operations and N ′ = 2 × 7 + 3 × (23 − 1) = 35 physical qubits are available. In the first step, the logical CNOT is
applied. Then, from time step 2 to 5, the syndrome is mapped to a fresh set of auxiliary qubits. From time step 6 to 8, the syndrome
is copied 6 times. In the last time step, the seven feedback operations are applied. It is possible to parallelize the Z-correction block
analogously.

For the Steane code, these requirements amount to a
total of 256 CNOT gates with n = 7 physical qubits, a = 3
stabilizers of each type that have weight s = 4. We elab-
orate a simplification of the multiqubit-controlled gate
decomposition in Sec. IV and Appendix B that will allow
one to reduce m from 13 to 8 (from 2(a+1) − 3 to 2a

in general) and thus realize the Steane code QEC cycle
with 186 CNOT gates. We note that the large number of
CNOT gates mainly originates from the decomposition of
multiqubit-controlled gates into two-qubit gates. If these
gates can be performed natively, one counts 88 two- and
multiqubit gates. The measurement-based quantum error-
correction scheme for comparison requires up to 52 CNOT
gates, which is shown in Appendix F. In total, the min-
imum circuit depth that can be achieved with the Steane
code is 2 × 9 = 18 as shown in Fig. 4. Note that further-
more the X - and Z-type correction part of the QEC cycle
[see Figs. 2(a) and 2(b)] could also be largely carried out
in parallel if one disposes of two simultaneously operated

logical auxiliary logical qubits and registers of additional
bare physical qubits.

Let us remark that the a physical auxiliary qubits are
not strictly necessary to map the syndrome from the log-
ical auxiliary qubit. Instead one may use an appropriate
decoding circuit to obtain the syndrome on a subset of the
physical qubits forming the logical auxiliary qubit and per-
form the quantum feedback as we discuss in more detail in
Appendix C.

C. Measurement-free advantage

In the following, we analyze under which conditions
the measurement-free (MF) EC protocol can be expected
to yield lower logical failure rates than conventional
EC involving syndrome measurements (SMs). We pro-
vide an analytical estimation for advantageous use of the
MFEC scheme and compare it to numerical state-vector
simulations.
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We assume that all operations, i.e., gates, qubit
initializations, and measurements, in the circuits of the pro-
tocol, compiled into CNOT gates, are prone to depolarizing
noise of strength p (see Appendix D for details on the
noise model). Also, we consider an idling error rate pidle,m
for idling during measurements for the measurement-based
protocol and an idling error rate pidle,op for idling during
operations for the MFEC protocol. These are the two dom-
inant sources of idling noise for both protocols, assuming
that the time to perform a qubit measurement is much
longer than the time to perform a gate operation or qubit
initialization or reset. The finite duration t of physical
operations causes an idling time on those qubits that are
not targeted by these operations. The idling error rate
for a qubit with coherence time T2 that is prone to pure
Markovian dephasing during an idling time t is

pidle = 1
2

(
1 − exp

(
− t

T2

))
. (2)

The rate pidle is linearly proportional to the idling time t if
t/T2 � 1.

Denoting the logical failure rates of the two protocols
pMF

L and pSM
L respectively, MFEC is advantageous when

the ratio of the failure rates pMF
L /pSM

L ≤ 1. We estimate
in Appendix E that the MFEC protocol is advantageous
when the ratio of measurement to operation time fulfills
the inequality

tmeas

tops
≥
√

c̃2

c̃′2 + cc̃
c̃′2

p
pidle,op

+ c2

c̃′2
p2

p2
idle,op

. (3)

Here, c (c̃) is the number of operations (idling locations) in
the MFEC circuit and c̃′ is the number of idling locations
during measurements in the conventional EC protocol.

As an example of a measurement-based protocol, we
choose a state-of-the-art flag-qubit-based EC protocol [57],
described in Appendix F. We pick a set of noise parame-
ters, which satisfies Eq. (3) with a large margin, given the
constants for the flag EC circuits in Eqs. (E13)–(E16), as

p = 5 × 10−4 (4)

pidle,op = 10−4 T2=10−2 s⇐⇒ tops = 2 × 10−6 s (5)

pidle,m = 6.5 × 10−2 ⇐⇒ tmeas = 1.4 × 10−3 s. (6)

For these parameters we find via Monte Carlo simula-
tion that MFEC achieves a logical failure rate of pMF

L =
(3.44 ± 0.25)% when compiled into CNOT gates while flag
EC fails for pFL

L = (3.96 ± 0.26)% of the runs. The numer-
ical data in Fig. 5 is obtained by sampling logical failure
rates of both schemes in Monte Carlo simulation until the
uncertainty intervals of the two estimators allow one to
distinguish which of the two schemes is advantageous.

FIG. 5. Utility diagram for measurement-free (MF) EC and
flag EC. Regions of advantage based on numerical simulation
(markers) and the estimation in Eq. (3) (filled area) are shown
in terms of the parameter ratios p/pidle,op and pidle,m/pidle,op,
which approximates tmeas/tops, with c̃2/c̃′2 = 171 041, cc̃/c̃′2 =
13 471 and c2/c̃′2 = 1061 in accordance with Eqs. (E13)–(E16).
The lines mark the estimated boundaries between regions of
advantage. In the limit of vanishing operation errors, p = 0,
MFEC yields an advantage over flag EC if measurements are
at least 400 times slower than operations. The star marker rep-
resents the parameters given in Eqs. (4)–(6). At p/pidle,op = 1
and pidle,m/pidle,op = 1, we use absolute values of p = pidle,m =
pidle,op = 10−4 in the numerical simulations.

While gate error rates of p = 5 × 10−4 are experimentally
demanding, we stress that our scheme offers the possibil-
ity to perform FT QEC in physical systems that currently
cannot support the measurement duration necessary for
conventional QEC schemes.

III. DETERMINISTIC FT LOGICAL STATE
PREPARATION

Our MFEC scheme needs logical auxiliary qubits whose
encoding must be FT in order to render the full scheme FT.
In this section we describe how to fault tolerantly initialize
the logical auxiliary qubit (and also the logical data qubit)
without measurements. This way, our FTEC scheme can
be performed in a fully measurement-free setting. Let us
remark nevertheless that the measurement-based encoding
protocol from Ref. [73] has been realized recently in ion-
trap platforms [12,14,16].

In Ref. [58] some of us suggest an extension of the
prescription for logical qubit initialization in Ref. [73] by
making use of the flag-qubit information instead of dis-
carding the state. The circuit for measurement-free FT
initialization to |0〉L is shown in Fig. 6. By mapping the two
eigenvalues of both the logical operator Z3Z5Z6 (red block,
“flag”) and the complementary stabilizer Z1Z2Z4Z7 (orange
block, “stabilizer”) to two auxiliary qubits, all dangerous
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FIG. 6. Circuit to fault tolerantly initialize the logical zero
state of the Steane code without measurements. The first eight
CNOT gates prepare the state non-fault-tolerantly. The subsequent
three CNOT gates map the logical operator Z3Z5Z6 to a flag qubit
that heralds successful preparation (red dotted circles on code
graph). The last four CNOT gates map the complementary stabi-
lizer Z1Z2Z4Z7 (orange dashed circles on code graph) to a second
auxiliary qubit. Only if both measurements yield the −1 eigen-
value, the correction X7 is applied via the Toffoli gate (large
green circle on code graph). In the end, both auxiliary qubits are
reset (R). The dangerous fault X1 after the fourth CNOT gate (red
star) propagates to both auxiliary qubits and triggers the Toffoli
feedback (green box). The resulting operator X1X3X7 is stabilizer
equivalent to the correctable error X5 via application of KX

2 .

weight-2 errors at the end of the circuit can be transformed
into correctable errors.

In fact, there are only two dangerous errors, namely
X1X3 and X4X5 (X6X7 is stabilizer equivalent to X4X5 via
application of KX

1 ), which flip the first auxiliary qubit from
|0〉 to |1〉 since their support has odd overlap with Z3Z5Z6.
Of course, X1X3 and X4X5 also have odd overlap with the
qubits that take part in the subsequent stabilizer mapping
step so the second auxiliary qubit is also flipped from |0〉 to
|1〉. The dangerous errors will lead to both auxiliary qubits
being in the |1〉 state. Correctable weight-1 errors only flip
one of the two from |0〉 to |1〉. No single fault during the
mapping of either Z operator can result in the auxiliary
qubits being in the state |11〉. The operator X7 is applied
coherently via the Toffoli gate if both the flag qubit and
the extra stabilizer qubit are in the |1〉 state (green block,
“feedback”). This way, any dangerous weight-2 error will
be transformed into a correctable weight-1 error by multi-
plication with X7. Treatment of the X1X3 error is sketched
as an example in Fig. 6.

The auxiliary qubit state before applying the Toffoli gate
can only be different from |00〉 if a fault has happened at
some circuit location before. An additional fault during the
Toffoli gate would render the total fault configuration to be
of order p2. If instead the circuit up to the Toffoli gate has
been fault free and the t = 1 fault now occurs within the
Toffoli gate with probability p , it can at most propagate to
a correctable error since the Toffoli is only connected to a
single data qubit.

R

R =

R

R

H T † T T † T H

FIG. 7. Decomposition of the Toffoli gate followed by reset of
the control qubits into Hadamard gates H , the standard T, T†, and
CNOT gates as well as reset R.

The Toffoli gate can be decomposed into a sequence of
single- and two-qubit gates [74]. Since the auxiliary qubit
state is discarded at the end of the circuit anyway, we can
modify the well-known decomposition into six CNOT gates
from Ref. [60]. Figure 7 shows the decomposition of the
Toffoli gate followed by reset into only four CNOT gates.

In summary, since the state preparation scheme can be
performed without qubit measurements, it qualifies to pre-
pare logical auxiliary qubits and thereby completes our
measurement-free FT QEC scheme.

IV. PRACTICAL IMPLEMENTATION

The suggested measurement-free fault-tolerant quan-
tum error-correction protocol can be implemented using
various sets of basis gates that are native to different quan-
tum computing platforms. In the following, we provide
compilations of our 17-qubit scheme (Fig. 2) into CNOT
gates, native multiqubit-controlled gates as well as multi-
qubit Mølmer-Sørensen gates. The latter are widely used
entangling gates in trapped-ion systems [75].

If native multiqubit gates are practically available and if
their physical error rates are lower than the expected over-
all error of their decompositions, they are preferential to
implement the feedback operation (green boxes in Fig. 2)
over a gate decomposition into single- and two-qubit gates
in order to minimize circuit depth. For the syndrome map-
ping step (orange boxes in Fig. 2), multiqubit gates can
still be used to decrease the gate count. It is crucial that the
transversal CNOT gates used for fault propagation (yellow
boxes in Fig. 2) cannot be replaced by multiqubit gates.
These would destroy the FT property of the scheme under
a general error channel [see Eq. (D1)] since single faults
could result in higher-weight errors that are uncorrectable
in the Steane code.

To be truly fault tolerant, every qubit operation used in
an actual implementation acting on a respective qubit state
ρ must be assumed to be prone to noise. Here we employ
the standard depolarizing noise model (see Appendix D
for details) with different noise strengths than in Sec. II C:
For the decomposition into two-qubit gates, we show sim-
ulations for a single-parameter depolarizing noise model
with noise strength p on operations. On idling locations,
we choose a corresponding noise strength p/100, which
is the order of magnitude reached for two-qubit entan-
gling gates in state-of-the-art ion trap systems [76]. This
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R

R

R

=

R

R

R

H T8 T †
8 T8 T †

8 T8 T †
8 T8 T †

8 H

FIG. 8. Decomposition of a triple-controlled-NOT gate followed by reset R of the control qubits into a sequence of Hadamard gates
(H ), CNOT gates, and T8 = exp(−i(π/16)Z) gates followed by reset R of the control qubits.

model has been assumed before for simulation of QEC
blocks [55,77]. For the decompositions into multiqubit
gates, we use a multiparameter noise model with different
noise strengths �p = (p1, p2, . . .) for the respective multi-
qubit depolarizing channel [see Eq. (D1)] on operations.
The parameters are based on values that either can be
achieved experimentally in quantum processors already
[16,76] or are based on theory proposals [78–81]. Since
dephasing is the dominant source of noise on idling qubits
in atomic architectures, we make use of the dephasing
channel [see Eq. (D2)] with noise strengths assumed to be
�p/100 for simplicity [82] on the respective idling locations
for the multiparameter noise model. To assess the break-
even point where pL = p2, we scale all physical error rates
uniformly with a scaling parameter λ like

(p1, p2, . . .) → λ · (p1, p2, . . .). (7)

Numerical state-vector simulations of these noisy circuits
are performed with a modified version of the python
package PECOS [83,84].

A. Decomposition in two-qubit gates

A large extent of the scheme is already expressed in
terms of CNOT gates. The only components left to decom-
pose are the multiqubit-controlled feedback gates C3NOT
and C3Z. The authors of Ref. [72] state that 13 two-qubit
gates are necessary to exactly decompose the full gate.
However, since the state of the control qubits is reset after
the gate anyway, decomposition is possible with fewer
CNOT gates. Figure 8 shows the circuit equivalence of
C3NOT and a sequence of eight CNOT gates and standard
single-qubit rotations when the state of the three control
qubits after the gate is irrelevant. Alternating rotations of
angle ±π/8 cancel each other exactly if the control qubit
state is different from |111〉. Only if all CNOT gates are acti-
vated, the intermediate X flips make the eight Z rotations
align in order to realize a full X (π) rotation in combination
with the outermost Hadamard gates on the target qubit.

In Fig. 9 we compare the logical failure rate of the
MFEC scheme with CNOT gates to the conventional flag
EC from Sec. II C. Quadratic scaling behavior pL ∼ p2 as
p → 0 for both logical input states |0〉L and |+〉L is clearly
visible in Fig. 9. This is expected for the two FT schemes

since there exist no single fault events that occur with prob-
ability p and contribute to the logical failure rate pL. Our
MFEC scheme achieves logical failure rates pL approxi-
mately one order of magnitude larger than the flag scheme
for a given physical error rate p .

To narrow the gap between the two schemes and achieve
lower logical failure rates with the MFEC scheme, we now
look into possible improvements using multiqubit gates.

B. Use of multiqubit gates

Depending on the physical architecture under consid-
eration, specific multiqubit gates might be available for
practical operation of the scheme. In neutral-atom plat-
forms, the Rydberg blockade can be utilized to perform
native multiqubit gates. CCZ gates that require only global
laser pulses have already been realized in experiments

FIG. 9. Logical failure rates for the measurement-free (MF)
EC scheme compared to conventional flag EC for two logical
input states |0〉L and |+〉L with a single-parameter depolariz-
ing noise model of strength p . The MFEC scheme is compiled
into CNOT gates. Threshold values for outperforming the physi-
cal error rate pL = p lie at approximately p = 3 × 10−3 for the
flag scheme and p = 6 × 10−5 for the measurement-free scheme,
which is a factor of 50 smaller. This is due to the more com-
plicated circuitry, however, the simple single-parameter noise
model yields an overly pessimistic estimate for the threshold of
the MFEC scheme, as shown in Fig. 10.
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TABLE I. List of physical error rates (all in %) used for simula-
tion of three different gate implementations at scaling parameter
λ = 1. The error rates for idling positions during an operation are
assumed to be 1% of the respective operation’s error rate. Mul-
tiqubit gate error rates (p3, p4, p5) are based on theory proposals
[78–81] while single-qubit operation (p1, pi, pm) and two-qubit
gate error rates (p2) are state-of-the-art values [16].

Impl. p1 [%] p2 p3 p4 p5 pi pm pidle

CNOT 0.007 0.3 . . . . . . . . . 0.0002 0.3 p/100
NATF 0.007 0.3 1 1 1 0.0002 0.3 p/100
MIMS 0.007 0.3 1 1 1 0.0002 0.3 p/100

[85,86]. Moreover, there are multiple theoretical propos-
als to implement, e.g., CnNOT gates [81,86–88], CNOTn
gates [88,89], or CnNOTm gates [90], up to single-qubit
rotations. In ion traps the iToffoli gate with varying num-
ber of control qubits can be implemented directly [80,91].
Additionally, one can realize multi-ion MS gates in these
systems [43,75]. Also in superconducting architectures
there are proposals and demonstrated implementations of
native iToffoli [92,93] and CCPHASE gates [94].

In the following we provide decompositions and numer-
ical simulations of the MFEC scheme using different sets
of multiqubit gates where possible. Logical failure rates of
these compilations are compared via numerical simulation
to the scheme that uses only CNOT gates.

1. Native multiqubit-controlled feedback in neutral-atom
platforms

We now describe the usage of native C3NOT gates for
feedback operations (green boxes in Fig. 2). With the large
fidelities and fast gate times of such gates (see Table I and
Refs. [78–81]) an improvement of logical failure rate can
be expected over a decomposition into two-qubit gates,
also due to the reduction of idling locations. From inspec-
tion of Fig. 8 we notice that due to the reset operations
only the target qubit can cause erroneous output of the
multiqubit-controlled feedback gate. In this decomposed
version, eight two-qubit gate locations and ten single-qubit
gate locations can cause an error in first order in p . We thus
estimate that using a native multiqubit-controlled feed-
back gate to be advantageous over the decomposition as
long as p4 < 8p2 + 10p1 at least, which is fulfilled for the
parameters in Table I.

2. Coherent syndrome mapping and quantum feedback
in ion traps

The 17-qubit scheme for the Steane code from Fig. 2
can be embedded into a trapped-ion quantum processor, as
sketched in Fig. 3(b), hosting a static one-dimensional ion
crystal as in Ref. [26]. In these systems, the native entan-
gling gate can be implemented by a laser-driven X -type

MS gate described by the unitary

Uq(θ) = exp

⎛
⎝−i

θ

4

( q∑
k=1

Xk

)2
⎞
⎠ (8)

targeting q ions simultaneously [75,95]. Such multiqubit
MS gates can be used for the syndrome mapping (orange
boxes in Fig. 2) and feedback steps [42,96]. Previously it
has been found by exhaustive count of gate combinations
in Ref. [97] that the Toffoli gate is equivalent to a sequence
of local rotations and three-qubit MS gates (reproduced in
Fig. 17 of Appendix G), which we do not improve further
for use in our QEC scheme. An application of five-qubit
MS gates for mapping the expectation value of a weight-
4 stabilizer to a single auxiliary qubit has been given in
Refs. [78,96] (see Appendix G for an example in Fig. 18).
Six five-qubit MS gates are needed to map the syndrome to
the physical auxiliary qubits. Recall that high-weight Pauli
faults that are generated by the depolarizing noise channel
of the five-qubit MS gate do not break fault tolerance since
they act only on the logical auxiliary qubit, which is reset
after syndrome mapping.

Using a variational circuit ansatz in pennylane [98], we
found a decomposition of the C3NOT gate followed by reset
of the control qubits into four four-qubit MS gates that we
depict in Fig. 19. The remaining CNOT gates are compiled
into two-qubit MS gates and local rotations using Eq. (G1).

Figure 10 shows logical failure rates for all three pre-
viously described implementations for MFEC for both
logical Steane code input states |0〉L and |+〉L. Notably,
all implementations are capable of achieving logical fail-
ure rates pL < p2 lower than the two-qubit error rate
with improvements of the scaling factor λ of approxi-
mately one order of magnitude. For low physical error
rates, where the six lines in Fig. 10 are (almost) paral-
lel, native multiqubit-controlled feedback operations yield
approximately a factor 5 of improvement over the CNOT
compilation of the scheme. Multi-ion MS gates perform
approximately a factor of 2 worse than the CNOT version in
this regime [99].

C. Implementation with neutral atoms

As mentioned above, measurements in neutral-atom
platforms are slow as compared to gates and it is chal-
lenging to perform measurements without atom loss and
with real-time feedback. While multiqubit gates can be
performed within roughly 100–500ns [85,86,100,101],
recently demonstrated midcircuit measurements in free
space take 3.5–25ms [33–36]. Such values correspond to
ratios tmeas/tops between 7 × 103 and 2.5 × 105.

With a coherence time of T∗
2 = 4ms, we estimate the

logical failure rate of MFEC using native multiqubit-
controlled feedback gates via numerical simulation to be
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FIG. 10. Logical failure rates for the measurement-free
scheme acting on both logical input states |0〉L and |+〉L with
multiparameter noise and a scaling parameter λ that uniformly
varies all physical error rates. Compilation of the scheme
into CNOT gates is compared to implementations using native
multiqubit-controlled feedback operations (NATF) and multi-ion
Mølmer-Sørensen gates (MIMS) where applicable. Respective
physical error rates are listed in Table I, λ = 1 corresponds to
a two-qubit error rate p2 = 3 × 10−3. Depending on the imple-
mentation, logical failure rates can vary to up to one order of
magnitude. The thresholds for NATF and CNOT implementa-
tions correspond to two-qubit error rates of approx. 6 × 10−4 and
2 × 10−4, respectively. For measurement-based QEC, the thresh-
old lies at approx. 3 × 10−3 (see Fig. 9), being a factor 5 to 15
higher than in the measurement-free case.

pMF
L = (5.9 ± 0.3)%. With measurement times of approx-

imately tmeas ∈ {500μs, 1ms}, flag EC achieves respec-
tive logical failure rates of pFL

L ∈ {(4.9 ± 0.2)%, (11.8 ±
0.4)%}. Assuming an anticipated improvement of future
operation error rates p1, p2, p3, p4, and pi by a factor of 2,
the logical failure rate of MFEC drops to pMF

L = (1.7 ±
0.1)%, i.e., by about a factor of 4, in agreement with the
expectations for an FT protocol.

Using the substantially longer coherence time T2 = 1s,
which can be achieved by involving spin-echo techniques,
the failure rate of MFEC is reduced only slightly to pMF

L =
(5.6 ± 0.1)%. This can be understood because the perfor-
mance of the MFEC protocol is in this parameter regime
not limited by its overall duration, but operational error
rates. In contrast, the performance of the flag EC protocol
improves more strongly, with the scheme benefiting more
from an extended coherence time, resulting in a logical
failure rate of pFL

L = (0.66 ± 0.04)% for a measurement
time tmeas = 1ms. Improving the operation error rates by a
factor of 2 yields a predicted MFEC logical failure rate of
pMF

L = (1.7 ± 0.1)%. The simulated [102] failure rates are
summarized in Table II.

Our proposed scheme might thus open a competitive
pathway for this platform to achieve beneficial FT QEC
before fast in-sequence measurements and in-sequence

TABLE II. Comparison of simulated logical failure rates for
MFEC and flag EC, assuming that either the coherence times T∗

2
or T2 can be achieved. We list MFEC failure rates for realistic
operation times and error rates, as well as anticipated future error
rates that are improved by a factor of 2. For flag EC, we consider
measurement times of 500μs and 1ms as representative values.
While flag EC yields the lowest failure rate if coherence time
T2 can be achieved, MFEC outperforms flag EC with improved
operations and if coherence times are limited to T∗

2.

Protocol (varied parameters) T∗
2 = 4ms T2 = 1s

MFEC (realistic) (5.9 ± 0.3)% (5.6 ± 0.1)%
MFEC (improved) (1.7 ± 0.1)% (1.7 ± 0.1)%
Flag EC (tmeas = 1ms) (11.8 ± 0.4)% (0.66 ± 0.04)%
Flag EC (tmeas = 500μs) (4.9 ± 0.2)% (0.65 ± 0.04)%

logic will become widely available. Although leakage out
of the computational subspace is a dominant error source in
neutral-atom platforms, such errors can be handled either
by converting them into Pauli Z errors [22] or erasures
[23]. To execute the quantum circuits presented in this
work, a certain connectivity between qubits is required. In
a static array of atoms with nearest-neighbor or even next-
to-nearest-neighbor interactions this would require many
SWAP gates. In neutral-atom quantum processors, however,
individual atoms can be dynamically rearranged during
a computation, which yields a very good effective qubit
connectivity [21,103,104] but can increase effective gate
times. Moreover, the multiqubit gates required for our
scheme are natively available in this platform [86].

In Fig. 11 we propose a layout of atoms in a tweezer
array, together with shuttling moves, to realize the
measurement-free FT QEC scheme in an experiment. We
assume a near-term neutral-atom platform with a global
Rydberg laser illuminating all atoms in the tweezer array.
This allows two-qubit gates or multiqubit gates to be
performed on sets of atoms that are located within the
blockade radius of each other. If those sets of atoms are
placed sufficiently far away from each other, such gates can
be performed in parallel [21,86]. Furthermore, we assume
that atoms can be locally addressed to perform individual
single-qubit gates. If also single-qubit gates can only be
performed globally, additional shuttling moves of subsets
of atoms into dedicated single-qubit gate operation zones
are necessary. The left-hand side of Fig. 11 shows a circuit
that realizes the measurement-free FT correction cycle for
X errors. On the right-hand side we first depict the ini-
tial layout of 35 atoms in the tweezer array. As described
in Sec. II, the higher number of qubits avoids that qubits
have to be reset during the computation and allows for a
minimal circuit depth. If in-sequence qubit reset is avail-
able, it is also possible to work with 17 atoms in a tweezer
array, realizing the circuit shown in Fig. 2. We sketch the
application of parallel two- and multiqubit gates as well as
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FIG. 11. Proposal for the implementation of the measurement-free FT QEC scheme with mobile neutral atoms in optical tweezers.
The steps (1)–(9) correspond to the time steps as shown on the left-hand side of this figure and in Fig. 4. Ellipses that encircle sets of
atoms correspond to the parallel application of entangling gates. Arrows indicate shuttling moves after the gate executions. Single-qubit
gates are not shown.

shuttling moves, which are performed between the appli-
cation of entangling gates. The application of single-qubit
gates is not shown. We choose the atom layout in a way
such that the total number of shuttling operations remains
small and many parallel qubit moves are possible. The
scheme requires a static 2D tweezer array, generated e.g.,
by a spatial light modulator (SLM), and a movable tweezer

array realized with a single 2D acousto-optic deflector
(AOD). Parallel moves of rows and columns are possible
for atoms placed in the AOD array while atoms placed in
the SLM tweezers remain fixed. Between shuttling oper-
ations, atoms can be relocated from static SLM tweezers
into the dynamic AOD tweezers and vice versa [105,
106]. Our proposed shuttling protocol thus requires nine
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parallel moves of atoms, which is comparable in complex-
ity to already demonstrated experiments [21].

V. CONCLUSIONS AND OUTLOOK

In this work, we have presented a novel scheme for
fault-tolerant quantum error correction without the need
to measure individual physical qubits to read out the
syndrome.

As we showed by numerical simulation, the measure-
ment-free FT QEC scheme achieves logical failure rates
approximately one order of magnitude higher than the
corresponding flag error-correction protocol with single-
parameter circuit-level depolarizing noise. Additionally,
compilations of our scheme into different native gate sets
can lead to variations and reductions in logical failure rates
of up to one order of magnitude for the physical error rates
we considered. This offers room for optimization to bridge
the gap between the measurement-free and the conven-
tional FT QEC schemes. We expect that a platform, which
can realize an advantageous compilation, for instance,
using native multiqubit-controlled gates with sufficient
gate fidelities, can in this way at least partly compensate
the extra infidelity introduced by the additional overhead
in the measurement-free scheme compared to conventional
syndrome-measurement EC. For a set of realistic param-
eters in a neutral atom setup, we showed via numerical
simulation that the measurement-free FT QEC cycle can
outperform flag-FT EC in the regime where system perfor-
mance is limited by coherence time. Moreover, in neutral-
atom platforms the outlined scheme may prove particularly
useful due to the challenges posed by fast, low-loss, and
fully parallelized measurements and real-time feedback.
Furthermore, neutral atoms natively feature the possibil-
ity to realize multiqubit gates required for our scheme.
Many of the required key components have been demon-
strated recently in experiments, including midcircuit shut-
tling of atoms and parallel application of two-qubit and
multiqubit gates [21,86]. Hardware-specific noise charac-
teristics such as biased noise or bias-preserving gates [22],
could even further compensate for the overhead of the
measurement-free scheme. In this sense our simulations
with depolarizing noise might be overly pessimistic.

However, also an embedding of the scheme into a solid-
state platform is not futile since we do not require full
all-to-all qubit connectivity. Optimizing the compilation
of a scheme to hardware constraints like qubit connec-
tivity in a systematic way could also further improve the
scheme. It is an open question how additional physical
qubits could be used for an embedding with reduced con-
nectivity without breaking fault tolerance, for instance, by
using the techniques of Refs. [107,108].

Extending our scheme to larger distance codes poses
additional requirements for the construction of suitable
fault-tolerant circuits on the auxiliary system. This is

required to ensure that multiple faults do not cause a log-
ical failure, which could be subject of future work, e.g.,
adapting concepts proposed in Refs. [55,56]. Since the
measurement-free error-correction circuit has to imple-
ment a look-up decoder for an exponentially growing
number of syndromes, we believe that code concatenation
could be a promising approach to scale-up our scheme.

Additionally, developing new measurement-free ver-
sions of FT logical gates or FT gadgets such as code
switching or lattice surgery would further enlarge the
toolbox of measurement-free FT quantum computing pro-
tocols and thereby assist in enabling error-corrected uni-
versal quantum computation in future hardware platforms.

CODE AVAILABILITY

All codes used for data analysis are available from the
corresponding author upon reasonable request.
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APPENDIX A: CORRECTING WEIGHT-2 ERRORS
IN THE d = 3 SURFACE CODE

The distance-3 surface code has the property that in
addition to all weight-1 errors some weight-2 errors can
be corrected, e.g., with a look-up table decoder [71]. The
code is defined by the stabilizers

KX
1 = X8X9, KZ

1 = Z6Z7,

KX
2 = X5X6X7X8, KZ

2 = Z1Z2Z5Z6,

KX
3 = X2X3X4X5, KZ

3 = Z4Z5Z8Z9,

KX
4 = X1X2, KZ

4 = Z3Z4

(A1)

and its logical operators can be chosen as XL = X1X6X7
and ZL = Z1Z2Z3 as shown in the insets of Fig. 12. The
look-up table that is used in our measurement-free EC pro-
tocol to correct errors in the surface code is given in Table
III. For example, the error X4X6 is correctable because its
Z syndrome {−1, −1, −1, −1} is not taken up by any other
weight-1 X error. Due to the asymmetric arrangement of
plaquettes, the error Z4Z6 is not correctable. Its X syn-
drome {+1, −1, −1, +1} is already in use to correct the
weight-1 error Z5. This is why applying a multicontrolled-
multitarget gate for the correction of X4X6 would destroy
fault tolerance. In our scheme, however, a multicontrolled
feedback gate will only couple to a single data qubit in
order to preserve fault tolerance. Weight-2 errors could still
be corrected by copying the respective syndrome twice and
applying two distinct weight-1 feedback operations con-
ditioned on this same syndrome instead of applying one
weight-2 feedback operation. For instance, the Z syndrome
{−1, −1, −1, −1} must be copied twice to correct X4 and
X6 distinctly. This, however, would increase the circuit
depth and gate count of the coherent feedback circuit block
considerably. Instead of applying weight-2 corrections, it
is sufficient to transform weight-2 errors into correctable
weight-1 errors—these will be corrected for in the sub-
sequent EC round. This is sufficient to have a fully FT
EC protocol. This conversion of weight-2 into weight-1
errors can be achieved for X and Z errors by the recov-
ery operations given in Table III, which are translated into

the feedback structure of the circuits in Fig. 12. Note that
no weight-2 recoveries need to be applied. For the error
X4X6, for instance, the circuit applies the recovery X6 and
leaves the correctable error X4 on the logical data qubit.
Note that, at the same time, all nine possible weight-1
errors will be corrected by the protocol, as required. Over-
all, this provides a compact fully FT and MF protocol, with
the respective EC half-cycles for X - and Z-type correc-
tion implemented by the circuits in Figs. 12(a) and 12(b),
respectively. Measurement-free and FT initialization of the
auxiliary logical qubit is possible using, e.g., the encoding
protocol recently demonstrated in Ref. [59].

For the measurement-free scheme applied to the surface
code as shown in Fig. 12, we run numerical simulations
with a single-parameter noise model (as in Fig. 9) to esti-
mate the point where pL = p . We find this threshold to lie
at p ≈ 10−3, using native multiqubit-controlled gates. A
detailed modeling of a realistic surface-code experiment is
left for future work.

APPENDIX B: DECOMPOSING
n-QUBIT-CONTROLLED-NOT GATES FOLLOWED

BY RESET

An n-qubit-controlled-NOT gate followed by reset of
the control qubits can be decomposed into a sequence
of 2n CNOT gates and additional single-qubit rotations.
The recipe for such a construction is given in Fig. 13(a).
Starting from the circuit identity in panel (i) for a single
control qubit, decompositions of gates with more controls
can be constructed iteratively by applying the substitu-
tion rule shown in panel (ii). Panel (iii) shows the circuit
after one substitution step, realizing a Toffoli gate fol-
lowed by reset of the control qubits. The construction of
an n + 1—from an n-qubit-controlled-NOT gate decompo-
sition can be understood as follows. If the n + 1st control
qubit is in state |0〉, all Tk and T†

k gates cancel pairwise
and the circuit realizes the identity. If the n + 1st qubit is
in state |1〉, the circuit reduces to the circuit for n control
qubits. To see this, one can insert pairs of X gates on the
control qubit [for example, around the third CNOT gate in
panel (iii)] and employ the identities T†

2kXT2kX = T†
k and

XT†
2kXT2k = Tk. Figure 13(b) shows the decomposition of

a four-qubit-controlled-NOT gate followed by reset of the
control qubits, which is required for the implementation
of the measurement-free error-correction scheme for the
surface code.

APPENDIX C: DECODING VARIANT

The syndrome mapping step from the n physical qubits
that hold the logical auxiliary qubit state to the a physical
qubits that hold the syndrome information can be simpli-
fied because the logical auxiliary qubit is discarded after
the syndrome mapping anyway. Instead of supplying fresh
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(a)

(b)

FIG. 12. Measurement-free FT QEC cycle for the distance-3 surface code based on the look up table in Table III. (a) X -correction
block with the correctable weight-2 error X4X6 (red stars), which is transformed to X4. (b) Z-correction block. Note that 7 (3) out of 10
feedback operations in each block are conditional 3-qubit-controlled (4-qubit-controlled) multiqubit gates.

auxiliary qubits, one may replace the syndrome mapping
step [orange box in Fig. 2(a)] with a decoding circuit. This
can reduce the required number of qubits to perform the
MFEC cycle to N = 2n. The decoding circuits can be con-
structed by inverting encoding circuits of, for instance,
surface code or color code states with similar numbers
of CNOT gates as the syndrome mapping [109,110]. An

example for the X -correction block of the Steane code,
where the logical auxiliary qubit is initialized to the |+〉L
state, is shown in Fig. 14. Here, the physical qubits 1, 2,
and 4 carry the expectation value of the Z-type stabilizer
generators KZ

2 , KZ
3 , and KZ

1 respectively. The expectation
value is +1(−1) if the physical qubit is in the |0〉 (|1〉)
state.

(i) (ii) (iii)(a)

(b)

FIG. 13. (a) Recipe how to construct n-qubit-controlled-NOT gates followed by reset (R) of the control qubits from CNOT gates and
single-qubit gates H (Hadamard) and Tk = exp(−i π2k Z). It is straightforward to see that the circuit identity in panel (i) holds. Going
from an n-qubit-controlled-NOT gate to an (n + 1)-qubit-controlled-NOT gate followed by reset of the control qubits can be realized
by performing the substitution rule stated in panel (ii), where the CNOT gate is controlled on the newly added control qubit. Panel (iii)
shows the resulting circuit realizing a Toffoli gate followed by reset of the control qubits. If the n + 1st control qubit is in state |0〉, the
circuit trivially reduces to the identity. If the n + 1st control qubit is in state |1〉, the circuit reduces to the circuit for n control qubits,
which can be seen by employing the identities T†

2kXT2kX = T†
k and XT†

2kXT2k = Tk. (b) Decomposition of a four-qubit-controlled-NOT
gate followed by reset of the control qubits into a sequence of CNOT and single-qubit gates. This gate is required to implement the
measurement-free error-correction scheme for the surface code, as shown in Fig. 12.
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TABLE III. The four-bit Z syndrome (upper half) of the sur-
face code shown in the inset of Fig. 12(a) allows one to correct
not only all nine single-qubit X errors but also some additional
weight-2 X errors. Note that, for instance, applying X8 corrects
both errors X8 and X9 since KX

1 = X8X9 is a stabilizer. The third
column contains the recovery operations that are applied by the
circuit in Fig. 12 and the last column shows that the result RE is
always an error of at most weight-1. The X syndromes and cor-
responding Z-type operations are given in the lower half of the
table and the X stabilizers are shown in the inset of Fig. 12(b).

Syndrome
(KZ

1 , KZ
2 , KZ

3 , KZ
4 ) Error E Recovery R Outcome RE

+ + ++ I I I
+ + +− X3 X3 I
+ + −+ X8 (or X9) X9 KX

1 (or I )
+ + −− X4 X4 I
+ − ++ X1 (or X2) X1 I (or KX

4 )
+ − +− X1X3 X1 X3
+ − −+ X5 X5X5X5 I
+ − −− X3X5 X5 X3
− + ++ X7 X7 I
− + +− X3X7 X7 X3
− + −+ X7X9 X9 X7
− + −− X4X7 X4 X7
− − ++ X6 X6 I
− − +− X3X6 X6 X3
− − −+ X5X7 X5 X7
− − −− X4X6 X6 X4
Syndrome
(KX

1 , KX
2 , KX

3 , KX
4 ) Error E Recovery R Outcome RE

+ + ++ I I I
+ + +− Z1 Z1 I
+ + −+ Z4 (or Z3) Z3 KZ

4 (or I )
+ + −− Z2 Z2 I
+ − ++ Z7 (or Z6) Z7 I (or KZ

1 )
+ − +− Z1Z7 Z7 Z1
+ − −+ Z5 Z5Z5Z5 I
+ − −− Z1Z5 Z5 Z1
− + ++ Z9 Z9 I
− + +− Z1Z9 Z9 Z1
− + −+ Z3Z9 Z3 Z9
− + −− Z2Z9 Z2 Z9
− − ++ Z8 Z8 I
− − +− Z1Z8 Z8 Z1
− − −+ Z5Z9 Z5 Z9
− − −− Z2Z8 Z8 Z2

Note that, as for the syndrome mapping described in
the main text, the decoding block itself does not need
any fault-tolerance overhead for the full MFEC scheme to
be fault tolerant. If there are not enough physical qubits
after the decoding step to coherently copy the syndrome
information, additional auxiliary qubits must be supplied.

The minimal circuit depth is unchanged with this mod-
ification of the orange block since the decoding in Fig. 14
needs four time steps, just as the syndrome mapping. How-
ever, one could use, for instance, a sequence of only three

FIG. 14. Performing an inverse encoding circuit for the |+〉L
state leaves the Z syndrome (KZ

1 , KZ
2 , KZ

3 ) on qubits 4, 1, and 2 of
the orange block as indicated, respectively, by the RGB-colored
circles. The syndrome mapping step [orange box in Fig. 2(a)]
is replaced with the decoding block and the copy and feedback
steps are adjusted accordingly. In the absence of noise, each of
the four other physical qubits is in the |0〉 state after decoding
(dashed white circles).

four-qubit MS gates, if practically available, to perform the
decoding step [111].

APPENDIX D: NOISE MODEL

We consider the depolarizing channel of strength p

Ep(ρ) = (1 − p)ρ + p
4q − 1

∑
σ∈�

⎛
⎝ q⊗

j =1

σj

⎞
⎠ ρ

⎛
⎝ q⊗

j =1

σj

⎞
⎠

(D1)

where � = {I , X , Y, Z}⊗q\{I⊗q} and q is the number of
qubits the noise channel acts on. It is the most general
noise channel in the sense that the 4q Pauli operators (and
the identity operation) form the basis of the q-qubit Pauli
group. Thus, any fault that can happen in a physical gate
can be expressed in this Pauli basis. As a consequence, if
the circuit is FT under the channel in Eq. (D1), then it is
FT towards any noise channel on the q qubits.

For the single-parameter noise model in Secs. II C and
IV A we use the conventional depolarizing noise model
where

(1) a single-qubit gate is followed by a Pauli fault drawn
uniformly and independently from {X , Y, Z} with
probability p/3,

(2) a two-qubit gate is followed by a two-Pauli
fault drawn uniformly and independently from
{I , X , Y, Z}⊗2\I ⊗ I with probability p/15,

(3) qubit initialization is flipped (|0〉 → |1〉) with prob-
ability 2p/3,

(4) qubit measurements yield a flipped result (±1 →
∓1) with probability 2p/3 and
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|0〉 H H

|0〉

|0〉

|0〉

|0〉 H H

|0〉 H H

FIG. 15. Parallel measurement of three stabilizers in two sequential steps realizes the flag fault-tolerant circuit for error detection
[57]. Due to the interleaved scheduling of CNOT gates, all six auxiliary qubits act as measurement and flag qubits at the same time.

(5) idling locations are followed by a Pauli fault drawn
uniformly and independently from {X , Y, Z} with
probability p/100.

Additionally, for the multiparameter noise model in Secs.
IV B and IV C, q-qubit gates are followed by Pauli faults
drawn randomly and uniformly from {I , X , Y, Z}⊗q\I⊗q

with respective probabilities pq. For modeling of dephas-
ing noise on idling locations during multiqubit gates, ini-
tializations and measurements in Secs. IV B and IV C, we
use the single-qubit channel

Epidle,q(ρ) = (1 − pidle,q)ρ + pidle,qZρZ (D2)

with respective idling error rates pidle,q during q-qubit gates
and a rate pidle,i (pidle,m) during physical qubit initialization
(measurement).

APPENDIX E: DETAILS OF MFEC
PERFORMANCE

In this section, we provide the analytical estimation of
a parameter region for advantageous use of the MFEC
scheme, given by Eq. (3). First, we look at the two limits
where only one type of noise, either on physical opera-
tions or idling locations, is present in the system. Then
we interpolate between these limits and estimate param-
eter regions of advantageous use of either the MFEC or
the SMEC protocol.

Let us consider the limit of vanishing physical operation
error rates p → 0 first so that only idling noise is present
in the system. Then, MFEC is advantageous over SMEC
when its QEC cycle time τMF < τSM is smaller than the
syndrome measurement EC cycle time. For their logical
failure rates this means that then pMF

L /pSM
L < 1. For an FT

protocol, the ratio of logical failure rates is proportional to
the squared cycle time ratio

pMF
L

pSM
L

=
(
τMF

τSM

)2

(E1)

if idling were the only source of failure and we operate in a
regime where τ � T2. Single faults of probability pidle ∼ τ

cannot lead to failure due to the FT circuit design of the
protocol.

Assuming that a single operation in the MF protocol
takes time tops, we can estimate the total cycle time as

τMF � tops × #operations (E2)

in case all operations are executed sequentially. When the
SMEC protocol cycle time is dominated by the time tmeas
to perform a qubit measurement, i.e., we assume that mea-
surements take much more time than gate operations, we
can estimate

τSM � tmeas × #measurements. (E3)

As another limiting case, we assume no idling noise at
all, i.e., the coherence time T2 → ∞, so that the operation
error rate p �= 0 is the only nonvanishing physical error
rate. In this case, the logical failure rates scale like

pMF
L ∼ (cp)2 (E4)

pSM
L ∼ (c′p)2 (E5)

for p � 1 since no single fault of probability p can cause a
logical failure. The two constants c2 and c′2 are determined
by the number of bad locations, i.e., fault locations that
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|0〉 H H

|0〉 H H

|0〉 H H

|0〉

|0〉

|0〉

FIG. 16. Nonflagged circuit to readout all six stabilizers sequentially. Combined with the flag information from the circuit in Fig. 15,
this circuit is used for FT syndrome readout.

can lead to failure, for each respective protocol. Their ratio
determines the (dis)advantage of MFEC over SMEC since

pMF
L

pSM
L

=
( c

c′
)2

. (E6)

Now, in a realistic scenario where both idling and opera-
tions are prone to noise, the small-p behavior of the logical
failure rate will be

pMF
L ∼ c2p2 + c̃2p2

idle,op + bppidle,op (E7)

pSM
L ∼ c′2p2 + c̃′2p2

idle,m + b′ppidle,m (E8)

for p , pidle � 1 since at least two faults in total are needed
to cause logical failure for both protocols: either two faults
on operations with probability p each or two faults on
idling locations with probability pidle each or one opera-
tion fault with probability p and another idling fault with
probability pidle can cause logical failure. The constants
c̃, c̃′, b, and b′ are determined analogously to c and c′ by the
number of bad locations of these respective fault combi-
nations. Here we included the respective dominant source
of idling noise for both protocols; idling during operations

with rate pidle,op for the MF protocol and idling during mea-
surements with rate pidle,m for the SM protocol. Again, we
assume for the latter that measurements are much slower
than operations.

We can upper bound Eqs. (E7) and (E8) by assum-
ing that the constants c, c̃, b, c′, c̃′, and b′ represent the
total number of respective circuit locations for two oper-
ation faults, two idling faults or both one operation and
one idling fault for either protocol. Then b and b′ can
be expressed as the products cc̃ and c′c̃′, respectively. In
principle, one could also determine these constants by
exhaustively counting the numbers of bad locations, i.e.,
placing all possible combinations of two fault operators on
operation and idling locations, or estimate the fraction of
bad locations to total locations via Monte Carlo simula-
tion. The ratio of logical failure rates from Eq. (E6) is then
extended to read

pMF
L

pSM
L

∼ (cp)2 + (c̃pidle,op)
2 + cc̃ppidle,op

(c′p)2 + (c̃′pidle,m)2 + c′c̃′ppidle,m
(E9)

where all contributions come with their own constants
c, c′, c̃, c̃′.

RY (π
2 )

U
3

π 2

)

RX(−π
2 ) RX(−π

4 )

U
3

π 4

)

U
3

π 2

)

RX(π
2 ) RY (−π

2 )

RY (π
2 ) RX(−π

2 ) RX(−π
4 ) RX(π

2 ) RY (−π
2 )

RY (π
2 ) RZ(π

4 ) RX(−π
2 ) RZ(−π

2 ) RX(−π
4 ) RZ(π

2 ) RX(π
2 ) RY (−π

2 )

FIG. 17. The Toffoli gate used for the quantum feedback in Fig. 6 can be compiled to multi-ion MS gates given by Eq. (8) and local
rotations Rσ = exp [−i(θ/2)σ ] with σ ∈ {X , Y, Z} [97]. The first two wires are the control qubits and the third wire is the target qubit.
The decomposition is exact. The last X and Y rotations on the control qubits could be omitted in our case due to the subsequent reset.
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|0〉 RX(π
2 ) RZ(−π

2 ) RY (π
2 )

FIG. 18. Circuit to read out the stabilizer KZ
1 = Z4Z5Z6Z7

using two five-qubit MS gates with θ = ±π/2 and single-qubit
rotations [78,96]. The stabilizer eigenvalue is mapped to the last
qubit by the gate sequence. To read out the corresponding X -type
stabilizer, the Y rotations on the data qubits must be omitted.

We can expand Eq. (E9) around p = 0 and pidle,op = 0
so that we include all second-order terms:

pMF
L

pSM
L

=
(

c̃2

c̃′2
p2

idle,op

p2
idle,m

+ O(p3
idle,op)

)

+ p

(
cc̃pidle,op

c̃′2p2
idle,m

+ O(p2
idle,op)

)

+ p2

(
c2

c̃′2p2
idle,m

+ O(pidle,op)

)
+ O(p3). (E10)

We roughly estimate the MF advantage pMF
L /pSM

L ≤ 1, as
given by Eq. (3), whenever the ratio of idling times (or
error rates, provided they are sufficiently small due to
t/T2 � 1)

tmeas

tops
≈ pidle,m

pidle,op
≥
√

c̃2

c̃′2 + cc̃
c̃′2

p
pidle,op

+ c2

c̃′2
p2

p2
idle,op

(E11)

is larger then the bound set by our estimation of the error-
rate ratios, which translates to

tmeas

tops
�
√

c̃2

c̃′2 + 2T2
cc̃
c̃′2

p
tops

+ 4T2
2

c2

c̃′2
p2

t2ops
(E12)

FIG. 20. The cost function converged to the target value of
−28 for the parametrized circuit in Fig. 19.

using Eq. (2). Note again that we have assumed the ratios
c̃2/c̃′2, cc̃/c̃′2, and c2/c̃′2 for the numbers of total locations
to be approximately equal to the ratios using the numbers
of bad locations.

The boundary between regions of advantageous use of
either MFEC or SMEC is estimated approximately by Eq.
(E11), which is illustrated in Fig. 5 for comparison to a
state-of-the-art flag EC protocol [57]. The flag scheme con-
sists of sequentially running two blocks of three parallel
stabilizer measurements. In case a nontrivial measurement
occurs, an additional round of nonflagged syndrome read-
out is performed and the correction is inferred from the
flag error set and the Steane code’s look-up table (see
Appendix F for details). All gate operations are executed
sequentially, i.e., with only one gate per time step. Physi-
cal qubit initializations and measurements are executed in
parallel in the simulation. For the MF scheme the numbers
of locations are

c = #operations(MF) = 456 (E13)

c̃ = #idlingduringoperations(MF) = 5790 (E14)

FIG. 19. Compiled circuit with rounded rotation angles that implements the C3NOT gate followed by resetting the control qubits. The
first three wires are the control qubits and the fourth wire is the target qubit.

010333-19



HEUßEN, LOCHER, and MÜLLER PRX QUANTUM 5, 010333 (2024)

TABLE IV. Angle parameters for the C3NOT gate decomposition in Fig. 19.

Time step rotation Angle θ Time step rotation Angle θ

1 R(1)X 1.7016306974989441 40 R(1)X 0.6597193711414078
2 R(1)Y 1.5795679517126637 41 R(1)Y 0.000127747992253436
3 R(1)Z 1.7016364361060135 42 R(1)Z 3.141326508787639
4 R(2)X 1.5706691398072636 43 R(2)X 1.5086374816792918
5 R(2)Y 0.07488703273604898 44 R(2)Y 0.0003195950440647524
6 R(2)Z 1.5708162845196991 45 R(2)Z 3.141618529495557
7 R(3)X 2.4733498110482617 46 R(3)X 1.851040827063517
8 R(3)Y 1.570978087668805 47 R(3)Y 2.5330048710337304 · 10−5

9 R(3)Z 2.473338798284629 48 R(3)Z 3.141620662584241
10 R(4)X 2.925198421469473 49 R(4)X 0.5851416542930774
11 R(4)Y 0.5184554247895697 50 R(4)Y 1.2817745160285958
12 R(4)Z 2.2155872069814624 51 R(4)Z 1.8434910130310886
13 MS 0.47618449796926465 52 MS 1.1852630143343514
14 R(1)X 2.1467351234080563 53 R(1)X 1.4334708713034108
15 R(1)Y 3.141888995985973 54 R(1)Y 1.3149000591854494
16 R(1)Z −0.0007547728309335194 55 R(1)Z 1.9799754514097745
17 R(2)X 2.400499912253685 56 R(2)X 2.385180572177377
18 R(2)Y 3.1415882232243812 57 R(2)Y 3.0169184347659774
19 R(2)Z 6.7559904951046 · 10−5 58 R(2)Z 1.4620953315141385
20 R(3)X 1.185074722683019 59 R(3)X 1.1258670832503659
21 R(3)Y 3.141691576333686 60 R(3)Y 1.8289082653712643
22 R(3)Z −3.562993822558777 · 10−5 61 R(3)Z 1.257061399856186
23 R(4)X 1.3267674839439592 62 R(4)X 2.726979125875662
24 R(4)Y 1.697674066992338 63 R(4)Y 3.182404050384048
25 R(4)Z 3.2542541431385135 64 R(4)Z 0.9113006716946862
26 MS 1.2961753988001792
27 R(1)X 1.80332241033805
28 R(1)Y −9.14307205449397 · 10−6

29 R(1)Z 0.00013217255162876435
30 R(2)X 2.5206093101178855
31 R(2)Y 3.141617687717394
32 R(2)Z 3.141423898780103
33 R(3)X 1.6829531013144419
34 R(3)Y −1.2744701675664226 · 10−5

35 R(3)Z 1.1892895790349708 · 10−5

36 R(4)X 2.7949214025522897
37 R(4)Y 2.9814542086299864
38 R(4)Z 1.134224555725302
39 MS 6.779626443860337

and for the flag scheme we use

c′ = #operations(FL) = 88 (E15)

c̃′ = #idlingduringmeasurement(FL) = 14. (E16)

The parameter regions shown in the utility diagram of
Fig. 5 correspond to these values.

APPENDIX F: CIRCUITS FOR FLAG EC

The flag EC scheme used for comparison in Secs. II C,
IV A and IV C was suggested in Ref. [57] and has been
recently implemented with trapped ions [14,16]. It consists
of application of the two circuits shown in Figs. 15 and 16.

As a first step, all stabilizers are measured in an inter-
leaved way with the help of six auxiliary qubits. When all
six qubits are measured as +1, we know that no uncor-
rectable error is present on the data qubits. When any of the
qubits is measured as −1 however, we cannot tell whether
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faults have propagated from within the measurement cir-
cuit to the data qubits or there have been faults on the
input state already. The additional round of syndrome read-
out, performed as a second step, is needed to clarify the
syndrome of the faulty state. If the syndrome is different
from the previously measured one, we interpret the mea-
surement outcome of the first block as a flag event. This
means that we apply the appropriate two-qubit correction
according to the flag error set if the syndrome is consis-
tent with the possible two-qubit errors. Otherwise, or if the
two measured syndromes agree, we apply the single-qubit
correction according to the Steane code’s look-up table.
This way, logical failures can only happen with probability
O(p2).

APPENDIX G: MULTI-ION MS GATE CIRCUITS

In the following, we list the components needed to com-
pile the MFEC scheme in Fig. 2 into multi-ion MS gates,
as discussed in Sec. IV B.

CNOT gate. For the decompositions of CNOT gates
into two-qubit MS gates and local rotations Rσ =
exp [−i(θ/2)σ ] with σ ∈ {X , Y, Z} we use the identity

CiNOTj = R(i)Y (−π/2)R(i)X (π/2)R
(j )
X (π/2)U

(ij )
2

(−π/2)R(i)Y (π/2) (G1)

for a gate acting on qubits i and/or j [112].

1. Toffoli gate

The Toffoli gate decomposition into three three-qubit
MS gates and local rotations from Ref. [97] is reproduced
in Fig. 17.

2. Syndrome mapping

The circuit that uses two five-qubit MS gates for map-
ping of a stabilizer expectation value to a single auxiliary
qubit from Refs. [78,96] is reproduced in Fig. 18 for the
stabilizer KZ

1 . The circuits for the other Z-type stabilizers
are analogous. For the mapping of X -type stabilizers, no Y
rotations on the data qubits must be applied.

3. C3NOT gate

The C3NOT gate followed by reset of the control qubits
can be decomposed into four four-qubit MS gates as
shown in Fig. 19. We found the decomposition using a
parametrized circuit ansatz in pennylane [98]. The param-
eters �x are the 64 rotation angles that parametrize the four
four-qubit MS gates and layers of arbitrary X , Y, and Z
rotations on each qubit before and after the four-qubit MS
gates. As a cost function, we use the weighted average of
the Pauli-X and -Z expectation value of the target qubit
for application of the parametrized circuit unitary U(�x) to
all 16 computational basis states and additional 16 states

with the control qubits in the computational basis and
the target qubit in the polar basis. The expectation val-
ues of the states U(�x) |1110〉 , U(�x) |1111〉 , U(�x) |111+〉,
and U(�x) |111−〉 are multiplied by −7/2 while all other
states have weight −1/2 so that the minimal cost function
value is −28. We keep optimizing the circuit parameters
using the AdagradOptimizer in pennylane until the
minimal value is found with an absolute tolerance of 10−4

(see Fig. 20). The converged angles for all 64 gates in the
parametrized circuit are given in Table IV.
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ler, M. Greiner, V. Vuletić, and M. D. Lukin, A quantum
processor based on coherent transport of entangled atom
arrays, Nature 604, 451 (2022).

[22] I. Cong, H. Levine, A. Keesling, D. Bluvstein, S. T. Wang,
and M. D. Lukin, Hardware-efficient, fault-tolerant quan-
tum computation with Rydberg atoms, Phys. Rev. X 12,
021049 (2022).

[23] Y. Wu, S. Kolkowitz, S. Puri, and J. D. Thompson, Erasure
conversion for fault-tolerant quantum computing in alka-
line earth Rydberg atom arrays, Nat. Commun. 13, 4657
(2022).

[24] P. Scholl, A. L. Shaw, R. Bing-Shiun Tsai, R. Finkel-
stein, J. Choi, and M. Endres, Erasure conversion in a
high-fidelity Rydberg quantum simulator, Nature 622, 273
(2023).

[25] S. Ma, G. Liu, P. Peng, B. Zhang, S. Jandura, J. Claes,
A. P. Burgers, G. Pupillo, S. Puri, and J. D. Thompson,
High-fidelity gates and mid-circuit erasure conversion in
an atomic qubit, Nature 622, 279 (2023).

[26] I. Pogorelov, T. Feldker, Ch. D. Marciniak, L. Postler, G.
Jacob, O. Krieglsteiner, V. Podlesnic, M. Meth, V. Neg-
nevitsky, M. Stadler, B. Höfer, C. Wächter, K. Lakhman-
skiy, R. Blatt, P. Schindler, and T. Monz, Compact ion-
trap quantum computing demonstrator, PRX Quantum 2,
020343 (2021).

[27] M. Saffman, Quantum computing with atomic qubits and
Rydberg interactions: progress and challenges, J. Phys. B:
At., Mol. Opt. Phys. 49, 202001 (2016).

[28] B. B. Blinov, L. Deslauriers, P. Lee, M. J. Madsen, R.
Miller, and C. Monroe, Sympathetic cooling of trapped
Cd+ isotopes, Phys. Rev. A 65, 040304 (2002).

[29] M. D. Barrett, B. DeMarco, T. Schaetz, V. Meyer, D.
Leibfried, J. Britton, J. Chiaverini, W. M. Itano, B.
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Vuletić, and M. D. Lukin, High-fidelity parallel entangling
gates on a neutral-atom quantum computer, Nature 622,
268 (2023).

[87] L. Isenhower, M. Saffman, and K. Mølmer, Multibit
CkNOT quantum gates via Rydberg blockade, Quantum
Inf. Process. 10, 755 (2011).

[88] M. Khazali and K. Mølmer, Fast multiqubit gates by adi-
abatic evolution in interacting excited-state manifolds of
Rydberg atoms and superconducting circuits, Phys. Rev.
X 10, 021054 (2020).

[89] M. Müller, I. Lesanovsky, H. Weimer, H. P. Büchler,
and P. Zoller, Mesoscopic Rydberg gate based on electro-
magnetically induced transparency, Phys. Rev. Lett. 102,
170502 (2009).

[90] J. T. Young, P. Bienias, R. Belyansky, A. M. Kaufman,
and A. V. Gorshkov, Asymmetric blockade and multiqubit
gates via dipole-dipole interactions, Phys. Rev. Lett. 127,
120501 (2021).

[91] T. Monz, K. Kim, W. Hänsel, M. Riebe, A. S. Villar, P.
Schindler, M. Chwalla, M. Hennrich, and R. Blatt, Real-
ization of the quantum Toffoli gate with trapped ions,
Phys. Rev. Lett. 102, 040501 (2009).

[92] Y. Kim, A. Morvan, L. B. Nguyen, R. K. Naik, C. Jünger,
L. Chen, J. M. Kreikebaum, D. I. Santiago, and I. Siddiqi,
High-fidelity three-qubit iToffoli gate for fixed-frequency
superconducting qubits, Nat. Phys. 18, 783 (2022).

[93] A. J. Baker, G. B. Huber, N. J. Glaser, F. Roy, I. Tsitsilin,
S. Filipp, and M. J. Hartmann, Single shot i-Toffoli gate in
dispersively coupled superconducting qubits, Appl. Phys.
Lett. 120, 054002 (2022).

[94] N. J. Glaser, F. Roy, and S. Filipp, Controlled-controlled-
phase gates for superconducting qubits mediated by a
shared tunable coupler, Phys. Rev. Appl. 19, 044001
(2023).

[95] A. Sørensen and K. Mølmer, Entanglement and quantum
computation with ions in thermal motion, Phys. Rev. A 62,
022311 (2000).

[96] M. Müller, K. Hammerer, Y. Zhou, C. F. Roos, and P.
Zoller, Simulating open quantum systems: from many-
body interactions to stabilizer pumping, New J. Phys. 13,
085007 (2011).

[97] E. A. Martinez, T. Monz, D. Nigg, P. Schindler, and
R. Blatt, Compiling quantum algorithms for architectures
with multi-qubit gates, New J. Phys. 18, 063029 (2016).

[98] V. Bergholm, et al., PennyLane: Automatic differ-
entiation of hybrid quantum-classical computations,
ArXiv:1811.04968 (2022).

[99] The syndrome mapping step in this variant is expected
to be more noisy since 6p5 > 12p2 as compared to the
CNOT version with the parameters from Table I. Also note
that the decomposition into MS gates requires additional
single-qubit rotations compared to the CNOT version,
which we did not optimize for these simulations.

[100] A. Pagano, S. Weber, D. Jaschke, T. Pfau, F. Meinert,
S. Montangero, and H. P. Büchler, Error budgeting for a
controlled-phase gate with strontium-88 Rydberg atoms,
Phys. Rev. Res. 4, 033019 (2022).

[101] S. Jandura and G. Pupillo, Time-optimal two- and three-
qubit gates for Rydberg atoms, Quantum 6, 712 (2022).

[102] For the simulations, we choose realistic operation error
rates p1 = 3 × 10−4, p2 = 5 × 10−3, p3 = 2 × 10−2, p4 =
3 × 10−2, pi = pm = 2 × 10−3 and operation times t1 =
ti = 1μs, t2 = 250ns, t3 = t4 = 500ns. With coherence
time T∗

2 = 4ms (T2 = 1s), this leads to idling error rates
pidle,1 = pidle,i = 1.2 × 10−4, pidle,2 = 3.1 × 10−5 and
pidle,3 = pidle,4 = 6.2 × 10−5 (pidle,1 = pidle,i = 5 × 10−7,
pidle,2 = 1.25 × 10−7 and pidle,3 = pidle,4 = 2.5 × 10−7)
using Eq. (2) [21,86]. For measurement times tmeas ∈
{500μs, 1ms} we employ idling error rates pidle,m ∈ {5.9 ×
10−2, 11.8 × 10−2} (pidle,m ∈ {2.5 × 10−4, 5 × 10−4}) that
follow from the values of T∗

2 (T2) stated above.
[103] D. Barredo, S. de Léséleuc, V. Lienhard, T. Lahaye, and

A. Browaeys, An atom-by-atom assembler of defect-free
arbitrary two-dimensional atomic arrays, Science 354,
1021 (2016).

[104] M. Endres, H. Bernien, A. Keesling, H. Levine, E. R.
Anschuetz, A. Krajenbrink, C. Senko, V. Vuletic, M.
Greiner, and M. D. Lukin, Atom-by-atom assembly of
defect-free one-dimensional cold atom arrays, Science
354, 1024 (2016).

[105] Loïc Henriet, L. Beguin, A. Signoles, T. Lahaye, A.
Browaeys, Georges-Olivier Reymond, and C. Jurczak,
Quantum computing with neutral atoms, Quantum 4, 327
(2020).

[106] A. M. Kaufman and K.-K. Ni, Quantum science with opti-
cal tweezer arrays of ultracold atoms and molecules, Nat.
Phys. 17, 1324 (2021).

[107] L. Lao and C. G. Almudever, Fault-tolerant quantum error
correction on near-term quantum processors using flag and
bridge qubits, Phys. Rev. A 101, 032333 (2020).

010333-24

https://doi.org/10.1088/2058-9565/ac823a
https://digitalrepository.unm.edu/phyc_etds/203/
https://github.com/PECOS-packages/PECOS
https://doi.org/10.1103/PhysRevLett.123.170503
https://doi.org/10.1038/s41586-023-06481-y
https://doi.org/10.1007/s11128-011-0292-4
https://doi.org/10.1103/PhysRevX.10.021054
https://doi.org/10.1103/PhysRevLett.102.170502
https://doi.org/10.1103/PhysRevLett.127.120501
https://doi.org/10.1103/PhysRevLett.102.040501
https://doi.org/10.1038/s41567-022-01590-3
https://doi.org/10.1063/5.0077443
https://doi.org/10.1103/PhysRevApplied.19.044001
https://doi.org/10.1103/PhysRevA.62.022311
https://doi.org/10.1088/1367-2630/13/8/085007
https://doi.org/10.1088/1367-2630/18/6/063029
https://arxiv.org/abs/1811.04968
https://doi.org/10.1103/PhysRevResearch.4.033019
https://doi.org/10.22331/q-2022-05-13-712
https://doi.org/10.1126/science.aah3778
https://doi.org/10.1126/science.aah3752
https://doi.org/10.22331/q-2020-09-21-327
https://doi.org/10.1038/s41567-021-01357-2
https://doi.org/10.1103/PhysRevA.101.032333


MEASUREMENT-FREE FAULT-TOLERANT... PRX QUANTUM 5, 010333 (2024)

[108] C. Chamberland and K. Noh, Very low overhead fault-
tolerant magic state preparation using redundant ancilla
encoding and flag qubits, npj Quantum Inf. 6, 91 (2020).

[109] N. Lang and H. P. Büchler, Minimal instances for toric
code ground states, Phys. Rev. A 86, 022336 (2012).

[110] D. Amaro, M. Müller, and A. K. Pal, Scalable char-
acterization of localizable entanglement in noisy topo-
logical quantum codes, New J. Phys. 22, 053038
(2020).

[111] D. Nigg, M. Müller, E. A. Martinez, P. Schindler, M.
Hennrich, T. Monz, M. A. Martin-Delgado, and R. Blatt,

Quantum computations on a topologically encoded qubit,
Science 345, 302 (2014).

[112] D. Maslov, Basic circuit compilation techniques for an
ion-trap quantum machine, New J. Phys. 19, 023035
(2017).

[113] D. Maslov, Advantages of using relative-phase Toffoli
gates with an application to multiple control Toffoli opti-
mization, Phys. Rev. A 93, 022311 (2016).

[114] T. M. Graham, et al., Multi-qubit entanglement and algo-
rithms on a neutral-atom quantum computer, Nature 604,
457 (2022).

010333-25

https://doi.org/10.1038/s41534-020-00319-5
https://doi.org/10.1103/PhysRevA.86.022336
https://doi.org/10.1088/1367-2630/ab84b3
https://doi.org/10.1126/science.1253742
https://doi.org/10.1088/1367-2630/aa5e47
https://doi.org/10.1103/PhysRevA.93.022311
https://doi.org/10.1038/s41586-022-04603-6

	I.. INTRODUCTION
	II.. MEASUREMENT-FREE FT QEC CYCLE
	A.. Scheme
	B.. Resources
	C.. Measurement-free advantage

	III.. DETERMINISTIC FT LOGICAL STATE PREPARATION
	IV.. PRACTICAL IMPLEMENTATION
	A.. Decomposition in two-qubit gates
	B.. Use of multiqubit gates
	1.. Native multiqubit-controlled feedback in neutral-atom platforms
	2.. Coherent syndrome mapping and quantum feedback in ion traps

	C.. Implementation with neutral atoms

	V.. CONCLUSIONS AND OUTLOOK
	. CODE AVAILABILITY
	. ACKNOWLEDGMENTS
	. APPENDIX A: CORRECTING WEIGHT-2 ERRORS IN THE d=3 SURFACE CODE
	. APPENDIX B: DECOMPOSING n-QUBIT-CONTROLLED-not GATES FOLLOWED BY RESET
	. APPENDIX C: DECODING VARIANT
	. APPENDIX D: NOISE MODEL
	. APPENDIX E: DETAILS OF MFEC PERFORMANCE
	. APPENDIX F: CIRCUITS FOR FLAG EC
	. APPENDIX G: MULTI-ION MS GATE CIRCUITS
	1.. Toffoli gate
	2.. Syndrome mapping
	3.. C3NOT gate

	. REFERENCES


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


