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We present a novel protocol to detect rare signals in a noisy environment using quantum error correction
(QEC). The key feature of our protocol is the discrimination between signal and noise through distinct
higher-order correlations, realized by the nonlinear processing that occurs during syndrome extraction in
QEC. In this scheme, QEC has two effects. First, it sacrifices part of the signal ϵ by recording a reduced,
stochastic, logical phase ϕL ¼ Oðϵ3Þ. Second, it corrects the physical noise and extends the (logical)
coherence time for signal acquisition. For rare signals occurring at random times in the presence of local
Markovian noise, we explicitly demonstrate an improved sensitivity of our approach over more
conventional sensing strategies.
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Introduction—Quantum metrology [1–3] is one of the
prime applications of quantum technologies [4–10]. By
exploiting entanglement [11–19], quantum sensors can
achieve sensitivities that improve linearly with the number
of involved particles. This scaling is known as the
“Heisenberg limit,” and it constitutes a significant improve-
ment over the “standard quantum limit” (SQL) reachable
with uncorrelated probes. However, this conceptual advan-
tage of entangled quantum sensors is typically rapidly lost in
practical applications [20,21] due to decoherence [22–27].
While the same challenge arises in quantum computing

[28–33], quantum error correction (QEC) [34] provides an
efficient framework to protect quantum operations by
encoding and monitoring quantum information in suitably
entangled many-particle states. Accordingly, a natural ques-
tion is whether quantum metrology might also benefit from
analogous correction strategies [35–39]. Consideration of
this question for Markovian noise reveals that, when the
signal shares its operator structure with the noise—more
precisely, if “the signal Hamiltonian lies in the span of the
Lindblad or Kraus operators” [40–43]—QEC for quantum
metrology is fundamentally limited: asymptotically, the
sensitivity follows SQL scaling, and QEC is not helpful
in many physical circumstances.

In this Letter, we present a novel type of quantum sensing
protocol where QEC can enhance sensor performance for
general local Markovian noise [Fig. 1(a)]. Our protocol
applies to pulsed collective signals that are both weak,
parametrized by a small-angle rotation ϵ, and rare, with a
known, small, average pulse rate R; see Fig. 1(b) [44]. For
such signals we demonstrate an advantage of our logical
sensing strategy over standard physical sensing strategies
when the physical noise rate γ dominates over the signal
rate, i.e., γ ≫ R. This is possible because the signal, after
applying syndrome extraction and error correction, realizes
a higher-order logical phase rotation [45–49] that can be
coherently acquired. We show that, on average, our logical
sensor behaves just like a physical sensor with renormalized
signal strength and decoherence rates: while the error-
correction procedure attenuates the signal strength from ϵ
to ϵ3, it also reduces the decoherence rate to allow for an
extended sensing time of the logical sensors. This sensing
time is the critical resource for improving the sensor
sensitivity with QEC, and its extensions can more than
offset the cubic reduction in signal. We demonstrate this
behavior with analytical calculations and numerical simu-
lations for the example of a [[7,1,3]] Steane code, and
discuss generalizations to other codes further below.
Signal structure and sensing task—In this Letter, we

consider a special type of signal consisting of short,
randomly spaced pulses; see Fig. 1(b). We model the signal
amplitude as ωðtÞ ¼ P

i fðt − tiÞ, where each pulse has a
shape f with pulse area ϵ ¼ R

dtfðtÞ, and duration σt much
shorter than all other relevant timescales, such that it is
effectively described by a Dirac-delta function fðtÞ ¼ ϵδðtÞ.
To be concrete, we assume the pulses to arrive at random,
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unknown times ti, distributed according to a Poisson process
with a known mean pulse rate R. In this setting, we consider
the task of determining ϵ.
For this we consider a setup of n physical sensors that are

exposed to the signal for a total sensing time T. We model
the sensors as two-level systems, fj0ij; j1ijg, j ¼ 1;…; n,
which couple homogeneously to the signal via the time-
dependent Hamiltonian

HðtÞ ¼ −½ωðtÞ=2�Xn
j¼1

Zj; ð1Þ

where Zi are Pauli operators. We are interested in a weak
signal limit, where each pulse imprints a small phase ϵ ≪ 1
[50], in the presence of local Markovian noise with strength
γ. Here, we consider the case of dephasing noise, such
that the Lindblad jump operators Zi span the signal
Hamiltonian. Thus, the qubits have a finite coherence time
τ ¼ 1=ð2γÞ, which we assume to be much longer than a
single pulse duration, τ ≫ σt. For such times ≫ σt, the
evolution is modeled with an effective master equation,

∂tρ̄ ¼ γD½ρ̄� þ RSϵ½ρ̄�; Sϵ½ρ̄� ¼ Uϵρ̄U
†
ϵ − ρ̄; ð2Þ

for ρ̄ ¼ ⟪ρ⟫, where ⟪ · ⟫ denotes the ensemble average
over the Poissonian signal process, D½ρ� ¼ P

n
j¼1

ðZjρZj − ρÞ, and the pulses act as a jump operator Uϵ ¼
expðiϵPn

i¼1 Zi=2Þ representing collective phase kicks. Note
that both signal and noise are therefore effectively described
by nonunitary dynamics.
Physical (Ramsey) sensing—We first consider a standard

Ramsey protocol with physical sensing qubits. For this, we
may either prepare all n qubits independently (case R1), or
in an entangled state (case R2). In the presence of noise,
and for ϵ ≪ 1=n [51], we choose optimal sensing intervals
Δt, and both strategies (R1, R2) eventually give the same
sensitivity, as the GHZ-state entanglement is fragile to
noise [22]. The performance of estimating ϵ is given by the
minimal uncertainty σϵ ¼ 1=

ffiffiffiffiffiffiffi
Ftot
R

p
, where Ftot

R is the total
quantum Fisher information (QFI) over multiple repetitions
of the protocol [3]. In total, we get

Ftot
R ¼ nR2T

4eγ
; R1 and R2; ð3Þ

with Euler number e; see Supplemental Material (SM) [52].
The Fisher information is proportional to the number of
signal pulses RT, and additionally suppressed by the
signal-to-noise ratio R=γ ≪ 1. This quantifies the intuitive
expectation that rare signals make it increasingly difficult to
distinguish signal and noise background.
Classical error detection protocol—To eliminate noise,

we next consider the sensors as a classical error-detecting
code; see Fig. 2(b). Again, we distinguish the cases of n
physical sensors without (case ED1) and with entanglement
(case ED2). The sensors are exposed to both signal and
noise for a very short sensing interval Δt ≪ 1=ðnγÞ, after
which we measure the individual observables Xi,
i ¼ 1;…; n. Then we record measurement outcomes cor-
responding to two (or more) Xi ¼ −1.
Overall, the probability for recording a signal scales as

p2 ∼ ½nðn − 1Þ=2�ðϵ=2Þ4 (ED1) and p2 ∼ ½ðn=4Þϵ�4 (ED2),
which leads to the Fisher information (see SM [52]),

Ftot
ED ¼

� ð1=2Þnðn − 1ÞRTϵ2; ED1;

ð1=16Þn4RTϵ2; ED2:
ð4Þ

Error detection has two effects: it filters the noise as
multiple Z errors from dephasing are negligibly rare for
Δt → 0; however, it misses signal events and hence results
in Ftot

ED ∝ ϵ2 ≪ 1. In the following, we demonstrate how
this problem is overcome with our QEC-enhanced logical
sensing strategy, which extends the logical coherence time
τL far beyond the physical coherence time.
QEC-enhanced logical sensing—To illustrate our pro-

tocol, we first consider a single logical sensor constructed
from seven qubits in a [[7,1,3]] Steane code, and discuss
variants with multiple logical sensors later. While the

(a) (b)

FIG. 1. QEC-enhanced logical sensing scheme. (a) We entangle
physical sensors and form quantum codes—for example, a seven-
qubit Steane code—to improve the sensing performance in the
presence of local Markovian decoherence with strength γ. (b) We
consider the task of sensing a random rare (with known rate R)
and weak signal ωðtÞ in the form of short pulses with area ϵ and
duration σt.

(a)

(b)

(c)

FIG. 2. Sensing strategies. We compare three different sensing
strategies (seemain text): (a) physical sensing (Ramsey); (b) physi-
cal sensing with classical error detection; (c) QEC-enhanced
logical sensing. All three sensing strategies can be enhanced using
entanglement between multiple physical or logical sensors.
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numerical prefactors in the following expressions are
specific to the Steane code, the overall scalings are general
for distance-3 CSS codes.
Our operation cycle is sketched in Figs. 2(c) and 3(a): we

perform a Ramsey sequence on the level of a logical qubit
over the sensing interval ΔtL. That is, we initialize the qubits
in the logical state jψLi ¼ jþLi ¼ ðj0Li þ j1LiÞ=

ffiffiffi
2

p
,

where j0Li; j1Li are the logical basis states, and expose
all physical sensors to the same signal (1), such that the real-
time dynamics on the physical level is again described by
Eq. (2). During this sensing interval, we perform repeated
rounds of syndrome extraction in time steps δt, which we
assume to be perfect without adding gate-level noise. The
syndrome extraction rate must satisfy σt ≪ δt ≪ τ to
efficiently correct the dephasing noise; it corrects for
single-qubit errors, whereas higher-order errors result in a
logical decoherence rate Γγ ¼ 42γ2δt. For simplicity, we
assume that σt and δt are sufficiently short, such that signals
and error correction operations never coincide.
However, while QEC at rate ∼1=δt corrects noise, it also

removes part of the signal. To analyze this, we first consider
how the signal interacts with the syndrome extraction rounds
in a noise-free setting. That is, we consider an interval δt
between two syndrome extraction events that contains a
signal pulse described by the unitary operation Uϵ ¼

expðiϵPi Zi=2Þ acting on the qubits. For distance d ¼ 3
codes, this operator contains a logical signal in third order of
ϵ. In the subsequent syndrome measurement, we distinguish
two outcomes. With probability pþ ≈ 1 − ð7=4Þϵ2, all sta-
bilizers are measured with eigenvalue þ1, and the meas-
urement projects the state back into the code space C.
Importantly, as detailed in SM [52], this outcome results in
the application of a logical phase gate with angle
ϕþ
L ≈ ð7=4Þϵ3. With probability p− ≈ ð7=4Þϵ2, however, at

least one stabilizer is flipped and the resulting state lies
outside of the logical subspace C. We then perform the usual
error correction step to bring the state back into C [54]. As
detailed in SM [52], this operation results in a logical phase
gate with angle ϕ−

L ¼ −3ϵ. On average, per signal we thus
obtain a logical phase with mean value ϕL ¼ pþϕþ

L þ
p−ϕ

−
L ≈ −ð7=2Þϵ3 and variance σ2ϕL

≈ 63
4
ϵ4. Conversely,

for intervals where no pulse appears, the syndrome extrac-
tion does not affect the logical state. In total, after a time
interval ΔtL, which contains on average RΔtL signal pulses,
the logical sensor acquires the mean logical phase
ΦL ¼ ð7=2ÞðRΔtLÞϵ3; see Fig. 3(c). The randomness asso-
ciated with this signal acquisition with stochastic stabilizer
outcomes (and their correspondingly different logical
phases) results in dephasing of the logical phase given byffiffiffiffiffiffiffiffiffiffiffi
RΔtL

p
σϕL

. This dynamics of our logical sensor is shown in
Fig. 3(d), where we show individual trajectories (associated
with the stochastic stabilizer outcomes) and corresponding
ensemble averages and variances of the logical phase ΦL.
Extending this analysis of the logical sensor to include

also the effect of dephasing noise, we find the following
logical state after a number of ΔtL=δt QEC cycles:

ρLðΔtLÞ ≈
1

2

�
1 eðiΩ−ΓÞΔtL

eð−iΩ−ΓÞΔtL 1

�
; ð5Þ

written in the logical basis fj0Li; j1Lig (see SM [52]), and
we neglect terms of higher order in ϵ and γδt. Here, we
defined the logical signal strengthΩ ¼ 7

2
ϵ3R, and the logical

decoherence rate Γ ¼ Γγ þ ΓR, as the sum of ΓR ¼ Rσ2ϕL
=

2 ¼ 63
8
Rϵ4, associated with the stochastic stabilizer out-

comes, and Γγ ¼ 42γ2δt associated with higher-order errors
due to the physical noise. Since Γγ scales as ∼δt, it can be
made arbitrarily small compared to ΓR in the limit δt → 0. In
this limit, both the logical signal and decoherence rates scale
as ∝ R [55]. For a logical measurement at the optimal bias
point [Fig. 3(b)], the Fisher information with respect to ϵ is

FLðΔtLÞ ¼ cðRΔtLÞ2ϵ4e−2ΓΔtL ; ð6Þ
where we have assumed γδt ≪ ϵ2, and defined a numerical
constant c ¼ 9 × 49=4 specific to the Steane code. Equation
(6) approximates the QFI of ρL to leading order once the
mean logical phase exceeds its stochastic spread, ΦL ≫ffiffiffiffiffiffiffiffiffiffiffi
RΔtL

p
σϕL

[Fig. 3(d)], i.e., for ΔtL ≫ 1=ðRϵ2Þ, which
includes the optimal sensing intervals discussed below

(a)

(c) (d)

(b)

FIG. 3. Logical sensing protocol. (a) Our quantum sensor is
built from quantum codes, e.g., a [[7,1,3]] Steane code. (b) QEC
Ramsey cycle: we prepare the logical state jþLi, then sense the
signal for a durationΔtL interspersed with syndrome extraction in
intervals of δt, and, finally, apply a logical projective measure-
ment (at optimal bias point). (c) Syndrome extraction converts the
signal to a probabilistic logical gate, with logical phase ϕþ

L=ϕ
−
L

depending on stabilizer outcomes with probabilities pþ=p−.
(d) Numerical demonstration of an average logical signal
ΦL ∝ RΔtLϵ3. We show data for T ¼ 100, δt ¼ 10−3, R ¼ 30,
ϵ ¼ 0.005 × 2π, γ ¼ 0, and 50 runs; the dashed lines indicate the
analytical estimate ΦL � ffiffiffiffiffiffiffiffiffiffiffi

RΔtL
p

σϕL
.
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(see SM [52]). Equation (6) shows that FL ∝ ϵ4, which is a
simple consequence of FL ∝ ½∂Ω=∂ϵ�2. This shows that
logical sensors behave like single physical sensors but
with renormalized signal ϵR → ϵ3R and dephasing
rates γ → γ2δt.
Depending on the available total sensing time T we can

distinguish two regimes. (i) If T ≪ 1=Γ, it is optimal to
perform a single sensing step over the full sensing time
ΔtL ¼ T. In this case, the sensitivity is determined via the
resulting Fisher information Ftot

L ¼ cðRTÞ2ϵ4 þOðΓTÞ.
Comparison with the standard physical sensing strategy
shows Ftot

L =Ftot
R ∼ ϵ4γT. Thus, sensitivity is enhanced by

extending the sensing time as T ≳ 1=ðγϵ4Þ beyond the
physical coherence time of the sensors. Similarly, comparing
against error detection, we obtain FL=Ftot

ED ∼ RTϵ2, which
can be enhanced for sufficiently large sensing times
T ≳ 1=ðRϵ2Þ. (ii) For even longer evolution times
T ≳ 1=Γ, the optimal strategy is to repeat Ramsey cycles
of duration ΔtL for a number of M ¼ T=ΔtL times, which
yields the total Fisher information Ftot

L ¼ MFLðΔtLÞ.
Optimizing sensing intervals as ΔtL ¼ 1=ð2ΓÞ yields

Ftot
L ¼ c

ðRϵ2Þ2T
2Γe

⟶
δt→0

c0
RT
e

; ð7Þ

with c0 ¼ 7. The optimal sensitivity in both regimes is
shown in Fig. 4(a), and we compare against MFLðΔtLÞ for
different repetition numbers M.
In Figs. 4(b) and 4(c), we compare the sensitivities

obtained from the different strategies in Eqs. (3), (4), and
(7) [56]. Overall, we find an improved sensitivity of our
logical sensing protocols when δt → 0. Specifically, for a
fixed number of available qubits, we find that
Ftot
L =Ftot

R → 4γ=R, and Ftot
L =Ftot

ED → 1=ϵ2. This shows that
the simultaneous renormalization of signal and dephasing
rate due to QEC can have a net positive effect in either case:
the advantage from the noise renormalization outweighs the
(cubic) reduction of the signal. The underlying reason is
that reduced decoherence with τL ¼ 1=Γ ≫ τ allows to
extend sensing time as the critical resource [57].
Multiple logically entangled sensors—Similar to physi-

cal sensors, our logical sensor can be enhanced by entan-
gling nL logical blocks. For this one considers the logical
GHZ state, jψLi ¼ ðj0Li⊗nL þ j1Li⊗nLÞ= ffiffiffi

2
p

, and sub-
sequently applies the sensing protocol to all nL logical code
blocks in parallel. If the total available sensing time is short,
T ≪ 1=ðnLΓÞ, the optimal sensing interval is again
ΔtL ¼ T, where the extra factor nL originates from the
entanglement-enhanced logical decoherence rate. Other-
wise, when T ≳ 1=ðnLΓÞ, we set sensing intervals to
ΔtL ¼ 1=ð2nLΓÞ. These strategies result in

Ftot
L ¼

�
cn2Lϵ

4ðRTÞ2; T ≪ O½1=ðnLΓÞ�;
cnLðRϵ2Þ2T=ð2ΓeÞ; T ≳O½1=ðnLΓÞ�:

ð8Þ

This Fisher information gives rise to Heisenberg scaling for
short evolution times T, where the sensitivity improves
linearly in nL and hence linearly in the number of physical
sensors n. At larger times T, the advantage of entangling the
nL logical sensors is reduced to standard (SQL) scaling in
nL, analogous to the case of physical sensors [22]. While
error detection can have better scaling in n [see Fig. 4(d)],
logical sensing remains favorable for weak signals with ϵ ≪
1=n2 (and fast cycles δt). This may lead to advantages in
scenarios where the number of sensing qubits is limited by
technical constraints or spatial limitations, e.g., for nano-
scale magnetic sensing [4].
Generalizations—Our logical quantum sensing scheme

can be extended in several ways. First, we consider different
error-correcting codes—for instance, a repetition code
encoding one logical qubit into an odd number of d
physical qubits. This changes the scaling relations of our
protocol. Specifically, we obtain FL∼ðRΔtLÞ2ϵ2ðd−1Þexp
ð−2ΓΔtLÞ, with the logical decoherence Γ¼ΓγþΓR,
Γγ ∼ γðγδtÞðd−1Þ=2, and ΓR ∼ Rϵdþ1. For δt → 0, this results
in the total Fisher information, FL ∼ RTϵd−3. While this
sensitivity is maximized for d ¼ 3, larger distance can be
beneficial for reaching the condition Γγ=ΓR ≪ 1 at a fixed
δt, as the code corrects multiple errors. Furthermore,
different codes imprint logical phases with different ϵ
dependence, hence, combining codes allows for an inde-
pendent estimation of ϵ and R, when R is unknown.

(a) (b)

(c) (d)

FIG. 4. Comparison of sensing strategies. (a) Logical Fisher
information Ftot

L for M ¼ T=ΔtL repetitions. The blue curve is
optimal for given total sensing time T and logical decoherence Γ.
(b) Sensing performances versus signal rate R. Logical sensing
outperforms physical sensing for small R and δt → 0. (c) Sensi-
tivities versus signal strength ϵ. For δt → 0 and small ϵ, logical
sensing outperforms physical sensing. (d) Dependence on physi-
cal qubit number n. Error detection yields the best asymptotic
sensitivity scaling with n, versus nL logical sensors with
nL ¼ n=7. Parameters are chosen around γ ¼ 0.1; ϵ ¼ 0.036; n ¼
7; R ¼ 0.05; δt ¼ 10−8; T ¼ 3 × 107 [52].
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Second, we can include experimentally relevant noise
models, e.g., quantum noise from spontaneous decay,
which is a limiting factor for atomic clocks, as well as
Markovian dephasing noise with spatial structure, such as
global common-mode noise; see also Refs. [39,58–62].
Conclusions—Our sensing protocol transforms rare and

weak transversal rotations into logical gates while preserving
quantum coherence with QEC. Here, we explicitly exploit
the spatiotemporal structure of the signal: the signal pulses
simultaneously and collectively affect all sensor particles.
Consequently, the signal generator Uϵ can be distinguished
from the Lindbladian noise operators in D through their
higher-order dependence on ϵ. The QEC code performs the
required nonlinear data processing that isolates and extracts
these higher-order contributions, and using this, is able to
outperform other more conventional strategies for this type
of signal. Our protocol is, however, not in conflict with
known results constraining the sensitivity of error-correction
protocols when signal and noise couple to the sensor with the
same operators [40–43]. In fact, the signal (2) defines a
channel estimation problem, where the signal Hamiltonian
lies in the span of Kraus operators [43], and the asymptotic
QFI indeed scales linearly in sensing time and qubit number.
Our protocol further extends to general local Markovian

noise with codes that correct such errors. Also note that, in
general, our protocol requires active error correction, while
for pure dephasing it suffices to only extract the syndromes.
A practical realization of our protocol is enabled by

quantum systems with integrated error-correction capabil-
ities, e.g., based on superconducting qubits, neutral atoms,
or trapped ions; it will require fast and reliable quantum
control and strong system-signal coupling, depending on
the physical nature of the signal. For instance, our protocol
can be advantageous for platforms with millisecond-scale
syndrome extraction and coherent operation over several
hours (SM [52]). While this is demanding, such conditions
are potentially feasible in future atomic qubit platforms
[63–67]. Eventually, however, the performance will be
limited by gate-level noise of the quantum hardware in
relation to the timescales of the physical signal. To
conclude, it would be interesting to identify physical use
cases of our protocol to probe rare and weak signals—for
instance, in the context of dark matter detection [68] or
gravitational wave astronomy [69], or, in combination with
novel quantum-computing enhanced sensing schemes [70].
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