Article

Quantum error correction below the surface

code threshold

https://doi.org/10.1038/s41586-024-08449-y
Received: 24 August 2024

Google Quantum Al and Collaborators*

Accepted: 25 November 2024

Published online: 9 December 2024

Open access

M Check for updates

Quantum error correction'* provides a path to reach practical quantum computing
by combining multiple physical qubits into alogical qubit, in which the logical error
rate is suppressed exponentially as more qubits are added. However, this exponential
suppression only occursifthe physical error rate is below a critical threshold. Here
we present two below-threshold surface code memories on our newest generation

of superconducting processors, Willow: a distance-7 code and a distance-5 code
integrated with areal-time decoder. The logical error rate of our larger quantum
memory is suppressed by afactor of A =2.14 + 0.02 when increasing the code distance
by 2, culminating in a 101-qubit distance-7 code with 0.143% + 0.003 per cent error per
cycle of error correction. This logical memory is also beyond breakeven, exceeding
the lifetime of its best physical qubit by afactor of 2.4 + 0.3. Our system maintains
below-threshold performance when decodingin real time, achieving an average
decoder latency of 63 microseconds at distance 5 up to amillion cycles, with acycle
time of 1.1 microseconds. We also run repetition codes up to distance 29 and find
thatlogical performance s limited by rare correlated error events, occurring
approximately once every hour or 3 x 10° cycles. Our results indicate device
performance that, if scaled, could realize the operational requirements of large-scale
fault-tolerant quantum algorithms.

Quantum computing promises computational speed-upsinquantum
chemistry®, quantum simulation®, cryptography’ and optimization®.
However, quantuminformationis fragile and quantum operations are
error prone. State-of-the-art many-qubit platforms have only recently
demonstrated entangling gates with 99.9% fidelity®'°, far short of the
<10 error rates needed for many applications2. Quantum error
correction is postulated to realize high-fidelity logical qubits by dis-
tributing quantuminformation for many entangled physical qubits to
protect against errors. If the physical operations are below a critical
noisethreshold, the logical error rate should be suppressed exponen-
tially as we increase the number of physical qubits per logical qubit.
This behaviour is expressed in the approximate relation

(d+1)/2
p
Eq™<|— (1)
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for error-corrected surface code logical qubits**?, Here dis the code
distance indicating 2d* - 1 physical qubits used per logical qubit; p
and g, are the physical and logical error rates, respectively; and p,,, is
thethreshold errorrate of the code. Thus, when p < p,,,, theerrorrate
of the logical qubit is suppressed exponentially in the distance of the
code, withtheerror suppression factor A = £,/& 4, = pu../p representing
thereductioninlogical error rate whenincreasing the code distance by
two. Although many platforms have demonstrated different features of
quantum error correction'*?°, no quantum processor has definitively
shown below-threshold performance.

Although achieving below-threshold physical error rates is itself a
formidable challenge, fault-tolerant quantum computing alsoimposes
requirements beyond raw performance. These include features like
stability for the hours-long timescales of quantum algorithms*
and the active removal of correlated error sources like leakage®.
Fault-tolerant quantum computing also imposes requirements on
classical co-processors—namely, the syndrome information produced
by the quantum device must be decoded as fast as it is generated. The
fast operation times of superconducting qubits, ranging from tens to
hundreds of nanoseconds, provide an advantage in speed but also a
challenge for decoding errors both quickly and accurately.

Inthis work, we realize surface codes operating below the threshold
ontwo Willow processors. Using a 72-qubit processor, weimplement a
distance-5surface code operating with anintegrated real-time decoder.
Subsequently, using a105-qubit processor with similar performance,
we realize a distance-7 surface code. These processors demonstrate
A>2uptodistance 5and 7, respectively. Our distance-5and distance-7
quantum memories are beyond breakeven, with distance-7 preserving
quantum information for more than twice as long as its best constitu-
ent physical qubit. To identify possible logical error floors, we also
implement high-distance repetition codes on the 72-qubit processor,
with error rates that are dominated by correlated error events occur-
ringonce anhour. These errors, the origins of which are not yet under-
stood, setacurrenterror floor of 10 °in the repetition code. Finally, we
show that we can maintain below-threshold operation on the 72-qubit
processor even when decoding in real time, meeting the strict timing
requirementsimposed by the fast 1.1 ps cycle duration of the processor.

*A list of authors and their affiliations appears at the end of the paper.
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Fig.1|Surface code performance. a, Schematic of adistance-7 (d = 7) surface
codeonal05-qubit processor. Each measure qubit (blue) isassociated witha
stabilizer (blue-coloured tile). Data qubits (gold) formad x d array. We remove
leakage fromeach data qubitusinganeighbouring qubit belowit, with additional
leakage removal qubits at the boundary (green). b, Cumulative distributions of
error probabilities measured on the 105-qubit processor. Red, Pauli errors for
single-qubit gates; black, Paulierrors for CZ gates; gold, Paulierrors for data
qubitidle during measurement and reset; blue, identification error for
measurement; teal, weight-4 detection probabilities (distance 7, averaged for
250 cycles).c, Logical error probability p, for arange of memory experiment
durations. Each datapointrepresents10°repetitions decoded with the neural

A surface code memory below threshold

Webegin with results from our 105-qubit Willow processor depictedin
Fig.1a.It featuresasquare grid of superconducting transmon qubits®*
withimproved operational fidelities compared with our previously
reported Sycamore processors”?. The qubits have amean coherence
time T, 0f 68 ps and T, cpyg Of 89 ps, which we attribute to improved
fabrication techniques, participation ratio engineering and circuit
parameter optimization (Supplementary Information). Increasing
coherence contributes to the fidelity of all of our operations, which
aredisplayedinFig. 1b.

We also make several improvements to decoding, using two high-
accuracy offline decoders. One is a neural network decoder?, and
the otherisaharmonized ensemble? of correlated minimum-weight
perfect matching decoders?® augmented with matching synthesis®.
These run on different classical hardware, offering two potential
paths towards real-time decoding with higher accuracy. To adapt to
device noise, we fine-tune the neural network with processor data®
and applyreinforcement learning optimization to the matching graph
weights®,

We operate a distance-7 surface code memory comprising 49 data
qubits, 48 measure qubits and 4 additional leakage removal qubits".
Summarizing, we initiate surface code operation by preparing the
dataqubitsinaproductstate correspondingto alogical eigenstate of
either the X, or Z, basis of the ZXXZsurface code®. We then repeat a vari-
able number of cycles of error correction, during which the measured
qubits extract parity information from the data qubits to be sent to the
decoder. After each syndrome extraction, we run data qubit leakage
removal (DQLR)* to ensure that leakage to higher states is short-lived.
We measure the state of the logical qubit by measuring the individual
data qubits and then check whether the corrected logical measure-
ment outcome of the decoder agrees with the initial logical state. Itis
worth noting that fault-tolerant computation does not require active

Quantum error correction cycle, t

Surface code distance, d

network andis averaged over the logical basis (X, and Z)). Black and grey, data
fromref.17 for comparison. Curves, exponential fits after averaging p, over
code and basis. To compute ¢, values, we fit each individual code and basis
separately and report their average (Supplementary Information).d, Logical
error per cycle, ¢, reducing with surface code distance d. Uncertainty on each
pointislessthan7 x107°. The symbols match those in c. Means ford=3andd=5
are computed from the separate g,fits for each code and basis. Line, fit to
equation (1), determining A. Theinset shows simulations up tod =11alongside
experimental points, both decoded with ensembled matching synthesis for
comparison. Line, fit to simulation; A, =2.25+ 0.02.

correction of the code state; the decoder can simply reinterpret the
logical measurement outcomes®.

From the surface code data, we can characterize the physical error
rate of the processor using the bulk error detection probability®. This
isthe proportion of weight-4 stabilizer measurement comparisons that
disagree with theirideal noiseless comparisons, thereby detecting an
error. The surface code detection probabilities are p ., = (7.7%, 8.5%,
8.7%) for d= (3,5, 7), respectively. We attribute the increase in detec-
tion probability with code size to finite size effects (Supplementary
Information) and parasitic couplings between qubits. We expect both
effects to saturate at larger processor sizes**.

We characterize the logical performance of our surface code by fit-
ting the logical error per cycle e,up to 250 cycles, averaged over the X,
and Z, bases. We average the performance of nine different distance-3
subgrids and four different distance-5 subgrids to compare with the
distance-7 code. Finally, we compute A using linear regression of In[g,]
versus d. With our neural network decoder, we observe A =2.14 + 0.02
and &, =(1.43 £ 0.03) x 107 (Fig. 1c,d). With ensembled matching syn-
thesis, we observe4=2.04 +0.02and &,=(1.71+0.03) x 1072,

Furthermore, we simulate logical qubits of higher distances using a
noise model based on the measured component error rates in Fig. 1b,
additionally including leakage and stray interactions between qubits?”
(Supplementary Information). These simulations are shown alongside
the experiment (Fig. 1d, inset), both decoded with ensembled match-
ing synthesis. We observe reasonable agreement with experiment
and decisive error suppression, affirming that the surface codes are
operating below threshold.

Thus far, we have focused on A, because below-threshold perfor-
mance guarantees that physical qubit lifetimes and operational fideli-
ties canbe surpassed with a sufficiently large logical qubit. Infact, our
distance-7 logical qubit already has more than double the lifetime of
its constituent physical qubits. Although comparing physical and logi-
cal qubits is subtle owing to their different noise processes, we plot a
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Fig.2|Errorsensitivity in thesurface code.a, One cycle of the surface code
circuit, focusing on one data qubit and one measure qubit. Black bar, CZ; H,
Hadamard; M, measure; R, reset; DD, dynamical decoupling; orange, injected
coherenterrors; purple, DQLR*. b, Errorinjectionin the surface codeona
105-qubit processor. Distance 3 averages over 9 subset codes, and distance 5
averages over 4 subset codes, as showninFig. 1. Logical performanceis plotted
against the mean weight-4 detection probability averaging over all codes, for
whichincreasingthe errorinjection angle aincreases the detection probability.
Each experimentis ten cycles with 2 x 10* total repetitions. Lines, power-law fits
for data pointsat or below at which the codes cross. Theinset shows theinverse
error suppression factor, 1/4, versus the detection probability. Line, fit to points
atwhich1/4<1,3.4p,. + 0.29.c, Estimated error budget for the surface code
based oncomponenterrors and simulations. CZ, CZ error, excluding leakage
and stray interactions; CZ stray int., CZerror from unwanted interactions; data
idle, data qubitidle error during measurement and reset; meas., measurement
andreseterror;leakage, leakage during CZs and due to heating; 1Q, single-
qubitgate error; excess, unmodelled error, whichis the difference between
experimental and simulated1/4 (correlated matching).d, Comparison of logical
performance withand without DQLRin each cycle. Distance-3 points (red
triangles) are averaged over 4 quadrants. Each experimentis 10° repetitions.
Curves, exponential fits. QEC, quantum error correction. e, Repeating
experiments to assess performance stability, comparing distance 3 and distance 5.
Eachpointrepresentsasweep of logical performance versus experiment duration,
up to 250 cycles. To obtain the datain d and e, a 72-qubit processor is used.

direct comparison between logical error rate and physical qubit error
rate averaged over the Xand Zbasis initializations (Fig. 1c). To quantify
the qubit lifetime itself, we uniformly average over pure states using
the metric proposed elsewhere'® (Supplementary Information). The
distance-7 logical qubit lifetime is 291 + 6 ps, exceeding the lifetimes of
allthe constituent physical qubits (median, 85 + 7 us; best, 119 + 13 ps)
byafactorof2.4 + 0.3. Ourlogical memory beyond breakeven extends
previous results using bosonic codes'®*?* to multiqubit codes, and it
isacritical step towards logical operation breakeven.

Logical error sensitivity

Equipped with below-threshold logical qubits, we can now probe the
sensitivity of logical error to various error mechanisms in this new
regime. We start by testing how logical error scales with physical error
and code distance. As shown in Fig. 2a, we inject coherent errors with
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variable strengths on both data and measure qubits, and extract two
quantities from each injection experiment. First, we use detection
probability as a proxy for the total physical error rate. Second, we infer
thelogical error per cycle by measuring the logical error probability
at ten cycles, decoding with correlated matching®.

InFig.2b, we plot the logical error per cycle versus detection prob-
ability for the distance-3, distance-5 and distance-7 codes. We find that
the three curves cross near a detection probability of 20%, roughly
consistent with the crossover regime explored elsewhere”. The inset
further shows that detection probability acts as a good proxy for
1/A (ref. 33 and Supplementary Information). When fitting power
laws below the crossing, we observe approximately 80% of the ideal
value (d +1)/2 predicted by equation (1). We hypothesize that this
deviation is caused by excess correlations in the device. Neverthe-
less, higher-distance codes show a faster reduction in logical error,
realizing the characteristic threshold behaviour in situ on aquantum
processor.

To quantify the impact of correlated errors along with more typical
gateerrors, we formanerror budget. Using the method outlined else-
where”¥, we estimate the relative contribution of different component
errors to 1/A. We run simulations based on a detailed model of our
72-qubit processor. The modelincludeslocal noise sources due to gates
and measurements, as well astwo sources of correlated error: leakage,
and stray interactions between neighbouring qubits with our CZ gates
that caninduce correlated ZZ and swap-like errors (Supplementary
Information). Figure 2c shows our estimated error budget for1/Ain the
72-qubit processor when decoding with correlated matching. Applying
the same decoder to experimental datayields/A=1.97 + 0.02. The error
budget overpredicts A by 14% (Fig. 2c, ‘excess’), indicating that most but
notall error effectsin our processor have been captured. Leakage and
stray interactions make up an estimated 17% of the budget; although
not a dominant contributor, we expect theirimportance to increase
asthe error rates decrease. Moreover, out-of-model long-range inter-
actions or high-energy leakage might contribute to the error budget
discrepancy. Overall, both local and correlated errors from CZ gates are
thelargest contributorstothe error budget. Consequently, continuing
to improve both coherence and calibration will be crucial to further
reduce logical error.

One potential source of excess correlations that we actively mitigate
is leakage to higher excited states of our transmon qubits. During the
logical qubit operation, we remove leakage from measure qubits using
multilevel reset. For data qubits, DQLR swaps leakage excitations to
measure qubits (or additional leakage removal qubits)*. To examine
sensitivity toleakage, we measure logical error probability of distance-3
and distance-5 codesin our 72-qubit processor with and without DQLR,
andtheresultsare showninFig.2d. Although activating DQLR does not
strongly affect the distance-3 performance, it substantially boosts the
distance-5 performance, resultingina35%increase inA. Comparatively,
the detection probability decreases by only 12% (Supplementary Infor-
mation), indicating that the detection probability is only agood proxy
forlogicalerror suppressionifthe errors are uncorrelated. Overall, we
find that addressing leakage is crucial for operating surface codes with
transmon qubits>>2%,

Finally, we test the sensitivity to drift. Using our 72-qubit proces-
sor, we measure the logical performance of one distance-5 and four
distance-3 codes16timesover15 h,and the results are showninFig. 2e.
Before therepeated runs, we use afrequency optimization strategy that
forecasts defect frequencies of two-level systems (TLSs). This helps to
avoid qubits coupling to TLSs during the initial calibration as well as
for the duration of the experiments. Between every four experimental
runs, we recalibrate the processor to account for potential qubit fre-
quency and readout signal drift. We observe anaverageA =2.18 + 0.07

(standard deviation) and bestA =2.31+ 0.02 (Supplementary Informa-
tion) when decoding with the neural network. Although the perfor-
mance of the worst distance-3 quadrant appears to fluctuate due to



atransient TLS moving faster than our forecasts, this fluctuation is
suppressed in the distance-5 code, suggesting that larger codes are
less sensitive to component-level fluctuations. Moreover, the logical
errorrates of experiments right after drift recalibration are not appre-
ciably lower than those just prior, indicating that our logical qubit is
robust to the levels of qubit frequency and readout drift present. These
results indicate that superconducting processors can remain stable
for the hours-long timescales required for large-scale fault-tolerant
algorithms?.

Arepetition code memory in the ultralow-error regime

Despite realizing below-threshold surface codes, orders of magnitude
remain between present logical error rates and the requirements
for practical quantum computation. In previous work running rep-
etition codes, we found that high-energy impact events occurred
approximately once every10 s, causing large correlated error bursts
that manifested a logical error floor of around 107 (ref. 17). Such
errors would block our ability to run error-corrected algorithms in
the future, motivating us to reassess repetition codes on our newer
devices.

Using our 72-qubit processor, we run 2 x 107 shots of a distance-29
repetition code with 1,000 cycles of error correction, with the shots
split evenly between bit- and phase-flip codes. In total, we execute
2 x 10" cycles of error correction comprising 5.5 hof processor execu-
tiontime. Given thelogical error probability p, at1,000 cycles, we infer
the logical error per cycle as ;= %(1 - (1-2p)""%). To assess how
thelogical error per cycle scales with distance d, we follow ref. 37 and
subsample lower-distance repetition codes from the distance-29 data.

Averaging over bit- and phase-flip repetition codes, we obtain
A=8.4+0.1whenfitting logical error per cycle versus code distance
between d =5 and d =11 (Fig. 3a). Notably, the error per cycle on the
72-qubit processor is suppressed far below 107, breaking past the error
floor observed previously. We attribute the mitigation of high-energy
impact failures to gap-engineered Josephson junctions®. However,
at code distances of d > 15, we observe a deviation from exponential
error suppression at high distances culminatingin an apparent logical
error floor of 107, Although we do not observe any errors at distance
29, this is probably due to randomly decoding correctly on the few
most-damaging error bursts. Although this logical error per cycle might
permit certain fault-tolerant applications”, it is still many orders of
magnitude higher than expected and precludes larger fault-tolerant
circuits'>?,

When we examine the detection patterns for these high-distance
logicalfailures, we observe two different failure modes (Supplementary
Information). Thefirst failure mode manifests as one or two detectors
suddenly increasing in the detection probability by more than a fac-
tor of 3, settling to their initial detection probability tens or hundreds
of cycles later (Supplementary Information). These less-damaging
failures could be caused by transient TLSs appearing near the opera-
tion frequencies of a qubit, or by coupler excitations, but might be
mitigated using methods similar to refs. 38,40. The second and more
catastrophic failure mode manifests as many detectors simultaneously
experiencingalarger spike in the detection probability; an example is
shown in Fig. 3b. Notably, these anisotropic error bursts are spatially
localized to neighbourhoods of roughly 30 qubits (Fig. 3b, inset). Over
the course of our 2 x 10" cycles of error correction, our processor expe-
rienced six of these large error bursts, which are responsible for the
highest-distance failures. These bursts, such as the event shown in
Fig. 3b, are different from previously observed high-energy impact
events”. They occur approximately once an hour, rather than once
every few seconds, and they decay with an exponential time constant
of around 400 ps, rather than tens of milliseconds. We do not yet under-
stand the cause of these events, but mitigating them remains vital to
building a fault-tolerant quantum computer. These results reaffirm
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Fig.3|High-distanceerrorscalinginrepetition codes. a, ¢, versusd

when decoding with minimum-weight perfect matching. Therepetition code
pointsare fromd=29,10%-cycle experiments, 10’ repetitions for each basis X
and Z.We subsample smaller codes fromthe same d =29 dataset, averaging
over subsamples. Line, fit of .. Weinclude data fromref. 17 for comparison.

b, Example event causing elevated detection probabilities, which decay
exponentially with time constant369 + 6 pus (grey dashed line). Three
consecutive experimental shots are plotted, delimited by the vertical grey
lines. The 28 measure qubits are divided into four quartiles based on the
average detection probability in the grey-shaded window. Each trace represents
thedetection probability averaged over one quartile and atime window of ten
cycles. Roughly half the measure qubits experience an appreciable risein
detection probability. The inset shows the average detection probability for
each measure qubit (coloured circle) in the grey-shaded window. ¢, Logical
error scaling with theinjected error. Weinject arange of coherenterrors
onallthe qubits and plot against the observed mean detection probability p ..
Eachexperimentistencycles, and we average over 10° repetitions. Smaller
code distances are again subsampled from d = 29. Lines, power-law fits
£4=A4p V72 (one fit parameter, 4,), restricted tog,> 107 and py, < 0.3.d,1/4
scalingwiththeinjected error. Typical relative fit uncertainty is 2%. Line, fit;
2.2p4.. Toobtainthe datain this figure, a 72-qubit processor is used.

thatlong repetition codes are a crucial tool for discovering new error
mechanisms in quantum processors at the logical noise floor. However,
surface codes are larger and sensitive to more errors than repetition
codes; therefore, these events may affect the surface code performance
differently.

Furthermore, although we have tested the scaling law in equa-
tion (1) at low distances, repetition codes enable us to scan to higher
distances and lower logical errors. Using a similar coherent errorinjec-
tionmethod as thatinthe surface code, we show the scaling of logical
error versus physical error and code distance in Fig. 3c,d, observing
good agreement with O(p*“*"?) error suppression. For example, reduc-
ing the detection probability by a factor of 2 manifests in reduction
by afactor of 250 in logical error at distance 15, consistent with the
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expected O(p®) scaling. This shows the considerable error suppres-
sionthat should eventually enable large-scale fault-tolerant quantum
computers, provided we can reach similar error suppression factors
insurface codes.

Real-time decoding

Along with a high-fidelity processor, fault-tolerant quantum comput-
ingalsorequires aclassical co-processor that can decode errorsinreal
time. Thisis because some logical operations are non-deterministic;
they depend on logical measurement outcomes that must be cor-
rectly interpreted onthe fly. If the decoder cannot process measure-
ments fast enough, anincreasing backlog of syndrome information
can cause an exponential increase in computation time?, Real-time
decodingis particularly challenging for superconducting processors
due to their speed. The throughput of transmitting, processing and
decoding the syndrome information in each cycle must keep pace
withthe fast error-correcting cycle time of 1.1 pus. Using our 72-qubit
processor as a platform, we demonstrate below-threshold perfor-
mance alongside this vital module in the fault-tolerant quantum
computing stack.

Our decoding system begins with our classical control electron-
ics, where the measurement signals are classified into bits and then
transmitted to a specialized workstation using low-latency Ethernet.
Inside the workstation, measurements are converted into detections
and then streamed to the real-time decoding software using a shared
memory buffer. We use the sparse blossom algorithm*, whichis opti-
mized to quickly resolve the local configurations of errors commonin
surface code decoding, using a parallelization strategy similar to that
inref.42. The decoder operates on a constant-sized graph buffer that
emulates the section of the error graph being decoded at any instant,
but does not grow with the total number of cycles used in the experi-
ment. Different threads are responsible for different spacetime regions
ofthe graph, processing their requisite syndrome information asitis
streamed in***, These results are fused until a global minimum-weight
perfect matchingis found. The streaming decoding algorithmis illus-
trated in Fig. 4a,b. We also use a greedy edge reweighting strategy
to increase the accuracy by accounting for correlations induced by
Y-type errors?*,

InFig. 4c, we report the decoder latency, which we define as the
time between the decoding software receiving the final cycle of syn-
drome measurements and the time at which the decoder returns its
correction. For our distance-5 surface code, we test different prob-
lem sizes by increasing the number of error correction cycles up to
10°. We observe that the average decoder latency remains roughly
constant at a net average of 63 + 17 pus independent of the length of
the experiment (up to 1.1s), indicating that the decoding problem is
being processedinreal time. This latency will eventually lower bound
thereaction time of the logical processor when enacting non-Clifford
gates. Other contributions to the reaction time include the data
transmission time (which we estimate to be less than 10 ps) and feed-
back (which we have not yet implemented). Moreover, our decoder
latency scales with the code size, underscoring the need for further
optimization.

Importantly, we are able to maintain below-threshold performance
even under the strict timing requirements imposed by real-time
decoding. We run a dedicated experiment on our 72-qubit proces-
sor to compare real-time decoding to high-accuracy offline neural
network decoding of the same data, with the results shown in Fig. 4d.
Our real-time decoder achieves £5= 0.35% + 0.01% and 1 =2.0 £ 0.1
using a device-data-independent prior. Meanwhile, the neural net-
work decoder achieves £,=0.269% + 0.008% and A =2.18 £ 0.09
when later decoding offline. The modest reduction in accuracy
when comparing the real-time decoder with an offline decoder is
expected as the real-time decoder must operate substantially faster.
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histograms represent fine-grained latency measurements of the time between
receiving dataand completing decoding for each ten-cycle blockinashot. The
values from these fine-grained measurements, which we refer to as subshot
latencies, tend to beslightly larger than those from full-shot latency measurements
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Infrequently, we see brief subshot latency spikes above 1 ms (Supplementary
Information).d, Accuracy comparison for the surface code with three decoders.
Weinclude thereal-time decoder (RT), ensembled matching synthesis (Ens.)
and the neural network decoder (NN). Uncertainty on each pointislessthan
4 x107*(Supplementary Information). To obtain the datain this figure, a 72-qubit
processor is used.

It requires a throughput of less than 1.1 ps per cycle compared with
the 24 ps per cycle of the neural network?. However, we expect that
many of our high-accuracy decoding methods can eventually be
made real time by introducing techniques like layered or windowed
decoding®**,

Outlook

In this work, we have demonstrated surface code memory below
the threshold in our new Willow architecture. Each time the code
distance increases by two, the logical error per cycle is reduced by
more than half, culminating in a distance-7 logical lifetime of more
than double its best constituent physical qubit lifetime. This signature
of exponential logical error suppression with code distance forms
the foundation of running large-scale quantum algorithms with error
correction.

Ourerror-corrected processors also demonstrate other key advances
towards fault-tolerant quantum computing. We achieve repeatable
performance for more than several hours and run experiments up to 10
cycleswithout deteriorating performance, both of which are necessary
for futurelarge-scale fault-tolerant algorithms. Furthermore, we have



engineered areal-time decoding system with only amodest reduction
inaccuracy compared with our offline decoders.

Even so, many challenges remain ahead of us. Although we might,
in principle, achieve low logical error rates by scaling up our current
processors, it would beresource intensivein practice. Extrapolating the
projections shownin Fig. 1d, achieving a107¢ error rate would require
adistance-27 logical qubit using 1,457 physical qubits. Scaling up will
bring additional challenges in real-time decoding as the syndrome
measurements per cycle increase quadratically with the code distance.
Our repetition code experiments also identify anoise floor atanerror
rate of 107'° caused by correlated bursts of errors. Identifying and miti-
gating this error mechanism will be integral to running larger quantum
algorithms.

However, quantum error correction also provides us exponential
leverageinreducing logical errors with processorimprovements. For
example, reducing physical error rates by afactor of two would improve
the distance-27logical performance by four orders of magnitude, well
into algorithmically relevant error rates™2. We further expect these
overheads to reduce with advances in error correction protocols*’
and decoding>*°.

The purpose of quantum error correction is to enable large-scale
quantum algorithms. Although this work focuses on building a robust
memory, additional challenges will arise in logical computation®%, On
the classical side, we must ensure that software elements including
our calibration protocols, real-time decoders and logical compilers
can scale to the sizes and complexities needed to run multiple sur-
face code operations®®. With below-threshold surface codes, we have
demonstrated processor performance that canscalein principle, but
which we must now scale in practice.
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