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Error-Correcting Surface Codes
Get Experimental Vetting
Two independent groups have experimentally demonstrated surface-code
quantum error correction—an approach for remedying errors in quantum
computations.

By Luigi Frunzio and Shraddha Singh

F or quantum computers to reach their full potential,
the need for quantum error correction (QEC) is inevitable.
QEC provides a way to fight noise by detecting and

correcting the errors in calculations that the noise causes. A
promising approach to QEC involves surface codes, where the
connections between the elements of the quantum computer
can be visualized as forming a 2D checkerboard pattern. These
codes are promising because they are experimentally
straightforward to implement and because, under certain
conditions, they can tolerate relatively large error rates. But
until now, demonstrations with the surface code have only

Figure 1: Artistic rendition of the 17-qubit surface code used by
Jian-Wei Pan and colleagues to demonstrate surface error
correction. The gray disks represent the qubits used to store logical
information, while the green and red disks are two different types
of “ancilla” qubits used to perform operations that allowed the
researchers to detect and correct errors.
Credit: APS/Carin Cain

detected errors, not corrected them. Now, two groups, led by
Jian-Wei Pan at the University of Science and Technology of
China in Hefei and Andreas Wallraff at the Swiss Federal
Institute of Technology (ETH) in Zurich, have achieved the
first-ever demonstration of error correction with surface codes
[1, 2]. These results bring us a step closer toward realizing a
practical quantum computer.

Error correction requires monitoring the quantum bits, or
qubits—the basic units of binary data used for quantum
computing—which can simultaneously be in any superposition
of |0⟩ and |1⟩ states. The schemes involve redundantly
encoding quantum information of a single “logical” qubit in a
many-body entangled state of multiple “physical” qubits so
that comparisons between these qubits reveal if one or more of
them has changed. Importantly, these comparison
measurements do not reveal the actual value of any of the
qubits—they only reveal which qubit, if any, has suffered an
error. For example, in a simple “repetition code,” to correct for
noise that erroneously flips a bit value from |0⟩ to |1⟩ or vice
versa, one can take a 1D chain of multiple qubits and label a
logical state |0⟩ or |1⟩ if the value of all the qubits have a bit
value equal to 0 or 1 simultaneously. Then if fewer than half of
the physical qubits suffer one of these bit-flip errors, the code
can catch and correct mistakes before they corrupt the logical
data. The number of physical qubits used to encode a logical
qubit is called the distance of the code, and a code gets
exponentially better at suppressing logical errors as the
distance increases (at the cost of increased hardware
complexity). Quantum states also suffer phase-flip errors,
which affect the superposition of states by converting a
|0⟩+ |1⟩ qubit state to |0⟩ − |1⟩ and vice versa. One can correct
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for these two types of errors simultaneously by combining
bit-flip and phase-flip error-correcting codes. A surface code
accomplishes this correction by using a 2D array of qubits.

One of the first steps in demonstrating a successful
error-correcting code is achieving “break even,” a condition
where the lifetime of the logical qubit is at least as long as that
of the best uncorrected physical qubit. This condition has
already been achieved in quantum error-correction schemes
using a class of codes called bosonic codes [3–7] but not yet in
schemes involving a surface code. Doing so will require the
error rates of the operations to be significantly lower than they
currently are, and it may require using a number of qubits of an
order of tens of thousands.

Despite the difficulty in achieving break even, a surface code is
still an attractive approach because of its long-term possibility
of enabling a fully fault-tolerant quantum computer. If the error
rate of a quantum computer is below a certain threshold value,
called the fault-tolerant threshold, then the code will be able to
deal not only with random qubit errors induced by the
environment but also with imperfect operations of the
computer and of the error-correcting circuits themselves.
Below this threshold value, increasing the code size would
decrease error rates of the logical qubit to arbitrarily low values.
Surface codes are favorable in this respect: they can tolerate the
highest error rate of all fault-tolerant error-correcting schemes.
So exploring the advantages and limitations of a surface
error-correcting code is essential in determining the future
direction of QEC.

Pan’s and Wallraff’s groups are the first to successfully
implement the smallest (with a distance of three)
error-correcting surface code. Of the 17 qubits used in their
demonstration, nine were used to encode the logical
information, while eight were used to read out so-called
stabilizer measurements (Fig. 1). These stabilizer
measurements revealed which, if any, of the qubits had suffered
an error, which Pan and Wallraff could then correct in
postprocessing. This result was an incredible feat of
engineering that required years of steady reductions of the
error rates and of the time required for each cycle of error
correction (which together lowered the error-per-cycle rate).
The two teams showed that both bit-flip and phase-flip errors
could be simultaneously suppressed bymultiple rounds of

repeated error detection. After applying corrections, Pan’s team
reduced the error rate suffered by the logical qubit by 20%.

Wallraff’s team, too, demonstrated an improvement over their
uncorrected logical qubit. In addition to the error correction,
they employed postselection to remove some instances of
leakage errors—those in which the state of a physical qubit
“leaks out” of the two-level system composed of the 0 and 1
states to some other energy levels of the superconducting
circuit. Surface codes cannot correct for leakage errors, and so
if these errors are not dealt with, they could significantly limit
the ability to scale up the system to large numbers of qubits.
Postselection, however, isn’t a long-term strategy for dealing
with these errors because by discarding all experimental runs in
which a leakage error occurred, it reduces the computational
efficiency. How leakage errors will affect the viability of surface
codes remains an unresolved question.

These first demonstrations of error correction with a surface
code did not achieve break even or fault tolerance, but the
results show that surface codes remain promising. The
experiments revealed the aspects of current technology that
are the biggest limiting factors in achieving a fully fault-tolerant
error-correcting code. Some of these factors, such as errors in
properly preparing and accurately measuring the qubit states,
will surely be improved upon over the next few years. Others,
such as leakage errors and unwanted interactions between
neighboring qubits, may spell the death of surface
error-correcting codes. The jury is still out on whether surface
codes will be a feasible approach to fault-tolerant quantum
computing but impressive experiments such as those by Pan’s
and Wallraff’s teams bring us closer to finding out.
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