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‣ A  million  billion dollar challenge—how to build a quantum computer? 

‣ Different architectures: 
 
 
 
 
 

‣ Reliable processing of quantum information is extremely difficult! 

‣ Indispensable concepts [Shor95,Steane96]: 
(i) quantum error correction, (ii) fault-tolerant methods.

Quantum computers

Gambetta+, npj Quant. Inf. (2017)Eltony+, Quant. Inf. Proc. (2016) Bombin+, arXiv:2103.08612Bluvstein+, Nature (2022)

2



‣ Quantum algorithms require: 
— error rates , 
— fast logical clock speed. 

‣ The space & time overheads 
of QEC are a major roadblock!
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A path to fault-tolerant quantum computers
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Errors are inevitable in any real information processor.
Quantum computers are particularly susceptible to errors as
quantum systems are highly sensitive to noise effects that

can be exotic compared with the simple bit-flip errors of classical
computation. As such, realizing a fault-tolerant quantum
computer is a significant challenge that requires encoding the
information into a quantum error-correcting code. To add to the
difficulty, direct extraction of the information typically destroys
the system, and ancillary syndrome systems must be employed to
perform non-demolition measurements of the encoded state.
Previous work in nuclei1–3, trapped ions4–6 and superconducting
qubits7 has attempted to address similar problems; however, these
implementations lack the ability to perform fault-tolerant
syndrome extraction, which continues to be a challenge for all
physical quantum computing systems.

The surface code (SC)8,9 is a promising candidate to achieve
scalable quantum computing due to its nearest-neighbour qubit
layout and high fault-tolerant error thresholds10. The SC is an
example of a stabilizer code11, which is a code whose state is
uniquely defined by the measurement of a set of observables
called stabilizers. Code qubits in the SC are placed at the vertices
of a two-dimensional array and each stabilizer involves four
neighbouring code qubits. The SC stabilizers are, therefore,
geometrically local and can be measured fault tolerantly with a
single syndrome qubit12. Error detection on a lattice of code
qubits is achieved through mapping stabilizer operators onto a
complementary lattice of syndrome qubits, followed by classical
correlation of measured outcomes. Among the syndrome qubits,
a distinction is made between bit-flip syndromes (or Z-
syndromes) and phase-flip syndromes (or X-syndromes). Each
code qubit in the SC is coupled with two X-syndrome qubits and
two Z-syndrome qubits, and, in turn, each syndrome qubit is
coupled with four code qubits.

Superconducting qubits have become prime candidates for SC
implementation13,14, especially with continuing improvements
to coherence times15–17 and quantum gates18. Furthermore,
implementing superconducting resonators as quantum buses to
realize the circuit quantum electrodynamics architecture permits
a straightforward path for building connectivity into a lattice of
superconducting qubits14. There are numerous ways of building
the SC lattice with superconducting qubits and resonators. Here
we employ an arrangement in which each qubit is coupled with

two bus resonators and each bus couples with four qubits14.
Although previously the engineered dissipation of a resonator has
been used to stabilize the entanglement of two superconducting
qubits to which it is coupled19, it is of note that here the
stabilization is achieved via explicitly mapping code qubit
stabilizers onto syndrome qubits.

Here we experimentally demonstrate the complete algorithm
constituting a quantum error detection code that detects arbitrary
single-qubit errors in a non-demolition manner via syndrome
measurements. The scheme is implemented in a two-by-two
lattice of superconducting qubits that represents a primitive tile
for the SC. Stabilizer measurements, ubiquitous to fault-tolerant
quantum error-correcting codes, are successfully demonstrated in
this work for both bit- and phase-flip errors on an encoded
codeword. The non-demolition nature of the protocol is verified
by demonstrating the preservation of the entangled state
constituting the codeword through high-fidelity syndrome
measurements in the presence of an arbitrary applied error.
These error detection experiments constitute a key milestone for
SC implementation, as our operations now extend into the plane
of the two-dimensional surface and we show the ability to
concurrently perform bit- and phase-parity checks. Moreover,
our results illustrate the ability to build structures of super-
conducting qubits, which are not co-linear but latticed while
preserving high-fidelity operations. Moving forward, on improv-
ing the measurement and gate fidelities in these systems, further
expanding the lattice will lead to important studies of different
error-correcting codes and the encoding of logical qubits, thereby
allowing experimental investigation of fault-tolerant quantum
computing. Our results bolster the prospect of employing
superconducting qubit lattices for large-scale fault-tolerant
quantum computing.

Results
Physical device and quantum control. Our physical device
(Fig. 1a,b) consists of a 2! 2 lattice of superconducting
transmons, with each coupled with its two nearest neighbours via
two independent superconducting coplanar waveguide (CPW)
resonators serving as quantum buses (Fig. 1b; blue). Each qubit is
further coupled with an independent CPW resonator for both
qubit control and readout. Dispersive readout signals for each
qubit are amplified by distinct Josephson parametric
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Figure 1 | Surface code implementation and error detection quantum circuit. (a) Cartoon schematic of SC consisting of alternating square tiles of
X- (yellow) and Z- (green) plaquettes for detecting phase-flip (Z) and bit-flip (X) errors, respectively. Semi-circular pieces reflect parity checks at the
boundaries of the lattice. These plaquette tiles can be mapped onto a lattice of physical superconducting qubits with appropriate nearest-neighbour
interconnectivity, as shown in the layer labelled MAP. Here there are code qubits (purple spheres), X-syndrome qubits (yellow) for phase parity detection
of surrounding code qubits, and Z-syndrome qubits (green) for bit parity detection of surrounding code qubits. The physical connectivity for
superconducting qubits can be realised via coupling every qubit to two quantum bus resonators, shown as wavy blue diamonds in the MAP. The device
studied in this work (false-colored optical micrograph in b) embodies two half-plaquettes of the SC as circled in a, and allows for independent and
simultaneous detection of X and Z errors on two-code qubits, shaded purple in b and labelled Q1 and Q3. (c) The circuit to implement the half-plaquette
operations encodes the bit (ZZ) and phase (XX) parities of the two-code qubits’ Bell state cj i onto the respective syndrome qubits, Q2 (green) and Q4

(yellow). Arbitrary errors e are intentionally introduced on the code qubit Q1 and detected from the correlated measurement of the syndrome qubits.
Q2 (Q4) is initialized to 0j i þj i ¼ 0j iþ 1j ið Þ=2ð Þ. A Hadamard operation, H, is applied to Q4 before measurement.
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‣ Quantum code = a subspace of the Hilbert space. 
Errors take the encoded state  outside . 

‣ Detecting & correcting errors: 
 
 
 

‣ The decoding problem is computationally hard [Iyer,Poulin15].  

‣ Processing of classical information needs to: 
— be fast to avoid the backlog problem [Terhal15], 
— handle many errors & have good performance.

|ψ⟩ 𝒞

Quantum error correction
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Fault-tolerant computation

‣ We want to run quantum algorithms! 
 
 

‣ Implementation of any unitary  w/ a universal set of gates, e.g., . 

‣ Fault-tolerant computation on encoded information: 
— logical operations interleaved w/ QEC. 

‣ Transversal gates & const.-depth circuits: 
— easy to implement & fault-tolerant, 
— limitations, e.g., the Eastin-Knill theorem.

U {H, T, CX}
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Summary

‣ Exciting times—the dawn of QEC & fault tolerance. 
 
 
 
 
 

‣ Reducing the overhead of QEC: 
— qubit overhead, e.g., better QEC codes, 
— time overhead, e.g., single-shot QEC. 

‣ Many questions still remain open. 

‣ Integration in the quantum computing stack.
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Challenges & opportunities

‣ Reducing the qubit overhead: 
— limitations on codes w/ geometrically-local checks, 
— quantum low-density parity-check (LDPC) codes, 
— … 

‣ Reducing the time overhead: 
— single-shot QEC, 
— transversal gates, 
— … 

‣ Solving the decoding problem: 
— self-correcting quantum memories, 
— practical decoding algorithms, 
— …
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Challenges & opportunities, cont.

‣ Implementation on quantum hardware: 
— exploiting noise bias, e.g., erasure qubits, 
— solving different optimization problems, 
— … 

‣ Implementation of logical operations: 
— alternatives to magic state distillation, 
— constructing novel QEC codes, 
— … 

‣ Integration in the quantum computing stack: 
— fault-tolerant compilation of algorithms, 
— solving the routing problem, 
— …
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