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Abstract

For quantum computers to reach their full potential will require error correction. We study
the surface code, one of the most promising quantum error correcting codes, in the context of
predominantly dephasing (Z-biased) noise, as found in many quantum architectures.

We find that the surface code is highly resilient to Y -biased noise, and tailor it to Z-biased
noise, whilst retaining its practical features. We demonstrate ultrahigh thresholds for the
tailored surface code: ∼ 39% with a realistic bias of η = 100, and ∼ 50% with pure Z noise,
far exceeding known thresholds for the standard surface code: ∼ 11% with pure Z noise, and
∼ 19% with depolarizing noise. Furthermore, we provide strong evidence that the threshold of
the tailored surface code tracks the hashing bound for all biases.

We reveal the hidden structure of the tailored surface code with pure Z noise that is
responsible for these ultrahigh thresholds. As a consequence, we prove that its threshold with
pure Z noise is 50%, and we show that its distance to Z errors, and the number of failure modes,
can be tuned by modifying its boundary. For codes with appropriately modified boundaries,
the distance to Z errors is O(n) compared to O(

√
n) for square codes, where n is the number

of physical qubits. We demonstrate that these characteristics yield a significant improvement
in logical error rate with pure Z and Z-biased noise.

Finally, we introduce an efficient approach to decoding that exploits code symmetries with
respect to a given noise model, and extends readily to the fault-tolerant context, where mea-
surements are unreliable. We use this approach to define a decoder for the tailored surface
code with Z-biased noise. Although the decoder is suboptimal, we observe exceptionally high
fault-tolerant thresholds of ∼ 5% with bias η = 100 and exceeding 6% with pure Z noise.

Our results open up many avenues of research and, recent developments in bias-preserving
gates, highlight their direct relevance to experiment.
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1 | Introduction

1.1 Overview

Quantum computers have the potential to solve certain problems that could never be solved,
in a reasonable time, using classical computers [1]. Large-scale reliable quantum computers
could bring significant societal benefits in many areas ranging from the development of new
medicines and more energy efficient processes to enhanced machine learning [2, 3]. Recently,
Google performed a sampling calculation in about 200 seconds, using an experimental 53-
qubit quantum computer, that they estimate would take 10 000 years using a state-of-the-art
classical supercomputer [4]. In response to this claim, IBM estimated the experiment could
be classically simulated in 2.5 days [5]. Although the chosen problem was rather contrived
and the classical simulation estimates vary wildly, the result reveals some of the potential of
quantum computers. In a popular review [6] of Google’s result, Scott Aaronson points out that
quantum computing is in its infancy; referring to how the transistor revolutionized classical
computing, he states: “We don’t yet have the quantum computing version of the transistor -
that would be quantum error correction”.

The power of quantum computing relies on features of quantum systems such as superposi-
tion, entanglement and interference. For quantum computers to realize their full potential, the
fragile quantum systems that they manipulate must be protected from environmental noise.
With the theoretical discovery of quantum error correction [7] and the threshold theorem [8–12],
this became a realistic, albeit very challenging, possibility. The threshold theorem states that
it is possible to perform an arbitrarily long quantum computation provided the physical error
rate is below some constant threshold. The threshold, which denotes the physical error rate
below which the logical error rate can be made arbitrarily small by increasing the code size,
depends on both the noise characteristics of the physical system and the choice of an appropri-
ate quantum error correcting code and decoder. The challenge is, therefore, both to implement
physical qubits and gates with very low error rates, and to find and tailor practical codes and
decoders to achieve high thresholds with realistic noise models.

The surface code [13, 14], an example of a topological stabilizer code, is one of the most
studied quantum error correcting codes [15, 16]. Several characteristics place it among the
most promising candidates to realize the first generation of scalable quantum computers [17].
It meets the constraints of many quantum computing architectures, having a two-dimensional
layout and requiring only local stabilizer measurements, whilst achieving some of the highest
thresholds of any known code [16]. Noise affecting quantum systems can be modeled as a
probability distribution over Pauli X, Y and Z operators. The most studied noise models are
bit-flip (X) noise, phase-flip (Z) noise, and depolarizing noise, where X, Y and Z errors are
equally likely, on single qubits. Studies considering these noise models have demonstrated that
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1. Introduction

the surface code achieves high thresholds in both the code-capacity context [18–23] of reliable
measurements and the fault-tolerant context [22–25] of unreliable measurements.

In many quantum architectures, such as certain superconducting qubits [26], quantum
dots [27], and trapped ions [28], among others, the noise is biased towards dephasing, meaning
that Z errors occur much more frequently than other errors. There has been significant interest
in adapting quantum codes to biased noise [26, 29–40]. Of particular interest are approaches
that can be applied to topological codes. Some of these approaches have demonstrated a
significant increase in threshold [26, 33, 34], at the cost of increasing the overhead by concate-
nating repetition codes with another, possibly topological code. Others have demonstrated
performance improvements with biased noise by modifying the size and shape of stabilizer
measurements [35–40].

In this thesis, we reveal inherent features of the standard surface code that make it par-
ticularly resilient to Y errors and Y -biased noise; a noise model that, to my knowledge had
not previously been studied on the surface code. By applying a small modification, which
maintains the size and locality of stabilizer measurements, we tailor the surface code to make
it particularly resilient to Z errors. Using the tailored surface code, we demonstrate that ultra-
high code-capacity thresholds can be achieved with experimentally prevalent Z-biased noise.
We further show how features of the tailored surface code can be leveraged to increase the
distance to Z errors quadratically, with no increase in overhead, and demonstrate a significant
reduction in logical error rate with Z-biased noise. Finally, we define an efficient decoder that
exploits symmetries of the tailored code and Z-biased noise model to demonstrate exceptionally
high thresholds in the fault-tolerant context, which is of direct relevance to experiments.

1.2 Thesis structure

In the remainder of this chapter, we introduce the foundation of technical concepts upon which
this thesis is built, along with a consistent notation. Chapters 2, 3 and 4 are self-contained
papers, which present our research results. Finally in Chapter 5, we summarize our results
and suggest possible extensions for future work.

There is a strong narrative relating the research papers, with each paper building on the
results of the preceding paper. This narrative is supported by preambles to the research
chapters, which are reproduced here for convenience:

Chapter 2 We consider surface code thresholds in an idealized context with reliable mea-
surements. Previous studies of surface code thresholds had focused on pure X (bit-flip) or Z
(phase-flip) noise and depolarizing noise. We discover that the threshold of the surface code
with pure Y noise is much higher. Tailoring the code, with a simple modification, we demon-
strate that ultrahigh thresholds can be achieved with the dephasing or Z-biased noise that is
prevalent in many experimental setups.

Chapter 3 We reveal the structure of the tailored surface code with pure Z noise that is
responsible for the ultrahigh thresholds discovered in Chapter 2. Furthermore, we show that, by
modifying the code boundary, this structure can be leveraged to tune the distance and number
of failure modes of the code with respect to pure Z noise. Using codes with such modified
boundaries, we demonstrate a significant reduction in logical failure rate with Z-biased noise.

2



1. Introduction

Chapter 4 We introduce an efficient approach to decoding that exploits symmetries of a
code with respect to a dominant noise model. Applying this approach, with the insights from
Chapter 3, we define a decoder for the tailored surface code with Z-biased noise. We use this
decoder to extend the ultrahigh threshold results of Chapter 2 to the fault-tolerant context,
i.e. the regime directly relevant to experiments where measurements are unreliable.

1.3 Quantum information

In this section, we introduce the basic concepts and notation of quantum information used
throughout this thesis. The concepts presented here are covered in more depth in Ref. [1] and,
from a computer science perspective, in Ref. [41]. We start by describing quantum states,
before defining the ubiquitous Pauli operators, and finally discussing the measurement and
evolution concepts that are most relevant to quantum error correction.

1.3.1 States

The basic unit of classical information is the bit, where a bit can have one of two values,
conventionally represented by 0 and 1. In a digital computer, the value of a bit might be
physically manifested as a signal voltage that lies in one of two bands. The quantum analogue
to the classical bit is the qubit, which is short for quantum bit. We start by describing pure
states of an isolated qubit, then pure states of an isolated system of qubits, and finally mixed
states of qubits that interact with their environment.

Single qubit states

A qubit represents a two-level quantum system. Examples of two-level quantum systems are
the horizontal / vertical polarization of a photon, or the spin-up / spin-down states of an
electron. The two-levels are conventionally represented as |0〉 and |1〉, known as kets in Dirac
notation [42]. However, unlike classical bits which either take the value 0 or 1, the state of a
qubit can be a superposition of |0〉 and |1〉. An isolated qubit is described as being in a pure
state, and a general pure qubit state is written as:

|ψ〉 = α |0〉+ β |1〉 (1.1)

where α, β ∈ C and |α|2 + |β|2 = 1, referred to as the normalization condition. Technically the
set of vectors {eiθ |ψ〉}, for all θ, defines a one-dimensional subspace or ray that represents the
state; however, the global phase, eiθ, is of no physical consequence and we are free to choose
|ψ〉 to represent the state.

The statespace of a qubit is a two-dimensional complex Hilbert space H1, i.e. the complex
vector space C2 over C equipped with an inner product, defined below; in this thesis, Hilbert
space always refers to a finite-dimensional complex inner product space. The kets |0〉 and |1〉
form an orthonormal basis, known as the computational basis, for the qubit statespace

H1 = span{|0〉 , |1〉}. (1.2)

These basis kets are written in vector notation as

|0〉 =

(
1
0

)
and |1〉 =

(
0
1

)
. (1.3)

3



1. Introduction

The state |ψ〉 can then be written in vector notation as

|ψ〉 = α

(
1
0

)
+ β

(
0
1

)
=

(
α
β

)
. (1.4)

The dual vectors to |0〉 and |1〉 are written as 〈0| and 〈1|, known as bras, and the dual vector
to |ψ〉 is defined as

〈ψ| = α∗ 〈0|+ β∗ 〈1| , (1.5)

and can be written in vector notation as

〈ψ| = α∗
(
1 0

)
+ β∗

(
0 1

)
=
(
α∗ β∗

)
. (1.6)

The inner product between any two states |ψ〉 and |φ〉 is defined to be 〈ψ|φ〉 = 〈ψ| |φ〉. With this
notation, the orthonormality of |0〉 and |1〉 is expressed as 1 = 〈0|0〉 = 〈1|1〉, 0 = 〈0|1〉 = 〈1|0〉,
and the normality of |ψ〉, see Eqn. 1.1, is expressed succinctly as 〈ψ|ψ〉 = 1.

Figure 1.1: Bloch sphere

A general pure qubit state can be represented geometrically as a point on the surface of
the Bloch sphere [1], see Fig. 1.1. Since the global phase of a quantum state is of no physical
consequence and the state must be normalized, a pure qubit state can be parameterized by
two real numbers θ and φ as

|ψ〉 = cos
θ

2
|0〉+ eiφ sin

θ

2
|1〉 (1.7)

where 0 ≤ θ ≤ π/2 and 0 ≤ φ < 2π. The relative phase, eiφ, is of physical consequence,
with different values corresponding to different states. The computational basis states |0〉 and
|1〉 are represented by points at the North pole (positive z axis) and South pole (negative z
axis), respectively. It is convenient to introduce the standard notation |+〉 and |−〉 for the
states corresponding to the surface points on the positive and negative x axes, respectively.
These states also form a orthonormal basis for the qubit statespace, and can be written as a
superposition of the computational basis states as

|+〉 = 1√
2
|0〉+ 1√

2
|1〉 and |−〉 = 1√

2
|0〉 − 1√

2
|1〉 . (1.8)
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1. Introduction

Similarly we use the notation |+i〉 and |−i〉 for the states corresponding to the surface points
on the positive and negative y axes, respectively, and these, written as a superposition of the
computation basis states, are

|+i〉 = 1√
2
|0〉+ i 1√

2
|1〉 and |−i〉 = 1√

2
|0〉 − i 1√

2
|1〉 . (1.9)

The symmetry of the Bloch sphere makes is clear that any pure qubit state can be expressed
as a superposition of basis states. For example, the computational basis states can be written
in terms of |+〉 and |−〉 as

|0〉 = 1√
2
|+〉+ 1√

2
|−〉 and |1〉 = 1√

2
|+〉 − 1√

2
|−〉 . (1.10)

Multiple qubit states

So far we have described pure states of an isolated qubit. We now describe pure states of an
isolated system of multiple qubits. As stated, the statespace of a single qubit is the Hilbert
space H1. We can combine Hilbert spaces to construct a larger Hilbert space using the tensor
product. In general, if we have two Hilbert spaces V and W, with orthonormal bases {|v〉}
and {|w〉}, then the tensor product of V and W, written as V ⊗W, has an orthonormal basis
{|v〉 ⊗ |w〉}, such that dim(V ⊗ W) = dimV × dimW. For arbitrary vectors |v〉 , |v′〉 ∈ V,
|w〉 , |w′〉 ∈ W and scalar c ∈ C, the tensor product has the following important properties:

c(|v〉 ⊗ |w〉) = (c |v〉)⊗ |w〉 = |v〉 ⊗ (c |w〉) (1.11)

(|v〉+
∣∣v′〉)⊗ |w〉 = |v〉 ⊗ |w〉+

∣∣v′〉⊗ |w〉 (1.12)

|v〉 ⊗ (|w〉+
∣∣w′〉) = |v〉 ⊗ |w〉+ |v〉 ⊗

∣∣w′〉 . (1.13)

For a system of n-qubits, the statespace is given by the higher-dimensional Hilbert space Hn,
which is the n-fold tensor product of H1, i.e. Hn is the complex inner product space C2n over
C. In terms of the standard computational basis for a system of n-qubits, we have

Hn = span{|a1 a2 . . . an〉 | aj ∈ Z2} = span{|a1〉 ⊗ |a2〉 ⊗ . . .⊗ |an〉 | aj ∈ Z2}. (1.14)

We will often denote the n-qubit Hilbert space by H, leaving the n implicit.
An example should clarify the notation. Consider the arbitrary single qubit states |ψ〉 =

α |0〉+ β |1〉 and |φ〉 = γ |0〉+ δ |1〉. The tensor product of |ψ〉 with |φ〉 is

|ψ〉 ⊗ |φ〉 = (α |0〉+ β |1〉)⊗ (γ |0〉+ δ |1〉)
= αγ(|0〉 ⊗ |0〉) + αδ(|0〉 ⊗ |1〉) + βγ(|1〉 ⊗ |0〉) + βδ(|1〉 ⊗ |1〉)
= αγ |00〉+ αδ |01〉+ βγ |10〉+ βδ |11〉

(1.15)

The tensor product when applied in vector notation is called the Kronecker product. Writing
|ψ〉 ⊗ |φ〉 in vector notation, see Eqn. 1.4, gives the definition of the Kronecker product, for a
pair of two-dimensional vectors, as

|ψ〉 ⊗ |φ〉 =

(
α
β

)
⊗
(
γ
δ

)
=


αγ
αδ
βγ
βδ

 . (1.16)
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1. Introduction

The two-qubit state |ψ〉 ⊗ |φ〉 is an example of a product state, where both qubits are indi-
vidually in well-defined pure states. Beyond product states, a multiple qubit system can also
exist in an entangled state. For a system in an entangled state, the system is in a well-defined
pure state but individual qubits, or subsystems of qubits, are not in well-defined pure states.
An example of such an entangled state, known as a Bell state [1], is∣∣φ+〉 = 1√

2
|00〉+ 1√

2
|11〉 (1.17)

The entangled state |φ+〉 cannot be expressed as the tensor product of separate pure states for
the two individual qubits. Entangled states can be defined for any multiple qubit system and,
in Section 1.5, we will see that they are an essential ingredient in quantum error correction.

Mixed states

So far we have only considered isolated qubits or systems of qubits. Such isolated systems
are described as being in a pure state, which, as we have seen, can be represented by a unit
vector, written as a ket. We now consider open systems, i.e. systems that interact with their
environment. For example, consider a system, subject to noise from the environment, whose
state may have been altered with some probability. Without full knowledge of the interaction,
we must describe such as system as being in a mixed state, i.e. a probabilistic mixture of pure
states.

The standard representation for a mixed state is called the density operator, which can be
expressed as a convex combination of pure states |ψj〉 each with probability pj , written as

ρ =
∑
j

pj |ψj〉〈ψj | (1.18)

where pj ∈ R, pj ≥ 0 and
∑
pj = 1, ensuring convexity. The density operator is a sum of

outer products of vectors and so can be represented as a matrix; it is interchangeably called
the density matrix. Defined in this way, the density matrix is positive semi-definite and has
trace equal to one, i.e. ρ ≥ 0 and tr(ρ) = 1.

Geometrically, a mixed state of a single qubit can be represented as a point inside the
Bloch sphere, see Fig. 1.1. It is important to note that a mixed state is not the same as a
pure superposition state, as is apparent in the measurement statistics, see Section 1.3.3. A
pure state can also be represented by a density operator as the trivial sum ρ = |ψ〉〈ψ|. We
can distinguish between pure and mixed states by noting that tr(ρ2) ≤ 1 holds in general, and
equality holds if and only if ρ represents a pure state.

There are different perspectives on mixed states. On the one hand, a mixed state can be
prepared as a statistical ensemble of pure states; however, the decomposition of a mixed state
into a sum of pure states is not unique, so there is no way to physically distinguish between
different preparations of a mixed state represented by a given density operator. On the other
hand, if we consider a composite quantum system in an entangled pure state, then the state
of a subsystem is in general a mixed state; the so-called reduced density matrix representing
the subsystem is derived by performing a partial trace over the rest of the composite system.
Given the different perspectives, we define the density operator, without reference to statistical
ensembles of pure states, as a positive operator with trace equal to one.

Random errors map a computationally useful pure state to a noisy mixed state and, in
Section 1.5, we will see how quantum error correction aims to return the mixed state to the
error-free pure state, as far as is possible.
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1.3.2 Pauli operators

Quantum operators, which can be represented by matrices, play an essential role in describing
the measurement and evolution of quantum states. The Pauli operators [1] (also called Pauli
matrices), in particular, are ubiquitous in the field of quantum information. Here we focus on
the mathematical properties of the Pauli operators as a reference for subsequent subsections
on measurement and evolution, see Sections 1.3.3 and 1.3.4.

It is useful to first define the single-qubit identity operator (sometimes called the zeroth
Pauli operator)

I = |0〉〈0|+ |1〉〈1| =
(

1 0
0 1

)
. (1.19)

The identity operator has the important property that any non-zero vector is an eigenvector
with eigenvalue 1, such that its action on any state is trivial.

The single-qubit Pauli operators in Dirac and matrix notation are

X = |0〉〈1|+ |1〉〈0| =
(

0 1
1 0

)
(1.20)

Y = −i |0〉〈1|+ i |1〉〈0| =
(

0 −i
i 0

)
(1.21)

Z = |0〉〈0| − |1〉〈1| =
(

1 0
0 −1

)
. (1.22)

Each of the Pauli operators has eigenvalues +1 and −1. The corresponding eigenvectors are
|+〉 and |−〉 for X, |+i〉 and |−i〉 for Y , and |0〉 and |1〉 for Z, as defined in Eqns 1.8, 1.9 and
1.3. Therefore, the spectral decompositions of the Pauli operators are

X = |+〉〈+| − |−〉〈−| (1.23)

Y = |+i〉〈+i| − |−i〉〈−i| (1.24)

Z = |0〉〈0| − |1〉〈1| . (1.25)

The Pauli operators are Hermitian, unitary, and mutually anticommute

X = X†, Y = Y †, Z = Z† (1.26)

XX† = Y Y † = ZZ† = I (1.27)

XY = −Y X, Y Z = −ZY, ZX = −XZ (1.28)

and are related as
X = −iY Z, Y = −iZX, Z = −iXY. (1.29)

The Pauli operators can be generalized to n-qubits as the n-fold tensor product of single-
qubit Pauli operators. The n-qubit Pauli group is defined as

Pn = {cf1 ⊗ f2 ⊗ . . .⊗ fn | fj ∈ {I,X, Y, Z}, c ∈ {±1,±i}} . (1.30)

We will often denote the n-qubit Pauli group by P, leaving the n implicit. The Pauli group
P provides a basis for linear operators on the n-qubit Hilbert space H. In Section 1.5, we
will see that errors on a quantum system can be modeled as the action of elements from this
group, and that quantum error correcting codes can be defined by measurements described by
elements from this group.

7
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1.3.3 Measurement

Measurement of a quantum system does not in general reveal a pre-existing property of the
system but rather induces the system to make a random transition, with probability determined
by the pre-measurement state and choice of measurement, to a post-measurement state that is
consistent with the measurement. We start by briefly introducing general measurements before
looking at the special case of projective measurements and finally stabilizer measurements,
which are used extensively in quantum error correcting codes.

General measurements

A general measurement is described by a collection of measurement operators {Mm} where
there is one operator Mm for each possible outcome m. For a system in a pure state |ψ〉, the
probability of a given outcome m is

p(m) = 〈ψ|M †mMm |ψ〉 , (1.31)

and the post-measurement state of the system is

Mm |ψ〉√
p(m)

. (1.32)

The following completeness condition on {Mm} ensures that the probabilities sum to 1:∑
m

M †mMm = I. (1.33)

For a system in a mixed state ρ, Eqn. 1.31, giving the probability of outcome m, becomes

p(m) = tr(M †mMmρ), (1.34)

and Eqn. 1.32, giving the post-measurement state, becomes

MmρM
†
m√

p(m)
. (1.35)

Projective measurements

Projective measurements are a special case of general measurements. In this special case, we
require that the measurement operators {Mm} be orthogonal projectors, i.e. writing Πλ in

place of Mm, we require that Πλ = Π†λ and ΠjΠk = δj,kΠj . The projective measurement is
then described by a Hermitian operator M called an observable with spectral decomposition

M =
∑
λ

λΠλ (1.36)

where Πλ projects onto the eigenstate (or eigenspace for degenerate eigenvalues) of M with
eigenvalue λ. For a system in a pure state |ψ〉, the probability of a given outcome λ is

p(λ) = 〈ψ|Πλ |ψ〉 (1.37)

8
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and the post-measurement state of the system is

Πλ |ψ〉√
p(λ)

. (1.38)

This statement of outcome probability and post-measurement state is known as the Born
rule [43].

We illustrate the Born rule for the simple case of a projective measurement on a single
qubit in the computational basis. Recall the general pure qubit state, Eqn. 1.1, in Dirac and
vector notation

|ψ〉 = α |0〉+ β |1〉 =

(
α
β

)
(1.39)

where α, β ∈ C and |α|2 + |β|2 = 1. The coefficients α and β are referred to as probability
amplitudes, for reasons that will become clear. The observable associated with measurement
in the computational basis, where the possible post-measurement states are |0〉 and |1〉, is the
Pauli Z operator, see Eqn. 1.22. Recall that the Z operator has eigenvalues +1 and −1 and
corresponding eigenstates |0〉 and |1〉, i.e. Z |0〉 = |0〉 and Z |1〉 = − |1〉. Since the eigenvalues
are non-degenerate, the projection operators are simply Π+1 = |0〉〈0| and Π−1 = |1〉〈1| for
eigenvalues +1 and −1, respectively. The Born rule then gives the probabilities of outcome
eigenvalues +1 and −1 as

p(+1) = 〈ψ|Π+1 |ψ〉 = 〈ψ|0〉 〈0|ψ〉 = |〈0|ψ〉|2 = |
(
1 0

)(α
β

)
|2 = |α|2 (1.40)

and

p(−1) = 〈ψ|Π−1 |ψ〉 = 〈ψ|1〉 〈1|ψ〉 = |〈1|ψ〉|2 = |
(
0 1

)(α
β

)
|2 = |β|2, (1.41)

with post-measurement states |0〉 and |1〉, respectively. This example illustrates projective
measurement in the computational basis, also known as the Z basis. Similar measurements
can be made in any basis. In this thesis, we also consider measurements in the X and Y bases
as described by the Pauli X and Y operators, respectively.

Stabilizer measurements

The quantum error correcting codes discussed in thesis make extensive use of binary projective
measurements onto subspaces, called stabilizer measurements. Stabilizer measurements are
covered by the formalism of projective measurements given in the previous subsection. We
illustrate them here with an example.

Consider the four-dimensional Hilbert space H2 of a two-qubit system

H2 = span{|00〉 , |01〉 , |10〉 , |11〉}. (1.42)

We can define two orthogonal subspaces of H2 as

V0 = span{|00〉 , |11〉} and V1 = span{|01〉 , |10〉}. (1.43)

The observable ZZ = Z ⊗ Z has eigenspaces V0 and V1 with eigenvalues +1 and −1, respec-
tively. To see this, consider a general state |ψ〉 in the subspace V0

|ψ〉 = α |00〉+ β |11〉 (1.44)

9
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then we have

ZZ |ψ〉 = α(Z |0〉 ⊗ Z |0〉) + β(Z |1〉 ⊗ Z |1〉) = α |00〉+ β |11〉 = |ψ〉 . (1.45)

Conversely, consider a general state |φ〉 in the subspace V1

|φ〉 = γ |01〉+ δ |10〉 (1.46)

then we have

ZZ |φ〉 = γ(Z |0〉 ⊗ Z |1〉) + δ(Z |1〉 ⊗ Z |0〉) = −γ |01〉 − δ |10〉 = − |φ〉 . (1.47)

In summary, ZZ is written in terms of orthogonal projectors, see Eqn. 1.36, as

ZZ = +Π+ −Π− = +(|00〉〈00|+ |11〉〈11|)− (|01〉〈01|+ |10〉〈10|), (1.48)

and measuring ZZ projects a state in H2 onto one of the subspaces V0 or V1 with measurement
outcome +1 or −1, respectively, allowing us to determine which subspace.

With this example, we can already see how to construct a basic error detection code against
single bit-flip errors, i.e. an error that flips a qubit between 0 and 1, see Section 1.3.4. The
idea is that we encode a general single-qubit state, α |0〉+β |1〉 into two qubits as |ψ〉, given by
Eqn. 1.44, in the V0 subspace. Suppose |ψ〉 suffers a single bit-flip error with some probability.
Such an error would rotate |ψ〉 into the the V1 subspace. Therefore, by performing a ZZ
measurement, we can detect whether such an error has occurred. Crucially, if an error has
not occurred, the logical state |ψ〉 is unaffected by the measurement; the coefficients α and β
are preserved and we say the state is stabilized. Although this encoding allows us to detect
such an error, it does not give us enough information to know how to correct the error. In
Section 1.5, we will see how to construct codes that correct any single-qubit error.

1.3.4 Evolution

In order to perform useful quantum computation, or even maintain an error-free state using
quantum error correction, we need to manipulate or evolve the quantum system representing
our information. We start by describing the evolution of an isolated system, known as unitary
evolution, before describing the evolution of open systems such as those subject to noise from
their environment.

Unitary evolution

The evolution of an isolated system, represented by a pure state, is described by unitary
operators. A unitary operator U satisfies the relation

UU † = U †U = I. (1.49)

We denote the group of unitary operators by U . The evolution of a pure state |ψ〉 by U ∈ U
is written U |ψ〉. Similarly, the unitary evolution of a mixed state ρ is written UρU †. Unitary
operators are also often referred to as gates by analogy to classical logic gates.

The Pauli operators, see Section 1.3.2, are important examples of single-qubit unitary
operators or gates. Referring back to the Bloch sphere, see Fig. 1.1, representation of a single-
qubit state, the effect of the Pauli X, Y , and Z operators is to rotate the qubit π radians
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around the x, y and z axes, respectively. In terms of the computational basis states, the effect
is

X |0〉 = |1〉 , X |1〉 = |0〉 (1.50)

Y |0〉 = i |1〉 , Y |1〉 = −i |0〉 (1.51)

Z |0〉 = |0〉 , Z |1〉 = − |1〉 . (1.52)

We say that X induces a bit-flip, Z induces a phase-flip, and Y is equivalent to applying Z
then X with a phase of i.

Another important group of operators or gates belong to the Clifford group. The Clifford
group is defined as the normalizer of the Pauli group P, see Eqn. 1.30

C = {U ∈ U | UPU † ∈ P ∀ P ∈ P}. (1.53)

In this thesis, Clifford group always refers to this definition, although Clifford groups actually
form a hierarchy of which this is the second level and the Pauli group is the first. The size of
the Clifford group grows quickly in the number of qubits but fortunately it is generated by just
three operators: the Hadamard gate H, the phase gate S, and the two-qubit controlled-not
gate CX

H =
1√
2

(
1 1
1 −1

)
, S =

(
1 0
0 i

)
, CX =


1 0 0 0
0 1 0 0
0 0 0 1
0 0 1 0

 . (1.54)

The Hadamard gate is Hermitian and conjugates X to Z and vice versa, i.e. HXH = Z and
HZH = X. The phase gate is the square-root of Z, i.e. S2 = Z. The controlled-not gate
applies the identity I or X to the second qubit if the first qubit is in the state |0〉 or |1〉,
respectively, i.e. CX = |0〉〈0| ⊗ I + |1〉〈1| ⊗X.

An interesting result, known as the Gottesman-Knill theorem [44], is that quantum circuits
consisting of only preparation and measurement in the computational basis together with
Clifford gates can be simulated efficiently on a classical computer. Nevertheless, such quantum
circuits are of particular interest to us since they are sufficient for implementing quantum
error correction, as we will see in Section 1.5. For completeness, we note that in order to
achieve universal quantum computation, the Clifford gates must be supplemented with one
non-Clifford gate such as the T -gate

T =

(
1 0

0 eiπ/4

)
, (1.55)

which is the square-root of S, i.e. T 2 = S. One of the criteria in selecting a practical quantum
error correcting code is the ease with which a universal gate set can be implemented on the
encoded qubit.

Error channels

The evolution of an open system that interacts with its environment, described by a mixed
state, is not in general unitary. It is always possible to describe the evolution by a unitary
operation on the combined Hilbert space of the open system and an ancillary system; this
is known as purification and is described by the Stinespring dilation theorem [45]. However,
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it is often simpler to consider the evolution of the open system directly. This evolution is
described as a channel and represented by a linear map E between operators. We recall,
from Section 1.3.1, that an open system is represented by a density matrix ρ, which is a
positive operator with trace equal to one. A map from density operators to density operators
is completely-positive (CP), i.e. it preserves positivity E(ρ) ≥ 0, and trace-preserving (TP),
i.e. tr(E(ρ)) = tr(ρ). (In this thesis we do not consider trace-decreasing maps that represent
error processes involving qubit loss; such errors are, in any case, generally easier to correct
since the location of the loss is usually known.) The error channels considered in this thesis
can therefore be represented by CPTP maps.

There are several equivalent representations of CPTP maps. We use the operator-sum
representation [46] in this thesis. In the operator-sum representation, a CP map E can be
written as

E(ρ) =
∑
j

KjρK
†
j . (1.56)

Additionally we require that the Kj , known as Kraus operators, satisfy the completeness rela-
tion ∑

j

K†jKj = 1 (1.57)

to ensure trace-preservation.
In this thesis, we consider a range of noise models, including the most commonly studied

error models: bit-flip, phase-flip and depolarizing noise. In addition, we consider biased-
depolarizing noise, where rotations about one axis occur much more frequently than about
other axes, see Fig. 1.1. As stated in Section 1.1, dephasing noise, rotation about the z axis,
is dominant in many quantum architectures. We make the simplifying assumption that errors
are applied to each physical qubit according to the same probability distribution, known as
an independent and identically-distributed (i.i.d.) noise model. We now give definitions of the
various single-qubit error channels discussed in this thesis. In each case, the initial state of the
qubit is represented by ρ. The qubit state is modified with some probability p and unchanged
with probability (1− p).

The bit-flip channel applies a Pauli X operator, i.e. a π radian rotation about the x axis
(see Fig. 1.1), with probability p, and is defined as

E(ρ) = (1− p)ρ+XρX. (1.58)

The phase-flip channel applies a Pauli Z operator, i.e. a π radian rotation about the z axis,
with probability p, and is defined as

E(ρ) = (1− p)ρ+ ZρZ. (1.59)

The depolarizing channel applies a Pauli X, Y or Z operator each with probability p/3,
and is defined as

E(ρ) = (1− p)ρ+
p

3
(XρX + Y ρY + ZρZ) . (1.60)

This definition, in terms of Pauli operators, differs slightly from the formal definition E(ρ) =
pI/2 + (1 − p)ρ. However it is so commonly used in simulations of quantum error correction
that we use it here for ease of comparison with prior results.

The biased-depolarizing channel is a variation on the depolarizing channel where rotations
about one axis dominate. We model it by introducing a bias towards one of the Pauli operators.
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Let pX , pY and pZ be the probabilities for Pauli X, Y and Z errors, respectively, such that
p = pX +pY +pZ is the probability of any single-qubit error. We define the bias towards Pauli
Z errors as

η =
pZ

pX + pY
, (1.61)

and we make the simplifying assumption that pX = pY , such that

pZ =
η

η + 1
p and pX = pY =

1

2(η + 1)
p. (1.62)

The biased-depolarizing channel is then defined as

E(ρ) = (1− p)ρ+
1

2(η + 1)
p (XρX + Y ρY ) +

η

η + 1
pZρZ, (1.63)

such that with η = 1/2 it corresponds to the standard depolarizing channel, see Eqn. 1.60, and
in the limit η = ∞ it corresponds to the phase-flip channel, see Eqn. 1.59. This definition is
used in Chapters 2 and 4; in Chapter 3 we also consider bias towards Pauli Y errors, which
is defined analogously. We note that this is a common definition of biased-depolarizing noise,
although it is not unique [26, 32, 33, 36, 37, 39, 47].

1.4 Classical error correction

In this section, we introduce the concepts of classical error correction that are relevant to
this thesis. The concepts presented here are covered in more depth in Ref. [48]. We start
by discussing the repetition code, the simplest classical code, allowing us to introduce some
concepts that have analogues in quantum error correction. We finish by presenting the cycle
code, which, as we show in Chapter 3, forms part of the structure of the quantum surface code
in the presence of infinitely-biased noise.

1.4.1 Classical repetition code

The aim of classical error correction is to implement a reliable logical system to store or send
information using unreliable physical systems. The simplest classical error correction code that
protects a bit of information against a single-bit flip error, i.e. an error that flips 0 to 1 and
vice versa, is the three-bit repetition code. The three-bit repetition code encodes a logical bit
into three physical bits by simply copying the bit value. The logical 0 and 1 states are encoded
into codewords as

0 = 000 and 1 = 111, (1.64)

respectively. If a single bit-flip error occurs on one of the physical bits, then we can correct
the error by measuring each physical bit and taking a majority vote. Clearly if two bit-flip
errors occur, then we can detect the error but we cannot correct it with confidence, and if
three bit-flip errors occur, then we cannot even detect the error.

We can easily see that the three-bit repetition code reduces the probability of an uncor-
rectable error. Suppose we have a binary symmetric channel, i.e. the probability of a bit-flip
error occurring on any single bit is p and the probability of no error occurring on any single bit
is (1−p). The physical error probability on an unencoded bit is then p. However, since a single
bit-flip error can be corrected on a logical bit, the logical error probability on the encoded bit is
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p = 3(1− p)p2 + p3, which reflects the three ways in which two bit-flips can occur and the one
way in which three bit-flips can occur. Therefore, provided p < 1/2, the three-bit repetition
code reduces the probability of an uncorrectable error.

The repetition code is an example of a binary linear code. We say that C is a [n, k] binary
linear code, if it is a subspace C ⊆ Zn2 over Z2 of dimension k. That is C is a group of length-
n binary vectors (codewords), generated by k linearly independent codewords under bitwise
addition and multiplication by 0 or 1 As such, C encodes k logical bits into n physical bits.
For a binary linear code C, we define two important matrices. The generator matrix G is
a k × n binary matrix whose rows are a minimal basis of codewords for C. The generator
matrix provides a way to encode a length-k binary vector x into a length-n binary vector
as x = xG. The check matrix H is a (n − k) × n binary matrix whose rows are parity
checks for C, or equivalently a minimal basis of codewords for the code C⊥ dual to C, where
C⊥ = {x ∈ Zn2 | x · c ∀ c ∈ C}. The check matrix provides a way to extract a syndrome that
gives information about error location on a length-n binary vector x as s = HxT .

As an example, the three-bit repetition code is a [3, 1] code. A generator matrix for the
three-bit repetition code is

G =
(
1 1 1

)
, (1.65)

and we encode 0 and 1 as

0 = 0 ·G = 0 ·
(
1 1 1

)
= (000) and 1 = 1 ·G = 1 ·

(
1 1 1

)
= (111). (1.66)

A check matrix for the three-bit repetition code is

H =

(
1 1 0
0 1 1

)
, (1.67)

and if x = (001) is the result of a codeword suffering a single bit-flip error, then the syndrome
is

s = HxT =

(
1 1 0
0 1 1

)0
0
1

 =
(
0 1

)
, (1.68)

indicating that the single bit-flip error occurred on the last physical bit.
Like codewords, errors can be represented as binary vectors, where 1 indicates a bit-flip is

applied at that location of a codeword. The weight of a codeword or an error is the number
non-zero bits. The distance of a linear code is the weight of the minimum-weight non-zero
codeword. If we want to change the information encoded in a code without decoding, then
a logical operator must be applied to convert one codeword to another. The distance of a
linear code is also the weight of the minimum-weight logical operator. A code of distance d
can detect up to (d− 1) errors and correct up to (d− 1)/2 errors. An [n, k] code with distance
d is denoted as an [n, k, d] code; for example, the three-bit repetition code has a single logical
operator (111) and therefore has distance d = 3, and we say it is a [3, 1, 3] code.

The three-bit repetition code is a member of the family of n-bit repetition codes, defined
by encoding a logical bit into n physical bits in exactly the same way. For any family of codes,
an important figure of merit is the critical error rate pc, known as the error threshold, below
which the probability of a logical error can be made arbitrarily small by increasing the code
size. In general the error threshold depends on both the choice of code and the given error
channel; for example, n-bit repetition codes with bit-flip errors have a threshold of pc = 1/2.
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Another figure of merit for a family of codes is the rate of the code. For an individual code
the rate is k/n and for a family of codes the rate is limn→∞ k/n; for example, n-bit repetition
codes have a rate of limn→∞ 1/n = 0.

1.4.2 Classical cycle code

The cycle code features in Chapter 3 where it is formally but concisely defined, see Section 3.3.2.
Here we give a more descriptive definition of the cycle code and provide an illustrative example
using the concepts and terminology introduced in the previous subsection.

The cycle code Cm encodes (m − 1) logical bits into e physical bits. Consider a complete
graph with m vertices and e = m(m− 1)/2 edges, where m ≥ 3, and associate binary vectors
x ∈ Ze2 with that graph such that each bit of x is associated with an edge. The codewords
of Cm are generated by the set of binary vectors with 1 for edges incident on a vertex, and 0
elsewhere; there are (m− 1) linearly independent codewords. The parity checks of Cm are the
binary vectors with 1 for cycles (triangles) of edges, and 0 elsewhere; there are (e − m + 1)
linearly independent parity checks.

As an example, consider the cycle code C4 that encodes (m− 1) = 3 logical bits into e = 6
physical bits, i.e. C4 is a [6, 3] code. The complete graph associated with C4, labeling the four
vertices a, b, c, and d and the six edges 1 to 6, is

Using the edge labeling to index the bits of the binary vectors in Z6
2, a generating set of

codewords corresponding to the vertices a, b, and c gives the rows of a generator matrix for C4

G =

1 0 0 1 0 1
1 1 0 0 1 0
0 1 1 1 0 0

 . (1.69)

(The codeword corresponding to vertex d is redundant, being the bitwise sum of the rows of
G.) A complete set of linearly independent parity checks, corresponding to the cycles of edges
156, 124, and 235, gives the rows of a check matrix for C4

H =

1 0 0 0 1 1
1 1 0 1 0 0
0 1 1 0 1 0

 . (1.70)

(The parity check corresponding to the cycle of edges 346 is redundant, being the bitwise sum
of the rows of H.)

We show in Chapter 3 that the quantum surface code subject to infinitely-biased noise
is equivalent to a cycle code concatenated with several repetition codes. Code concatenation
means replacing physical bits in one code with logical bits of another code. Considering the
interplay between the cycle code and repetition codes in this concatenation provides insights
into the performance of the surface code with highly-biased noise.
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1.5 Quantum error correction

In this section, we introduce the concepts of quantum error correction that are relevant to this
thesis. The concepts presented here are covered in more depth in Ref. [49] and the references
given in the subsections.

The aim of quantum error correction is to implement reliable logical qubits using unreli-
able physical qubits; (higher-dimensional quantum systems may also be used but we restrict
ourselves to qubits in this thesis). As mentioned in Section 1.1, quantum computations rely on
superposition, and other features of quantum systems such as entanglement and interference,
in order to outperform classical computations for certain problems. This means that quantum
error correction should preserve the superposition state of logical qubits, and implement mea-
surement and evolution of logical qubits without spreading errors uncontrollably, such that
noiseless quantum computations can be arbitrarily well approximated.

We start by looking at challenges and solutions to preserving the superposition state of a
logical qubit, covering the fundamentals of quantum error correction. We then introduce the
stabilizer formalism, which can be used to efficiently describe the quantum error correcting
codes considered in this thesis. Next we look at how measurement and evolution of logical
qubits can be implemented to achieve fault-tolerance before outlining some criteria for evalu-
ating codes. Finally, we introduce topological codes and, in particular, the surface code, which
is the main subject of this thesis.

1.5.1 Fundamentals

We saw in Section 1.4, how classical error correction can protect a bit state, either 0 or 1, from
random bit-flips. The equivalent task in quantum error correction is to protect the general
pure qubit state, |ψ〉 = α |0〉+ β |1〉, from any continuous rotation or even entanglement with
its environment. This raises a number of challenges specific to quantum error correction.

Challenges

There are several barriers to quantum error correction that prevent us from naively applying
the techniques of classical error correction:

• No-cloning theorem prevents copying.

• Measurement destroys superposition.

• Qubit statespace is continuous.

The no-cloning theorem [50–52] prevents copying of arbitrary unknown quantum states;
how can redundancy be used to protect qubits? Measurement destroys superposition; how can
we look at the qubits to see what errors have occurred? The qubit statespace is continuous;
how can we distinguish a state with a small error from an equally valid nearby state?

With the bit-flip code, we will see how entangled states, incorporating redundancy, and
stabilizer measurements can be used to protect the superposition of interest against single
bit-flip errors, without cloning unknown states. With the Shor code, we will see how this
protection can be extended to handle single phase-flip errors as well. With error discretization,
we will see that we only need consider two discrete types of error in order to protect against
continuous rotations and entanglement with the environment, and therefore the Shor code
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protects against all single qubit errors. Finally, we will state and briefly discuss the conditions
under which a quantum error correcting code corrects a set of errors.

Bit-flip code

Consider the general pure qubit state (recall Eqn. 1.1)

|ψ〉 = α |0〉+ β |1〉 (1.71)

where α, β ∈ C and |α|2+ |β|2 = 1. Preserving the superposition of this state means preserving
the coefficients α and β.

The bit-flip code [1], which protects against a single bit-flip error, does not copy the un-
known state |ψ〉, which would violate the no-cloning theorem, but rather encodes |ψ〉 in the
three-qubit logical state

∣∣ψ〉 as ∣∣ψ〉 = α |000〉+ β |111〉 , (1.72)

such that
∣∣ψ〉 is the superposition of two logical codewords

∣∣0〉 = |000〉 and
∣∣1〉 = |111〉. This

is an extension of the two-qubit bit-flip detection code described at the end of Section 1.3.3.
Consider the eight-dimensional Hilbert space H3 = span{|a1 a2 a3〉 | aj ∈ Z2} partitioned into
four orthogonal subspaces

V00 = span{|000〉 , |111〉} (1.73)

V01 = span{|001〉 , |110〉} (1.74)

V11 = span{|010〉 , |101〉} (1.75)

V10 = span{|100〉 , |011〉}. (1.76)

The logical state
∣∣ψ〉 is in the subspace V00, which we call the codespace. Any single bit-flip

error rotates the logical state out of the codespace and into one of the other subspaces; for
example, a bit-flip error on the last qubit, IIX = I ⊗ I ⊗X, rotates the logical state into V01

IIX
∣∣ψ〉 = IIX(α |000〉+ β |111〉) = α |001〉+ β |110〉 ∈ V01. (1.77)

We can use the stabilizer measurements ZZI and IZZ to determine into which subspace
the logical state has rotated. In particular, if we define a syndrome vector s ∈ Z2

2, for the
observables M1 = ZZI and M2 = IZZ, as

s = (s1 s2) such that sj =

{
0, if measurement of Mj yields + 1

1, otherwise
, (1.78)

then the syndrome s = (a b) indicates that the logical state has been rotated to the subspace
Vab; for example a bit-flip error on the last qubit rotates the logical state into V01 as revealed by
the syndrome s = (0 1). Assuming no more than one single bit-flip error has occurred, we know
from the syndrome which qubit has flipped and we can recover the error-free logical state

∣∣ψ〉
by applying an appropriate operator; for example if the syndrome is s = (0 1) then we apply
the recovery operator IIX to recover

∣∣ψ〉. Crucially, throughout the error correction process,
the coefficients α and β are preserved, and hence the superposition of interest is preserved.

In anticipation of the stabilizer formalism, defined in Section 1.5.2, we briefly introduce
the notion of quantum logical operators. The minimum-weight logical bit-flip operator for
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the bit-flip code is given by X = XXX, i.e. X
∣∣0〉 =

∣∣1〉 and X
∣∣1〉 =

∣∣0〉. A minimum-
weight logical phase-flip operator for the bit-flip code is given by Z = IIZ, i.e. Z

∣∣0〉 =
∣∣0〉

and Z
∣∣1〉 = −

∣∣1〉. These logical operators keep the logical state in the codespace V00, i.e.

X
∣∣ψ〉 ∈ V00 and Z

∣∣ψ〉 ∈ V00. The weight of such an n-qubit Pauli operator is the number of
qubits it acts upon non-trivially.

We have seen that the bit-flip code is similar to the classical three-bit repetition code, see
Section 1.4, in that it protects against any single bit-flip error. However, in addition to bit-flip
errors, qubits are also susceptible to phase-flip errors. The fact that Z consists of a single
Pauli Z operator reveals that the bit-flip code does not protect against single phase-flip errors.
Fortunately, a phase-flip code can be defined by direct analogy to the bit-flip code and the
two can be combined to form the Shor code [7] that corrects both single bit-flip and single
phase-flip errors.

Shor code

The effect of a bit-flip error, X, is to flip the eigenvectors, |0〉 and |1〉, of the Pauli Z operator,
i.e. X |0〉 = |1〉 and X |1〉 = |0〉. This is mirrored by the effect of a phase-flip error, Z, on the
eigenvectors, |+〉 and |−〉, of the X operator, i.e. Z |+〉 = |−〉 and Z |−〉 = |+〉. Therefore the
construction of the phase-flip code, which protects against a single phase-flip error, mirrors that
of the bit-flip code. The phase-flip code encodes the general pure qubit state, see Eqn. 1.71,
in the three-qubit logical state

∣∣ψ〉 as∣∣ψ〉 = α |+ + +〉+ β |− − −〉 (1.79)

such that
∣∣ψ〉 is the superposition of two logical codewords

∣∣0〉 = |+ + +〉 and
∣∣1〉 = |− − −〉.

Using stabilizer measurements XXI and IXX, the analysis of the bit-flip code, above, carries
over to show that the phase-flip code protects against a single phase-flip error. We note that
the logical codewords of the phase-flip code expressed in the computational basis are∣∣0〉 = |+ + +〉 =

1√
8

(|0〉+ |1〉)⊗ (|0〉+ |1〉)⊗ (|0〉+ |1〉) (1.80)∣∣1〉 = |− − −〉 =
1√
8

(|0〉 − |1〉)⊗ (|0〉 − |1〉)⊗ (|0〉 − |1〉). (1.81)

The Shor code [7] concatenates three copies of the bit-flip code, at the bottom level, into
a phase flip code, at the top level, to give a nine-qubit code that protects against any single
bit-flip or any single phase-flip error, or combination of the two. Concatenation of quantum
codes is analogous to concatenation of classical codes in that it involves replacing physical
qubits in one code with logical qubits of another code. The Shor code encodes the general pure
qubit state, see Eqn. 1.71, into the nine-qubit logical state

∣∣ψ〉 using the logical code words∣∣0〉 = |000〉 and
∣∣1〉 = |000〉 of the bit-flip code, see Eqn. 1.72 within the phase-flip code, see
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Eqn. 1.79, expressed in the computational basis, see Eqn. 1.80 and 1.81, as∣∣ψ〉 = α
1√
8

(
∣∣0〉+

∣∣1〉)⊗ (
∣∣0〉+

∣∣1〉)⊗ (
∣∣0〉+

∣∣1〉)
+ β

1√
8

(
∣∣0〉− ∣∣1〉)⊗ (

∣∣0〉− ∣∣1〉)⊗ (
∣∣0〉− ∣∣1〉)

= α
1√
8

(|000〉+ |111〉)⊗ (|000〉+ |111〉)⊗ (|000〉+ |111〉)

+ β
1√
8

(|000〉 − |111〉)⊗ (|000〉 − |111〉)⊗ (|000〉 − |111〉)

. (1.82)

The stabilizer measurements of the Shor code are

Z1Z2, Z2Z3, Z4Z5, Z5Z6, Z7Z8, Z8Z9, (1.83)

X1X2X3X4X5X6, X4X5X6X7X8X9 (1.84)

where subscripts index the qubit to which the operator applies. These stabilizer measurements
follow from those of the bit-flip and phase-flip codes. The pairs of stabilizer measurements
given in the top row are just those of the bottom-level bit-flip codes. The pair of stabilizer
measurements given in the bottom row correspond to the stabilizer measurements for the
top-level phase-flip code taking into account that, for the bit-flip code, X = XXX.

The Shor code protects against any single bit-flip error, X, by virtue of the bottom-level
bit-flip codes. It also protects against any single phase-flip error, Z, thanks to the top-level
phase-flip code; there is some degeneracy in the syndrome, for example the errors Z1, Z2 or Z3

each give the same syndrome, but this is not an issue since the same recovery operator, say Z1,
successfully corrects each of these errors. Finally, we note that since the Pauli Y operator is the
product of X and Z up to a global phase, the Shor code protects against any single-qubit Pauli
error. In the next subsection, we see that this is sufficient to protect against any single-qubit
error.

Error discretization

The discretization of errors has been described as the magic [53] of quantum error correction. It
allows a quantum state, which occupies a continuous statespace, to be protected from an infinite
number of continuous errors, whilst only considering a finite number of discrete errors [54].

Any n-qubit coherent (i.e. unitary) error operator E can be expressed as a linear combi-
nation of operators from the n-qubit Pauli group P, see Section 1.3.2. Suppose a logical qubit
of some code C is in the state

∣∣ψ〉, and the error E acts on
∣∣ψ〉, then the state E

∣∣ψ〉 can be

expressed as a superposition of terms σj
∣∣ψ〉 where σj ∈ P. The stabilizer measurements of C,

which form part of the error correction process, project E
∣∣ψ〉 onto one of the σj

∣∣ψ〉 terms,
(or a subset if the code is degenerate). Provided C can correct each σj , then C corrects E. It
follows that a code that corrects all weight-t Pauli errors, corrects all t-qubit coherent errors.

Beyond coherent errors, the most general error, including interaction with the environment,
can be described as an error channel that maps the pure logical state to a mixed state, see
Section 1.3.4. Such an error channel E operating on a state ρ can be written as ρ → E(ρ) =∑

j EjρE
†
j where

∑
j E
†
jEj = 1 and Ej is in the span of the Pauli operators. Before the

application of E , the state ρ takes the form ρ =
∣∣ψ〉〈ψ∣∣, where

∣∣ψ〉 is a logical state in the
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codespace of C. After the application of E , the state ρ is in a mixed state E(ρ) that can be
considered a probabilistic sum of states Ej

∣∣ψ〉. Provided C corrects each Ej , then C corrects
E . It turns out, therefore, that a code that corrects all weight t Pauli errors, corrects all t-qubit
errors in general.

As promised, we have seen that the Shor code, which corrects single-qubit X and Z errors,
corrects all single-qubit errors. In fact, codes that correct up to t errors, also correct small
errors, on more than t qubits up to order εt. For example, suppose each qubit, labeled j, of
the nine qubits in the Shor code experiences a small error, I + εEj , then the total error E can
be expanded as a sum of terms with no error, single-qubit errors and multi-qubit errors as

E =
⊗
j

(I + εEj) = I + ε(E1 + E2 + . . .+ E9) +O(ε2) (1.85)

where Ej is a single-qubit error acting on qubit j. The Shor code, which corrects single-qubit
errors, corrects E to order ε, which is a significant improvement provided ε is small.

Error correction conditions

The conditions under which a code corrects a set of errors is an important theorem [55, 56] in
quantum error correction, which we now state and briefly discuss.

Theorem 1.1. Suppose E is a set of errors {Ea} acting on a Hilbert space H. A quantum
error correcting code, defined by the subspace C ⊆ H, with basis {|φj〉}, corrects any error in
E if and only if

〈φj |E†aEb |φk〉 = cabδjk (1.86)

where cab is a constant independent of j and k and cab = c∗ba.

The above theorem is in a form that applies to subspace codes, which includes the codes
considered in this thesis, but it can be generalized to other classes of error correction [57, 58].
It is illuminating to unpack Eqn. 1.86. The condition with j 6= k says that an erroneous version
of one codeword must remain distinguishable from all other (possibly erroneous) codewords;
that is orthogonal states must remain orthogonal under any error. The condition with j = k
says that if an erroneous version of one codeword overlaps with a (possibly) erroneous version
of the same codeword, then that overlap must be the same for all codewords altered by the
same error so that the relative amplitude of the codewords is preserved in superposition; this
allows for degeneracy where different errors map to the same logical state.

1.5.2 Stabilizer codes

The bit-flip code and Shor code, see Section 1.5.1, are examples of a particular class of quantum
error correcting codes known as stabilizer codes [44, 59]. Stabilizer codes provide a straightfor-
ward generalization of classical binary linear codes, see Section 1.4, and as such are relatively
straightforward to analyze algebraically and numerically.

Formalism

A stabilizer code encodes k logical qubits into n physical qubits using a codespace that is a
2k-dimensional subspace of the 2n-dimensional Hilbert space. The codespace HC is defined, in
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terms of codewords |ψ〉, as

HC = {|ψ〉 ∈ H | g |ψ〉 = |ψ〉 ∀ g ∈ S} (1.87)

where the stabilizer group S is an Abelian subgroup of the n-qubit Pauli group P, see Eqn. 1.30,
such that −I /∈ S. The centralizer of S is Z(S) = {P ∈ P | PS = SP ∀ S ∈ S}. A stabilizer
code C(S) is defined by a minimal set of m generators Sj , sometimes called parity checks, of S

S = 〈S1, S2, . . . , Sm〉 (1.88)

and a pair of logical operators (Xj , Zj) for each encoded qubit such that

Xj , Zj ∈ Z(S) \ S and XjZj = −ZjXj . (1.89)

Defined in this way, the stabilizer code C(S) encodes k = n−m logical qubits in n physical
qubits and has distance

d = min
P∈Z(S) \ S

wt(P ). (1.90)

where wt(P ) is the number of qubits upon which P acts non-trivially, so it corrects up to
t = (d − 1)/2 errors. We label C(S) as an [[n, k, d]]; note the use of double brackets for
quantum codes.

There are several methods for constructing stabilizer codes, such as the CSS and homologi-
cal constructions [49]; the latter method yields topological stabilizer codes and the surface code,
in particular, see Section 1.5.5, which is the main subject of this thesis. There are also gen-
eralizations of stabilizer codes, such as subsystem codes [60, 61], and, of course, non-stabilizer
codes [49]; we do not consider such codes other than to provide context for the surface code.

Decoding

The process of error correction is known as decoding ; although it is not the opposite of encoding.
The aim is to restore the logical qubit(s) to the codespace without inducing a non-trivial logical
operation.

A stabilizer measurement is performed for each of the generators Sj of S = 〈S1, S2, . . . , Sm〉,
and we define a syndrome vector s ∈ Zm2 as

s = (s1 s2 . . . sm) such that sj =

{
0, if measurement of Sj yields + 1

1, otherwise
. (1.91)

In terms of the error correction conditions, see Theorem 1.1, for a set of errors E = {Ea}, if

E†aEb /∈ Z(S) then the syndrome can distinguish them, and if E†aEb ∈ S then Ea and Eb act
the same on the codewords of C(S) and there is no need to distinguish them. That is C(S)

corrects any error in E if and only if E†aEb /∈ Z(S) \S ∀ Ea, Eb ∈ E [54].
The syndrome is used to attempt to identify, with high probability, a recovery operator R

that reverses the action of the error E. A successful recovery operator acts equivalently to the
error, i.e. R = ES for some S ∈ S.

Minimum-weight decoding [16] is perhaps the simplest approach to decoding. The idea is to
choose a recovery operator R = Es, where Es is an error consistent with the syndrome s with
minimum weight wt(Es). The choice of R is not necessarily unique and the approach does not
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take into account such degeneracy. However, minimum-weight decoding often works well when
the error rate is low and, in many cases, it can be implemented efficiently. We describe such an
implementation for the surface code in Section 1.5.5 and define an adaptation to biased noise
in Chapter 4.

Maximum-likelihood decoding [16] is the optimal approach to decoding in that it maxi-
mizes the probability of successful recovery. The idea is to consider equivalence classes of
errors (cosets of the stabilizer group) and select a recovery operator from the most-likely class.
Consider the codespace state ρ subject to a general Pauli error channel given by

E(ρ) =
∑
P∈P

π(P )PρP † (1.92)

where π is a probability distribution on the Pauli group P. The action of P,Q ∈ P on ρ is
the same, i.e. PρP † = QρQ†, whenever PS = QS, where PS = {PS | S ∈ S} is a coset of the
stabilizer group S. P is a disjoint union of cosets PαS, where Pα is some fixed representative
of PαS. The error channel can therefore be rewritten as

E(ρ) =
∑
α

π(PαS)PαρP
†
α (1.93)

where π(PS) =
∑

S∈S π(PS) is a coset probability. If Ps is some fixed Pauli operator consistent
with syndrome s, then the set of all Pauli operators consistent with syndrome s is a coset of
the centralizer of S, PsZ(S), which can be expressed as the disjoint union

PsZ(S) = PsS ∪ PsXS ∪ PsY S ∪ PsZS (1.94)

where X, Y = −iZX and Z are the logical operators for the encoded qubit (for simplicity we
assume a single encoded qubit but the generalization to multiple encoded qubits is straightfor-
ward). Therefore, the post-measurement state can be expressed in terms of coset probabilities
as

ρs = π(PsS)PsρP
†
s + π(PsXS)PsXρXP

†
s + π(PsY S)PsY ρY P

†
s + π(PsZS)PsZρZP

†
s (1.95)

and we maximize the probability of successful recovery by choosing the recovery operator to be
any element of the most-likely coset PsS, PsXS, PsY S or PsZS. In summary, the approach
consists of selecting any Pauli operator consistent with the syndrome, evaluating 4k coset
probabilities, and returning a recovery operator from the most-likely coset. The evaluation
of each coset probability is a sum over |S| elements, which is exponential in n. Therefore,
although maximum-likelihood decoding maximizes the probability of successful recovery its
exact implementation is not efficient. We describe an efficient approximate implementation
for surface codes in Section 1.5.5, and define adaptations to biased noise and color codes in
Chapter 3.

1.5.3 Fault-tolerance

In the preceding sections, we have assumed perfectly reliable measurements in describing how
quantum error correcting codes protect a quantum state against noise. A practical code must
handle faulty measurements to implement fault-tolerant error correction. The overhead of
handling faulty measurements is one of the criteria by which codes are evaluated. One common
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approach is to repeat the measurements in time and decode the resulting higher-dimensional
syndrome for both qubit and measurement errors [15]; we describe this approach for the surface
code in Section 1.5.5 and use it in Chapter 4. Some codes, such as the 3D gauge color code [62]
and 4D toric code [15], admit single-shot error correction where meta-checks provide additional
information about error location.

Computation

Fault-tolerant quantum error correction, as described above, implements a quantum memory.
Full fault-tolerant quantum computation requires additional protocols to perform a universal
set of logical gates in a protected way, i.e. the Clifford gates and a non-Clifford gate such as
the T -gate, see Section 1.3.4. Such protocols fall outside the scope of this thesis, however we
briefly mention some of them since the overhead of implementing them is another criterion by
which codes are evaluated. The main idea is to implement logical gates directly on the encoded
state, whilst avoiding the spread of errors beyond the code distance. A low-overhead approach
is to use transversal gates, where a logical gate is performed by applying single-qubit gates to
the physical qubits of the encoded state, or two-qubit gates between corresponding pairs of
physical qubits of encoded states; Eastin and Knill [63] have shown that no single code admits
a universal set of transversal gates. Another approach uses constant-depth circuits, which also
limits the spread of errors; Bravyi and Koenig [64] have shown that no 2D stabilizer code admits
a universal set using this approach. There are ways to circumvent some of these restrictions,
such as gauge fixing, in which some logical qubits are not used to protect against errors but
to switch between codes with different sets of transversal gates; for example the 2D color code
(with transversal Clifford gates) and the 3D color code (with transversal T -gate) [65, 66]. Other
approaches include lattice surgery, involving multi-qubit logical measurements, and encoding
qubits in topological defects such as punctures or dislocations and braiding or fusing these
defects; for example these techniques can be used to implement the Clifford gates on the
surface code [15, 67–69]. Finally we mention magic state distillation [70], which is usually
considered high-overhead and involves ‘distilling’ a high-fidelity state that, when teleported
into the code, can be used to implement the desired logical gate.

Threshold theorem

The threshold theorem has several formulations [8–12], we state the version given in Ref. [16].

Theorem 1.2. An ideal quantum circuit of size N can be simulated with arbitrary small error
ε by a noisy quantum circuit subjected to independent stochastic noise of strength less than
p < pc where the noisy quantum circuit is of size O(N(log(N/ε))m) with some constant m.

This is perhaps the most important theorem in quantum computation, since it tells us
that quantum computation is possible, with some physically reasonable assumptions about
the noise. The proof involves analyzing fault-tolerant protocols for state preparation, logical
gates and measurement, along with a family of quantum error correcting codes, whose distance
grows with the number of physical qubits.

In the context of quantum error correction, we define the threshold error rate as the physical
error rate below which the logical error rate can be made arbitrarily small by increasing the
code size. The threshold error rate, so defined, is a function of the code, error channel and
decoder. We are interested in the threshold error rate at three levels of abstraction: code
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capacity, phenomenological fault-tolerant, and circuit-based fault-tolerant. The code-capacity
threshold considers that errors may alter the state of physical qubits but measurements are
perfectly reliable. The phenomenological fault-tolerant threshold, in addition to errors on
qubits, considers that errors may alter stabilizer measurement outcomes without regard to the
details of the measurement circuits. The circuit-based fault-tolerant threshold, in addition to
errors on qubits, considers that errors may occur at any step of the stabilizer measurement
circuits. Each threshold definition has its merits. In Chapters 2 and 3, we evaluate the code-
capacity threshold using maximum-likelihood decoding in order to study inherent properties of
the surface code with biased noise. In Chapter 4, we evaluate phenomenological fault-tolerant
thresholds to demonstrate how the surface code performs with biased noise in an experimentally
realistic scenario assuming faulty measurements and using an efficient but suboptimal decoder.
If a particular hardware implementation is to be considered then the circuit-based fault-tolerant
threshold is of interest to get a maximum target error rate for the physical qubits. In all cases,
the threshold error rate is an important criterion by which a code is evaluated.

1.5.4 Code criteria

We are now in a position to list some criteria by which quantum error correcting codes can be
evaluated. The following criteria are independent of physical architecture:

• High threshold error rate.

• Low decoding complexity.

• High encoding rate (k/n).

• Low logical gate overhead.

The following criteria are important for many physical architectures:

• Local stabilizers.

• 2D layout.

In section 1.5.5, we highlight why the surface code is considered one of the most promising
practical codes, whilst noting its limitations. In Chapters 2, 3 and 4, we show that the surface
code can achieve even higher threshold error rates with relevant noise models whilst maintaining
decoding efficiency.

1.5.5 Topological codes

Topological stabilizer codes are a class of stabilizer code that has some very interesting features.
The main idea is that logical qubits are encoded in topological degrees of freedom, whose
extent is large or even global, while stabilizers are local. Assuming errors act locally and can
be corrected or restricted in extent, then the logical qubits are protected from noise.

Surface code construction

The most well-known and well-studied topological stabilizer code is the surface code. The
term surface code is sometimes used interchangeably with toric code [13], which has periodic
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boundaries, and planar code [14], which has open boundaries. We will generally use surface
code when referring to the case with open boundaries, and either qualify the term or use toric
code when referring to the case with periodic boundaries.

The surface code with periodic boundaries, or toric code, is defined as follows. Define
a square lattice cellulation of a torus, which can be represented as a square with periodic
boundaries, see Fig. 1.2. To each edge of the lattice assign a physical qubit, to each vertex
assign an X-type stabilizer, and to each plaquette assign a Z-type stabilizer. An X-type
stabilizer is a product of Pauli X operators on qubits assigned to edges incident to the vertex.
A Z-type stabilizer is a product of Pauli Z operators on qubits assigned to edges forming the
boundary of the plaquette. Such stabilizers commute, since stabilizers of different types either
coincide on no edges or and even number of edges. The set of all such stabilizers forms an
over-complete generating set of the stabilizer group S for the toric code. Logical operators on
the toric code are formed of non-trivial closed loops of X or Z operators, i.e. loops that cannot
be formed as products of stabilizers. The distance of the toric code is the number of edges in
the smallest non-trivial closed loop. The toric code, so defined, with d × d horizontal edges,
encodes two logical qubits in n = 2d2 physical qubits and has distance d.

Figure 1.2: Surface code with periodic boundaries (toric code). Physical qubits are on edges. Logical
operators for encoded qubits labeled 1 and 2 are: X1 (Z1) a column (row) of Pauli X (Z) operators
on horizontal edges, and X2 (Z2) a row (column) of Pauli X (Z) operators on vertical edges. X-type
stabilizers are a product of Pauli X operators on edges incident to a vertex. Z-type stabilizers are a
product of Pauli Z operators on edges forming the boundary of a plaquette.

The above description can be expressed as a homological construction and generalized to
codes with boundaries and higher dimensions [49]. For example, the torus is a 2-dimensional
manifold, and given a square lattice cellulation, we assign qubits to 1-cells (edges), X-type
stabilizers to 0-cells (vertices), and Z-type stabilizers to 2-cells (plaquettes), and the logical
operators are non-trivial 1-cycles and 1-cocycles.

The surface code with open boundaries, or planar code, follows a similar homological
construction relative to its boundaries, see Fig. 1.3. Physical qubits are assigned to edges as for
the toric code. The stabilizers are defined as for the toric code, except at the boundaries where
they are supported on just three qubits. The top/bottom boundaries with 3-qubit X type
stabilizers are called smooth, and the left/right boundaries with 3-qubit Z-type stabilizers are
called rough. The logical operators are formed of a cycle of Pauli X operators between opposing
smooth boundaries, and a cycle of Pauli Z operators between opposing rough boundaries. The
surface code, so defined, with d×d horizontal edges, encodes one logical qubit in n = 2d2−2d+1
physical qubits and has distance d.
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Figure 1.3: Surface code with open boundaries (planar code). Physical qubits are on edges. Logical
operators for the encoded qubit are: X (Z) a column (row) of Pauli X (Z) operators on horizontal
edges. X-type stabilizers are a product of Pauli X operators on edges incident to a vertex. Z-type
stabilizers are a product of Pauli Z operators on edges forming the boundary of a plaquette.

There are several variants of surface code, as well as many other topological codes [49]. In
this thesis, we focus on the most well-studied topological code, the surface code, as defined
above, and tailor it to biased noise models. The modifications that we analyze are changing the
basis of Pauli operator used to define stabilizers and logical operators, introduced in Chapter 2,
and changing relative boundary lengths and orientation, introduced in Chapter 3. These
modifications are analyzed in a fault-tolerant context in Chapter 4. For comparison, we also
analyze the performance of another 2D topological stabilizer code, the color code [71], in
Chapter 3, where is it defined.

Surface code decoding

Correcting an error on the surface code starts, as for any stabilizer code, with the measure-
ment of stabilizers yielding a syndrome. The topological nature of the surface code with local
stabilizers means that the spatial location of the stabilizers that are violated by a given error
provides additional information that can be used in correcting the error. We start by describing
an efficient minimum-weight decoding algorithm that exploits this spatial location information
to effectively decode the surface code for certain error channels. We then outline how this
decoding algorithm can be extended to the fault-tolerant context of unreliable measurements.
Next we describe an approximate maximum-likelihood decoding algorithm that effectively de-
codes the surface code for general Pauli error channels subject to a trade-off between efficiency
and accuracy. Finally we provide an illustration that constrasts how the two algorithms per-
form for a particular error configuration. Variations on the decoding algorithms described here
are used throughout Chapters 2, 3 and 4.

The basic minimum-weight matching [15] (MWM) decoder exploits the spatial location in-
formation of violated stabilizers as follows. The codespace of the surface code can be described
as the ground state of the Hamiltonian H = −∑v Av −

∑
pBp, where Av and Bp are X-type

vertex and Z-type plaquette stabilizers, respectively. Stabilizers that are violated by a given
error can be interpreted as excitations or quasiparticles called anyons or defects. Since there
are two types of stabilizer Av and Bp, there are two types of defects, usually labelled m and
e respectively, by analogy with magnetic and electric charges. Suppose an error E consists
of Pauli X operators in the bulk of the code, due to the bit-flip channel. A symmetry of the
code and this noise model is that e defects occur in pairs at each end of a string of X opera-
tors, see Fig. 1.4. Any pair of e defects can be fused and annihilated by applying a recovery
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operator R that applies strings of X operators between them. Decoding is successful if the
combined recovery and error are in the stabilizer group, i.e. RE ∈ S. That is if the combined
recovery and error form trivial closed loops of X operators, which are products of X-type
stabilizers. MWM decoding constructs a recovery by building a graph of e defects with edges
between defect pairs weighted by a Manhattan distance function, performing minimum-weight
perfect matching over the graph, and applying X operators along the shortest path between
matched defects. A second round of decoding is performed for m defects to correct Z errors.
On the surface code with open boundaries, e (m) defects can also be paired to rough (smooth)
boundaries, which can be implemented by matching to ’virtual’ defects off the boundaries.
This decoding algorithm does not take into account degeneracy or correlations between X and
Z errors, corresponding to Y errors, although some attempts have been made to modify it
to partially account for such correlations [21, 72, 73]. However the decoder is efficient, since
minimum-weight perfect matching, using the Blossom algorithm [74], has runtime O(n3), in
the worst case, and O(n) [75], on average, where n is the number of physical qubits in the
code. For certain noise models, specifically the bit-flip channel, it achieves a threshold close to
that of the optimal decoder, as detailed in the following subsection.

(a) (b) (c)

Figure 1.4: Minimum-weight matching decoding of the surface code. (a) Error consisting of a string of
Pauli X operators (red circles) and violated stabilizers (yellow stars). (b) Error and successful recovery
is a trivial closed loop of X operators, i.e. a product of X-type stabilizers. (c) Error and unsuccessful
recovery is a non-trivial closed loop of X operators.

The MWM decoder is readily extended to the fault-tolerant context of unreliable measure-
ments. In this case, stabilizer measurements are repeated in time so that the syndrome is 2+1
dimensional. Defects are located not at the location of violated stabilizers but at locations
where, possibly faulty, stabilizer measurement outcomes change from +1 to −1 or vice versa.
This can be viewed as replacing the 2-dimensional stabilizers, or parity checks, violated by
qubit errors, with 3-dimensional parity checks violated by qubit and measurement errors. The
decoding then proceeds as for the case with reliable measurements, except the distance func-
tion between defects may be modified due to the relative probability of qubit and measurement
errors. In Chapter 4, we define a decoder that uses MWM to exploit symmetries of a modified
surface code with biased noise.

We now introduce a graphical calculus, known as tensor network notation [76], that will
be useful in describing the approximate maximum-likelihood decoder. A tensor, which can be
thought of as a multi-dimensional array for our purposes, is represented by a node with legs,
where the number of legs is the number of indices of the array. In relation to Einstein notation,
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we have

Rρσµν = . (1.96)

Tensors can be contracted by joining legs, which corresponds to summing over indices

=
∑
i,j

. (1.97)

Legs can be grouped or split, which corresponds to reducing or increasing the number of indices
while increasing or reducing the size of indices accordingly

= = . (1.98)

Some common operations are shown in different equivalent notations in Table 1.1.

Table 1.1: Common operations represented in matrix / vector, Einstein and tensor network notations.

Matrix/vector Einstein Tensor network

u · v uαv
α

Av Aαβv
β

AB AαβB
β
γ

tr(A) Aαα

An approximate maximum-likelihood decoder for the surface code was introduced by Bravyi,
Suchara and Vargo [77]; we refer to it as the BSV decoder. Recalling Section 1.5.2, exact
maximum-likelihood decoding for the surface code proceeds as follows: find any Pauli operator
Ps consistent with the syndrome s (this is easily done by fusing defects to boundaries); evaluate
the coset probabilities π(PsS), π(PsXS), π(PsY S), π(PsZS) where S is the stabilizer group;
and return the recovery operator R as any element from the most-likely coset. Evaluating the
exact coset probabilities is highly inefficient. The idea of the BSV decoder is to define a tensor
network that would contract to the exact coset probability but to perform the contraction
approximately. The geometry of the tensor network, which is defined in Fig. 1.5, respects
that of the code with a local tensor defined for each stabilizer and qubit location. The bond
dimension or size of each index of the local tensors is initially 2. The outer columns of the
tensor network have the form of matrix product states (MPS), and the inner columns have
the form of matrix product operators (MPO) [76]. The bond dimension of each MPS / MPO
is the maximum bond dimension between tensors within the MPS / MPO and is therefore
initially 2. Approximate contraction of the tensor network is tuned via a parameter, χ, which
bounds the bond dimension and provides a trade-off between efficiency and accuracy. The
contraction proceeds as follows: the leftmost MPO is contracted into the left MPS (i.e. tensors
are contracted pairwise between the MPS and MPO) resulting in an updated left MPS with
bond dimension 4; this contraction is repeated, with successive leftmost MPOs, resulting in
the bond dimension of the left MPS doubling each time; if at any step the bond dimension
of the left MPS exceeds χ, a truncation procedure is applied to reduce its bond dimension
to χ, finally the tensor network consists of a single column which is contracted exactly. The
truncation procedure [78, 79] puts the MPS in a canonical form and sweeps through the chain

28



1. Introduction

of tensors using the singular value decomposition to reduce the size of each tensor by retaining
only the χ largest Schmidt values. With χ exponential in n, the number of physical qubits,
the contraction value of the tensor network is exact but the contraction is highly inefficient. A
smaller value of χ improves the efficiency of the contraction but may reduce the accuracy. The
approximate contraction has runtime O(nχ3). For certain noise models, it has been shown
that the BSV decoder closely approximates exact maximum-likelihood decoding with modest
χ [77].

(a) (b) (c)

Figure 1.5: Tensor network construction for coset probability used in approximate maximum-
likelihood decoding of the surface code with the BSV decoder. (a) 3 × 3 surface code with qubits
assigned to edges and X-type (Z-type) stabilizers assigned to vertices (plaquettes). (b) Corresponding
tensor network that evaluates to the coset probability π(PS), where P is an n-qubit Pauli operator,
chosen to be consistent with the syndrome, and S is the stabilizer group. The tensors labeled s, h
and v correspond to stabilizers, qubits on horizontal edges and qubits on vertical edges, respectively.
(c) Definitions of the s, h and v tensors. The s tensors impose valid stabilizers. The h and v tensor
elements take values from the probability distribution π1 over the single-qubit Pauli group, where Pe is
the restriction of P to the edge corresponding to the tensor.

The BSV decoder has not yet been extended to the fault-tolerant context of unreliable
measurements. This would involve approximate contraction of 3D tensor networks and it is
an open question whether this can be done efficiently with sufficient accuracy for approximate
maximum-likelihood decoding. In Chapter 2, we use the BSV decoder to analyze thresholds of
the surface code with biased noise. In Chapter 3, we define a similar tensor network decoder
for the surface code that achieves improved performance with biased noise, and we define an
analogous decoder for the color code to perform a comparative analysis.

Figure 1.6 provides an illustration that contrasts how the MWM decoder fails whereas the
BSV decoder succeeds for a particular error configuration. This type of error configuration
is studied in Chapter 3, and exploited in Chapters 2 and 4 to achieve improved decoding
performance.

Surface code features

In Section 1.1, we stated that the surface code is one of the most promising quantum error
correcting codes. We now provide some justification for that statement by considering how
well the surface code meets the code criteria given in Section 1.5.4.

As a 2D topological stabilizer code, the surface code has a 2D layout and local stabilizers,
satisfying an important criteria for many physical architectures. In such architectures, designed
with scalability in mind, qubits are closely packed facilitating local interactions and favoring a
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Figure 1.6: Example error configuration that causes the MWM decoder to fail, whereas the BSV
decoder succeeds. (a) Error configuration consisting of Pauli Y operators on two qubits. (b) Corre-
sponding syndrome consisting of plaquette and vertex defects. (c) The MWM decoder constructs a
recovery operator by first pairing plaquette defects and then pairing vertex defects. (In this case, the
combined recovery operator is not of minimum weight.) (d) Applying the recovery operator from MWM
decoding to the original error results in a non-trivial logical operation. (e) The BSV decoder constructs
a Pauli operator Ps consistent with the syndrome and determines the most-likely of the four logical
cosets PsS, PsXS, PsY S and PsZS, where S is the stabilizer group. (In this case, the most-likely coset
is PsS). (f) Applying the recovery operator from BSV decoding to the original error results in a trivial
operation (i.e. a product of stabilizers.)

2D layout for ease of addressing qubits. Another strength of the surface code, as a topological
code, is that it really represents a family of codes whose distance naturally increases with code
size, allowing a target logical failure rate to be achieved in a straightforward manner.

The ease with which a universal set of logical gates can be implemented is another impor-
tant criteria. Some of the lowest-overhead approaches are transversal gates or constant-depth
circuits. As discussed in Section 1.5.3, no single code admits a universal set of transversal
gates [63] and no 2D stabilizer code admits a universal set using constant-depth circuits [64].
However, relatively low-overhead approaches [15, 67–69] have been found to implement a uni-
versal set of logical gates on the surface code.

One major limitation of the surface code is its encoding rate, i.e. the ratio of logical qubits
to physical qubits, k/n. Increasing the size of a surface code in terms of number of physical
qubits n, increases the distance d but does not increase the number of logical qubits k. In the
limit as n tends to infinity, the surface code has zero rate. However, it has been shown that
any 2D topological code must satisfy the bound kd2 ≤ O(n) [80], and that the surface code
saturates this bound.

A major strength of the surface code is its high threshold error rates, which are amongst the
highest known [16] and can be achieved with low-complexity decoders. For topological codes,
the error threshold can be related to a phase transition of a classical statistical mechanical
model with quenched disorder [15]. Using this approach optimal code-capacity thresholds
of the surface code are estimated to be pc ≈ 10.9% [18, 19] with bit-flip noise and pc ≈
18.9% [20] with depolarizing noise. The minimum-weight matching decoder, described in the
previous subsection, is an efficient matching decoder that achieves code-capacity thresholds
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of pc ≈ 10.3% [22] with bit-flip noise, and pc ≈ 15.5% [23] with depolarizing noise; with
some modifications to take account of correlations between X and Z errors this has been
improved to pc ≈ 17.8% [21]. The approximate maximum-likelihood decoder, described in
the previous subsection, is an efficient tensor-network decoder that achieves very close to
optimal code-capacity thresholds for bit-flip and depolarizing noise [77]; indeed, there is a
direct mapping between such tensor-network decoders and the statistical mechanical models
mentioned above [81]. The color code, which can be seen as a folded surface code [82], exhibits
similar high thresholds with bit-flip and depolarizing noise [20]. In Chapters 2 and 3, we use
tensor-network decoders not only to confirm the optimal code-capacity thresholds with bit-flip
and depolarizing noise on the surface code and color code, but also to demonstrate ultrahigh
code-capacity thresholds with biased noise on the surface code. In the fault-tolerant context,
the surface code also achieves some of the highest thresholds. The optimal phenomenological
fault-tolerant threshold of the surface code with bit-flip noise is estimated using statistical
mechanical methods to be pc ≈ 3.3% [24]; a similar analysis with depolarizing noise is yet
to be performed but treating bit flips and phase flips separately gives a lower bound of pc ≈
(3/2)3.3% = 4.95%. The minimum-weight matching decoder achieves a phenomenological
fault-tolerant threshold of pc ≈ 2.9% [22] with bit-flip noise. Tensor-network decoders have
not yet been shown to efficiently generalize to fault-tolerant decoding. In Chapter 4, we define
an efficient matching decoder that exploits symmetries of the code and noise model to achieve
phenomenological fault-tolerant thresholds in excess of 5% with biased noise.

Codes other than the surface code can support low-overhead universal logical gates, partic-
ularly if we are prepared to relax the 2D layout requirement [65, 66] and allow code switching,
as discussed in Section 1.5.3. Moving to higher dimensions also opens up the possibility of
self-correcting quantum memories and single-shot error correction [15, 62, 83, 84]. 2D subsys-
tem codes have a more relaxed bound on rate kd ≤ O(n) with d2 ≤ O(n) [85, 86]. Allowing
non-local stabilizers, in low-density parity check (LDPC) codes for example, brings the pos-
sibility of constant-rate codes [87–91]. However, all of these alternative approaches introduce
significant practical challenges, such as lack of realizations in three physical dimensions, lack of
asymptotic thresholds or efficient decoding, or even lack of known constructions. If, for prac-
tical reasons, we restrict our attention to 2D layouts with local stabilizers, then the surface
code is currently one of the most promising known codes, along with the closely-related color
code. In this thesis, we identify previously unknown features of the surface code that make it
an even more appealing code.

1.6 Simulations

In this section, we introduce Qecsim [92], the software package developed to perform the
numerical analysis presented in Chapters 2, 3 and 4. This numerical analysis required nearly
1 500 000 core-hours of simulations on HPC facilities provided by the National Computing
Infrastructure and the University of Sydney.

Qecsim is a Python3 [93] library for simulating quantum error correction using stabilizer
codes. It is lightweight, modular and extensible, allowing additional codes, error models and
decoders to be plugged in. Codes, error models and decoders are defined using a rich object
model. The code and error model objects expose data as arrays for efficient syndrome eval-
uation and decoding. All processing of arrays is carried out efficiently using linear algebra
functions of the NumPy [94] and SciPy [95] libraries. All computationally intensive tasks are
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processed using subroutines implemented in C/C++ [96].
The core modules of Qecsim are qecsim.model, qecsim.app, qecsim.cli and qecsim.paulitools.

The qecsim.model module defines three key abstract classes: StabilizerCode, ErrorModel and
Decoder, see Fig. 1.7. Simulations are executed via the API by passing concrete implemen-
tations of the key classes to run functions of the qecsim.app module, see Algorithm 1.1. The
output statistics of simulations are in a structured form and can be merged by calling the
merge function of the qecsim.app module. The qecsim.cli module exposes a CLI for the run
and merge functions of the qecsim.app module. Finally the qecsim.paulitools module provides
functions to manipulate Pauli operators in both string and binary symplectic form [49]; for ex-
ample the 4-qubit Pauli IZY X operator is represented, up to a global phase, as [0 0 1 1|0 1 1 0]
where the left-side represents IIXX and the right-side represents IZZI. These core modules
are supplemented by the shared packages qecsim.tensortools and qecsim.pypm, which provide
support for tensor-network and matching decoders. The core of Qecsim is lightweight with
core modules implemented in just 759 source lines of code (SLOC) and the shared packages in
a further 206 SLOC, excluding tests.

Several concrete implementations of codes, error models and decoders are provided as
plugins. Code implementations include 5-qubit, Steane, toric, planar, color, rotated-toric and
rotated-planar. Error model implementations include bit-flip, phase-flip, depolarizing, biased-
depolarizing and spatially-correlated. Decoder implementations include a minimum-weight
decoder for 5-qubit and Steane codes, various tensor-network decoders for planar and color
codes, and various matching decoders for toric and planar codes. The plugins are implemented
in 4894 SLOC in total (∼ 140 SLOC on average), excluding tests.

Finally, Qecsim provides a fully-documented API and CLI and has a suite of over 3000
unit tests with 97% code coverage. It is our intention to make Qecsim available to the wider
community in the near future.
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model

app

+merge(data list) : list(dict)
+run(code, error model, decoder, p, max runs, max failures, s) : list(dict)
+run ft(code, error model, decoder, p, time steps, q, max runs, max failures, s) : list(dict)
+run once(code, error model, decoder, p, s) : dict
+run once ft(code, error model, decoder, p, time steps, q, s) : dict

paulitools

+bsf to pauli(bsf) : str
+bsf wt(bsf) : int
+bsp(bsf a, bsf b) : ndarray
+ibsf(n qubits, min wt, max wt) : iterator(ndarray)
+ipauli(n qubits, min wt, max wt) : iterator(str)
+pack(bsf) : tuple
+pauli to bsf(pauli) : ndarray
+pauli wt(pauli) : int
+unpack(packed bsf) : ndarray

cli

+merge
+run
+run ft

StabilizerCode
+label : str
+logical xs : ndarray
+logical zs : ndarray
+logicals : ndarray
+n k d : tuple(int)
+stabilizers : ndarray

+validate()

ErrorModel
+label : str

+generate(p) : ndarray
+probability distribution(p) : tuple(float)

Decoder
+label : str

+decode(code, syndrome, **kwargs) : ndarray

�delegate�

�use�
�
us

e�

�
us

e�
�

us
e�

Figure 1.7: Qecsim core Python modules: qecsim.model, qecsim.app, qecsim.cli, and qec-
sim.paulitools. Plugins provide implementations of the key abstract classes: StabilizerCode, ErrorModel
and Decoder. Parameters p, q and s are qubit and measurement error probabilities and random seed,
respectively. Output type ndarray is the NumPy array datatype.

Function run once:
// code, error model and decoder are concrete implementations provided by plugins
Input: code, error model, decoder, error probability
Output: success
S ← code.stabilizers; // extract code properties
L← code.logicals;
e← error model.generate(code, error probability); // delegate error generation
y ← e� ST ; // evaluate syndrome
r ← decoder.decode(code, y); // delegate decoding
assert (r ⊕ e)� ST = 0; // test commutation with stabilizers
success ⇐⇒ (r ⊕ e)� LT = 0; // test commutation with logicals
return success;

Algorithm 1.1: An example run function from the Qecsim qecsim.app module. This run function
executes a single simulation assuming reliable stabilizer measurements. Pauli operators are in binary
symplectic form, and the binary symplectic product � is defined as A � B ≡ AΛB mod 2, where
Λ = ( 0 I

I 0 ) and 0 and I are appropriately-sized null and identity matrices.
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Preamble

In this chapter, we consider surface code thresholds in an idealized context with reliable
measurements. Previous studies of surface code thresholds had focused on pure X (bit-
flip) or Z (phase-flip) noise and depolarizing noise. We discover that the threshold
of the surface code with pure Y noise is much higher. Tailoring the code, with a
simple modification, we demonstrate that ultrahigh thresholds can be achieved with
the dephasing or Z-biased noise that is prevalent in many experimental setups.

Abstract

We show that a simple modification of the surface code can exhibit an enormous gain
in the error correction threshold for a noise model in which Pauli Z errors occur more
frequently than X or Y errors. Such biased noise, where dephasing dominates, is ubiq-
uitous in many quantum architectures. In the limit of pure dephasing noise we find
a threshold of 43.7(1)% using a tensor network decoder proposed by Bravyi, Suchara
and Vargo. The threshold remains surprisingly large in the regime of realistic noise bias
ratios, for example 28.2(2)% at a bias of 10. The performance is, in fact, at or near
the hashing bound for all values of the bias. The modified surface code still uses only
weight-4 stabilizers on a square lattice, but merely requires measuring products of Y
instead of Z around the faces, as this doubles the number of useful syndrome bits asso-
ciated with the dominant Z errors. Our results demonstrate that large efficiency gains
can be found by appropriately tailoring codes and decoders to realistic noise models,
even under the locality constraints of topological codes.

2.1 Introduction

For quantum computing to be possible, fragile quantum information must be protected from
errors by encoding it in a suitable quantum error correcting code. The surface code [1] (and
related topological stabilizer codes [2]) are quite remarkable among the diverse range of quan-
tum error correcting codes in their ability to protect quantum information against local noise.
Topological codes can have surprisingly large error thresholds—the break-even error rate below
which errors can be corrected with arbitrarily high probability—despite using stabilizers that
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Figure 2.1: Threshold error rate pc as a function of bias η. The dark gray line is the zero-rate hashing
bound for the associated Pauli error channel. Lighter gray lines show the hashing bound for rates
R = 0.001 and 0.01 for comparison; the surface code family has rate 1/n for n qubits. Blue points show
the estimates for the threshold using the fitting procedure described in the main text together with
1-standard-deviation error bars. The point at the largest bias value corresponds to infinite bias, i.e.,
only Z errors.

act on only a small number of neighboring qubits [3]. It is the combination of these high error
thresholds and local stabilizers that make topological codes, and the surface code in particular,
popular choices for many quantum computing architectures.

Here we demonstrate a significant increase in the error threshold for a surface code when
the noise is biased, i.e., when one Pauli error occurs at a higher rate than others. For qubits de-
fined by nondegenerate energy levels with a Hamiltonian proportional to Z, the noise model is
typically described by a dephasing (Z-error) rate that is much greater than the rates for relax-
ation and other energy-nonpreserving errors. Such biased noise is common in many quantum
architectures, including superconducting qubits [4], quantum dots [5], and trapped ions [6],
among others. The increased error threshold is achieved by tailoring the standard surface code
stabilizers to the noise in an extremely simple way and by employing a decoder that accounts
for correlations in the error syndrome. In particular, using the tensor network decoder of
Bravyi, Suchara and Vargo (BSV) [7], we give evidence that the error correction threshold
of this tailored surface code with pure Z noise is pc = 43.7(1)%, a fourfold increase over the
optimal surface code threshold for pure Z noise of 10.9% [7].

These gains result from the following simple observations. For a Z error in the standard
formulation of the surface code, the stabilizers consisting of products of Z around each plaque-
tte of the square lattice contribute no useful syndrome information. Exchanging these Z-type
stabilizers with products of Y around each plaquette still results in a valid quantum surface
code, since these Y -type stabilizers will commute with the original X-type stabilizers. But now
there are twice as many bits of syndrome information about the Z errors. Taking advantage of
these extra syndrome bits requires an optimized decoder that can use the correlations between
the two syndrome types. The standard decoder based on minimum-weight matching breaks

40



2. Ultrahigh error threshold for surface codes with biased noise

down at this point, but the BSV decoder is specifically designed to handle such correlations.
We show that the parameter χ, which defines the scale of correlation in the BSV decoder,
needs to be large to achieve optimal decoding, so in that sense accounting for these correla-
tions is actually necessary. These two ideas—doubling the number of useful syndrome bits and
a decoder that makes optimal use of them—give an intuition that captures the essential reason
for the increased threshold. It is nonetheless remarkable just how large an effect this simple
change makes.

We also consider more general Pauli error models, where Z errors occur more frequently
than X and Y errors with a nonzero bias ratio of the error rates. We show that the tailored
surface code exhibits these significant gains in the error threshold even for modest error biases
in physically relevant regimes: for biases of 10 (meaning dephasing errors occur 10 times more
frequently than all other errors), the error threshold is already 28.2(2)%. Figure 2.1 presents
our main result of the threshold scaling as a function of bias. Notably, we find that the tailored
surface code together with the BSV decoder performs near the hashing bound for all values of
the bias.

2.2 Error correction with the surface code

The surface code [1] is defined by a 2D square lattice having qubits on the edges with a set
of local stabilizer generators. In the usual prescription, for each vertex (or plaquette), the
stabilizer consists of the product of the X (or Z) operators acting on the neighboring edges.
We simply exchange the roles of Z and Y , as shown in Fig. 2.2. By choosing appropriate
“rough” and “smooth” boundary conditions along the vertical and horizontal edges, the code
space encodes one logical qubit into the joint +1 eigenspace of all the commuting stabilizers
with a code distance d given by the linear size of the lattice.

X

X

X

X

Y Y Y Y

X X

X

X X

X

X

Y

Y
Y

Y Y

Y

Y

Figure 2.2: The modified surface code, tailored for biased Z noise, with logical operators given by a
product of Y along the top edge and a product of X along the left edge. The stabilizers are shown at
right.

A large effort has been devoted to understanding error correction of the surface code and
the closely-related toric code [8]. The majority of this effort has focused on the cases of either
pure Z noise, or depolarizing noise where X, Y , and Z errors happen with equal probability; see
Refs. [2, 9] for recent literature reviews. Once a noise model is fixed, one must define a decoder,
and the most popular choice is based on minimum-weight matching (MWM). This decoder
treats X and Z noise independently, and it has an error threshold of around 10.3% for pure Z
noise with a naive implementation [3, 10], or 10.6% with some further optimization [11]. Many
other decoders have been proposed, however, and these are judged according to their various
strengths and weaknesses, including the threshold error rate, the logical failure rate below
threshold, robustness to measurement errors (fault tolerance), speed, and parallelizability. Of
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particular note are the decoders of Refs. [12–20], since these either can handle, or can be
modified to handle, correlations beyond the paradigm of independent X and Z errors.

2.3 The BSV decoder

Our choice of the BSV decoder [7] is motivated by the fact that it gives an efficient approx-
imation to the optimal maximum likelihood (ML) decoder, which maximizes the a posteriori
probability of a given logical error conditioned on an observed syndrome. This decoder has
also previously been used to do nearly optimal decoding of depolarizing noise [7], achieving an
error threshold close to estimates from statistical physics arguments that the threshold should
be 18.9% [21]. [In fact, our own estimate of the depolarizing threshold using the BSV decoder
is 18.7(1)%.] Because it approximates the ML decoder, the BSV decoder is a natural choice
for finding the maximum value of the threshold for biased noise models.

The decoder works by defining a tensor network with local tensors associated with the
qubits and stabilizers of the code. The geometry of the tensor network respects the geometry
of the code. Each index on the local tensors has dimension 2 initially, but during the contraction
sequence, this dimension grows until it is bounded by χ, called the bond dimension. When
χ is exponentially large in n, the number of physical qubits, then the contraction value of
the tensor network returns the exact probabilities conditioned on the syndrome of each of the
four logical error classes. Such an implementation would be highly inefficient, but using a
truncation procedure during the tensor contraction allows one to work with any fixed value of
χ ≥ 2 with a polynomial runtime of O(nχ3). In this way, the algorithm provides an efficient
and tunable approximation of the exact ML decoder, and in practice small values of χ were
observed to work well [7]. We refer the reader to Ref. [7] for the full details of this decoder.

2.4 Biased Pauli error model

A Pauli error channel is defined by an array p = (1 − p, px, py, pz) corresponding to the
probabilities for each Pauli operator I (no error), X, Y , and Z, respectively. We define
p = px + py + pz to be the probability of any single-qubit error, and we always consider the
case of independent, identically distributed noise. We define the bias η to be the ratio of the
probability of a Z error occurring to the total probability of a non-Z Pauli error occurring, so
that η = pz/(px + py). For simplicity, we consider the special case px = py in what follows.
Then for total error probability p, Z errors occur with probability pz = [η/(η + 1)]p, and
px = py = [1/2(η + 1)]p. When η = 1/2, this gives the standard depolarizing channel with
probability p/3 for each nontrivial Pauli error, and taking the limit η → ∞ gives only Z
errors with probability p. Biased Pauli error models have been considered by a number of
authors [4, 22–27], but we note that there are several different conventions for the definition
of bias. Comparison between channels with different bias but the same total error rate is
facilitated by the fact that the channel fidelity to the identity is a function only of p.

2.5 Hashing bound

The quantum capacity is the maximum achievable rate at which one can transmit quantum
information through a noisy channel [28]. The hashing bound [29–31] is an achievable rate
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which is generally less than the quantum capacity [32]. For Pauli error channels, the hashing
bound takes a particularly simple form [28] and says that there exist quantum stabilizer codes
that achieve a rate R = 1−H(p), with H being the Shannon entropy. The proof of achievability
involves using random codes, and it is generally hard to find explicit codes and decoders that
perform at or above this rate for an arbitrary channel, especially if one wishes to impose
additional constraints such as local stabilizers. The quantum capacity itself is still unknown
for any Pauli channel where at least two of (px, py, pz) are nonzero.

2.6 Numerics

Our numerical implementation makes only a minor modification to the BSV decoder. To
avoid changing the definitions of the tensors used in Ref. [7], we use the symmetry by which
we can exchange the role of Z noise in the modified surface code with the role of Y noise in
the standard surface code. Then all of the definitions in Ref. [7] carry over unchanged. The
only difference is that we perform two tensor network contractions for each decoding sequence.
There is an arbitrary choice as to whether to contract the network row-wise or column-wise.
Rather than pick just one, we average the values of both contractions. We empirically observe
improved performance with this modification.

For each value of the bias η ∈ {0.5, 1, 3, 10, 30, 100, 300, 1000, ∞}, we estimate the
logical failure rate f using the BSV decoder to obtain the sample mean failure rate on 30 000
random trials for a selection of physical error rates p in the region near the threshold pc for
code distances d ∈ {9, 13, 17, 21}. We use a rather large value of the bond dimension χ for
our simulations, specifically χ = 48, although for bias η < 30 we already observe that the
decoder converges well with χ = 36. However, we still do not observe complete convergence
of the decoder at χ = 48 in the regime of intermediate bias around η = 100. The decoder
convergence with χ is displayed in Fig. 2.4, which shows the estimate of the logical failure
rate for the d = 21 code near the threshold. Performance of the decoder and convergence
with χ generally improve as bias increases again beyond η = 300, but it is likely that further
improvements are possible in the intermediate bias regime. Although the decoder at χ = 48 is
not achieving an optimal failure rate in the intermediate regime, we see excellent convergence
for most of the range of bias and across the full range of bias we observe threshold behavior.
Moreover, this threshold is at the hashing bound for all η ≤ 100. In the regions that are a fixed
distance below the threshold, as in Fig. 2.3, we observe an exponential decay in the logical
failure rate f ∼ exp(−αd), where α may depend on the bias and is an increasing function of
(pc − p). This constitutes strong evidence of an error correction threshold.

We note that χ = 48 was the largest used in our simulations, so we do not know if the
saturation of the decoder performance for bias η ≥ 300 is a real effect, or a side effect of having
too small a value of χ. Although we observe convergence and threshold behavior, we do not
know how much the performance might improve for larger values of χ since, as seen in Fig. 2.4,
there is apparently still some room for improvement. It is possible that the saturation is a real
effect, however, since even at infinite bias there are still logical errors of weight 2d = O(

√
n)

that consist only of Z errors. This is in contrast to the classical repetition code, which has
a threshold of 50% and a distance O(n). One possibility to address this is to use a surface
code with side lengths L×W , where L and W are relatively prime, for example just choosing
W = L + 1. We empirically observe that the Z-distance (i.e., the distance when restricted
only to Z errors) of the code scales like O(n) for this modification of the surface code. In
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Figure 2.3: Exponential decay of the logical failure rate f with respect to code distance d in the regime
p < pc for η = 100 and χ = 48. We observe scaling behavior of the form f ∼ exp(−αd) where α depends
on the bias and is an increasing function of (pc − p). In this bias regime, the decoder performance is
likely farthest from optimal, but the decay is still clearly exponential over this range. Other values of η
show the same general scaling behavior, though with different decay rates α. The statistical error bars
from 30 000 trials per point are smaller than the individual plot points in every case.
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Figure 2.4: Convergence of the decoder as a function of χ near the threshold for distance d = 21.
We observe that the logical failure rates fχ stabilize with increasing χ for both low and high biases.
However, in the intermediate bias regime fχ is still decreasing noticeably between increments of χ,
suggesting that χ > 48 would be required for a good approximation to the optimal ML decoder.

fact, on a toric code with L and W both odd and relatively prime, the Z-distance is provably
O(n) [33]. These observations are currently being explored, and will be addressed in more
detail in forthcoming work1.

To obtain an explicit estimate of the threshold pc, we use the critical exponent method
of Ref. [10]. If we define a correlation length ξ = (p − pc)

−ν for some critical exponent ν,
then in the regime where d� ξ we expect that the behavior of the code is scale invariant. In
this regime, since the code distance d corresponds to a physical length, the failure probability
should depend only on the dimensionless ratio d/ξ, a conjecture that was first empirically
verified in Ref. [10]. This suggests defining a rescaled variable x = (d/ξ)1/ν = (p − pc)d1/ν so
that the failure rate expanded as a power series in x is explicitly scale invariant at the critical

1The forthcoming work is included in Chapter 3.
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Figure 2.5: Logical failure rate f as a function of the rescaled error rate x = (p − pc)d1/ν for biases
η ∈ {10, 100, ∞}. The solid line is the best fit to the model f = A + Bx + Cx2. The insets show the
raw sample means over 30 000 runs for various values of p, and the dotted gray vertical line indicates
the hashing bound. Even for the case of η = 100 where the decoder performance was likely furthest
from optimal we still see good agreement with the fit model.

point pc corresponding to x = 0. It is then natural to consider a model for the failure rate
given by a truncated Taylor expansion in the neighborhood around pc. We use a quadratic
model, f = A+Bx+Cx2, and then fit to this model to find pc, ν and the nuisance parameters
A,B,C. A discussion on the limits of the validity of this universal scaling hypothesis can be
found in Ref. [34]. We plot our estimates of f for various values of p and d for the representative
cases of η ∈ {10, 100, ∞} in Fig. 2.5 together with rescaled data as a function of x. A visual
inspection confirms good qualitative agreement with the model.

The critical exponents method gives precise estimates of pc with low statistical uncertainty.
However, systematic biases might affect the accuracy of the estimate and must be accounted
for. Finite-size effects typically cause threshold estimates to decrease as larger and larger code
distances are added to the estimate. Additionally, the suboptimality of the decoder due to
small χ values in the intermediate bias regime may have overestimated each individual logical
failure rate. This latter effect does not directly imply that we have also overestimated the
threshold pc, and the data remain consistent with the fit model in spite of this as can be
seen in Fig. 2.5. On balance, we expect that our estimates might decrease somewhat in the
intermediate bias regime. Our final error bars were obtained by jackknife resampling, i.e. by
computing, for each fixed η, the spread in estimates for pc when rerunning the fit procedure
with a single distance d removed, for each choice of d. Our results are summarized in Fig. 2.1.

2.7 Fault tolerant syndrome extraction

Our study has focused on the error correction threshold under the assumption of ideal syndrome
extraction. To see if the gains observed in this setting carry over to applications in fault-tolerant
quantum computing, one would need to consider the effects of faulty syndrome measurements
and gates. A full fault-tolerant analysis is beyond the scope of this work, but we briefly consider
the key issues here.

First, the BSV decoder that we have used to investigate this ultrahigh error threshold is
not fault tolerant, but some clustering decoders are [13]. Developing efficient, practical fault-
tolerant decoders with the highest achievable thresholds remains a significant challenge for the
field.
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An added complication with a biased noise model is that the gates that perform the syn-
drome extraction must at least approximately preserve the noise bias in order to maintain an
advantage [4]. For the tailored surface code studied here, one could appeal to the techniques
of Refs. [4, 25], where we note that Y -type syndromes can be measured using a minor mod-
ification of the X-syndrome measurement scheme. We note that these syndrome extraction
circuits are significantly more complex (involving the use of both ancilla cat states and gate
teleportation) compared with the standard approach for the surface code with unbiased noise,
and this added complexity will undoubtedly reduce the threshold.

More optimistically, we note that the standard method for syndrome extraction in the
surface code [35] can be directly adapted to this tailored code and maintains biased noise
on the data qubits. Ancilla qubits are placed in the centers of both the plaquette and vertex
stabilizers of Fig. 2.2, and they will be both initialized and measured in the X basis. Sequences
of controlled-X (vertex) and controlled-Y (plaquette) gates, with the ancilla as the control and
data qubits as the target, yield the required syndrome measurements analogous to the standard
method. In this scheme, we note that high-rate Z errors on the ancilla are never mapped to
the data qubits; low-rate X and Y errors on the ancilla can cause errors on the data qubits
but the noise remains biased. Measurement errors will occur at the high rate, but this can be
accommodated by repeated measurement. Note that, as argued by Aliferis and Preskill [4],
native controlled-X and controlled-Y gates are perhaps not well motivated in a system with a
noise bias, but nonetheless this simple scheme illustrates that, in principle, syndromes can be
extracted in this code while preserving the noise bias. To develop a full fault-tolerant syndrome
extraction circuit in a noise-biased system would require a complete specification of the native
gates in the system and an understanding of their associated noise models.

2.8 Discussion

Our numerical results strongly suggest that in systems that exhibit an error bias, there are
significant gains to be had for quantum error correction with codes and decoders that are
tailored to exploit this bias. It is remarkable that the tailored surface code performs at the
hashing bound across a large range of biases. This means that it is not just a good code for a
particular error model, but broadly good for any local Pauli error channel once it is tailored to
the specific noise bias. It is also remarkable that a topological code, limited to local stabilizers,
does so well in this regard.

Many realizations of qubits based on nondegenerate energy levels of some quantum sys-
tem have a bias—often quite significant—towards dephasing (Z errors) relative to energy-
nonconserving errors (X and Y errors). This suggests tailoring other codes, and in particular
other topological codes, to have error syndromes generated by X- and Y -type stabilizers. Even
larger gains might be had by considering biased noise in qudit surface codes [36, 37].

For qubit topological stabilizer codes, the threshold for exact ML decoding with general
Pauli noise can be determined using the techniques of Ref. [21], which mapped the ML decoder’s
threshold to a phase transition in a pair of coupled random-bond Ising models. It would be
interesting to explore this phase boundary for general Pauli noise beyond the depolarizing
channel that was studied numerically in Ref. [21].

We have employed the BSV decoder to obtain our threshold estimates because of its near-
optimal performance, but it is not the most efficient or practical decoder for many purposes.
One outstanding challenge is to find good practical decoders that can work as well or nearly as
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well across a range of biases. The clustering-type decoders [12, 13] appear well suited for this
task, and they have the added advantage that some versions of these decoders (e.g., Ref. [38])
generalize naturally to all Abelian anyon models such as the qudit surface codes.

The most pressing open question related to this work is whether the substantial gains
observed here can be preserved in the context of fault-tolerant quantum computing.
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Preamble

In this chapter, we reveal the structure of the tailored surface code with pure Z noise
that is responsible for the ultrahigh thresholds discovered in Chapter 2. Furthermore,
we show that, by modifying the code boundary, this structure can be leveraged to tune
the distance and number of failure modes of the code with respect to pure Z noise.
Using codes with such modified boundaries, we demonstrate a significant reduction in
logical failure rate with Z-biased noise.

Abstract

The surface code, with a simple modification, exhibits ultrahigh error-correction thresh-
olds when the noise is biased toward dephasing. Here, we identify features of the surface
code responsible for these ultrahigh thresholds. We provide strong evidence that the
threshold error rate of the surface code tracks the hashing bound exactly for all biases
and show how to exploit these features to achieve significant improvement in logical
failure rate. First, we consider the infinite bias limit, meaning pure dephasing. We
prove that the error threshold of the modified surface code for pure dephasing noise is
50%, i.e., that all qubits are fully dephased, and this threshold can be achieved by a
polynomial-time decoding algorithm. We demonstrate that the subthreshold behavior
of the code depends critically on the precise shape and boundary conditions of the code.
That is, for rectangular surface codes with standard rough and smooth open bound-
aries, it is controlled by the parameter g = gcd(j, k), where j and k are dimensions of
the surface code lattice. We demonstrate a significant improvement in logical failure
rate with pure dephasing for coprime codes that have g = 1, and closely-related rotated
codes, which have a modified boundary. The effect is dramatic: The same logical fail-
ure rate achievable with a square surface code and n physical qubits can be obtained
with a coprime or rotated surface code using only O(

√
n) physical qubits. Finally, we

use approximate maximum-likelihood decoding to demonstrate that this improvement
persists for a general Pauli noise biased toward dephasing. In particular, comparing
with a square surface code, we observe a significant improvement in logical failure rate
against biased noise using a rotated surface code with approximately half the number
of physical qubits.
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3.1 Introduction

Quantum error-correcting codes are expected to play a fundamental role in enabling quantum
computers to operate at a large scale in the presence of noise. The surface code [1], an example
of a topological stabilizer code [2], is one of the most studied and promising candidates, giving
excellence performance for error correction while requiring only check operators (stabilizers)
acting on a small number of neighboring qubits [3].

The error-correction threshold of a code family, which denotes the physical error rate below
which the logical failure rate can be made arbitrarily small by increasing the code size, is
strongly dependent on the noise model. The most commonly studied noise model is uniform
depolarization of all qubits, where independent single-qubit Pauli X, Y , and Z errors occur
at equal rates. However, in many quantum architectures such as certain superconducting
qubits [4], quantum dots [5], and trapped ions [6], among others, the noise is biased toward
dephasing, meaning that Z errors occur much more frequently than other errors. Recently,
it was shown that, with a simple modification, the surface code exhibits ultrahigh thresholds
with such Z-biased noise [7], where bias is defined as the ratio of the probability of a high-rate
Z error over the probability of a low-rate X or Y error.

In this paper, we identify and characterize the features of the noise-tailored surface code
that contribute to its ultrahigh thresholds with Z-biased noise and demonstrate a further
significant improvement in logical failure rate. We note that the modification of the surface
code, described in Ref. [7], simply exchanges the roles of Z and Y operators in stabilizer and
logical operator definitions. Therefore, results for the modified surface code with Z-biased
noise can equivalently be expressed in terms of the unmodified surface code and Y -biased
noise, where Y errors occur more frequently than X or Z errors. In order to frame our analysis
in the context of the familiar unmodified surface code and to simplify comparison with other
codes, we consider pure Y noise and Y -biased noise on the surface code, with X- and Z-parity
checks, throughout this paper. However, we emphasize that our results apply equally to the
modified surface code with pure Z noise or the Z-biased noise prevalent in many quantum
architectures.

Our main numerical result is to demonstrate that the threshold error rate of the tailored
surface code saturates the hashing bound for all biases. While the numerical results of Ref. [7]
indicate that the threshold error rate of the tailored surface code approaches the hashing bound
for low to moderate bias, the threshold estimates fall short for higher and infinite bias. Using a
tensor-network decoder that converges much more strongly with biased noise, we significantly
improve on the results of Ref. [7]. Our new results are summarized in Fig. 3.1, providing strong
evidence that the hashing bound can be achieved with a tailored surface code.

Our main analytical result is a structural theorem that reveals a hidden concatenated form
of the surface code. We show that, in the limit of pure Y noise, the surface code can be
viewed as a classical concatenated code with two concatenation levels. The top level contains
the so-called cycle code whose parity checks correspond to cycles in the complete graph. The
bottom level contains several copies of the repetition code. We prove that the cycle code has
an error threshold of 50% and give an efficient decoding algorithm that achieves this threshold.
As a corollary, we show that the threshold of the surface code with pure Y noise is 50%, thus
answering an open question posed in Ref. [7]. The concatenated structure described above
is controlled by the parameter g = gcd(j, k), where j and k are dimensions of the surface
code lattice. In particular, the top-level cycle code has length O(g2), while the bottom-level
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Figure 3.1: Threshold error rate pc as a function of bias η. Points show threshold estimates for
the surface code. Error bars indicate one standard deviation relative to the fitting procedure. The
point at the smallest bias corresponds to η = 0.5 or standard depolarizing noise. The point at infinite
bias indicates the analytically proven 50% threshold value. The gray line is the hashing bound for the
associated Pauli error channel.

repetition codes have length O(jk/g2). Two important special cases are coprime codes and
square codes that have g = 1 and g = j = k, respectively. Informally, a coprime surface code
can be viewed as a repetition code, whereas a square surface code can be viewed as a cycle
code (in the limit of pure Y noise). We also show that a closely-related family of surface codes
called rotated codes (defined by boundaries formed at 45◦ relative to the standard surface code
family) can also be seen as repetition codes against pure Y noise. Although the repetition
and the cycle codes both have a 50% error threshold, we argue that the former performs much
better in the subthreshold regime. This result suggests that coprime and rotated surface codes
may have an intrinsic advantage in correcting strongly biased noise.

We present further insights into the origins of the ultrahigh thresholds by investigating
the form of logical operators. We show that logical operators consistent with pure Y noise
are much rarer and heavier than those consistent with pure X or Z noise, and their structure
depends strongly on the parameter g. In particular, there are 2g−1 Y -type logical operators
of which the minimum weight is (2g − 1)(jk/g2), which compares to 2j(k−1) X-type logical
operators of which the minimum weight is j. In the case of coprime codes, there is only one
Y -type logical operator, and its weight is jk. Hence, the distance of coprime codes to pure
Y noise is O(n), whereas for square codes it is O(

√
n). We extend these results to rotated

surface codes. We find that rotated codes, with odd linear dimensions, have similar features
to coprime codes; in particular, they admit only one Y -type logical operator, and its weight is
n. This result is a further improvement over coprime codes, since rotated surface codes are, in
a sense, optimal [8]. That is, they achieve the same distance as standard surface codes with
approximately half the number of physical qubits.

Leveraging features of the structure of rotated codes with pure Y noise, we develop a
tensor-network decoder that achieves much more strongly converged decoding with Y -biased
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Figure 3.2: Logical failure rates fsquare and frotated as a function of physical error probability p
for small comparable square and rotated 9×9 codes and the logarithm of the ratio of logical failure
rates log10(frotated/fsquare) with noise biases η ∈ {0.5, 10, 100, 1000, 10 000,∞}. Error bars indicate one
standard deviation. Data points are sample means over 30 000 and 1 200 000 runs for the square and
rotated codes, respectively, using approximate maximum-likelihood decoding converged to within half
a standard deviation for both codes. Dotted lines connect successive data points for a given η.

noise compared with the decoder in Ref. [9] and exact maximum-likelihood decoding in the
limit of pure Y noise.

We perform numerical simulations, using exact maximum-likelihood decoding to confirm
the 50% threshold for the surface code with pure Y noise and demonstrate a significant re-
duction in logical failure rate for coprime and rotated codes compared to square codes with
pure Y noise. In particular, we demonstrate that the logical failure rate decays exponentially
with the distance to pure Y noise such that a target logical failure rate may be achieved with
quadratically fewer physical qubits by using coprime or rotated codes compared with standard
(square) surface codes.

Finally, we demonstrate a remarkable property of surface codes: By removing approxi-
mately half the physical qubits from a square code to yield a rotated code with the same
odd linear dimensions, we observe a significant reduction in logical failure rate with biased
noise. Specifically, we perform numerical simulations, using strongly converged approximate
maximum-likelihood decoding, to demonstrate the aforementioned significant reduction in log-
ical failure rate against biased noise that is achieved using a rotated j×j code, containing
n = j2 physical qubits, compared to a square j×j code, containing n = 2j2 − 2j + 1 physical
qubits. Figure 3.2 summarizes this result, comparing logical failure rate as a function of phys-
ical error probability for a rotated 9×9 code (81 qubits) and a square 9×9 code (145 qubits)
across a range of biases. We see that the advantage of the rotated code over the square code is
greatest in the limit of pure Y noise (η =∞) and remains significant down to a more modest
bias, η = 100 (where Y errors are 100 times more likely than both X and Z errors). We further
argue that, for a given bias, the relative advantage of (odd) rotated codes over square codes
increases with code size, until low-rate errors become the dominant source of logical failure
and high-rate errors are effectively suppressed, motivating the search for efficient near-optimal
biased-noise decoders for rotated codes.

Note that this performance with biased noise is not shared by all topological codes; in
stark contrast, the triangular 6.6.6 color code [10] exhibits a decrease in threshold with bias;
see Sec. 3.A.

The paper is structured as follows. Section 3.2 provides some definitions used throughout
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the paper. Our main analytical results for surface codes with pure Y noise are in Sec. 3.3.
Our numerical results for surface codes with pure Y noise and Y -biased noise are in Secs. 3.4
and 3.5, respectively. Section 3.6 defines the tensor-network decoder used in simulations of
Y -biased noise on rotated codes. We conclude in Sec. 3.7 with a discussion of our results in the
context of prior work and raise some open questions for future work. Finally, Section 3.A gives
comparative results for color codes, and Section 3.B defines the exact maximum-likelihood
decoder used in simulations of pure Y noise on square and coprime surface codes.

3.2 Definitions

Standard surface code.— We consider j×k standard surface codes [1] on a square lattice
with “smooth” top and bottom boundaries and “rough” left and right boundaries. Physical
qubits are associated with edges on the lattice. Following the usual convention, stabilizer
generators consist of X operators on edges around vertices, Av =

∏
e∈vXe, and Z operators on

edges around plaquettes, Bp =
∏
e∈p Ze. The stabilizer group is, therefore, G = 〈Av, Bp〉. Up

to multiplication by an element of G, the X (Z) logical operator consists of X (Z) operators
along the left (top) edge, such that X,Z ∈ C(G) \ G and XZ = −ZX, where C(G) = {f ∈ P :
fg = gf ∀ g ∈ G} is the centralizer of G and P is the group of n-qubit Paulis. As such, a j×k
surface code encodes one logical qubit into n = 2jk − j − k + 1 physical qubits with distance
d = min(j, k). Figure 3.3 illustrates a 4×5 surface code.

X

X

X

X

Z Z Z Z Z

X X

X

X X

X

X

Z

Z
Z

Z Z

Z

Z

Figure 3.3: Standard 4×5 surface code, with logical operators given by a product of X along the left
edge and a product of Z along the top edge. Stabilizer generators are shown at the right.

Rotated surface code.— We also consider rotated surface codes, which are defined by
drawing the boundary at 45◦ relative to the standard surface code lattice [8]; see Fig. 3.4(a).
As with standard codes, stabilizer generators consist of X (Z) operators on edges around
vertices (plaquettes), with these restricted to two qubits on the boundaries. The X (Z) logical
operator consists of X (Z) operators along the northeast (northwest) edge. The rotated code is
usually, and equivalently, depicted as in Fig. 3.4(b), where shaded and blank faces correspond
to X- and Z-type stabilizer generators, respectively. As such, a rotated j×k surface code
encodes one logical qubit into n = jk physical qubits with distance d = min(j, k). Unless
otherwise stated, we consider rotated surface codes with j and k odd.

Surface code families.— For standard j×k surface codes, we define the following code
families: square where j = k; gcd(j, k) = g const; and coprime where g=1 (special case of g
constant). In addition, for rotated j×k surface codes, we define the family of rotated codes
with j and k odd.
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(a) (b)

Figure 3.4: (a) Rotated 5×5 surface code defined by drawing the boundary at 45◦ relative to the
surface code lattice. Logical operators are given by a product of X along the northeast edge and Z
along the northwest edge. As with the standard code, stabilizer generators consist of X (Z) operators
on edges around vertices (plaquettes). (b) Rotated 5×5 surface code as it is usually, and equivalently,
depicted, where shaded (blank) faces corresponding to X-type (Z-type) stabilizer generators.

Y -type stabilizers and logical operators.— We define a Y -type stabilizer to be any
operator on a code that is in the stabilizer group G and consists only of Y and identity single-
qubit Paulis. We define a Y -type logical operator to be any operator on a code that is in
C(G) \ G and consists only of Y and identity single-qubit Paulis. We define X- and Z-type
stabilizers and logical operators analogously. As usual, the weight of an operator is the number
of nonidentity single-qubit Paulis applied by the operator.

Y -distance.— We define Y -distance, or distance dY to pure Y noise, of a code as the
weight of the minimum-weight Y -type logical operator. X- and Z-distance are defined analo-
gously. The overall distance of the code is defined in the usual way and is upper bounded by
min(dX , dY , dZ).

Y -biased noise.— Several conventions have previously been used to define biased Pauli
noise models [4, 7, 11–23]. We adapt the approach of Ref. [7] to Y -biased noise, by con-
sidering an independent, identically distributed Pauli noise model defined by an array p =
(1 − p, pX , pY , pZ) corresponding to the probabilities of each single-qubit Pauli I (no er-
ror), X, Y , and Z, respectively, such that the probability of any error on a single qubit is
p = pX + pY + pZ . We define bias η to be the ratio of the probability of a Y error to the
probability of a non-Y error such that η = pY /(pX + pZ). For simplicity, we restrict to the
case pX = pZ . With this definition η = 1/2 corresponds to standard depolarizing noise with
pX = pY = pZ = p/3, and the limit η → ∞ corresponds to pure Y noise, i.e., only Y errors
with probability p. We define X- and Z-biased noise analogously.

3.3 Features of surface codes with pure Y noise

In this section, we present our analytical results for surface codes with pure Y noise. In
Secs. 3.3.1–3.3.4, we present results for standard surface codes, and, in Sec. 3.3.5, we relate
these results to rotated surface codes. We first highlight the specificities of syndromes of pure
Y noise. Our main result reveals that error correction with the standard surface code with
pure Y noise is equivalent to a concatenation of two classical codes: the repetition code at the
bottom level and the cycle code at the top level. As a corollary, we show that the surface code
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with pure Y noise has a threshold of 50%. We also highlight that, for standard j×k surface
codes with small g = gcd(j, k), the more effective repetition code dominates the performance of
the code. We then give explicit formulas for the minimum weight and count of Y -type logical
operators. Finally, we relate these results to rotated surface codes. These results explain the
origins of the ultrahigh thresholds of the surface code with Y -biased noise, as seen in Ref. [7]
and improved in Sec. 3.5.1, as well as the lower logical failure rates seen with coprime and
rotated surface codes, presented in Secs. 3.4.1 and 3.5.2.

3.3.1 Syndromes of pure Y noise

An obvious feature of Y noise on the surface code is that Y errors anticommute with both
X- and Z-type stabilizer generators, providing additional bits of syndrome information. For
comparison, Fig. 3.5 shows a sample of Y -error configurations alongside identically placed
X- and Z-error configurations with corresponding anticommuting syndrome locations for each
error type. In each case, we see that Y -error strings anticommute with more syndrome locations
than X- or Z-error strings, providing the decoder with more information about the location
of errors to be corrected.

X-error strings Y -error strings Z-error strings

Figure 3.5: A sample of X-, Y -, and Z-error strings, indicated by colored circles, with corresponding
anticommuting syndrome locations, indicated by yellow stars.

We remark that the displacement between the X- and Z-type stabilizer generators appears
to be significant. For example, the color 6.6.6 code has colocated X- and Z-type stabilizer
generators, so that, even if Y errors anticommute with more stabilizer generators, the number
of distinct syndrome locations triggered by Y errors is no greater than for X or Z errors.

3.3.2 Structure of the standard surface code with pure Y noise

In this section, we consider standard surface codes subject to pure Y noise. We describe a
polynomial-time decoding algorithm and prove that it achieves an error threshold of 50%. We
also derive an exponential upper bound on the probability of logical errors in the subthreshold
regime. Our main result is a structural theorem that reveals a hidden concatenated structure
of the surface code and highlights the role of the parameter g = gcd (j, k). The theorem implies
that error correction with the surface code subject to Y noise can be viewed as a concatenation
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of two classical codes: the repetition code at the bottom level and the so-called cycle code at
the top level. Both codes admit efficient decoding algorithms and have an error threshold of
50%, although the repetition code scores much better in terms of the logical error probability.
We show that, for a fixed number of qubits, the size of each code can vary drastically depending
on the value of g. Loosely speaking, the error-correction workload is shared between the two
codes such that for small g the dominant contribution comes from the more effective repetition
code, which explains the enhanced performance of coprime surface codes (g = 1) observed in
the numerics.

Concatenated structure

Consider a Pauli error
P (y) ≡ Y y1

1 ⊗ Y y2
2 ⊗ · · · ⊗ Y yn

n , (3.1)

where y ∈ {0, 1}n. As described in Sec. 3.3.1, the syndrome of P (y) is given by

Av(y) =
∑
e∈v

ye and Bp(y) =
∑
e∈p

ye (3.2)

where v and p run over all vertices and all plaquettes of the lattice and the sums are modulo
two. A decoding algorithm takes as input the error syndrome and outputs a candidate recovery
operator P (y′) that agrees with the observed syndrome. The decoding succeeds if y′ = y and
fails otherwise. [More generally, the decoder needs to identify only the equivalence class of
errors that contains P (y), where the equivalence is defined modulo stabilizers of the surface
code.]

Consider a classical linear code of length n defined by the parity checks Av(y) = 0 and
Bp(y) = 0 for all v and p. We shall refer to this code as a Y-code. As described above,
error correction for the surface code subject to Y -noise is equivalent to error correction for the
Y -code subject to classical bit-flip errors. We now establish the structure of the Y -code. For
any integer m ≥ 3, let Km be the complete graph with m vertices and e = m(m− 1)/2 edges.
Consider bit strings x ∈ {0, 1}e such that bits of x are associated with edges of the graph Km.
Let xi,j be the bit associated with an edge (i, j). Here it is understood that xi,j = xj,i. Define
a cycle code Cm of order m that encodes m− 1 bits into e bits with parity checks

xi,j ⊕ xj,k ⊕ xi,k = 0 for all 1 ≤ i < j < k ≤ m. (3.3)

Thus, parity checks of Cm correspond to cycles (triangles) in the graph Km. Note that Eq. (3.3)
defines a redundant set of parity checks. It is well known that any connected graph with m
vertices and e edges has e−m+ 1 independent cycles. Thus, Cm has e− (m− 1) independent
parity checks. The number of encoded bits is m− 1. Note that C2 is a trivial code (it has no
parity checks). Let REP(m) be the repetition code that encodes one bit into m bits. We can
now describe the structure of the Y -code.

Theorem 3.1 (Y -code structure). The Y -code is a concatenation of the cycle code Cg+1 at the
top level and g(g + 1)/2 repetition codes at the bottom level. The latter consists of repetition
codes REP(jk/g2), REP(2jk/g2), and REP(4jk/g2) with multiplicities 1, 2(g − 1), and g(g +
1)/2− 2g + 1, respectively.

An important corollary of the theorem is that a decoding algorithm for the cycle code can
be directly applied to correcting Y errors in the surface code. Indeed, a decoder for the Y -code
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can be constructed in a level-by-level fashion such that the bottom-level repetition codes are
decoded first and the top-level cycle code is decoded afterwards.

For example, Theorem 3.1 implies that, with pure Y noise, a coprime (g = 1) surface code
is essentially a single repetition code of a size growing linearly with n, whereas a square surface
code is equivalent to the concatenation of bottom-level fixed-size repetition codes REP(1),
REP(2), and REP(4) and a top-level cycle code of a size growing linearly with n, where n is
the number of physical qubits in the surface code.

Figure 3.6: Diagonals δi for the 4 × 4 surface code. We consider the symmetry group R generated
by reflections of the lattice against δ1 and δ5. Note that any diagonal δi is symmetric under reflections
from R.

Proof. Let us first prove the theorem in the special case of square surface codes, j = k = g.
Let G ⊂ {0, 1}n be the code space of the Y -code. We use a particular basis set of codewords
called diagonals. The j× j lattice has j+1 diagonals denoted δ1, δ2, . . . , δj+1 ∈ G; see Fig. 3.6.
Given a codeword y ∈ G, let ∂y ∈ {0, 1}j be the restriction of y onto the top horizontal row of
edges in the surface code lattice. We claim that y is uniquely determined by ∂y. Indeed, let
H1, . . . ,Hj be the rows of horizontal edges (counting from the top). Let V2, . . . , Vj be the rows
of vertical edges (counting from the top). By definition, the restriction of y onto H1 coincides
with ∂y. Suppose the restriction of y onto H1V2 . . . Hp is already determined (initially p = 1).
Vertex parity checks Av(y) = 0 located at the row Hp then determine the restriction of y
onto Vp+1. Likewise, suppose the restriction of y onto H1V2 . . . HpVp is already determined.
Plaquette parity checks Bp(y) = 0 located at the row Vp then determine the restriction of y
onto Hp+1. Proceeding inductively shows that any codeword y ∈ G is uniquely determined by
∂y.

Define bit strings

e1 = 100 . . . 0, e2 = 010 . . . 0, e3 = 001 . . . 0 etc.

Then ∂δ1 = e1, ∂δi = ei−1 + ei for 2 ≤ i ≤ j, and ∂δj+1 = ej ; see Fig. 3.6. It follows that
∂δ1, . . . , ∂δj span the binary space {0, 1}j . Accordingly, the diagonals δ1, . . . , δj span the code
space G and

δj+1 = δ1 ⊕ δ2 ⊕ · · · ⊕ δj .
In particular, dim (G) = j, that is, the Y -code encodes j bits into n bits.
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Figure 3.7: A set of qubits O such that each orbit of R contains exactly one qubit from O. In this
example the group R has ten orbits of size 1, 2, and 4.

Figure 3.8: Restrictions of the diagonal δi onto O define a basis set of codewords for the top-level
code.

Let R ∼= Z2×Z2 be a group generated by reflections of the lattice against the diagonals δ1

and δj+1. Note that any diagonal δi is invariant under reflections from R; see Fig. 3.6. Suppose
f is an edge of the surface code lattice. Let R(f) be the orbit of f under the action of R. The
above shows that any diagonal δi is constant on orbits of R; that is, R(f) = R(g) implies that
δif = δig. Since the diagonals δi span the full code space G, we conclude that any codeword
y ∈ G is constant on orbits of R; that is, R(f) = R(g) implies that yf = yg. Equivalently, each
orbit of R of size m gives rise to the repetition code REP(m). A simple counting shows that
R has a single orbit of size 1 (the central vertical edge) and 2(j − 1) orbits of size 2 (pairs of
qubits located on the diagonals δ1 and δj+1), whereas all remaining orbits have size 4, which
proves the last statement of the theorem (in the special case j = k).

Fix a set of qubits O such that each orbit of R contains exactly one qubit from O. In
other words, O is a set of orbit representatives. We choose O as shown in Fig. 3.7. A simple
counting shows that |O| = j(j + 1)/2. Consider a codeword y ∈ G and let [y] ∈ {0, 1}|O| be
a vector obtained by restricting y onto O. We define the top-level code as a linear subspace
L ⊆ {0, 1}|O| spanned by vectors [y] with y ∈ G. Equivalently, L is spanned by vectors [δi]
with i = 1, . . . , j + 1. A direct inspection shows that each qubit e ∈ O belongs to exactly two
vectors [δi] and [δk] for some i 6= k; see Fig. 3.8 for an example. Thus, one can identify O with
the set of edges of the complete graph Kj+1, whereas the vectors [δi] can be identified with
“vertex stabilizers” in Kj+1. In other words, the support of each vector [δi] coincides with the
set of edges incident to some vertex of Kj+1. We conclude that parity checks of L correspond
to closed loops in Kj+1. Thus, the top-level code coincides with the cycle code Cj+1.

The above proves the theorem in the special case j = k. Consider now the general case
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j 6= k. Let us tile the surface code lattice by t = jk/g2 tiles of size g × g as shown in Fig. 3.9.
Note that each horizontal edge is fully contained in some tile. Let us say that a vertical edge
is a boundary edge if it overlaps with the boundary of some adjacent tiles. If one ignores
the boundary edges, each tile contains a single copy of the g × g surface code. For each tile,

Figure 3.9: Partition of the 8 × 12 surface code into 4 × 4 tiles. Solid red circles: The extended
diagonal ∆1 alternating between δ1 and δ5; see Fig. 3.6.

define the diagonals δ1, δ2, . . . , δg+1 as above. Let G be the code space of the Y -code for the
full j × k lattice. Recall that any codeword y ∈ G is fully determined by its projection ∂y
onto the top horizontal row of edges. Using this property, one can easily verify that the code
space G is spanned by “extended diagonals” ∆i such that the restriction of ∆i onto the top-left
tile coincides with δi and ∆i alternates between δi and δg+2−i in a checkerboard fashion; see
Fig. 3.10. An example of the extended diagonal ∆1 is shown in Fig. 3.9. By definition, ∆i has

Δ" =
$"

$"

$"$%&'("

$%&'(" $%&'("

Figure 3.10: Extended diagonal ∆i.

no support on the boundary edges, which implies that the Y -code has a weight-1 parity check
for each boundary edge. Ignoring such weight-1 checks, each codeword ∆i consists of t copies
of the diagonal δi with some copies being reflected. Considering t copies of each codeword
instead of a single copy is equivalent to replacing the repetition codes REP(1), REP(2), and
REP(4) in the above analysis by REP(t), REP(2t), and REP(4t), respectively, where t = jk/g2

is the number of tiles.

Figure 3.11 provides an illustration of the mapping between the classical cycle code C4
and the 3×3 standard surface code with pure Y noise. With appropriate numbering of bits
and qubits, cycle code codewords are identified with surface code Y -type stabilizers and logical
operators, whereas cycle code parity checks are identified with surface code vertex and plaquette
parity checks. This mapping applies to the surface code with pure Y noise; see Ref. [24] for a
discussion of toric code construction in terms of cycle codes.
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3. Tailoring surface codes for highly biased noise

(a) (b) (c) (d) (e)

Figure 3.11: Examples of the mapping between the classical cycle code C4 and the 3×3 standard
surface code with pure Y noise. (a) Bits on the edges of the cycle code (upper) are mapped to qubits
on edges of the surface code (lower) by a matching number; repeated numbering of qubits indicate that
they form an underlying repetition code. (b) and (c) Cycle code codewords are identified with Y -type
logical operators or Y -type stabilizers on the surface code. (d) and (e) Cycle code parity checks are
identified with vertex or plaquette parity checks on the surface code; (for clarity, only one representative
qubit from each underlying repetition code is shown).

Decoding the cycle code

Here, we consider the cycle code subject to random errors. We give a polynomial-time decoding
algorithm that achieves the error threshold of 50%. Fix some integer m ≥ 3 and consider the
cycle code Cm defined earlier, see Eq. (3.3). Recall that Cm has length n = m(m − 1)/2.
We consider independent and identically distributed (IID) bit-flip errors such that each bit is
flipped with probability p ∈ [0, 1/2). Define an error bias ε > 0 such that

2p(1− p) =
1

2
− ε. (3.4)

Lemma 3.1 (Cycle code decoder). Let e ∈ {0, 1}n be a random IID error with a bias ε. There
exists an algorithm that takes as input the syndrome of e and outputs a bit string e′ ∈ {0, 1}n
such that

Prob[e′ = e] ≥ 1− 2m2 · exp (−2ε2m). (3.5)

The algorithm has runtime O(m3).

Proof. Recall that the cycle code Cm is defined on the complete graph with m vertices such that
each bit of Cm is located on some edge (i, j) of the graph. Let ei,j be the error bit associated
with an edge (i, j). We begin by giving a subroutine that identifies a single error bit ei,j .
Without loss of generality, consider the edge (1, 2). This edge is contained in m− 2 triangles
that give rise to syndrome bits

s3 = e1,2 ⊕ e2,3 ⊕ e3,1,
s4 = e1,2 ⊕ e2,4 ⊕ e4,1,
· · ·

sm = e1,2 ⊕ e2,m ⊕ em,1. (3.6)
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Since errors on different edges of each triangle are independent, the conditional probability
distributions of syndromes sj for a given error bit e1,2 are

Prob[sj = 1|e1,2 = 0] =
1

2
− ε,

Prob[sj = 0|e1,2 = 0] =
1

2
+ ε,

Prob[sj = 1|e1,2 = 1] =
1

2
+ ε,

Prob[sj = 0|e1,2 = 1] =
1

2
− ε.

Furthermore, since different triangles in Eq. (3.6) intersect only on the edge (1, 2), we have

Prob[s3, . . . , sm|e1,2] =
m∏
j=3

Prob[sj |e1,2]. (3.7)

This equation is an IID distribution of m − 2 bits which is ε biased toward e1,2. Hoeffding’s
inequality gives

Prob[s3 + . . .+ sm ≥ m/2|e1,2 = 0] ≤ 4 exp (−2ε2m)

and
Prob[s3 + . . .+ sm ≤ m/2|e1,2 = 1] ≤ 4 exp (−2ε2m).

The desired subroutine outputs e1,2 = 0 if s3 + . . .+sm ≤ m/2 and e1,2 = 1 otherwise. Clearly,
the above calculations take time O(m).

The full decoding algorithm applies the above subroutine independently to each edge of
the graph learning error bits one by one. By the union bound, such an algorithm misidentifies
the error with a probability of at most 2m2 exp (−2ε2m) since the complete graph Km has
m(m− 1)/2 edges. The overall runtime of the algorithm is O(m3).

Note that the decoding algorithm of Lemma 3.1 can be viewed as a single round of the
standard belief-propagation algorithm, which is commonly used to decode classical low-density
parity check (LDPC) codes; see Ref [25] for more on efficient cycle code decoding. Also recall
that the cycle code Cm has length n ∼ m2/2. Thus, the probability of a logical error in Eq. (3.5)
decays exponentially with

√
n [this scaling is unavoidable, since the cycle code Cm has distance

O(m)]. As a consequence, the proposed decoder performs very poorly in the small-bias regime.
For example, reducing the error rate from 49% to 1% requires code length n ≈ 1017 [here, we
use Eq. (3.5) as a rough estimate of the logical error probability]. In contrast, the logical error
probability of the repetition code REP(n) decays exponentially with n.

3.3.3 Threshold of the standard surface code with pure Y noise

The standard surface code with pure Y noise is equivalent to a concatenation of two classical
codes, as shown above, and both of these classical codes have thresholds of 50%. These results
lead directly to the fact that the threshold of the surface code with pure Y noise is 50%. Indeed,
let us employ the level-by-level decoding strategy such that the bottom-level repetition codes
are decoded first. Assume that the pure Y noise has error rate p < 1/2. Then, the jth
repetition code makes a logical error with probability pj ≤ p < 1/2. The effective error
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model for the top-level cycle code is a product of symmetric binary channels with error rates
p1, . . . , pm ≤ p, where m = g(g + 1)/2 is the length of the cycle code. One can easily verify
that the decoder of Lemma 3.1 corrects such a random error with a probability given by
Eqs. (3.4) and (3.5). Finally, Theorem 3.1 implies that each parity check of the repetition or
the cycle code is a linear combination (modulo two) of the plaquette and vertex parity checks of
Eq. (3.2). The coefficients in this linear combination can be found by solving a suitable system
of linear equations in time O(n3), which enables an efficient conversion between the surface
code syndrome and the syndromes of the bottom-level and the top-level code. To conclude,
Theorem 3.1 and Lemma 3.1 have the following corollary.

Corollary 3.1 (Y -threshold). The error-correction threshold for the surface code with pure Y
noise is 50%. This error threshold can be achieved by a polynomial-time decoding algorithm.

In Sec. 3.3.5, we show that the above corollary also applies to rotated surface codes, with
odd linear dimensions. A numerical demonstration of the 50% threshold of the surface code
with pure Y noise is given in Sec. 3.4.1.

3.3.4 Y-type logical operators of the standard surface code

The structure of standard surface codes with pure Y noise, described in Sec. 3.3.2, also mani-
fests itself in the structure and, consequently, the minimum weight and count of Y -type logical
operators, i.e., logical operators consisting only of Y and identity single-qubit Paulis. In this
section, we give explicit formulas for the minimum weight and count of Y -type logical opera-
tors. Highlighting the cases of coprime and square codes, as well as comparing the formulas to
those for X- and Z-type logical operators, we remark on how the minimum weight and count
of Y -type logical operators contribute to the performance advantage with pure Y noise and
Y -biased noise seen in Ref. [7] and Sec. 3.5.1, for surface codes, in general, and in Secs. 3.4.1
and 3.5.2, for coprime and rotated codes, in particular.

Logical operator minimum weight

We show that the minimum-weight Y -type logical operator on standard surface codes is com-
paratively heavy. The X-distance dX of a code is the weight of the minimum-weight X-type
logical operator. Clearly, the minimum-weight X-type logical operator on a j×k code is a full
column of X operators on horizontal edges, and, hence, dX = j; similarly, dZ = k. It is also
clear that the minimum-weight Y -type logical operator on a square j×j code is a full diagonal
of Y operators, and, hence, dY = 2j − 1. From the proof of Theorem 3.1, it is apparent that,
in the case of pure Y noise, a j×k surface code can be viewed as a tiling of jk/g2 copies of
a square g×g code, where g = gcd(j, k). Therefore, the Y -distance of a j×k surface code is
given by the following corollary.

Corollary 3.2 (Y -distance). For a standard j×k surface code, the weight of the minimum-
weight Y -type logical operator, and, hence, the distance of the code to pure Y noise, is

dY =
(2g − 1)jk

g2

where g = gcd(j, k).
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As shown in Sec. 3.3.5, the Y -distance of the rotated j×k surface code, with j and k odd,
is dY = jk. The distances to pure noise for various surface code families are summarized in
Table 3.1. We note that, for all code families, Y -distance exceeds X- or Z-distance, which is
consistent with the increase in error threshold of surface codes with biased noise seen in Ref. [7]
and Sec. 3.5.1. Furthermore, we note that the Y -distance of square codes is dY = O(

√
n) while

that of coprime and rotated codes is dY = O(n), where n is the number of physical qubits.
This feature of near-optimal and optimal Y -distance contributes to the significant improvement
in logical failure rate of coprime and rotated codes over square codes with pure Y noise and
Y -biased noise, see Secs. 3.4.1 and 3.5.2.

Table 3.1: Distances to pure noise for j×k surface code families. (dP refers to the distance to pure
P noise, where P ∈ {X,Y, Z}.)

Code family dX dY dZ
Square j 2j − 1 j
Coprime j jk k
gcd(j, k) = g j (2g − 1)(jk/g2) k
Rotated (j, k odd) k jk j

Logical operator count

We show that Y -type logical operators on standard surface codes are comparatively rare.
The number cX of X-type logical operators is equal to the number of ways the logical X
operator can be deformed by X-type stabilizer generators. The number of X-type stabilizer
generators (i.e., vertices) on a j×k surface code is j(k−1), and, hence, cX = 2j(k−1); similarly,
cZ = 2(j−1)k. From the proof of Theorem 3.1, it is apparent that the g basis codewords of
the Y -code correspond to a single logical operator and a full set of g − 1 linearly independent
Y -type stabilizers of a j×k surface code, where g = gcd(j, k). Therefore, the number of Y -type
logical operators of a j×k surface code is given by the following corollary.

Corollary 3.3 (Y -count). For a standard j×k surface code, the number of Y -type logical
operators is

cY = 2g−1

where g = gcd(j, k). The number of Y -type stabilizers is also cY .

As shown in Sec. 3.3.5, the number of Y -type logical operators on the rotated j×k surface
code, with j and k odd, is cY = 1. The counts of pure noise logical operators for various
surface code families are summarized in Table 3.2. We note that, for all code families, the
number of logical operators for pure Y noise is much lower than the number for pure X or
Z noise, which is consistent with the increase in error threshold of surface codes with biased
noise seen in Ref. [7] and Sec. 3.5.1. Furthermore, we note that the number of Y -type logical
operators for square codes is cY = O(2

√
n), while for coprime and rotated codes it is cY = O(1),

where n is the number of physical qubits. This feature, as an extreme example of the role of
entropy in error correction [26], contributes to the significant improvement in logical failure
rate of coprime and rotated codes over square codes with pure Y noise and Y -biased noise, see
Secs. 3.4.1 and 3.5.2.
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Table 3.2: Counts of pure noise logical operators for j×k surface code families. (cP refers to the
number of P -type logical operators, where P ∈ {X,Y, Z}.)

Code family cX cY cZ
Square 2j

2−j 2j−1 2j
2−j

Coprime 2j(k−1) 1 2(j−1)k

gcd(j, k) = g 2j(k−1) 2g−1 2(j−1)k

Rotated (j, k odd) 2(j−1)(k+1)/2 1 2(j+1)(k−1)/2

3.3.5 Rotated surface codes

We can relate the results from the previous subsections to rotated surface codes as depicted in
Fig. 3.4. In particular, we show that rotated codes, with odd linear dimensions, have similar
features to coprime codes as given by Corollaries 3.2 and 3.3; that is, such rotated codes also
admit a single Y -type logical operator of weight O(n), where n is the number of physical qubits.
Equivalently, the Y -distance of such rotated codes, like coprime codes, is dY = O(n); notably,
the rotated code is optimal, in that it achieves dY = n precisely. Rotated surface codes with
even linear dimensions do not share these features, having distance dY = O(

√
n) with pure Y

noise, and we do not discuss them further. We conclude by showing that the 50% threshold of
surface codes with pure Y noise, given by Corollary 3.1, also applies to (odd) rotated codes.

We consider the rotated surface code, with odd linear dimensions, and two-qubit (four-
qubit) stabilizer generators on the boundary (in the bulk), as illustrated in Fig. 3.4. The
following theorem shows that this version of the surface code is nondegenerate and has a
distance of dY = n against pure Y noise.

Theorem 3.2 (Rotated code Y -logical). For a rotated surface code, with odd linear dimen-
sions, Y ⊗n is the only nontrivial Y -type logical operator, where n is the number of physical
qubits.

Proof. It is clear that Y ⊗n is a Y -type logical operator. We show that it is the only nontrivial
Y -type operator that commutes with every stabilizer of the code. Let A =

⊗
i Y

αi be a Y -type
operator. Consider a row of stabilizer generators (checks) and qubits that are adjacent to this
row, numbered as shown below:

1

2

3

4

5

6

7

8

9

10

1 2 3 4 5

In order for A to commute with check 1 we require α1 = α2. With the parity of these
checks determined, we then see that, in order for A to commute with check 2, we need α3 = α4.
Continuing along the row, we see that every pair of qubits i, j in the same column must satisfy
αi = αj . The assumption that the code has odd linear dimensions implies that each row
and each column of checks includes a weight-two check, as depicted, ensuring that the same
argument can equally be applied to every row or column of checks. Therefore, in order for A
to commute with all checks, we require α1 = αj for all j; i.e., a nontrivial Y -type logical must
act as Y on every qubit.
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We note that both the coprime j×k code and the (odd) rotated j×k code are nondegenerate
against pure Y noise and have Y -distance dY = jk = O(n). However, the rotated code is known
to be the optimal layout for surface codes in terms of minimum distance [8], and this statement
is also true in terms of Y -distance. The rotated code has dY = jk = n, whereas the coprime
code has dY = jk = O(n) but contains n = 2jk − j − k + 1 physical qubits.

Furthermore, it is clear that the (odd) rotated code with pure Y noise is equivalent to the
repetition code and, hence, has a threshold of 50%, in accordance with Corollary 3.1.

3.4 Performance of surface codes with pure Y noise

In Sec. 3.3, we present our analytical results for surface codes with pure Y noise, highlighting
features that contribute to the ultrahigh threshold results with Y -biased noise, found in Ref. [7]
and improved upon in Sec. 3.5.1. Our analytical results also indicate that coprime and (odd)
rotated codes should achieve lower logical failure rates than square codes with pure Y noise.

Here, we present our numerical investigation into the performance of surface codes with
pure Y noise. In particular, we present results for square, coprime, and rotated surface code
families, confirming the 50% error threshold. We also demonstrate a significant reduction in
the logical failure rate for coprime and rotated codes compared with square codes. Specifically,
quadratically fewer physical qubits may be used to achieve a target logical failure rate by using
coprime or rotated codes compared with square codes.

3.4.1 Advantage of coprime and rotated surface codes with pure Y noise

We investigate the performance of surface codes with pure Y noise. Besides confirming the
50% threshold for the surface code, we demonstrate a significant reduction in logical failure
rate for coprime and (odd) rotated surface codes compared to square surface codes such that
a target logical failure rate may be achieved with quadratically fewer physical qubits using
coprime or rotated codes in place of square codes. That is, we demonstrate that logical failure
rate decays exponentially with Y -distance but since, in accordance with Corollary 3.2, the
Y -distance of square codes is O(

√
n) and that of coprime and rotated codes is O(n), logical

failure rate decays quadratically faster with n for coprime and rotated codes, where n is the
number of physical qubits.

In Fig. 3.12, we plot logical failure rate f as a function of physical failure rate p for surface
codes belonging to the following families: square, coprime, and rotated codes. For coprime
and rotated codes, we see clear evidence of an error threshold at pc = 50%, consistent with
Corollary 3.1. For square codes, the data are consistent with a threshold of pc = 50%, but
the evidence is less definitive. Within a code family, it is expected that smaller codes will
perform worse than larger codes below threshold. However, comparing the performance of
smaller coprime and rotated codes to square codes, we see a significant improvement in logical
failure rate across the full range of physical error probabilities. For example, the 21×21 rotated
code, with n = 441, and the 20×21 coprime code, with n = 800, both clearly outperform the
21×21 square code, with n = 841. This result can be seen as a qualitative demonstration of
the effect of the features of surface codes with pure Y noise identified in Sec. 3.3.

In Fig. 3.13, we plot logical failure rate f as a function of code distance dY to pure Y noise at
physical error probabilities p at and below the threshold pc = 50% for surface codes belonging
to the following families: square, coprime, and rotated codes. For each code family, we see an
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Figure 3.12: Logical failure rate f as a function of physical error probability p for surface code
families: square, coprime, and rotated, subject to pure Y noise. Data points are sample means over
60 000 runs using exact maximum-likelihood decoding. Dotted lines connect successive data points for
a given code size.
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Figure 3.13: Exponential decay of the logical failure rate f with respect to code distance dY to pure
Y noise in the regime of physical error probability p at and below the error threshold for surface code
families: square, coprime, and rotated, subject to pure Y noise. Data points are sample means over
60 000 runs using exact maximum-likelihood decoding. Dotted lines indicate a least-squares fit to data
for a given p, and error bars indicate one standard deviation.

exponential decay of the logical failure rate f ∼ exp(−αdY ), where α is a function of (pc − p),
which is consistent with the threshold pc = 50% predicted by Corollary 3.1. Considering
j×k surface codes, according to Corollary 3.2, dY = 2j − 1 for square codes, dY = jk for
coprime codes, and dY = j2 for rotated codes. That is, dY = O(

√
n) for square codes, and

dY = O(n) for coprime and rotated codes. As a result, based on the observed exponential
decay, quadratically fewer physical qubits are required to achieve a target logical failure rate
for a given physical error rate by using coprime or rotated codes in place of square codes.

To investigate the performance of different families of surface codes with pure Y noise, we
sample the logical failure rate across a full range of physical error probabilities for square, co-
prime, and rotated codes. For each code family, we use an exact maximum-likelihood decoder.
For square and coprime codes, we use the Y -decoder, defined in Sec. 3.B, to avoid the limita-
tions of an approximate [7] or nonoptimal (see Sec. 3.3.2) decoder. For rotated codes, we use
the tensor-network decoder, defined in Sec. 3.6, which is exact for pure Y noise. We use code
sizes {5×5, 9×9, 13×13, 17×17, 21×21} for square and rotated codes and {4×5, 8×9, 12×13,
16×17, 20×21} for coprime codes and 60 000 runs per code size and physical error probabil-
ity. In our decoder implementations, we use the Python language with SciPy and NumPy
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libraries [27, 28] for fast linear algebra and the mathmp library [29] for arbitrary-precision
floating-point arithmetic.

3.5 Performance of surface codes with biased noise

Our analytical results (see Sec. 3.3), highlight features of surface codes with pure Y noise that
contribute to ultrahigh thresholds with Y -biased noise (see Ref. [7]) and the improvement in
logical failure rate achieved by coprime and rotated surface codes (see Sec. 3.4).

Here, we present our numerical investigation into the performance of surface codes with
Y -biased noise. In particular, we improve on the results of Ref. [7], providing strong evidence
that the threshold of the surface code tracks the hashing bound exactly for all biases. We
also demonstrate that the improvement in logical failure rate of coprime and rotated codes
with pure Y noise persists with Y -biased noise, such that a smaller coprime or rotated code
outperforms a square code for a wide range of biases.

3.5.1 Thresholds of surface codes with biased noise

In previous work [7], we show that the surface code exhibits ultrahigh thresholds with Y -biased
noise (equivalently, Z-biased noise on the modified surface code of Ref. [7]). The results of
Ref. [7] indicate that the threshold error rate of the surface code appears to follow the hashing
bound for low to moderate bias; however, it is unclear whether the surface code saturates the
hashing bound for all biases.

Here, we improve on the results of Ref. [7], providing strong evidence that the threshold
error rate of the surface code saturates the hashing bound exactly for all biases. Our results
are summarized in Fig. 3.1, in which threshold estimates for a range of biases are plotted
along with the hashing bound. Error bars are one standard deviation relative to the fitting
procedure. The threshold estimates are very close to the hashing bound, and any residual
differences are likely due to finite size effects and decoder approximation. We estimate the
following thresholds: 18.8(2)%, 19.4(1)%, 22.3(1)%, 28.1(2)%, 33.9(2)%, 39.2(1)%, 42.9(2)%,
and 45.4(2)%, with η = 0.5 (standard depolarizing noise), 1, 3, 10, 30, 100, 300, and 1000,
respectively. The corresponding hashing bound values are 18.9%, 19.4%, 22.2%, 27.8%, 33.5%,
39.0%, 42.8%, and 45.6%, respectively.

These thresholds are all achieved using a particular tensor-network decoder. The tensor-
network decoder of Ref. [9], used in Ref. [7], is an approximate maximum-likelihood decoder
tuned via a parameter χ, allowing a trade-off between accuracy and computational cost. In
Ref. [7], we use χ = 48 to keep the simulations tractable, but we find the decoder is not
completely converged in the intermediate- to high-bias regime. Here, we improve on these
results by using a tensor-network decoder, defined in Sec. 3.6, that adapts the decoder of
Ref. [9] to rotated codes and achieves a much stronger convergence with biased noise. The
convergence of the decoder with bias is summarized in Fig. 3.14, which shows an estimate of
the logical failure rate for the rotated 33×33 surface code near threshold as a function of χ
for a range of biases. For each bias, the shift in logical failure rate, between the two largest χ
shown, is less than half a standard deviation, assuming a binomial distribution.

Our method to numerically estimate the threshold of the surface code with biased noise
follows the general approach taken in Ref. [7], with the key difference that we use the tensor-
network decoder adapted to rotated codes (see Sec. 3.6) and choose χ such that the decoder
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Figure 3.14: Decoder convergence for the rotated 33×33 surface code, represented by shifted logical
failure rate fχ − fχmax

, as a function of χ at a physical error probability p near the threshold for the
given bias η . Each data point corresponds to 30 000 runs with identical errors generated across all χ
for a given bias.

more strongly converges. We give a brief summary of the approach here and refer the reader
to Ref. [7] for full details. We use rotated surface codes of sizes 21×21, 25×25, 29×29, and
33×33. We estimate the threshold for biases η = 0.5, 1, 3, 10, 30, 100, 300, and 1000, where
η = pY /(pX + pZ) and pX = pZ (see Sec. 3.2); we use decoder approximation parameter
χ = 16, 24, 40, 48, 48, 48, 40, and 24, respectively, to achieve convergence to within less than half
a standard deviation. We run 30 000 simulations per code size and physical error probability.
As in Ref. [7], we use the critical exponent method of Ref. [30] to obtain threshold estimates
with jackknife resampling over the code distances to determine error bounds.

3.5.2 Advantage of coprime and rotated surface codes with biased noise

In Sec. 3.4.1, we give a demonstration that coprime and rotated surface codes outperform
square surface codes with pure Y noise in terms of logical failure rate. It is natural to ask
if coprime and rotated codes also outperform square codes with Y -biased noise, i.e., when X
and Z errors may also occur. We demonstrate that a significant reduction in logical failure
rate against biased noise can be achieved using a rotated j×j code, containing n = j2 physical
qubits, compared to a square j×j code, containing n = 2j2 − 2j + 1 physical qubits.

Our results are summarized in Fig. 3.2, where we compare the rotated 9×9 code, containing
81 physical qubits, to the square 9×9 code, containing 145 physical qubits. With standard
depolarizing noise, i.e., η = 0.5, and with a low bias, e.g. η = 10 (where Y errors are 10
times more likely than both X and Z), we see similar performance for the rotated and square
codes. In the limit of pure Y noise, we see the very large improvement, across the full range of
physical error probabilities, that is already demonstrated in Sec. 3.4.1. Most interestingly, the
improvement remains large through the intermediate-bias regime, η = 100, over a wide range
of physical error probabilities, indicating that the advantage of rotated codes over square codes
persists with modest noise biases. We note that qualitatively similar results are observed when
comparing the coprime 7×8 code to the square 8×8 code (not shown here).

The advantage of rotated codes with biased noise can be explained in terms of the features
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of surface codes with Y noise identified in Sec. 3.3. The rotated 9×9 code has the same X-
and Z-distance (dX = dZ = 9) as the square 9×9 code. However, the rotated code is much
less sensitive to Y noise, having a much larger Y -distance (dY = 81) than the square code
(dY = 17) and having only one Y -type logical operator (cY = 1) compared to many more such
operators (cY = 28 = 256) on the square code. Therefore, for sufficient bias, we expect rotated
j×j codes to outperform square j×j codes, despite containing approximately half the number
of physical qubits. Also, for a given bias, we expect the relative advantage to increase with
code size, as the Y -sensitivity of the rotated code decreases faster than the X- or Z-sensitivity,
until low-rate errors become the dominant source of logical failure, at which point high-rate
errors are effectively suppressed.

To compare the performance of rotated and square codes with Y -biased noise, we sample
the logical failure rate across a full range of physical error probabilities for the square 9×9 code
and the rotated 9×9 code with noise biases η ∈ {0.5, 10, 100, 1000, 10 000,∞}. Sample means
are taken over 30 000 and 1 200 000 runs per bias and physical error probability for the square
and rotated codes, respectively. Since the noise is biased, we cannot use the Y -decoder (see
Sec. 3.B) for exact maximum-likelihood decoding. Instead, we use the tensor-network decoder
of Ref. [9] for square codes and the tensor-network decoder of Sec. 3.6 for rotated codes,
both of which approximate maximum-likelihood decoding. Both decoders are tuned via an
approximation parameter χ, which controls the trade-off between efficiency and convergence.
As explained in Sec. 3.6, the decoder adapted to rotated codes converges much more strongly
with biased noise. We choose χ = 48 for the square code decoder and χ = 8 for the rotated
code decoder, such that both decoders converge, at the most challenging bias of η = 100, to
within less than half a standard deviation, relative to χ+ 8, assuming a binomial distribution.
The use of relatively small codes ensures significant logical failure rates at low physical error
probabilities and keeps computational requirements to a reasonable level.

3.6 Improved tensor-network decoding of rotated codes with
biased noise

In this section, we describe how tensor-network decoding of the surface code under biased noise
can be improved using the rotated surface code layout. We show that the rotated layout allows
us to remove certain correlations present in the tensor network used for maximum-likelihood
decoding [9], allowing efficient and optimal decoding for pure Y noise. The removal of such
correlations greatly improves the efficiency of the decoder in the case of noise strongly biased
toward Y , but with a small probability of X and Z errors, a situation previously shown to be
challenging using the standard layout [7]. Throughout this section, we refer to surface codes
oriented as in Fig. 3.4(b), where shaded and blank faces correspond to X- and Z-type checks,
respectively.

We briefly describe the approximate maximum-likelihood decoder proposed by Bravyi,
Suchara, and Vargo in Ref. [9]. Maximum-likelihood decoding for stochastic Pauli noise chooses
the correction that has the highest probability of successfully correcting the error given an error
syndrome, accounting for all errors consistent with that syndrome. If performed exactly it is,
by definition, optimal.

The maximum-likelihood decoding algorithm in Ref. [9] is based on mapping coset prob-
abilities to tensor-network contractions. The probability of a coset for an error f is given
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by

π(fG) =
∑
α,β

T (α;β), (3.8)

where T (α;β) is defined as the probability of the Pauli error f times the stabilizer g(α, β) :=∏
v(Av)

αv
∏
p(Bp)

βp , where αv, βp ∈ {0, 1} and the summation is over all bit strings α =
α1, α2, . . . α(n−1)/2 and β = β1, β2, . . . β(n−1)/2. Because of the local structure of the surface
code, this summation can be expressed as the contraction of a square-lattice tensor network.
While there is some freedom in how the tensor network for a given coset can be defined on
both the standard and rotated surface code layouts, we illustrate how a particular definition of
the tensor network on the rotated surface code layout can result in significantly more efficient
decoding of biased noise.

A complete description of the tensor network that leads to more efficient decoding is pro-
vided in Fig. 3.15. We highlight the essential features that give rise to the improved decoding
performance. In this layout, every tensor corresponds to a physical qubit, and a horizontal
edge between columns i and i+1 corresponds to a unique check that acts nontrivially on qubits
in both of these columns. We illustrate the correspondence between checks and tensor-network
edges on a 5× 5 rotated code in Fig. 3.16.

Figure 3.15: (a) Tensor network representing a coset probability for a rotated code. It consists of qubit
tensors (circles) and check tensors (stars). The layout in (a) is obtained by applying the construction
of Ref. [9] to the rotated code without modification. (b) Splitting a check tensor into multiple check
tensors. This splitting is possible because check tensors take the value one if all indices are identical
and zero otherwise. (c) A modified tensor network representing a coset probability where a single
cell is outlined by a dashed box. This network is obtained from (a) by splitting check tensors. (d)
Final modified tensor network obtained by contracting tensors in cells together to form merged tensors
(squares). In the discussion of the contraction of this tensor network, we imagine rotating the network
anticlockwise by 45◦ and contracting from left to right. Note that this tensor network is not isotropic:
In this rotated frame, the bond dimension is 2 for horizontal edges and is 4 for most vertical edges
(except on the boundary).

For certain structured instances of this problem, corresponding to independent X or Z
flips, an efficient algorithm for contracting the network is known [9]. However, there is no
known efficient algorithm for exact contraction of the network in the case of general local Pauli
noise.

In this case, an approximate method for evaluating the tensor-network contraction is
used [9]. In this method, the leftmost boundary of the tensor network is treated as a ma-
trix product state (MPS). Columns of the tensor network, which take the form of matrix
product operators, are successively applied to the MPS until there are no columns left and the
entire lattice is contracted.

71



3. Tailoring surface codes for highly biased noise

 β5,1

 α2,1

 β1,1

 α4,1

 β3,1

 β5,3

 α2,3

 β1,3

 α4,3

 β3,3

 β4,2

 α1,2

 β0,2

α3,2

 β2,2

 β4,4

 α1,4

 β0,4

 α3,4

 β2,4

5,1

4,1

3,1

2,1

1,1

3,0

1,0

5,3

4,3

3,3

2,3

1,3

4,2

1,2

3,2

2,2

0,2

4,4

1,4

3,4

2,4

0,4

2,5

4,5

a) b)

Figure 3.16: (a) Check coordinates are assigned to each check in the rotated layout. (b) The tensor
network is defined such that each horizontal edge corresponds to a specific check. The α indices
correspond to X checks, and the β indices correspond to Z checks, with the subscripts indicating the
check coordinates. Each tensor corresponds to a specific qubit. The bond dimension of horizontal edges
is 2, while the bond dimension of the vertical edges is 4.

An approximation is used to keep this calculation tractable. After each column is applied,
the singular value decomposition is used to reduce the size of the tensors in the MPS, effectively
keeping only the χ largest Schmidt values for each bipartition of the chain and setting the
remainder to zero. Without such a truncation, the number of parameters describing the tensors
increases exponentially in the number of columns applied to the MPS. The parameter χ can
be controlled independently, with larger χ improving accuracy at an increased computational
cost. The overall runtime of the algorithm is O(nχ3).

Surprisingly, on the rotated code with the tensor network described above, there is no
entanglement in the boundary MPS for pure Y noise. In other words, the MPS decoder is
exact for χ = 1, independent of system size. This result is in contrast to the standard layout,
where χ ∼ 48 is required for a reasonable approximation to coset probabilities on a 21 × 21
system [7].

As we explain in the following section, this improvement can be attributed to the boundary
conditions of the code and the layout of the tensor network. While exact decoding of Y
noise can also be performed using methods described in Sec. 3.B, the MPS decoder can be
extended easily to noise that is mostly Y noise but with nonzero probability of X and Z
errors. Our convergence results (see Sec. 3.5.1) show that there is a substantial improvement
in the performance over the standard method when applied to this type of noise.

We observe a similar improvement in performance using the tensor-network decoder de-
scribed in Ref. [31] when defined on the rotated layout and with an analogous tensor-network
layout. Exact decoding is achieved with χ = 4 for pure Y noise, which is not as efficient as the
improved MPS decoder described above but substantially more efficient than the MPS decoder
on the standard layout.

We remark that, on the standard layout, changing from a square lattice to coprime does
little to improve the performance of the MPS decoder. Since the contraction algorithm proceeds
column by column, a 21 × 21 (square) code and a 21 × 22 (coprime) code have an identical
boundary MPS after the first 20 columns are contracted if the same error is applied to qubits
in these columns. Thus, we expect the error resulting from the truncation of small singular
values during the contraction to be at least as bad for the 21× 22 code as the 21× 21 code.
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3.6.1 Boundary entanglement in MPS decoder

We show that the boundary MPS of the rotated code with the above tensor-network layout
is unentangled in the case of infinite bias. The boundary MPS appearing in the contraction
algorithm is a (generally approximate) representation of the “boundary state”, obtained by
contracting all indices of the network up to a given column and leaving the right-going indices
of that column uncontracted. More precisely, we define ψ(αR;βR) to be the contraction of the
network up to the j < L column, with the right-going boundary indices set to αR;βR. The
L-qubit boundary state is defined as

∣∣ψR〉 :=
∑

αR;βR ψ(αR;βR)
∣∣αR;βR

〉
. We illustrate such

a boundary state in Fig. 3.17(a). Let Qj be the set of qubits in columns up to and including
column j. As previously described, each boundary index in αR = α1,j , α3,j , . . . , αL−2,j and
βR = β0,j , β2,j , . . . , βL−1,j corresponds to a check acting nontrivially on qubits in columns j
and j+ 1, where the check subscripts here are for odd j (for even j, simply add 1 to every row
index).

We call checks that act only nontrivially on qubits contained in Qj bulk checks and refer
to them using the indices αB;βB, with superscript B. We refer to a specific αR;βR as a
boundary configuration and a specific αB;βB as a bulk configuration. We define G′ ⊆ G to be
the set of stabilizer elements that act nontrivially only on Qj and g(αB;βB) ∈ G′ to be the
stabilizer element corresponding to the bulk configuration αB;βB. We define h(αR;βR) to be
the product of boundary checks corresponding to the boundary configuration αR;βR whose
action is restricted to qubits in Qj (so the action on qubits in column j + 1 is ignored). The
fact that ψ(αR;βR) is calculated by contracting all indices to the left of column j means that
all bulk configurations αB;βB are summed over, like in Eq. (3.8) but restricted to checks in
the first j columns. So we can write

ψ(αR;βR) = π′(f ′G′) =
∑
αB ,βB

T ′(αB;βB;αR;βR), (3.9)

where π′, f ′, and T ′, respectively, correspond to versions of π, f , and T that are restricted
to Qj . Specifically, f ′ is the Pauli error f restricted to Qj , and T ′(αB;βB;αR;βR) is the
probability of the Pauli error f ′g(αB;βB)h(αR;βR) on qubits in Qj . We illustrate an example
error f ′, bulk configuration αB;βB, and boundary configuration αR;βR in Fig. 3.17. The coset
probability π′ is likewise restricted to qubits Qj , with the boundary checks fixed.

In the case of pure Y noise, the summation on the right-hand side of Eq. (3.9) simplifies
dramatically. In fact, for any given choice of boundary variables αR;βR and error f ′, there is
at most one choice of αB and βB such that T ′(αB;βB;αR;βR) is nonzero. So, given αR;βR

and f ′, either ψ(αR;βR) is zero or there exists a unique αB, βB such that

ψ(αR;βR) = T ′(αB;βB;αR;βR). (3.10)

For a given f ′ and αR, βR, we say that a qubit is “satisfied” for a given check configuration
αB;βB if f ′g(αB;βB)h(αR;βR) acts on every qubit as either I or Y and not X or Z. For pure
Y noise, in order for T ′(αB;βB, αR;βR) to be nonzero, all qubits in Qj must be satisfied. We
can solve for a bulk configuration αB;βB that satisfies all qubits, if one exists, by fixing check
variables to satisfy qubits one at a time, starting from the qubit adjacent to the two-qubit
boundary check in column j. There is only one bulk check adjacent to this qubit; therefore,
only one choice for the corresponding check variable will satisfy that qubit. This fixes the
first bulk check. We then proceed down this column to fix every check variable in the same
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Figure 3.17: (a) A boundary state obtained by contracting the network up to a given column, and
leaving the right-going indices of that column uncontracted. (b) An example check and error configu-
ration illustrated for calculating the boundary state for the third column j = 3 of a 5 × 5 code with
rotated layout. A bulk configuration αB ;βB is represented by the red dots, and a boundary configura-
tion αR;βR is represented by the blue dots (where a dot on a check indicates that the check variable αi,k
or βi,k is 1). An error f ′ is represented by green letters. Note that for this calculation we consider only
the action of the checks and error on qubits in the first three columns Q3, inside the dashed box. So the
action on the boundary checks on qubits outside the box is ignored. The quantity T ′(αB ;βB ;αR;βR)
is the probability of the product of all dotted checks and the error f ′ in the dashed box. In the
example configuration depicted above, this product contains four X, six Y and two Z errors, giving
T ′(αB ;βB ;αR;βR) = p4Xp

6
Y p

2
Zp

3
I . In order to calculate the boundary state, all possible configurations

of bulk checks must be summed over. In the special case of pure Y noise, where pX = pZ = 0, only at
most one term in this sum is nonzero for any boundary configuration.

manner. With the check configuration in column j determined, we then solve for checks in
columns j − 1, j − 2, etc., in the same way until all check variables are determined, thereby
solving for the bulk configuration αB;βB.

Note that, for certain f ′ and αR;βR, there may be no configuration of bulk checks that
will satisfy all qubits, which implies that the f ′ and αR;βR are not compatible with pure Y
noise, i.e., ψ(αR, βR) = 0. In fact, only a few special boundary configurations are compatible
with pure Y noise. We describe the boundary configurations αR;βR that are compatible with
a given f , starting with the case of the trivial coset f = I. We show that the allowed bulk
and boundary configurations consist of horizontal strings which terminate at two-qubit X
checks on the left code boundary, as shown in Fig. 3.18. Other cosets (with f 6= I) follow
straightforwardly from this.

Figure 3.18: All allowed bulk and boundary configurations for Y noise illustrated for the boundary
state for the third column j = 3 of a 5× 5 code on the rotated layout for the trivial coset f ′ = I. The
product of the dotted checks must result in only I and Y errors on Q3 (and no X or Z errors). Blue dots
represent the boundary configuration, while red dots represent the corresponding bulk configuration.
Blue dots must be connected to a two-qubit check on the left boundary by a string of red dots. The
fact that these strings never overlap and are absorbed at the left boundary implies that the boundary
variables are uncorrelated, and, therefore, there is no entanglement in the boundary state.
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We start from the left-hand side of the code and try to find bulk configurations that satisfy
all qubits. We work our way up the column, finding relations between checks. We use the
convention that qubit (i, k) refers to the qubit on the bottom-left vertex of the check (face)
with coordinates (i, k), as in Fig. 3.16. First, in order to satisfy qubit (1, 1), we require
α1,0 = β1,1. With the parity of these checks fixed, in order to satisfy qubit (2, 1), we need
α1,1 = 0. Then, to satisfy qubit (3, 1) we require α3,0 = β3,1. Continuing up the column, we
see that αi,0 = βi,1 for i odd and αi,1 = 0 for i even, and the two-qubit Z check at the end of
the column satisfies β(L+1)/2,1 = 0. We can then solve for checks in the next column, finding
αi,2 = βi,1 for odd i, βi,2 = 0 for even i, and β2,0 = 0 for the two-qubit check on the lower
boundary.

Proceeding in this manner, we can solve for all the checks up to any given column. For the
trivial coset, the bulk and boundary configurations satisfy the following:

• All check variables in a given row must be take the same value.

• Check variables in rows terminated by a two-qubit X check (odd rows) may take values
0 or 1. The remaining checks must take the value 0.

We can easily calculate the probability of each satisfying check configuration. First, the trivial
configuration αR;βR = 0; 0 corresponding to the bulk configuration αB;βB = 0; 0, i.e., with all
bulk and boundary check variables set to 0, has probability (pI)

jL. Flipping any odd boundary
check flips the corresponding row of checks in the bulk and introduces 2j Y errors, changing
the probability by a factor of (pY /pI)

2j . The fact that the weight introduced by flipping any
row does not depend on which other rows are flipped implies that the boundary variables are
independent and

∣∣ψR〉 is a product state which can be explicitly written as∣∣ψR〉 = |0〉end
⊗
k even

|0〉k
⊗
l odd

|θ〉l , (3.11)

where |θ〉 = p2jI |0〉+ p2jY |1〉 and |0〉end corresponds to the two-qubit Z-check at the end of the
column. Since the boundary state for the trivial coset f ′ = I is completely unentangled, the
tensor network corresponding to this coset can be contracted exactly with χ = 1.

The case of a nontrivial coset with f ′ 6= I is analogous to the case of a trivial coset. Starting
from any satisfying bulk and boundary configuration, we obtain all other satisfying bulk and
boundary configurations by flipping odd rows of checks, as in the trivial coset. If we assume
there exist satisfying bulk and boundary configurations αR

′
;βR

′
and αB

′
;βB

′
, respectively, for

a given error f ′, the boundary state can be explicitly written as∣∣ψR〉 =
∣∣∣βR′end〉 ⊗

k even

∣∣∣γR′k〉⊗
l odd

|θ(l)〉l , (3.12)

where |θ(l)〉 = p
N(l)
Y p

2j−N(l)
I |0〉 + p

2j−N(l)
Y p

N(l)
I |1〉, N(l) is the number of qubits on which Y

is applied in the rows adjacent to the lth row of checks when the boundary variable for row
l is 0 and where γR

′
= αR

′
for odd j and γR

′
= βR

′
for even j, and βRend

′
corresponds to the

two-qubit check at the end of the column.
Therefore, using the tensor-network layout described above, any coset can be calculated

exactly using the MPS decoder with χ = 1, which is a particular property of the physical
boundary conditions of the code. In this case described above, starting from a vacuum (with
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all checks unflipped), flipping a boundary check results in a line of checks being flipped through
the bulk, which is absorbed by a two-qubit check on the boundary. We call such a line of flipped
check variables a “lineon”.

While we can define the tensor network analogously for the standard surface code layout,
the boundary state does not have the same product state form. We find that the three-qubit
boundary checks result in long-range correlations in the boundary state, which is because
the three-qubit checks reflect lineons rather than absorb them, as illustrated in Fig. 3.19.
This result means that separated pairs of boundary checks must be flipped together. Also,
when distinct lineons travel next to each other or cross, there is a cancellation of Y errors.
The consequence of this cancellation is that the probability of a particular lineon depends on
whether other lineons are present, which results in correlations between boundary variables
and entanglement in the boundary state. The rotated layout with two-qubit checks does not
suffer from these problems. The lineons never cross; they are always separated by a row and
are absorbed at the boundary.

Figure 3.19: Some examples of boundary and bulk configurations for the standard layout of the
surface code with three-qubit checks on the boundary for the trivial coset f ′ = I. The lineons travel
in straight lines through the four-qubit bulk checks, but the three-qubit boundary checks have the
effect of reflecting them by 90◦, such that they emerge on the right boundary on the exact opposite
side. Therefore, each boundary variable is perfectly correlated with the boundary variable on the exact
opposite side. Separate lineons can also cross paths, resulting in a cancellation of the bulk variables.
Also, for neighboring pairs of lineons, Y on the qubits shared between them cancel. These all result in
correlations between the boundary variables and, therefore, entanglement in the boundary MPS.

To summarize this section, we show that the MPS decoder adapted to the rotated layout
is exact with χ = 1 for pure Y noise. This result is due to the fact that many correlations
in the tensor network are eliminated in this case, making contraction of the tensor network
much more efficient. This decoder can also take into account finite bias (i.e., nonzero pX and
pZ), and the improvement in efficiency also carries over to this case, as the numerical results
of Sec. 3.5.1 show.

3.7 Discussion

In this paper, we describe the structure of the surface code with pure Y noise and show that
this structure implies a 50% error threshold and a significant performance advantage in terms
of logical failure rate with coprime and rotated codes compared to square codes. Furthermore,
we provide numerics confirming our analytical results with pure Y noise and demonstrating
the performance advantage of rotated codes with Y -biased noise. It is important to note
that our results apply equally to pure Z noise, i.e., dephasing noise, and the Z-biased noise
prevalent in many quantum architectures, through the simple modification [7] of the surface
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code that exchanges the roles of Z and Y operators in stabilizer and logical operator definitions.
We, therefore, identify and characterize the features of surface codes that contribute to their
ultrahigh thresholds with Z-biased noise and to the improvements in logical failure rate with
coprime and rotated codes demonstrated in this paper.

In the limit of pure Y noise, we show that the standard surface code is equivalent to a
concatenation of classical codes: a single top-level cycle code and a number of bottom-level
repetition codes. We show that this implies the surface code with pure Y noise has a threshold
of 50% and, for j×k surface codes with small g = gcd(j, k), the more effective repetition code
dominates, leading to a reduction in logical failure rate. In terms of logical operators, we
show that Y -type logical operators are rarer and heavier than X- or Z-type equivalents, and
coprime codes, in particular, have only one Y -type logical operator, and its weight is O(n).
We also show that rotated codes, with odd linear dimensions, are closely related to coprime
codes, admitting a single Y -type logical operator of optimal weight n.

We confirm, numerically, the 50% error threshold of the surface code with pure Y noise
and demonstrate that coprime and rotated codes with pure Y noise significantly outperform
similar-sized square codes in terms of logical failure rates such that a target logical failure rate
may be achieved with quadratically fewer physical qubits using coprime and rotated codes.
Furthermore, we demonstrate that this advantage persists with Y -biased noise. In particular,
we find that a smaller rotated code, with approximately half the number of physical qubits,
outperforms a square code, over a wide range of physical error probabilities, for biases as low
as η = 100, where Y errors are 100 times more likely that X or Z errors. We argue that, for
a given bias, the relative advantage of coprime and rotated codes over square codes increases
with code size, until low-rate errors become the dominant source of logical errors and high-rate
errors are effectively suppressed.

Leveraging features of the structure of rotated codes with pure Y noise, we define a tensor-
network decoder that achieves exact maximum-likelihood decoding with pure Y noise and
converges much more strongly with Y -biased noise than the decoder of Ref. [9], from which it
is adapted. With this decoder, we are able to improve upon the results of Ref. [7] and provide
strong evidence that the threshold error rate of surface codes tracks the hashing bound exactly
for all biases, addressing an open question from Ref. [7]. Saturating this bound is a remarkable
result for a practical topological code limited to local stabilizers.

Although our analytical results focus on features of the surface code with pure Y noise, it is
interesting to put our observations of the performance of surface codes with biased noise in the
context of other proposals to adapt quantum codes to biased noise [4, 11–22]. Several proposals
have been made for constructing asymmetric quantum codes for biased noise from classical
codes [11–14] (see Ref. [13] for an extensive list of references), but of particular interest here
are approaches that can be applied to topological codes. A significant increase in threshold with
biased noise has been demonstrated by concatenating repetition codes at the bottom level with
another, possibly topological, code at the top level [4, 15, 16]; interestingly, this construction
mirrors the structure we find to be inherent to the surface code. Performance improvements
with biased noise have also been demonstrated by modifying the size and shape of stabilizers
in Bacon-Shor codes [17–19] and surface and compass codes [20], by randomizing the lattice of
the toric code [21] or by concatenating a small Z-error detection code to the surface code [22].
These approaches are distinct from the use of coprime or rotated codes (with the modification
of Ref. [7]), which maintain the size and locality of surface code stabilizer generators, and so
they could potentially be combined to yield further performance improvements.
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Looking forward, the identified features of surface codes and the insights behind them
suggest several interesting avenues of research. For the surface code, specifically, different
geometries may be more robust to logical errors than coprime and rotated codes in the high-
bias regime, where a few well-placed X and Z errors can combine with strings of Y errors to
produce more common, lower-weight logical operators. Similarly, certain geometries of surface
code used to encode multiple qubits [32] may or may not maintain the high performance of
simple surface codes with biased noise. For topological codes, more generally, one can ask
which codes exhibit an increase in performance with biased noise and what are the family
traits of such codes; we have seen, for example, that the standard triangular 6.6.6 color code
does not exhibit an increase in performance. (Although this color code is equivalent, in some
sense, to a folded surface code [33], the mapping that relates the two does not preserve the
biased noise model.)

Finally, although this paper focuses on features of surface codes with Y or Y -biased noise
rather than the issue of fault-tolerant decoding, our numerical results motivate the search
for fast fault-tolerant decoders for the surface code with biased noise. The highly significant
question of whether the high performance of surface codes with biased noise can be preserved
in the context of fault-tolerant quantum computing, is addressed in a forthcoming paper [34],
where a fast but suboptimal decoder for tailored surface codes achieves fault-tolerant thresholds
in excess of 5% with biased noise. Investigating the optimal fault-tolerant thresholds with
biased noise and the performance well below threshold remain important avenues of research.

Acknowledgements

This work was supported by the Australian Research Council (ARC) via the Centre of Ex-
cellence for Engineered Quantum Systems (EQUS) Project No. CE170100009 and Discovery
Project No. DP170103073. S.B. acknowledges support from the IBM Research Frontiers In-
stitute. A.S.D. was supported by JST, PRESTO Grant No. JPMJPR1917, Japan. Access
to high-performance computing resources was provided by the National Computational In-
frastructure (NCI), which is supported by the Australian Government, and by the Sydney
Informatics Hub, which is funded by the University of Sydney. Some of the numerical compu-
tation in this work was carried out at the Yukawa Institute Computer Facility.

3.A Color-code thresholds with biased noise

We demonstrate that the threshold of the triangular 6.6.6 color code [10] decreases when the
noise is biased. This result is in stark contrast to the surface code, which exhibits a significant
increase in threshold with biased noise [7]. Our results are summarized in Fig. 3.20, in which,
we contrast our results for the color code with those for the surface code, reproduced from
Sec. 3.5.1. From statistical physics arguments, the optimal error threshold for the unmodified
surface code with pure Z noise is estimated to be 10.93(2)% [3, 35], and with depolarizing noise
it is estimated to be 18.9(3)% [36]. The color code has similar error thresholds [36, 37] to the
surface code with pure Z noise and depolarizing noise. Our results for the color code, using an
approximate maximum-likelihood decoder, reveal a decrease in threshold with Y -biased noise:
18.7(1)% with standard (η = 0.5) depolarizing noise, 13.3(1)% with bias η = 3, 11.4(2)%
with bias η = 10, 10.6(2)% with bias η = 100, and 10.5(2)% in the limit of pure Y noise.
In contrast, our results for the surface code, from Sec. 3.5.1, reveal a significant increase in
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threshold with Y -biased noise: 18.8(2)% with standard (η = 0.5) depolarizing noise, 22.3(1)%
with bias η = 3, 28.1(2)% with bias η = 10, 39.2(1)% with bias η = 100, and the analytically
proven 50% threshold in the limit of pure Y noise; see Sec. 3.3.3. Our decoder implementation
and numerics are described below. The features of surface codes that contribute to their
exceptional performance with biased noise are discussed in the body of the paper.
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Figure 3.20: Threshold error rate pc as a function of bias η. Red inverted triangles show threshold
estimates for the triangular 6.6.6 color code. For comparison, blue triangles show threshold estimates
for the surface code (reproduced from Sec. 3.5.1), with the point at infinite bias, i.e., only Y errors,
indicating the analytically proven 50% threshold. Error bars indicate one standard deviation relative
to the fitting procedure. The gray line is the hashing bound for the associated Pauli error channel.

3.A.1 Decoder

In order to take account of correlations between X- and Z-type stabilizer syndromes, we im-
plement a tensor-network approximate maximum-likelihood decoder for triangular 6.6.6 color
codes following the same principles as the tensor-network decoder of Ref. [9] used in Ref. [7]
for surface codes.

Consider a color code with n physical qubits and m independent stabilizer generators. Let
P denote the group of n-qubit Pauli operators, let G denote the stabilizer group, and recall
that the centralizer of G is given by C(G) = {f ∈ P : fg = gf ∀ g ∈ G}. If the result of
measuring the stabilizer generators is given by syndrome s ∈ {0, 1}m and fs ∈ P is some fixed
Pauli operator with syndrome s then the set fsC(G) of all Pauli operators with syndrome s is
the disjoint union fsC(G) = fsG ∪ fsXG ∪ fsY G ∪ fsZG, where X, Y and Z are the logical
operators on the encoded qubit.

For a given syndrome s and probability distribution π on the Pauli group, the maximum-
likelihood decoder can be implemented by constructing a candidate recovery operator fs con-
sistent with s and returning arg maxf π(fG) where f ∈ {fs, fsX, fsY , fsZ} and π(fG) =∑

g∈G π(fg).
By analogy with the decoder of Ref. [9] for the surface code, we define a tensor network

whose exact contraction yields the coset probability π(fG) for the color code. Figures 3.21(a)
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and 3.21(b) illustrate a distance-5 color code, whereas Figure 3.21(c) illustrates a tensor net-
work with the same layout of qubits and stabilizers. Bonds have dimension 4. Stabilizer tensors
are defined such that each element has a value of 1 if all indices are identical and a value of 0
otherwise. Qubit tensors are defined such that each element has the single-qubit probability
π of the product of the restriction of f to that qubit with the Paulis associated with bond
indices where indices map to Paulis as 0 7→ I, 1 7→ X, 2 7→ Y , and 3 7→ Z. In this way, all
possible combinations of stabilizers are applied to f , and the exact contraction of such a tensor
network yields the coset probability π(fG).
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Figure 3.21: (a) Distance-5 triangular 6.6.6 color code with logical operators given by a product
of Z along the bottom edge and a product of X along the left edge. (b) Color-code stabilizers. (c)
Tensor network corresponding to the coset probability of a distance-5 color code; gray disks represent
qubit tensors; white stars represent stabilizer tensors; and lines represent bonds. (d) Equivalent tensor
network as a square lattice.

The exact contraction of the tensor network is inefficient with a runtime exponential in
the number of qubits n. However, by merging neighboring qubit tensors in pairs, the tensor
network can be transformed into a square lattice [see Fig. 3.21(d)] so that techniques, used in
the decoder of Ref. [9], can be applied to efficiently approximate the coset probability. The
approximation is controlled by a parameter χ which defines the maximum bond dimension
retained as the tensor network is contracted. We refer the reader to Ref. [9] for full details of
the approximate contraction algorithm. We find that the performance of the decoder converges
well for χ = 36 across all noise biases, see below.

3.A.2 Numerics

We follow the general approach taken in Ref. [7]; we give a brief summary here and refer the
reader to Ref. [7] for full details. We use triangular 6.6.6 color codes of distances d = 7, 11, 15,
and 19. We estimate the threshold for biases η = 0.5, 1, 3, 10, 30, 100, 300, 1000,∞, where
η = pY /(pX + pZ) and pX = pZ , such that η = 0.5 corresponds to standard depolarizing noise
and η = ∞ corresponds to pure Y noise (see Sec. 3.2). We approximate maximum-likelihood
decoding using the decoder, described above, with approximation parameter χ = 36. The
decoder converges well (generally better than in Ref. [7]) across the full range of biases with
the weakest convergence in the low-bias regime, see Fig. 3.22. We run 30 000 simulations per
code distance and physical error probability. As in Ref. [7], we use the critical exponent method
of Ref. [30] to obtain threshold estimates with jackknife resampling over the code distances to
determine error bounds.
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Figure 3.22: Decoder convergence for the distance d = 19 triangular 6.6.6 color code, represented by
shifted logical failure rate fχ−f36, as a function of χ at a physical error probability p near the threshold
for the given bias η . Each data point corresponds to 60 000 runs with identical errors generated across
all χ for a given bias.

3.B Exact optimal Y-decoder

Here, we define the exact optimal decoder for pure Y noise that we use in our numerical
simulations of Sec. 3.4.1. As mentioned in Sec. 3.3.2, it is possible to decode Y noise on
the planar code by treating it as the concatenation of a cycle code and repetition codes and
decoding level by level. However, while efficient, such a decoder is not necessarily optimal.
Also, as mentioned in Sec. 3.3.3, the performance of the approximate maximum-likelihood
decoder [9] used in previous studies [7] is found to saturate with pure Y noise when tuned for
efficiency. Here, we explicitly define an exact maximum-likelihood decoder for the surface code
with pure Y noise that is efficient for j×k surface code families with small gcd(j, k), such as
coprime codes, and tractable for moderate-sized square codes.

Consider a surface code with n physical qubits and m independent vertex and plaquette
stabilizer generators. In the case of pure Y noise, the only possible error configurations are
Y -type Pauli operators, i.e. operators consisting only of Y and identity single-qubit Paulis.
Let PY denote the group of n-qubit Y -type Pauli operators, let GY denote the group of Y -type
stabilizers, and define the centralizer of GY as C(GY ) = {f ∈ PY : fg = gf ∀ g ∈ GY }. If the
result of measuring the vertex and plaquette stabilizer generators is given by syndrome s ∈
{0, 1}m and fs ∈ PY is some fixed Y -type Pauli operator with syndrome s then the set fsC(GY )
of all Y -type Pauli operators with syndrome s is the disjoint union fsC(GY ) = fsGY ∪ fsLGY ,
where L is one of the single class of logical operators possible with pure Y noise.

For a given syndrome s and probability distribution π on the Pauli group, the maximum-
likelihood decoder for pure Y noise can be implemented by constructing a candidate Y -type
recovery operator fs consistent with s and returning arg maxf π(fGY ) where f ∈ {fs, fsL}
and π(fGY ) =

∑
g∈GY π(fg).

On a j×k surface code, the size of the group of Y -type stabilizers is |GY | = cY = 2g−1,
where g = gcd(j, k); see Corollary 3.3. Therefore, for surface codes with small g, such as
coprime codes, the Y -decoder is efficient, provided that a candidate Y -type recovery operator
fs, the group of Y -type stabilizers GY , and logical operator L can be constructed efficiently.
In the next two subsections, we describe these constructions.
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3.B.1 Constructing Y-type stabilizers and logical operators

The construction of Y -type stabilizers and logical operators for a j×k code is illustrated in
Fig. 3.23. A minimum-weight Y -type logical operator is constructed by applying Y operators
along a path starting at the top-left corner of the lattice and descending diagonally to the
right, reflecting at boundaries, until another corner is encountered from within the lattice. We
construct Y -type stabilizers similarly, starting at each of the next gcd(j, k) − 1 qubits of the
top row and reflecting until the path cycles. Together, these stabilizers generate the full group
of 2g−1 Y -type stabilizers, and combine with the minimum-weight logical operator to give the
2g−1 Y -type logical operators of the j×k code.

(a) (b) (c.i) (c.ii) (c.iii)

Figure 3.23: Examples of Y -type stabilizer and logical operator construction by applying Y operators
along the indicated path until a corner is encountered or the path cycles. Minimum-weight Y -type logical
operators (a) and (b) for square 4×4 and coprime 3×4 codes, respectively, are constructed by starting
at the top-left qubit. Generators of the group of Y -type stabilizers (c) for the square 4×4 code are
constructed by starting at each of the next gcd(j, k)− 1 = 3 qubits of the top row. (For coprime codes,
there are no Y -type stabilizers other than the identity.)

3.B.2 Constructing candidate Y-type recovery operators

The construction of a candidate Y -type recovery operator, consistent with a given syndrome,
depends on whether the code is coprime, square, or neither.

For coprime codes, it is possible to construct an operator, consisting only of Y and identity
single-qubit Paulis, that anticommutes with any single syndrome location. We refer to such
operators as Y -type destabilizers. Given a complete syndrome, a candidate Y -type recovery
operator is then simply constructed by taking the product of Y -type destabilizers for each
syndrome location. One way to construct Y -type destabilizers for coprime codes is illustrated
in Fig. 3.24. For a given syndrome location, a partial recovery operator is constructed by
applying seed Y operators along a path starting directly below the syndrome location and
descending diagonally to the right until a boundary is encountered; further Y operators are
applied along paths descending diagonally to the left of each of these seed Y operators, reflect-
ing at boundaries, until the bottom boundary is encountered. The partial recovery operator
then anticommutes with the original syndrome location and residual syndrome locations on
the bottom boundary. A residual recovery operator is constructed for each residual syndrome
location by applying Y operators along a line starting directly to the right of the syndrome
location and ascending diagonally to the right, reflecting at boundaries, until a corner is en-
countered from within the lattice. The residual recovery operators then anticommute with the
residual syndrome locations. The destabilizer for the original syndrome location is then simply
the product of the partial and residual recovery operators.

82



3. Tailoring surface codes for highly biased noise

(a) (b) (c) (d)

Figure 3.24: Example of Y -type destabilizer construction for a coprime code. (a) Single syndrome
location. (b) A partial recovery operator is constructed by applying Y operators, from below the
syndrome location along a diagonal to any boundary, then from that diagonal along perpendicular
diagonals, until the bottom boundary is encountered. (c) Residual recovery operators are constructed
by applying Y operators, from right of each residual boundary syndrome location along a diagonal
away, until a corner is encountered. (d) The destabilizer is a product of partial and residual recovery
operators.

(a) (b.i) (b.ii) (c)

Figure 3.25: Example of candidate Y -type recovery operator construction for a square code using
partial recovery operators. (a) Original error and complete syndrome. (b) Partial recovery operators
with residual boundary syndrome locations. (c) The candidate recovery operator is the product of
all partial recovery operators, since residual boundary syndrome locations cancel in the case of square
codes.

For square codes, Y -type destabilizers do not exist, in general, and, hence, a different
approach to constructing a candidate Y -type recovery operator must be adopted. Given a
complete syndrome for a square code, a candidate Y -type recovery operator can be constructed
by taking the product of partial recovery operators for each syndrome location, since the
residual boundary syndrome locations cancel in the case of square codes; see Fig. 3.25.

For surface codes that are neither coprime nor square, a candidate Y -type recovery operator
is constructed by dividing the lattice into a coprime region and square regions. Partial recovery
operators are constructed for each region leaving residual syndrome locations only on plaquettes
between regions. Residual syndrome locations can then be moved off the lattice using Y -type
stabilizers on the square regions.
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Preamble

In this chapter, we introduce an efficient approach to decoding that exploits symmetries
of a code with respect to a dominant noise model. Applying this approach, with the
insights from Chapter 3, we define a decoder for the tailored surface code with Z-
biased noise. We use this decoder to extend the ultrahigh threshold results of Chapter 2
to the fault-tolerant context, i.e. the regime directly relevant to experiments where
measurements are unreliable.

Abstract

Noise in quantum computing is countered with quantum error correction. Achieving
optimal performance will require tailoring codes and decoding algorithms to account
for features of realistic noise, such as the common situation where the noise is biased
towards dephasing. Here we introduce an efficient high-threshold decoder for a noise-
tailored surface code based on minimum-weight perfect matching. The decoder exploits
the symmetries of its syndrome under the action of biased noise and generalizes to the
fault-tolerant regime where measurements are unreliable. Using this decoder, we obtain
fault-tolerant thresholds in excess of 6% for a phenomenological noise model in the limit
where dephasing dominates. These gains persist even for modest noise biases: we find
a threshold of ∼ 5% in an experimentally relevant regime where dephasing errors occur
at a rate 100 times greater than bit-flip errors.

4.1 Introduction

The surface code [1, 2] is among the most promising quantum error-correcting codes to realize
the first generation of scalable quantum computers [3–5]. This is due to its two-dimensional
layout and low-weight stabilizers that help give it its high threshold [2, 6, 7], and its universal
set of fault-tolerant logical gates [2, 8–11]. Ongoing experimental work [12–15] is steadily
improving the surface code error rates. Concurrent work on improved decoding algorithms [6,
7, 16–19] is leading to higher thresholds and lower logical failure rates, reducing the exquisite
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control demanded of experimentalists to realize such a system.
Identifying the best decoder for the surface code depends critically on the noise model.

Minimum-weight perfect matching (MWPM) [20, 21] is near optimal in the case of the standard
surface code with a bit-flip error model [2] and for a phenomenological error model with
unreliable measurements [6]; see [22, 23]. More recently, attention has turned to tailoring the
decoder to perform under more realistic types of noise, such as depolarizing noise [16, 18, 19, 24,
25] and correlated errors [26–28]. Of particular note is noise that is biased towards dephasing:
a common feature of many architectures. With biased noise and reliable measurements, it is
known that the surface code can be tailored to accentuate commonly occurring errors such that
an appropriate decoder will give substantially increased thresholds [29, 30]. However, these
high thresholds were obtained using decoders with no known efficient implementation in the
realistic setting where measurements are unreliable and the noise bias is finite.

In this Letter we propose a practical and efficient decoder that performs well for both finite
bias and noisy measurements, demonstrating that the exceptional gains of the tailored surface
code under biased noise extend to the fault-tolerant regime. We use the MWPM algorithm
together with a recent technique to exploit symmetries of a given quantum error-correcting
code [31]. Rather than using the symmetries of the code, we generalize this idea and use the
symmetries of the entire system. Specifically, we exploit the symmetries of the syndrome with
respect to its incident error model. Applied to pure dephasing noise, our decoder exploits the
one-dimensional symmetries of the system by pairing the defects of each symmetry separately.
Crucially, our approach readily extends to the situation where measurements are unreliable,
as well as the finite-bias regime where some low-rate errors violate the symmetries we rely on.
We demonstrate that our approach leads to fault-tolerant thresholds exceeding 6% for infinite
bias, with these substantial gains persisting to modest biases. Comparing with the optimal
threshold of 3.3% [22, 23] for conventional decoders that correct the bit-flip and dephasing
errors of the same noise model separately, our results represent a very significant improvement
in the level of noise that can be tolerated in practical quantum technologies.

4.2 Surface code tailored for dephasing

We define the surface code in a rotated basis with X- and Y -type stabilizers, Sv ∈ S, to provide
additional syndrome information about Z errors; see Fig. 4.1 and its corresponding caption.
We consider errors E ∈ E drawn from a subgroup of the Pauli group E ⊆ P. We define the
syndrome as a list of the locations of defects. For a given error, defects lie on vertices v such
that SvE|ψ〉 = (−1)E|ψ〉 for code states |ψ〉 satisfying Sv|ψ〉 = |ψ〉 for all v.
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Figure 4.1: (Left) The surface code with qubits on the faces of a square d × d lattice. The vertices
v are bicolored such that stabilizer generators Sv =

∏
∂f3vXf (Sv =

∏
∂f3v Yf ) lie on black (white)

vertices, and ∂f 3 v denotes the faces f touching v. Examples are shown at the top of the figure.
The syndrome patterns for Pauli X, Y and Z errors are shown at the bottom of the figure. (Right)
The surface code with periodic boundary conditions. Our noise model is such that Z errors occur at a
higher rate than Pauli X or Y errors. The syndromes of Z errors, shown at the top left of the figure,
respect one-dimensional symmetries, shown as blue and green lines. We can therefore consistently match
vertices along the rows and columns of the lattice. The edges returned from each MWPM subroutine
reproduce the boundary of the faces that support the error. Lower-rate nondephasing errors may violate
the symmetries of the system (bottom, right).

4.3 Decoding with symmetry

We first consider the infinite bias (pure-dephasing) error model generated by only Z errors,
EZ = 〈Zf 〉. Errors drawn from this model respect one-dimensional symmetries of the lattice,
as in Fig. 4.1. A single Z error generates two defects on each of its adjacent rows and columns.
Up to boundary conditions, any error drawn from EZ will respect a defect parity conservation
symmetry on each of the rows and columns of the lattice.

Let us make this notion of a symmetry rigorous. A symmetry is specified by a subgroup of
the stabilizer group Ssym ⊆ S. Elements S ∈ Ssym are defined with respect to an error model
E such that they satisfy SE|ψ〉 = (+1)E|ψ〉 for all E ∈ E and code states |ψ〉. This generalizes
Ref. [31] where symmetries are defined for the special case where E = P; the symmetry is now
a function of the combined system of both the code and the error model.

For general Pauli error models, the surface code has global symmetries [1];
∏
v∈G Sv = 1

with G the set of either black or white vertices where we briefly assume periodic boundary
conditions to illustrate this point. Under pure dephasing noise, the same model has a much
richer set of one-dimensional symmetries. Observe that SL =

∏
v∈L Sv, with L the set of

vertices on a row or column, is a product of Pauli Z matrices. As such, the one-dimensional
stabilizers SL commute with errors drawn from EZ and are therefore symmetries. The set of
all such SL generate Ssym with respect to EZ .

Now consider what this symmetry implies for an arbitrary syndrome in our error model. A
direct consequence of the definition of a symmetry Ssym is that, for pure dephasing noise, there
will always be an even number of defects measured by the subsets of stabilizers whose product
gives elements of Ssym. We can design a decoder that exploits this property of these subsets.
Specifically, we can consistently pair the defects detected by the stabilizers of these subsets
using, say, MWPM, or another suitable pairing algorithm such as that of Ref. [32]. Collections
of defects that are combined with pairing operations on sufficiently many symmetries can
be neutralized with a low-weight Pauli operator. We say that such a collection is locally
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correctable [31]. For the surface code under pure dephasing noise, by performing pairing over
the one-dimensional lattice symmetries, the edges returned from MWPM form the boundary
of the error; see Fig. 4.1(right). The interior of the boundary determines the correction.

Such a decoder is readily extended to the fault-tolerant setting where measurements are
unreliable and may give incorrect outcomes. A single measurement error will violate the
defect symmetries of the two-dimensional system. Following the approach of Ref. [2], we
can recover a new symmetry in the fault-tolerant setting in (2 + 1)-dimensional spacetime
by repeating stabilizer measurements over time, see also Ref. [31]. A symmetry is recovered
by taking the parity of pairs of sequential measurement outcomes, with odd parity heralding
a defect. This spacetime symmetry is generic to our proposal here. In this situation, up
to the lattice boundaries, the symmetries represent constraints among collections of defects
lying on (1 + 1)-dimensional planes. Curiously, unlike the phenomenological bit-flip noise
model for the surface code [6, 33], the biased phenomenological error model considered here is
anisotropic in spacetime. We emphasize the importance of checking for temporal logical errors,
consisting of strings of sequential measurement errors, as they may introduce logical failures
while performing code deformations [34].

The symmetries of the system are altered at lattice boundaries. We can adapt the decoder
to account for this, by adding a pair of defects at each time step to all vertices where a
stabilizer is not imposed at the boundary; see Fig. 4.1(left). These defects can be paired to
other defects within their respective (1 + 1)-dimensional planes of symmetry. Otherwise, they
can be matched together freely in the case that they do not need to be paired.

4.4 Decoding with finite bias

We next adapt our decoder to deal with low-rate X and Y errors in addition to high-rate
Z errors. For simplicity we will describe this modification for the case of periodic boundary
conditions and where measurements are reliable. We give a technical description of our decoders
in Section 4.A, and a runtime analysis in Section 4.B.

The decoder for infinite bias noise will pair each defect of the system twice: once to a
horizontally separated defect and once to a vertically separated defect. Low rate X and Y
errors violate the one-dimensional symmetries that enable us to use the strategy described
above, but we can weakly adhere to the strategy as follows. In our modified decoder we pair
all defects twice: once where we strongly bias the decoder to pair defects horizontally, and a
second time where we strongly bias each defect to pair vertically. Unlike in the infinite-bias
case, we permit our decoder to pair defects that are not within their same row or column. We
penalize such pairings according to the amount of noise bias. This can be achieved in our input
into the MWPM algorithm by assigning high weights to edges for pairs of defects that are not
aligned on the same row or column, depending on the respective matching.

In the case of finite bias the collections of defects that are connected through the edges
returned by pairing may not be locally correctable. We deal with this issue with additional
use of MWPM to complete the decoding procedure. One can show that there will be an even
number of defects in each collection of defects connected by edges. Therefore, the parity of
defects on black and white vertices are equal. We call collections of defects with an even
(odd) parity of defects on black and white vertices ‘neutral’ (‘charged’). Neutral clusters can
be locally corrected. Remaining charged collections of defects can be made neutral by pairing
them with other nearby charged collections of defects. This final pairing ensures the collections

89



4. Fault-tolerant thresholds for the surface code in excess of 5% under biased noise

of connected defects are locally correctable.

4.5 Biased noise models

We will test our decoder under two scenarios: with a biased noise model and ideal measure-
ments, and with a phenomenological biased noise model with unreliable measurements. At
each time step, qubits are subjected to an error with probability p. Pauli Z errors occur at
high rate ph.r. = pη/(η + 1), while X and Y errors occur at a lower rate, pl.r. = p/2(η + 1).
The phenomenological (ideal-measurement) biased noise model gives an incorrect measurement
outcome with probability q = p (q = 0).

It is important to consider whether the phenomenological noise model we introduced is
compatible with a noise-bias setting [35]. As we now demonstrate, it is possible to measure
stabilizers and maintain the bias. Following the standard approach [2], stabilizers are measured
by preparing an ancilla, a, in an eigenstate of X, then applying entangling gates between the
ancilla and the qubits that support the stabilizer, and finally measuring the ancilla qubit
in the X basis. To measure Sv for black vertices v we apply

∏
∂f3v CXa,f where CXa,f =

(1 + Za + Xf − ZaXf )/2 is the controlled-not gate. To measure white vertex stabilizers, we
replace the CXa,f gates with CYa,f gates. These gates differ by an exp(iπZf/2) rotation.

We can now justify that stabilizer measurements performed this way preserve the noise
bias. Specifically, we demonstrate that no steps in the stabilizer circuit cause high-rate errors
to introduce X or Y errors to the data qubits of the surface code. The CXa,f commutes with
Z errors that act on the ancilla. As such, it will not create high rate X or Y errors on the data
qubits. Similarly, the single-qubit rotation that maps CXa,f onto CYa,f commutes with the
high-rate errors, and will therefore only map low-rate errors onto other low-rate errors. Ancilla
qubits are vulnerable to high-rate Pauli Z errors. This is reflected by the error model that
has a high measurement error rate, q = p. An additional concern is that the entangling gates
such as CXa,f may increase the frequency that low-rate errors occur. This will depend on the
physical implementation, and recent proposals have demonstrated that noise-bias-preserving
CXa,f gates are indeed possible in some architectures [36].

4.6 Numerical simulations

We simulate the performance of our decoder for the surface code with periodic boundary con-
ditions against the phenomenological biased noise model, using 30 000 trials per code distance
and physical error probability. We used the critical exponent method of Ref. [6], fitting to a
quadratic model, to obtain threshold estimates with jackknife resampling over code distances
to determine error bounds. Because of the anisotropy in spacetime, we might expect the
thresholds of logical errors in the spatial and temporal direction to differ. We report a failure
if a logical error occurs in either the spatial or temporal direction. Our results are shown in
Fig. 4.2. We identify a threshold of 6.32(3)% for pure dephasing, and thresholds of ∼ 5% for
biases around η = 100. Our decoder begins to outperform the optimal values for standard
methods, where bit-flip and dephasing errors are corrected separately, at η ∼ 5. These results
demonstrate the advantage of using our decoder in the fault-tolerant setting, even if the noise
bias is modest.

We have simulated the performance on the surface code with boundaries, yielding similar
results. Figure 4.3 demonstrates a threshold using the fault-tolerant decoder for the surface
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Figure 4.2: Threshold error rates pth. as a function of noise bias η for both spatial and temporal logical
errors for the surface code with periodic boundary conditions. The points show threshold estimates
together with 1 standard deviation error bars. The points at smallest and largest bias values correspond
to η = 0.5 (depolarizing noise), and η = ∞ (pure dephasing), respectively. The solid line represents
the optimal performance for the standard surface code with phenomenological noise of a decoder that
deals with bit-flip errors and dephasing noise separately. Codes with distance d = 12, 14, 16, 18, 20 and
d = 24, 28, 32, 36, 40 were used for finite and infinite bias threshold estimates, respectively.

code with boundaries where η = 100. In this case we only measure spatial logical errors because
there are no topologically nontrivial temporal errors. Remarkably, the threshold is very similar
to the threshold obtained in the case with periodic boundary conditions where we also count
logical failures along the temporal direction as well. This is surprising given the anisotropy of
the decoding problem in the spatial and temporal directions.

We benchmark our decoder against the optimal performance of the surface code under the
biased noise model. In the absence of optimal fault-tolerant thresholds (say, from statistical
mechanical arguments [37]), we benchmark using the ideal measurement model. In this case,
optimal performance corresponds to the zero-rate hashing bound, which is achievable using a
ML decoder [18, 30]. We see in Fig. 4.4 that our decoder underperforms in comparison to the
ML decoder, suggesting that there is considerable scope for further improvements. A natural
proposal would be to incorporate belief propagation into the MWPM algorithm. Choices of
boundary conditions also play a role. We note that our decoder applied to the surface code
with boundaries can achieve the optimal threshold of pth. ∼ 1/2 for pure dephasing noise.
However it underperforms similarly to that shown in Fig. 4.4 at finite biases.
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Figure 4.3: Numerical data demonstrating a finite threshold in the fault-tolerant setting. Logical
(spatial) failure rate f for the surface code with boundaries shown as a function of the rescaled error
rate x = (p−pth.)d1/ν with bias η = 100 and pth. = 4.96(1)%. The solid line is the best fit to the model
f = A+Bx+ Cx2. The insets show the raw sample means over 30 000 runs for various values of p.
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Figure 4.4: Threshold error rates pth. as a function of noise bias η for the surface code with periodic
boundary conditions and ideal measurements. The points show threshold estimates with 1 standard
deviation error bars. The points at smallest and largest bias values correspond to η = 0.5 (depolarizing
noise), and η =∞ (pure dephasing), respectively. The solid line, which is the zero-rate hashing bound
for the associated Pauli error channel, represents threshold error rates that are achievable with ML
decoding [30]. Codes with distance d = 24, 28, 32, 36, 40 and d = 48, 56, 64, 72, 80 were used for finite
and infinite bias threshold estimates, respectively.
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4.7 Low error rates

The performance of the decoder below threshold will determine the resources required to
perform quantum computation. We now speculate on the logical failure rates where the physical
error rate is low, specifically p� 1/d. Using conventional decoding methods the logical failure
rate decays as O(pδ

√
n) [2, 38] with n = d × d the code length and δ a constant. The high-

threshold at infinite bias is indicative that the decoder can tolerate up to ∼ n/2 dephasing
errors [29, 30]. We may therefore expect that the logical failure rate will decay with improved
scaling, O(ph.r.

αn), for some constant α.
At finite noise bias, the improved scaling in logical failure rate with n can only persist

up to some critical system size. Above some system size that depends on η, we expect that
the most likely error that will cause a logical failure will be due a string consisting of ∼ √n
low-rate errors. Up to constant factors, this will occur for some n where ph.r.

αn � pl.r.
δ
√
n.

Nevertheless, given high bias, the decoder will vastly improve logical error rates in the regime
where the most likely failure mechanisms are due to long strings of low-rate error events.

We contrast this with bias nullification schemes by concatenation [39, 40]. These approaches
increase the effective rate that uncommon errors act on the surface code by a factor equal to
the number of qubits of each repetition code, leading to worse performance at low error rates.
Moreover, they can only tolerate at most ∝ √n high-rate errors.

Extending again to the fault-tolerant case, temporal-logical errors are caused by strings of
measurement errors that occur at a high rate. We should consider increasing the number of
repetitions T of the error-correction cycle between code deformations to reduce the likelihood
of temporal logical failures. Choosing T ∼ 2δ

√
n log pl.r./ log p will ensure temporal errors will

occur at a rate similar to spatial logical errors, ∼ pl.r.δ
√
n, where we have assumed a temporal

logical error occurs with likelihood ∼ pT/2. To achieve the target logical failure rate of the
system, although the qubits will be occupied for a longer time to decrease the failure rate of
temporal logical errors, the associated decrease in the two spatial dimensions will result in a
net improvement on resource scaling using our system.

4.8 Discussion

Minimum-weight perfect matching has formed the backbone of topological quantum error cor-
rection [2, 6, 17, 31, 33, 41, 42]. The realization that we can design MWPM decoders with
knowledge of the symmetries of the code or system opens up a number of new avenues for
decoding algorithm design. A multitude of codes have yet to be explored, as well as their
interaction with specialized noise models that reflect the errors that occur in the laboratory.
Significant improvements in fault-tolerant thresholds obtained though tailored codes and re-
alistic noise models, such as those we have demonstrated here, offer great promise for the
realization of practical quantum technologies.
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4.A Decoder implementation

The decoder is described conceptually in Sections 4.3 and 4.4. In this section, we provide
technical details of the decoding algorithm implementation and some examples of its operation.

Consider the tailored surface codes defined in Section 4.2, with qubits on the faces and X-
and Y -type stabilizers on the black and white vertices, respectively. The input to the decoding
algorithm is an error syndrome, and some assumed noise parameters. The output of the de-
coding algorithm is a recovery operator that returns the code to the codespace. The syndrome
is generated from repeated stabilizer measurements [2], such that defects are identified with
vertex locations in time where the parity of successive pairs of stabilizer measurements is odd.
We label defects as X- or Y -type depending on whether they are due to X- or Y -type stabilizer
checks.

The decoding algorithm, see Algorithm 4.1, exploits symmetries of the code and noise
model in the following way. A graph is constructed with two nodes, labeled horizontal (H) and
vertical (V), for each defect. Edges are added between similarly oriented nodes and weighted
by a distance function, described in more detail below. Nodes of the graph are paired using
minimum-weight perfect matching (MWPM) and the defects identified with the nodes are
grouped into clusters by following the path traced out by matched pairs of nodes. In the case
of pure Z noise, these clusters are guaranteed to have an even parity of each type of defect;
such even-parity clusters are locally correctable and we refer to them as neutral. In the case
of finite bias, clusters are guaranteed to have the same parity of each type of defect but this
parity may be odd; such odd-parity clusters are not locally correctable and we refer to them as
charged. Having locally corrected the clusters as far as possible, the decoding algorithm invokes
a residual decoding sub-algorithm, see Algorithm 4.3, that again uses MWPM to pair charged
clusters, possibly through neutral clusters, ensuring the code is returned to the codespace.

The graph used in the main decoding algorithm is key to exploiting the symmetries of the
code and noise model. As mentioned above, the graph contains a pair of nodes, labeled H and
V, for each syndrome defect, and edges are added between similarly oriented nodes (i.e. H to
H and V to V), with edge weights given by a distance function. (For a code with boundaries,
an additional pair of virtual H and V nodes is added and connected with zero weight, at each
boundary vertex where a stabilizer is not applied.) The distance function, see Algorithm 4.2,
breaks the path between nodes into time, parallel and diagonal steps. Parallel steps are along
horizontal (vertical) lines on the lattice between H (V) nodes. Measurement errors displace
defects in time steps, high-rate Z errors displace defects in parallel steps, and low-rate X or
Y errors displace defects in diagonal steps. Each of these steps is weighted as a function of
the noise parameters: bias, qubit error probability and measurement error probability. The
minimum distance between nodes is found by minimizing the number of diagonal, parallel and
time steps in that order of priority, and then returning the weighted sum over these steps.
Figure 4.5 gives some examples of paths between H and V nodes broken into parallel and
diagonal steps.

The derivation of step weights as functions of the noise parameters is as follows. Consider
the code, with stabilizer measurements repeated over a fixed number of time steps, represented
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(a) (b) (c) (d)

Figure 4.5: Examples of paths between H and V nodes broken into parallel and diagonal steps,
minimizing first the number of diagonal steps and then parallel steps; between H (V) nodes parallel
steps are horizontal (vertical).

by a (2+1)-dimensional lattice with a total of N qubit locations (one for each physical qubit at
each time step) and M stabilizer measurement locations (one for each stabilizer measurement
at each time step). The probability of an error configuration, E, consisting of H high-rate
qubit errors, L low-rate qubit errors and Q measurement errors, is given by

Pr(E) = (1− p)N−H−LpHh.r.pLl.r.(1− q)M−QqQ

where p, ph.r., pl.r. and q are the probabilities of any qubit error, a high-rate qubit error, a low-
rate qubit error, and a measurement error, respectively. Noting that N and M are constant
for a fixed number of time steps, we have

log Pr(E) = H log
ph.r.
1− p + L log

pl.r.
1− p +Q log

q

1− q + k,

where k is a constant independent of the error configuration. Recalling, from Section 4.5, that
ph.r. = pη/(η + 1) and pl.r. = p/(2(η + 1)), where η is the noise bias, we see that the time,
parallel and diagonal step weights, as functions of η, p and q can be defined, respectively, as

µt = − log[q/(1− q)]
µp = − log[η/(η + 1)]− log[p/(1− p)]
µd = − log[1/(2(η + 1))]− log[p/(1− p)].

Examples showing the operation of the main decoding algorithm, assuming reliable mea-
surements, can be seen in Figures 4.6, 4.7 and 4.8. Each figure shows: (a) an error and cor-
responding syndrome defects; (b) vertical/horizontal nodes added to the graph for the given
syndrome defects; (c) matching of nodes resulting from MWPM over the graph; (d) cluster of
defects corresponding to the matching; and (e) recovery operator resulting from neutralizing
the defects in the cluster. Figure 4.6 shows the successful correction of an infinite bias error
on a periodic lattice. Figure 4.7 shows the successful correction of an infinite bias error on a
lattice with boundaries. Figure 4.8 shows the successful correction of an error due to finite
bias noise on a periodic lattice.
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(a) (b) (c) (d) (e)

Figure 4.6: Example of successful correction of an infinite bias (i.e. pure Z) error on a periodic lattice.
(a) Error and corresponding syndrome defects. (b) Vertical/Horizontal graph nodes; both V and H
nodes are added for each syndrome defect. (c) Matching from MWPM; matching is allowed between
similarly oriented nodes. (d) Cluster of defects from following matched pairs of nodes. (e) Recovery
operator from fusing defects around cluster; the recovery is equivalent to the original error, up to a
stabilizer, and so successfully corrects the error.

(a) (b) (c) (d) (e)

Figure 4.7: Example of successful correction of an infinite bias (i.e. pure Z) error on a lattice with
boundaries. (a) Error and corresponding syndrome defects. (b) Vertical/Horizontal graph defects; both
V and H nodes are added for each syndrome defect, as well as virtual V and H nodes for each boundary
vertex where a stabilizer is not applied. (c) Matching from MWPM; matching is allowed between
similarly oriented nodes, and between virtual nodes at the same location (not shown here since such
matchings are not used in the construction of clusters). (d) Cluster of defects from following matched
pairs of nodes. (e) Recovery operator from fusing defects around cluster; the recovery is equivalent to
the original error, up to a stabilizer, and so successfully corrects the error.

(a) (b) (c) (d) (e)

Figure 4.8: Example of successful correction of a finite bias (i.e. high-rate Z and low-rate X or Y )
error on a periodic lattice. (a) Error and corresponding syndrome defects. (b) Vertical/Horizontal
graph defects; both V and H nodes are added for each syndrome defect, as well as virtual V and H
nodes for each vertex where a stabilizer is not applied. (c) Matching from MWPM; matching is allowed
between similarly oriented nodes but penalized between distinct rows or columns as a function of the
noise parameters. (d) Cluster of defects from following matched pairs of nodes. (e) Recovery operator
from fusing defects around cluster; the recovery successfully corrects the original error.
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Function decode:
// syndrome is a set of defects where a defect is a (vertex location, type) tuple
// noise parameters are bias, qubit and measurement error rates, respectively
Input: syndrome, noise parameters: η, p, q
// recovery is set of Pauli operators with qubit locations
Output: recovery
begin construct graph

foreach defect in syndrome do
add vertical and horizontal nodes to graph;

foreach boundary vertex at each time step where no stabilizer is applied do
add vertical and horizontal virtual nodes to graph connected by a zero
weight edge;

foreach vertical node pair, horizontal node pair in graph do
add edge to graph weighted by distance(node pair, η, p, q);

find matching from graph using MWPM;
begin construct clusters

// clusters is a set of clusters where a cluster is an ordered list of defects
remove matches between virtual nodes with same location from matching;
// all matches are now pairs of vertical or horizontal nodes
while matching not empty do

begin construct cluster
let α reference any vertical node in matching;
repeat

select and remove vertical node pair (α, β) from matching;
add defect corresponding to α to cluster;
select and remove horizontal node pair (β, γ) from matching;
add defect corresponding to β to cluster;
let α reference γ;

until select from matching fails;
label cluster neutral (charged) if even (odd) parity of single-type defects;
add cluster to clusters;

begin construct recovery
foreach cluster in clusters do

add shortest path of Y (X) operators to recovery between successive X-type
(Y -type) defect pairs in cluster (ignoring time dimension);

Update recovery with output of residual-decode(clusters);

return recovery;

Algorithm 4.1: Main decoding algorithm
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Function distance:
// node is a (vertex location, type) tuple with orientation and virtuality labels
// noise parameters are bias, qubit and measurement error rates, respectively
Input: node pair (α, β), noise parameters: η, p, q
// weight is a real number
Output: weight
// break path between nodes into time, parallel and diagonal steps
// parallel refers to horizontal (vertical) steps between horizontal (vertical) nodes
δt ← minimum number of time steps between α and β;
δp ← minimum number of parallel steps between α and β;
δd ← minimum number of perpendicular steps between α and β;
if δp ≥ δd then

δp ← δp − δd;
else

δp ← (δd − δp) mod 2;

// define time, parallel and diagonal step weights
µt = − log[q/(1− q)];
µp = − log[η/(η + 1)]− log[p/(1− p)];
µd = − log[1/(2(η + 1))]− log[p/(1− p)];
return δtµt + δpµp + δdµd;

Algorithm 4.2: Distance function

Function residual-decode:
// clusters is a set of cluster where each cluster is an ordered list of defects
Input: clusters
// recovery is set of Pauli operators with qubit locations
Output: recovery
begin construct graph

foreach cluster in clusters do
if cluster is charged then

add cluster to graph;

if cluster is neutral and contains X-type and Y -type defects then
add two copies of cluster to graph connected by a zero weight edge;

foreach corner vertex at each time step where no stabilizer is applied do
add virtual cluster to graph;

foreach cluster pair in graph do
add edge to graph weighted by minimum Manhattan distance between any
pairing of defects drawn one from each cluster;

if odd number of charged clusters then
add virtual cluster to graph with zero weight edge to each virtual cluster;

find matching from graph using MWPM;
begin construct recovery

remove matches where each cluster is virtual;
foreach cluster pair in matching do

add shortest path of Y (X) operators to recovery between selected X-type
(Y -type) defects from each cluster in pair;

return recovery;

Algorithm 4.3: Residual decoding sub-algorithm
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4.B Decoder runtime

In this section, we provide a brief analysis of the decoder runtime. The runtime of the decoder
is determined by the runtime of the pairing subroutine. With our choice of minimum-weight
perfect matching, a single subroutine has runtime O(v3), where v is the number of vertices
of the input graph. On average, in the main decoding step, we have v ∼ 8pd2 for the ideal-
measurement case and v ∼ 8pd3 for the fault-tolerant case, where p is the error rate and d is
the code distance. We include a constant prefactor 8 = 2× 4; the factor 4 is included because
each error introduces at most four defects, and the factor 2 is included because for each defect
we introduce two vertices to the graph. We neglect the vertices that allow us to pair defects
to the boundary; for large system sizes, this contribution is negligibly small compared to the
number of vertices that appear in the bulk.

In the finite-bias case, we use minimum-weight perfect matching again to pair charged
clusters in a residual decoding step. This also scales like O(d2) and O(d3) for the ideal-
measurement and fault-tolerant cases, respectively. However, in practice, this residual step is
very fast compared to the main decoding step.

We note that we can choose any pairing subroutine to combine defects. For instance, we
could use the union-find decoder due to Delfosse and Nickerson [32] to reduce the runtime from
O(v3) to almost v.

With periodic boundary conditions and at infinite noise bias, decoding is readily parallelized
into several two-dimensional pairing subroutines [31]. Moreover, in the infinite bias case, the
residual decoding step is not required. We can therefore reduce the single pairing problem of
v ∼ 8pd3 vertices in the fault-tolerant case into 2d subroutines of v ∼ 2pd2 vertices. One may
consider ways to parallelize the decoder in settings where we include boundaries or when the
noise bias is finite. We leave this to future work.
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5 | Conclusion

In this thesis we considered the surface code, one of the most promising and practical quantum
error correction codes, in the context of noise biased towards dephasing (Z-biased noise), the
dominant noise model in many quantum architectures. Our main analytical result revealed a
hidden structure that makes the surface code particularly resilient to specific noise models. We
showed how to tailor the code to apply that resilience to Z-biased noise, and how to exploit the
structure to define efficient decoders. Our main numerical results demonstrated exceptionally
high thresholds and low logical error rates for tailored surface codes with Z-biased noise.

We started with a numerical analysis of the standard surface code with Y -biased noise
and demonstrated, in Chapter 2, that, with a small modification the surface code, achieves
ultrahigh code-capacity thresholds with Z-biased noise; a result that we further refined in
Chapter 3. The optimal code-capacity threshold of the standard surface code with pure X or
Z noise is ∼ 11% and with depolarizing noise it is ∼ 19%. With a bias of η = 100, where Z
errors are 100 times more likely than X or Y errors, we estimate the optimal code-capacity
threshold of the tailored surface code to be ∼ 39% and with pure Z noise to be ∼ 50%. We
provide strong evidence that the code-capacity threshold of the tailored surface code tracks the
hashing bound for all biases. The hashing bound is provably achievable for quantum codes but
the proof invokes random codes, so this is a remarkable result for a practical two-dimensional
topological code with local stabilizers.

Next, in Chapter 3, we revealed, a hidden structure of the tailored surface code with pure Z
noise, or equivalently the standard surface code with pure Y noise, that is responsible for these
ultrahigh thresholds. We showed that, in the limit of pure Z noise, the tailored surface code is
equivalent to a concatenation of classical codes: a top-level cycle code and a number of bottom-
level repetition codes. As a consequence of this structure, we proved that the code-capacity
threshold of the tailored surface code with pure Z noise is 50%. As a further consequence, we
showed that the distance of the tailored surface code to Z errors, and the number of failure
modes, can be tuned by modifying the boundary of the code. In particular, for coprime codes,
whose linear dimensions are relatively prime, and closely-related rotated codes, there is a single
Z-type logical operator and it has weight O(n); by contrast, for square codes, the number of Z-
type logical operators is O(2

√
n) and they have minimum weight O(

√
n), where n is the number

of physical qubits. We demonstrated that these characteristics enable tailored coprime and
rotated codes to achieve significant improvements in terms of logical error rate with pure Z and
Z-biased noise in comparison to square codes. We also defined an improved tensor-network
decoder for biased noise and performed a comparative numerical analysis indicating that the
color code does not exhibit an increase in threshold with bias.

Finally, in Chapter 4, we introduced an approach to decoding that exploits symmetries of
a code with respect to a dominant noise model. Although the approach is suboptimal, it is
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efficient, using weighted matching with respect to the symmetries, and readily extends to the
fault-tolerant context, where measurements are unreliable. We used the approach to define
a decoder for the tailored surface code with Z-biased noise and demonstrated exceptionally
high fault-tolerant thresholds. The optimal phenomenological fault-tolerant threshold of the
standard surface code with pure X or Z noise is ∼ 3.3%. Using our decoder, we estimate a
threshold for the tailored surface code of ∼ 5% with bias η = 100, and exceeding 6% with
pure Z noise. We noted that there is scope to achieve further improvements in fault-tolerant
threshold with a more refined version of the decoder.

Looking forward, our work opens up many interesting avenues of research, some of which
we briefly outline below.

In Chapters 2 and 3, we used two-dimensional tensor-network decoders with approximate
contraction to estimate the optimal code-capacity thresholds of the tailored surface code with
biased noise. With new developments in tensor network methods [1], it may be possible to
contract three-dimensional tensor networks in a reasonable time with sufficient accuracy to
estimate optimal fault-tolerant thresholds. If this is possible, it would provide insight into
the inherent performance of the code in a fault-tolerant setting, as well as providing target
threshold values for efficient heuristic decoders.

In Chapter 3, we identified previously unknown features of one of the most studied codes
with biased noise. These insights, and the success we had in exploiting them, encourage
investigation for analogous features with different noise models, such as spatial correlations,
and in different codes, such as subsystem [2, 3] and single-shot codes [4, 5]. If we consider
quantum architectures that support non-local stabilizers then constant-rate LDPC codes [6–9]
are particularly interesting and may well have symmetries, with specific noise models, that
could be exploited.

In Chapter 4, we found phenomenological fault-tolerant thresholds for the tailored surface
code with biased noise using a suboptimal decoder. These results assume the availability
of bias-preserving syndrome extraction circuits. Since the publication of our first paper, on
ultrahigh thresholds with biased noise, the bias-preserving gates required for such circuits
have been proposed for some architectures [10]. This motivates an investigation to establish
circuit-based fault-tolerant thresholds with biased noise for specific physical implementations.

The research presented in this thesis is very much aligned with the inspiring, and hopefully
not too distant [11], dream of realizing large-scale universal quantum computers. However,
the motivation for quantum information research goes beyond this dream. Insights from the
field of quantum information, and the subfield of quantum error correction, are advancing our
understanding of fundamental physics [12, 13]. In my opinion, understanding quantum infor-
mation is key to understanding the physical world, and I echo the words of David Deutsch [14]:
“The quantum theory of computation must in any case be an integral part of the world-view
of anyone who seeks a fundamental understanding of reality”.
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