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Abstract

A key requirement for an effective quantum error correction (QEC) scheme is that the physical
qubits have error rates below a certain threshold. The value of this threshold depends on the details
of the specific QEC scheme, and its hardware-level implementation. This is especially important
with parity-check circuits, which are the fundamental building blocks of QEC codes. The standard
way of constructing the parity check circuit is using a universal set of gates, namely sequential
CNOT gates, single-qubit rotations and measurements. We exploit the insight that a QEC code
does not require universal logic gates, but can be simplified to perform the sole task of error
detection and correction. By building gates that are fundamental to QEC, we can boost the
threshold and ease the experimental demands on the physical hardware. We present a rigorous
formalism for constructing and verifying the error behavior of these gates, linking the physical
measurement of a process matrix to the abstract error models commonly used in QEC analysis.
This allows experimentalists to directly map the gates used in their systems to thresholds derived
for a broad-class of QEC codes. We give an example of these new constructions using the model
system of two nuclear spins, coupled to an electron spin, showing the potential benefits of
redesigning fundamental gate sets using QEC primitives, rather than traditional gate sets reliant on
simple single and two-qubit gates.

1. Introduction

Being able to scale quantum computers is a necessary condition for useful quantum algorithms [1].
Algorithms with proven speed up, such as Shor’s factorization algorithm [2], quantum simulation [3] or the
quantum algorithm for solving linear systems of equations [4] only become useful when implemented on
thousands of near-perfect qubits. As it is unlikely that physical error rates will be vanishingly small in the
near term, the addition of quantum error correction (QEC) and fault-tolerance is required. For practical
QEQC, the critical metric is the fault-tolerance threshold. This is the physical error rate below which QEC
becomes effective and corrects more errors than it introduces (figure 1). Therefore the threshold value,
determined by the QEC scheme’s structure and subsequent fault-tolerant circuit and hardware
implementations [5], is the highest acceptable physical error per gate for each qubit.

The surface code, a well-performing and experimentally feasible code [6—9], exhibits a high threshold,
dependent on the assumed noise model. A noise model incorporates assumptions about error channels like
qubit loss and leakage, affecting the fault-tolerance threshold. Making assumptions about how error
syndromes are measured in the system, commonly referred to as code capacity noise model,
phenomenological noise model, and circuit-based noise model [10], can lead to significantly different
fault-tolerant threshold values. For the surface code, which involves extracting syndromes based on the
parity of four-body operators, different noise models consider different methods for measuring the parity of
these operators.

© 2024 The Author(s). Published by IOP Publishing Ltd
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Figure 1. Hierarchy for scalability: The threshold is a fundamental component in practical quantum error correction (QEC),
serving as a critical benchmark to gauge QEC scheme efficacy in rectifying quantum system errors. Attaining a sufficiently high
threshold is essential for feasible QEC implementation; without it, practicality is compromised or rendered impossible. Crossing
the threshold marks the point at which QEC becomes effective, enabling Fault Tolerant Quantum Computation (FTQC). The
FTQC implementation is vital for realizing accurate and reliable quantum applications. Thus, a high threshold ensures not only
QEC feasibility but also unlocks the potential for FTQC.

The code capacity and phenomenological noise models rely on natural four-body measurements, while
the circuit-based model constructs four-body parity check measurements using one-body Pauli
measurements and standard quantum gates. This approach yields the lowest code threshold due to physical
error accumulation on standard quantum gates throughout the circuit. The circuit-based noise model is the
most experimentally precise analysis of the surface code, as most experimental qubit systems lack direct
access to four-body measurements.

In this study, rather than enhancing thresholds with current sources specifically designed for universal
computation, we redesign the universal gates to be inherently suited for QEC implementation. Focusing on
gates fundamental to QEC, as opposed to universal computation, enhances the threshold and simplifies
experimental scalability challenges. This modification is deemed necessary as any large-scale quantum
computer inherently functions as a QEC machine.

For error-correcting quantum computing, occasional use of traditionally universal gates suffices as
primitives. However, QEC necessitates defining a new gate set, achieved by modifying the existing universal
gate set. Then the challenge lies in how an experimental system can validate implementability of the new gate
set in the lab, ensuring its effective use to raise the QEC threshold.

In this work, we present a rigorous formalism for constructing and verifying a native gate set, which we
denote as the single-step parity check (SSPC) gate set, designed specifically for QEC circuits. We apply this
technique to the two-body parity check circuits necessary for implementing the Honeycomb code [11]. We
present the SSPC gates in the context of nuclear spin qubits in silicon [12], since they offer a native, direct
two-body measurements via a bound electron spin [13]. However, this formalism applies more broadly and
could be used for hardware systems that can naturally implement high dimensional parity check gate
primitives.

The organization of this paper is as follows: section 2.1 briefly reviews the concept of multi-qubit
measurements and introduce notations that are used for the later part of the paper. In section 2.2, the
Honeycomb code is explained. In section 3 the drawback of the circuit-based noise model is shown
numerically by analyzing the experimental data [13]. In section 4, we introduce the SSPC gate set and in
section 4.1, we theoretically compare two-body parity check circuits constructed both using the universal
gate set and the SSPC gate set in the presence of noise. In section 4.2, we provide an example system of silicon
spin qubits to implement the SSPC gate set. In section 5, we summarise the paper.

2. Preliminaries
2.1. The concept of making multi qubit parity check measurement

Even in a single qubit, one can define the 1 state as odd parity, and the 0 state as even parity, i.e. a single qubit
measurement already constitutes a parity check. In this case, it will be labelled M,,;,;, where pp refers to Pauli
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Figure 2. XX and XXXX parity check measurements using Mpp1. (a) a two-body parity check circuit. The circuit outputs the parity
information of the two qubits in the X basis by sequentially applying CNOT gates between the ancilla and q1 and q2, followed by
measuring the ancilla -Mpp,; -. (b) a four-body parity check circuit. The circuit outputs the parity information of the four qubits in
the X basis by sequentially applying CNOT gates between the ancilla and four qubits, followed by measuring the ancilla -Mpp:-.

Product and M,,,; refers to measuring in one Pauli basis, for example measuring in the Z basis. This can be
generalized beyond a single qubit and becomes particularly useful in QEC. The idea of parity checks in QEC
is to have just parity information of multiple data qubits over one (ancilla) qubit without revealing any other
information. In other words, we are constructing My, i = 2,3,4, ... from M. To construct Mp,,; from
M, for a valid quantum observable U, we apply the controlled-U gates between the ancilla qubit and the
data qubits sequentially. For example, for a parity check measurement in the X basis, the controlled-U gates
are simply CNOT gates.

While any unitary can be used for the parity check, we provide an example using well-known parity
check measurements in QEC. For instance, with an XX parity check measurement (XX = X ® X), we use two
CNOT gates; for an XXXX parity check measurement (XXXX = X ® X ® X ® X), we use four CNOT gates.
To measure the system over one (ancilla) qubit, we use Mpp14. Let us look at figure 2(a) closer to understand
what a parity check does to a state.

In figure 2(a), we started with an initial state of the ancilla qubit which is |0). The initial combined state
of the system is |0) ® |¢;,) in which [¢;,) is a general state over |q;) and |q,). Then, applying the Hadamard
gate transforms the initial combined state of the system, |0) ® |¢;,), as follows:

Hadamard 1

V2

After the Hadamard gate, once we apply the CNOT gates sequentially, we have the transformation of (1)
to (2):

|0)[¢in) (10) + 1)) [1n)- (1)

1 cNors. 1

We apply the last Hadamard gate and have the transformation of (2) as follows:

(10} [¢in) + [1)XX[¢in)) - (2)

1
7

The final step of the circuit is to measure the ancilla qubit. After this step, if:

N [Vin) + XX|tin)

(10) o) + 1K) 222 210} () + XXNin)) + 31 () — XKW} (3)

ancilla = |0) ~ 1hou)
| >—%XX|¢< ) (4)
ancilla= |1) = % =~ [1hour)
where = means up to a renormalization factor. The symmetries of |1)ou) are
If:
in XX in
measured|0) = XX|t)ou) = XX (W)

_ XX|thin) + [¥in) (5)

2
= |wout>

4 Any valid quantum observable can be used for the parity check, determined by the operator on the target side of the controlled gate.
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If:
measured|1) = XX|1)ou) = XX (W)
_ XX[¥in) — [¥in)
L : (6)
__ <|¢>—XX¢>)
2
7W}0ut>

Hence, dependent on the measurement result, we have projected our state into eigenstates of the XX operator
with eigenvalues 41 or —1, with the ancilla measurement result dictating which eigenstate we have projected
into. If the input was already in an eigenstate with eigenvalues +1 or —1, we will simply obtain a
measurement result on the ancilla that indicates the parity of the input state, without changing the state
itself. We therefore have the parity information of the multi qubit system by using CNOT gates and a
one-body measurement, (CNOT’s 4 M,,,).

Multi-body measurements are used in different aspects of quantum information/computation. In QEC,
stabilizer measurements are the important examples of multi-body measurements, that occur over the
operators that define the stabilizers of the QEC code. However, for example, instead of making direct XX
parity check measurement, called My, we perform this measurement by using CNOT’s 4 M, and single
qubit rotations. Here My, refers to the fact that the operator we are measuring, XX, is a Pauli operator with
weight two. In semiconductor spin qubits, single-triplet readout is also a multi-body measurement over 2
qubits. However, we are not using it to measure the parity of a multi-qubit Pauli operator, so we do not
classify it as Mpp.

Measuring a qubit is, in fact, a one-body parity measurement, allowing the unique definition of states.
However, when measuring multiple qubits, our goal is to constrain the global space into subspaces where the
symmetry of the measured operator is enforced. Consider the example in figure 2(a), where the input state is
chosen as:

|¢hin) = [00) + B[01) +~[10) +6[11) (7)

where o, 3,7y and § are arbitrary complex amplitudes that define a unique state in this four dimensional
Hilbert space. If we restrict the space by enforcing a symmetry, i.e. by running the circuits in figure 2(a),
prior to measurement of the ancilla, the state of the three qubits before measurement, |1y, ), bm is:

) =10) (5200 ) ) +10) (5 (-390 4 ). ®)

Here |0) and |1) are the states of the ancilla qubit. We know that by measuring the ancilla state will project
the state into an eigenstate of XX. If we assume that we measure the ancilla in |0) and project our state into
the +1 eigenstate of XX, we can write our output state |¢)oy) as

[You) = 5 (a100) + 5101) +/10) +6]11)) + 3 (al11) + 5]10) +~{01) + 500} ©)
By grouping them
aa) = (a0) (P ) (54 (L) (10
we can rewrite equation (10) as follows:
(a+0) -, (]00)+][11))  ~
=a'and =10)
V2 V2 . (11)
(ﬂ"’ ) ﬂ (|01>+|10>) :|i>
V2 V2
As a result, we have:
[out) = @[0) + B'|1) (12)

which is effectively a new qubit. Hence, by enforcing a symmetry on our orlgmal two-qubit system, we have
reduced it to an effective one qubit system, where our new basis states, {|0), 1)}, are both +1 eigenstates of

4



10P Publishing

Quantum Sci. Technol. 9 (2024) 035037 G Ustiin et al

XX. Making multi-body parity measurements enforces the symmetry of the system and reduces the number
of degrees of freedom. A two-body parity measurement over a two qubit system reduces the result into
effective one-qubit. This can be generalised to an N qubit system: for every symmetry we enforce, by
performing a measurement of an arbitrary operator, we reduce the effective number of qubits in the system
by one [5, 14].

2.2. Honeycomb code

In 2020, the Honeycomb code [15], a variant of Floquet codes [16], was introduced as a novel QEC code’
The Honeycomb code stands as one of the more recent advancements in topological code constructions. It
involves qubits positioned on a 2D lattice, forming a fixed hexagonal configuration. The distinguishing
feature of the Honeycomb code, in contrast to the surface code, is its reliance on two-body parity checks,
specifically XX, YY, and ZZ measurements, instead of requiring XXXX and ZZZZ measurements. Figure 3(c)
provides the equivalent circuit for performing XX and ZZ parity check measurements in the Honeycomb
code.

It was also shown that this code exhibited comparable thresholds to the surface code [18], in contrast to
Gauge codes which can be realised using two-body parity checks, but whose stabilisers are generally much
higher weights [19]. Since the Honeycomb code requires only two-body parity measurements, My, which
may be achievable experimentally in some systems naturally.

In [11], Gidney and Fowler demonstrated that when considering a scenario where a natural My,
measurement is available from the hardware, the error modeling mirrors a phenomenological noise model.
This involves applying a perfect multi-qubit measurement followed by error mapping according to the
equation:

{1,X,Y,2}** x {flip,no flip} (13)

with probability, p. This error map allows us to differentiate between two types of errors: quantum errors and
classical errors. The first set of brackets represents the quantum errors and it allows us to have one Pauli error
on one of the data qubits. The second set of brackets represents the classical error and it allows us to have one
classical bit flip error which is the bit flip error on the classical measurement result on the ancilla qubit. With
this map, the threshold of the Honeycomb code was found to be approximately 2%. This threshold is
commensurate with the phenomenological threshold for the surface code, but unlike the surface code, some
hardware systems may have the possibility of realising M,,,, operations, while it is unlikely that a natural
M4 measurement will be found in any current hardware systems.

(a) @ ° (b) Measurements (c) Circuits
xo—ex — o [}y a
‘—.
lq1)
lg2) D
[ ]
L
e—ev — ) [5] ¢ ¢
M |q1 >
la2) d
| ®
70— — 10) —p—p— AL
lq1)
e @
lg2) ———
Figure 3. Honeycomb code. (a) general structure of the Honeycomb code. Black dots represents physical qubits. Multiplying blue
and red edges yields the green face (6 body Y stabilizer). Multiplying blue and green edges yields the red face (6 body X stabilizer).
Multiplying red and green edges yields the blue face (6 body Z stabilizer). (b) Measurements for the Honeycomb Code.
Honeycomb code requires two body parity check: XX, YY and ZZ (c) Equivalent circuits for XX, YY, and ZZ parity measurement
using the traditional method: 1- and 2-qubit gates, plus Mpp:.

5 This code was originally introduced by Kitaev in 2006 [17], but its use as a QEC code was demonstrated in [15].
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This means that if we can have a natural two-body measurement that satisfies the error model of Gidney
and Fowler, we will have a three times higher threshold for the Honeycomb code while maintaining a 2D
nearest-neighbour hardware architecture. Furthermore, the latest study by Gidney [20], shows that if the
surface code is run by using natural two-body measurements, the threshold of the surface code will be
similarly increased.

The next question is: how can we asses whether a physical system allows a natural implementation of
natural M, operations? For this purpose, we outline a workflow to map an experimental process matrix to
a QEC-specific error model for checking if a real system’s error behavior matches the assumptions of a
threshold analysis. We develop and validate a native gate set tailored for QEC, focusing on higher
dimensional unitaries required for syndrome extraction circuits, termed the SSPC gate set. Applying this
technique to two-qubit parity check circuits for the Honeycomb code implementation, we illustrate the SSPC
gates in the context of spin qubit systems [12, 13].

3. Analyzing the XX parity check circuit from experimental data in the context of QEC

Assessments of hardware systems have primarily focused on single- and two-qubit gate fidelities, assuming
fidelity reflects operational perfection. However, fidelity is a numerical representation lacking information
on error type, and it does not correspond to gate error rates. In QEC, we analyze errors using stochastic Pauli
channels, focusing on error types and values for 1- and 2-qubit gates instead of relying on gate fidelities.
Furthermore, relying solely on the error values for these gates is insufficient to determine the total circuit
error rate and, consequently, the overall circuit perfection rate due to error propagation in the circuit.

Here we numerically demonstrate (to the best of our knowledge, for the first time) the loss in the circuit
by calculating the perfection rate at each step when utilizing one-body measurement (Mp,,;) with 1- and
2-qubit gates, based on experimental data. The detailed explanation of the perfection rate calculation A.1,
including a comprehensive tutorial A.4, is available in the appendices. Our algorithm A.3 allows
experimentalists to directly map the gates used in their systems to thresholds derived for a broad-class of
QEC codes.

In this section, we use data from [13] to show how the output perfection rate decreases for XX parity
check circuit which is the smallest parity check measurement that we can use to implement a topological
error correcting code. This study showcases the universal quantum logic operations performed on a silicon
nanoelectronic device utilizing a pair of ion-implanted *'P donor nuclei. This device, consisting of two
phosphorus nuclei and one electron spin system, is henceforth referred to as the 2P1e’ device. Researchers
precisely characterized the quantum operations by using gate set tomography (GST) [21, 22]. They achieved
one-qubit gates with average gate fidelities up to 99.95(2)%, two-qubit gates with an average gate fidelity of
99.37(11)% and two-qubit preparation/measurement fidelities of 98.95(4)%. These results indicate that
nuclear spins in silicon are close to the performance required by fault-tolerant quantum processors. Figure 4
shows the decrease of perfection rate for the XX parity check measurement which is constructed by the
circuit based model. Another important point is the identity gates. When we apply a single qubit gate on a
multi-qubit circuit, the qubits which have no applied gate should stay stable and this is represented by
identity gates. Identity gates are also as important as other single-qubit gates since they contribute to the
errors. As each step progresses in figure 4, errors accumulate. Initially, the system is in state p;. Then, a
Hadamard gate is applied to the first qubit and an identity is applied to the other two, resulting in state p,
from p;. The final density matrix for p; is calculated, in terms it of having experienced certain errors in a
QEC block, resulting in a perfection rate of 0.96.

The next step, ps, includes errors from not only CNOT and identity operations, but also from p,. When
the process continues, the final perfection rate is found to be 0.82. The perfection rate between the
application of the first operation—in this case, the Hadamard gate on the ancilla qubit and the identities on
the |q;) and |g2)—and the measurement operation decreased by 14%, from 0.96 to 0.82. This striking
observation highlights how, even in a state-of-the-art experiment with average gate fidelities above 99%,
constructing a two-body parity check circuit out of universal logic gates results in a drastic reduction of the
perfection rate at the end of circuit.

With the goal of optimizing the perfection rate for an M,,,, operation, we thus aim to design full unitaries
directly, instead of composing them from 1- and 2-qubit gates. We construct these new unitaries by
modifying the universal gate set. These unitaries are fundamental to QEC rather than universal computation.
By using these gates, we can increase the threshold and decrease the experimental challenge to the scalibility.
We call these gates as single step-parity check gate set. These gates are actually multi-body parity
measurement gates. This is described in section 4.
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Figure 4. Analysis of the XX parity check circuit in terms of QEC. The circuit depth is 6 (6 steps to calculate in the widget).
Commencing with p;, each step the value of having no error in the channel (Py) decrease since the errors accumulate to the next
step of the circuit.

@ o) j@ L (b) |0) — A @ o) —

I |
I [
|q1> : d : |q1> ] {]7X5Y5Z}®2 — |q1> — UXX [
I [
|

|g2) —=————FB—— |g2) — — g2) — —

Figure 5. Single-step parity check gate for XX. (a) Mpp with current resources. The gates inside the dashed rectangle represent the
1- and 2-qubit operations normally used to build the XX M 2). (b) A natural M,,p,). The noise model incorporates Pauli errors
from the set defined in equation (13). (c) Natural Mp(2) as a widget: new unitary Uxx and 1-qubit measurement operator.
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Figure 6. Single-step parity check gate for ZZ. (a) Myp; with current resources. The gates inside the dashed rectangle represent the
2-qubit operations normally used to build the ZZ My,,;). (b) A natural Mj,(;). The noise model incorporates Pauli errors from
the set defined in equation (13). The error model for both XX and ZZ parity checks is the same. (c) Natural Mp,(;) as a widget:
new unitary Uz and l—qubit measurement operator.

4. Single-Step Parity Check gate set and M,

Single-step parity check (SSPC) gates are a version of pulse optimization where we optimize for the full
unitary needed for QEC. In this case, we reduce the number of steps and instead of having six different steps,
we have single step for the same circuit. From figures 5(a) and 6(a), the unitaries are found to be

equations (14) and (15) and they belong to the Clifford group. Apart from the new unitary, we have a new
device which can be called a natural M;,. It is a widget that includes one of those new unitaries, and a
measurement operator. It receives 3 qubits as input, using one of them as an ancilla, and returns the parity
information by measuring the ancilla qubit. In the next section, we compare the SSPC gate and the
decomposed parity check circuit theoretically in the presence of noise.

1 0 o0 1 1 0 0 -1

o 1 1 0 0 1 -1 0

o 1 1 0 0 -1 1 0

11 o o 1 -1 0 o 1
Us=211 0 0o -1 1 0 o0 1 (14)

o 1 -1 0 0 1 1 0

o -1 1 0 0 1 1 0

1 0 0 1 1 o0 0 1
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Figure 7. The circuits are modeled using a standard Pauli-based noise model, where errors are randomly chosen from possible
combinations of Pauli operators for all gates, representing phase flip errors applied with probability p. In this case, the probability
of having, for example, Pauli Z errors includes combinations such as ZQ I® LI®Q ZQ I, and I ® I ® Z with an error rate of p,
ZRZQLIRQRZRZ,and Z® I ® Z with an error rate ofpz, and finally Z ® Z ® Z with an error rate ofp3 for HII (a) A
traditional, decomposed, XX parity check circuit. This circuit comprises four building blocks: HII, CNOTI, CNOTy,, and again
HII, constructed from H, I, and CNOT gates. (b) Defines a direct XX parity check gate with the XX-SSPC gate. We create each of
building block with ~ 99% fidelity.

4.1. Comparison of decomposed XX parity check circuit and XX-SSPC circuit in the presence of noise

In this section, we will show how the perfection rate differs in the presence of noise between decomposed
parity check circuit and SSPC circuit. For this purpose, we take the circuits defined in figure 7. In figure 7(a),
the circuit has four building blocks constructed from Hadamard, Identity, and CNOT gates: HI = HR I®Q I,
CNOTI = CNOT ® I, CNOT, (CNOT gate between the ancilla and the second data qubit), and

HII = H® I® L. In figure 7(b) the circuit contains only one building block, the Uxx gate. Each noisy
operator can be modeled by perfect operator plus some errors to be mapped in the circuit. We simulated
process matrices such that each gate is modeled by a noisy channel with a 0.00 375 phase flip error rate. Then
we calculate the average gate fidelity from these noisy channels and we find that each building block in the
circuit will have &~ 99% fidelity. Note that if we change the error type, the amount of error required to
maintain the same fidelity will also change. The reason for selecting this error type is because phase flip
errors are the predominant sources of error for most solid-state hardware systems, especially in
semiconductor spin qubits such as the one described in [13]. Overall, we have on one side four building
block with 99% fidelity, and on the other we have one building block with 99% fidelity. We apply our
workflow A.1 to find the perfection rate of each circuit defined in figure 7.

As it is seen from the result, since the traditional, decomposed, parity check circuit requires four steps
(four building blocks), the errors in each step accumulate. However, with a SSPC gate, there is no more than
one building block so there is no place for errors to accumulate. For this reason, the perfection rate remains
high. As a further illustration, in figure 8 we show a simulation where each single qubit gate (Hadamard and
Identity gates) has 99.43% fidelity, and the CNOT gate experiences the single qubit errors as a tensor product
of the amount (/@ X,I® Y...). We chose this fidelity value because it is the surface code fault-tolerance
threshold [6]. To achieve this fidelity, we used an error rate of p = 0.0085 for the phase flip error in each
single-qubit gate. As depicted in figure 8, the resulting perfection rate at the circuit’s end is 0.887. This
perfection rate is obtained by utilizing gates with the specified fault tolerance error value.

8
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Figure 8. This example demonstrates increasing the error threshold by reducing circuit gates. Unlike the example in figure 7
example, here we create two circuits with different error rates to achieve approximately the same perfection rate. (a) A traditional
XX parity check circuit with Hadamard and identity gates as single-qubit gates, and CNOT gates as two-qubit gates. The circuit is
modeled using a standard Pauli based noise model where errors are randomly chosen over X, Y and Z for single qubit gates
(including idling gates, initialisation and measurement) and over the 15 possible combination of two-qubit Pauli operators for all
two qubit gates, applied with a probability. Each single-qubit gate is created with p = 0.0085 (corresponding to 99.43% fidelity).
Errors calculated in stochastic Pauli channels yield a total perfection rate of P; = 0.887 at the circuit’s end. (b) Using a direct XX
parity check gate with an XX-SSPC gate, we can tolerate a much larger phase-flip error rate per qubit, p = 0.0239 to achieve a
similar perfection rate as in (a). Hence, the noise model takes Pauli errors from the set defined in equation (13).

To attain an equivalent perfection rate for the XX-SSPC gate, comparable to the decomposed parity
check circuit, we can increase the error rate to p = 0.0239 for the phase flip error per qubit. Implementing an
XX gate with this error rate yields a perfection rate P; = 0.886, as illustrated in figure 8(b). As a result once
the parity check circuit is created with SSPC gate at higher error rates than the 1- and 2-qubit gates, the same
perfection rate can be maintained. This simple example shows how SSPC gates can drastically boost the error
threshold value for QEC.

4.2. Practical implementation of SSPC Gates
The theoretical discussion in the preceding section illustrates the advantages afforded by implementing parity
checks using a single-step Mp,,, operation instead of breaking it down to a sequence of individual gates. We
now illustrate a practical example of how a SSPC gate could be implemented in a real physical system.

Let us consider a three-spin system consisting of an electron spin, acting as the ancilla, and two nuclear
spins, acting as the qubits. Their drift Hamiltonian in the laboratory frame takes the general form:

H = —4.ByS; — 7uBo (I;I + 1) +AS [+ 4,8 L, (16)

where S = [S,, S,,S.] are the electron spin operators with eigenvectors {| 1),| 1)}, I; = I, I, I,] are the
nuclear spin operators for nucleus i € 1,2 with eigenvectors {| 1;),| {:)}, A1 and A, are the electron-nuclear
hyperfine interactions, -, is the electron gyromagnetic ratio, v, is the nuclear gyromagnetic ratio, and By is a
static magnetic field oriented along the z-axis. This Hamiltonian is commonly found in well-studied spin
qubit systems such as the nitrogen-vacancy (NV) center in diamond [23], spins in quantum dots [24] and
donors in silicon [12]. A Hamiltonian with this structure can be viewed as implementing the smallest
possible parity check circuit for the Honeycomb Code, as shown in figure 9.

We take the specific example of a recent experiment where two *'P nuclear spins were hyperfine-coupled
to a common electron (2P1e) and entangled using a geometric CZ gate obtained through a rotation of the
electron conditional on the state of the nuclei [13]. The gate fidelities extracted from GST were used in the
preceding section to illustrate how gate errors build through a circuit. The numerical parameters of the
Hamiltonian are v, = —27.97 GHz/T, 7, = 17.23 MHz/T, By = 1.33 T, A; =95 MHz and A, =9 MHz. The
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Figure 9. (a) The left side of the image is an artist’s representation of the 2P1e device [13], while the right side corresponds to the
smallest honeycomb code cell. The two black dots in the honeycomb code represent the two phosphorus nuclear spins that are
physical qubits in the 2P1e device, shown in pink. The ancilla qubit is an electron spin (blue ‘cloud’) hyperfine-coupled to both
nuclei. With the 2P1e system, we are able to demonstrate the smallest parity check circuit, which is the smallest component of the
Honeycomb code cell. (b) NMR and ESR transitions in the eight-dimensional Hilbert space of the two-phosphorus system when
loaded with an electron. The pink and light blue lines represent the NMR frequencies, while the remaining lines represent the ESR
frequencies. Adapted from [13], with permission from Springer Nature.

large separation of energies in the system, whereby the electron Zeeman energy splitting v.By ~ 37.2 GHz is
orders of magnitude larger than both the nuclear Zeeman energies ~y,By ~ 22.8 MHz and the hyperfine
interactions, ensures that the eigenstates of the Hamiltonian are almost exactly the tensor products

{10 @), [40)} @ {] f12),] ¥2)}, as shown in figure 9(b).
To implement the ZZ-SSPC gate we add the control Hamiltonian:

Hy(t) = —7.BScos (wt) — y,Bi (I_{ + I;) cos (wt) (17)

where B; is an the oscillating magnetic field strength oriented along y. A ZZ-SSPC gate is obtained trivially
by applying a bichromatic pulse of B; at the frequencies wy and wy4 corresponding to the resonance
frequencies of the electron spin when the nuclei are in the odd-parity states | 11}), | ). This is depicted with
the yellow and green lines in figure 9(b). Calibrating the amplitude and duration of the pulse such that the
electron undergoes an exact 7-rotation implements the CNOT gates depicted in figure 6(c)(a). The two
frequencies can be applied simultaneously because they both act on the same physical object (the electron).
The SSPC gate is then followed by electron readout [25].

The XX-SSPC gate, shown in figure 5(c)(a), involves operations on both the electron and the nuclei,
which require different time scales due to the vastly different gyromagnetic ratios. It is no longer immediately
obvious that the whole operation can be executed in a single step. In order to verify whether an XX-SSPC
gate exists, we adopt a widespread quantum control optimization algorithm known as gradient ascent pulse
engineering (GRAPE) [26], which can be found within QuTip [27]. One of the reasons we chose to use
GRAPE is because it enables us to account for real-life experimental limitations such as the maximum and
minimum control amplitudes. Another reason is that the GRAPE algorithm was originally designed for
NMR pulses [26, 28] and finds practical application in many experimental studies [29]. Notably, the results
of the first experiment in QEC in 1998 [30] were greatly improved through the utilization of the GRAPE
algorithm in 2011 [31]. The GRAPE algorithm in QuTip, is wrapped by the L-BFGS-B [32] optimization
algorithm which takes into account second order derivatives and chooses the step size which is the change of
position in the control landscape by itself. This helps the algorithm to use a smaller number of iterations. We
utilized this algorithm in two distinct ways, namely modulated GRAPE and non-modulated GRAPE. The
non-modulated GRAPE does not use the modulated control Hamiltonian, but it does use a control
Hamiltonian with proper frequencies for both the electron and nucleus and control fields applied in two
different directions (x and y). The modulated GRAPE, however, allows us to use a modulated control
Hamiltonian, and we refer to this version of the algorithm as modulated GRAPE.
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Figure 10. The first 100 ns of the optimised control pulses for the XX gate. The control amplitude represents the B; magnetic field
applied to the spins.

For the modulated GRAPE method, we took into account the cos(wt) term and we modulated the
control Hamiltonian with cos(wt) for each time slot with a proper angular frequency. As a first step, we set
the maximum control amplitude (the B; magnetic field in our case) in the range of millitesla and we ran the
algorithm for 1, 10, 100, 1000 ps evolution time for the XX gate. The number of time slots is one of the most
important parameters of the algorithm. We need to provide a fine enough resolution to observe the
oscillation of the pulse. Since we are in the laboratory frame, the time interval is determined by the highest
frequency in the system, which in this case is the electron Larmor frequency. In a 1.33 T magnetic field, the
electron precesses at 27.97 GHz, corresponding to a period of 35 ps. When the number of sampling per
oscillation is taken into account, for each evolution time, the minimum time resolution is maintained at 10
picoseconds by allocating the appropriate number of time slots. To execute the algorithm with such a small
time resolution, we utilized a high-performance computing cluster. As a result, we could have perfect gate
fidelity for an evolution time of order 10 ys.

We then attempted to find a shorter gate evolution time, by increasing the control amplitude (still within
experimentally feasible values). We set the evolution time to 4 us for the XX gate. We set upper and lower
bounds to 40 mT for the control field and we used 400 000 time slots which correspond to every 10 ps for a
pulse. We run the algorithm for every frequency in the system and the algorithm was able to find XX parity
check gates with a single pulse with an accuracy of 0.9999° The first 100 ns of the control amplitudes are
shown in figure 10.

To verify that the pulse found by GRAPE was physically meaningful, we then calculated its fast Fourier
transform (FFT), shown in figure 10. Since the XX gate is an entangling gate formed through a combination
of operations on both nuclei and electrons, we expect the spectrum of the pulse to consists of control signals
at the natural resonance frequencies of the electron (ESR) and the nuclei (NMR). Indeed, the FFT in
figure 11 reveals all the expected frequencies: electron spin resonance (orange marker in figure 11,
corresponding to the orange line in figure 9(b), and nuclear magnetic resonances (blue for nucleus 1, pink
for nucleus 2). Interestingly, GRAPE also uses a stimulus at frequency A; + A, + v, By which does not
correspond to any natural resonance of the system (purple marker in figure 11)

We then tried to find a pulse for even shorter evolution times. The shortest evolution time that we could
find a pulse for is 2 pus with a 0.98 fidelity with a modulated control Hamiltonian in the x direction. Note
that, when we decreased the total evolution time from 4 us to 2 us, we also decreased the time resolution
from 400 000 points to 200 000 points so that the time resolution stayed the same. Overall, GRAPE was
consistently able to find one single pulse that can implement the gate without decomposing it into one- and
two-qubit gates, and which does not require exceedingly long gate times while taking into account the
experimental limitations on the maximum control amplitude.

To understand whether there are any advantages or disadvantages in terms of experimental feasibility of
using the XX gate over the decomposed parity check circuit, we took a further step and attempted to

6 This is the theoretical fidelity and this demonstrates the feasibility of implementing this gate under the given conditions.
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Figure 11. Fourier Transform of the GRAPE Pulse that implements the XX-SSPC gate. The peaks in the spectrum correspond to
the natural resonance frequencies of the electron and the nuclei. The colors of the stars represent the transitions, which are drawn
with the same color as in figure 9.
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Figure 12. (a) Clock dynamics of the simplified Ising drift Hamiltonian in the laboratory frame. Every term in the time evolution
operator of the drift Hamiltonian can be associated with a gate with a specific ‘clock’. The colors of the clocks differentiate the
times for completion of each gates. Gate, is a single qubit gate on the electron, with clock speed is v.Bo. Gate, and Gates are the
single qubit gates on the nuclei, with clock speed v, By. The hyperfine interactions in the drift Hamiltonian, A; and A,, are used to
generate the entangling operations Gates (between electron and nucleus (1) and Gates (between electron and nucleus (2). (b)
Circuit diagram of the gates depicted in panel (a). Note that these are just the gate arising from the drift Hamiltonian.

implement the decomposed parity check circuit, as defined in figure 5(a), by individually implementing each
one- and two-qubit gate using GRAPE. Surprisingly, while we were able to implement the Hadamard gates
within a proper gate evolution time of 0.5 us, the implementation of CNOT gates with high fidelity required
a much longer time, around 100 us. As a result, the total timing for the decomposed parity check circuit fell
in the ~ 100 microsecond range. This analysis shows that the system under study—two nuclear spins
hyperfine-coupled to an electron—is naturally suited to implement a SSPC gate, thanks to the fact that each
qubit has a separate resonance frequency, and that the ancilla (the electron) has resonances that each
constitute a natural rotation conditional on the state of the two nuclei.

In the next part of this work, we analytically study a modified drift Hamiltonian to gain an
understanding of the appropriate timescale for the SSPC gate and the decomposed parity check circuit. In
pursuit of this goal, we performed a thorough investigation of the clock dynamics associated with the drift
Hamiltonian in the laboratory frame (figure 12). To afford an analytical solution, we approximate the drift
Hamiltonian as an Ising type modification to equation (16). While the result of GRAPE explicitly examines
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the active pulsing required to realize the unitary for the SSPC gate without loss of generality, here we
analytically examine the passive drift Hamiltonian for the Ising Hamiltonian in equation (18) (figure 12(a)).

H = —7.ByS; — vuBoL.1 — vuBol2 + A1S. 11 + AxS. 1. (18)

The time evolution operator, U = el can be expanded as

—iveBo)Szt —i[z1t —i[zgt 'SI ' 'SI .
U=e e e e\ AR (19)

Gater Gates Gates Gatey Gates

Each of the exponential terms in equation (19), which are the free evolution times of the drift Hamiltonian,
will generate a gate and every gate will have its own clock (figure 12(a)). These clocks correspond to the time
taken for the desired gates. Gate;, Gate;, Gates, Gatey and Gates are the natural gates which can be obtained
from the evolution of the drift Hamiltonian (figure 12(b)). However, if we want to create specific gates, such
as a CZ gate between an electron and the first nucleus using the hyperfine interaction denoted as A;, in other
words, if we want Gate, to function as a CZ gate, then we need to have the control Hamiltonian and pulse the
system. In this part of the study, our focus is on understanding the approximate timescale for the SSPC gate
and the decomposed parity check circuit that were derived by using GRAPE. When considering the control
Hamiltonian, the time required for the SSPC gate and the decomposed parity check circuit will change.
However, the relative timescales between the SSPC gate and the decomposed parity check circuit will be
comparable for analytical analysis and the numerical analysis. Since we are not using the control
Hamiltonian, we do not refer to the gates as CZ gate or ZZ gate. Instead, we refer to them as CZ-like gate and
ZZ-like gate. If we want to implement a decomposed ZZ parity check circuit as shown in figure 6(a), we need
to implement CZ-like dynamics, since the ZZ parity check circuit can be implemented either by using the CZ
gate with Hadamard gates or directly with two CNOT gates. However, if we want to implement an entangling
gate between the electron and the first nucleus, we need to use the hyperfine coupling A;. But, the hyperfine
coupling A; is also present and always on. Therefore, we need to find a time that allows us to perform an
entangling gate (Gates) between the electron and the first nucleus and the identity (Gates) between the
electron and the second nucleus, so that the second hyperfine interaction does not disturb the system. To
find such a time, we need to consider the clock dynamics of the drift Hamiltonian. The first entangling gate
will be between the electron and the first nucleus. A 7 rotation around the Bloch sphere will be a CZ rotation
since '™ = —1. The time for Gate, to function as a CZ-like gate will be 7/95MHz ~ 33.06ns. For Gates to be
the identity operation, it should induce a 27 rotation, which takes 2w /9MHz ~ 698.13ns. However, there
will be some error associated with timing, denoted as feror, as achieving the exact duration is not always
possible. To find the appropriate time for both gates, we need to solve:

((a X tGate4) - (b X tGates))z <= tezrroma >0,b> 0,

(20)
where a is an odd integer and b is an integer

Here, the timing error, teror is chosen as 0.01, and consequently, probability of experiencing a Pauli error is
equal to the t2_ _is 0.0001. In this situation, the evolution of Gate, should at least make a = 6981 7 rotations
while the evolution of Gates should at least make b =331 27 rotations so that we can have a perfect CZ-like
gate. The total time for a perfect CZ-like gate between the electron and the first nuclei is
33.1 %6981 = 231.07 pus

Now, if we want to make a perfect CZ-like gate between the electron and the second nucleus, one ™
rotation for Gates to function as a CZ-like is equal to 7/9 MHz = 349.06ns and the time for one 27 rotation
for Gate, to function as identity is equal to = 66.13 ns. If we solve:

((a X tGateS) - (b X tGate4))2 <= tezrroﬂa > Ovb >0,

(21)
where a is an odd integer and b is an integer

the fastest possible time will occur when we take a single 7 rotation time for Gates as 349.06 ns and single 27
rotation time for Gate, as 66.13 ns. In this case, a = 887 is the number of 7 rotations for the evolution of
Gates. Correspondingly, the total time for a clear CZ-like gate for the electron and the second nucleus is
equal to 349.06 x 887 = 309.06 ys. As a result, if we want to implement the circuit which is defined in

figure 6(a), the simplified Hamiltonian can naturally achieve that in a range of hundreds ys. In the second
part of this analytical calculation, we will analyze the drift Hamiltonian for the ZZ-like gate. For
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implementing such a gate, both the Gate, and the Gates should function as CZ gates so they should make a
rotation. For Gate, to function as CZ-like, the time for one single 7 rotation is /95 MHz = 33.06ns and for
Gates, the time for one single 7 rotation is 7/9 MHz = 349.06 ns. To see if our drift Hamiltonian can have a
suitable time for such a gate, we need to solve equation (22).

((a X tGaes) — (b X teates))* <= 12100 > 0,b >0,

where both a and b are an odd integer. (22)
This yields a = 1805 and b = 171 and total time for the desired unitary of ~ 60 us. As a result, implementing
two separated CZ-like dynamics requires =~ 540.13 ys in total whereas implementing a ZZ-like dynamics
requires ~ 60 us which is 9 times faster than implementing a traditional parity check circuit. This
explanation clarifies why the GRAPE algorithm discovered the SSPC gate approximately 10 times faster than
the decomposed parity check circuit. This is because the SSPC gate does not suffer from imbalanced
hyperfine interaction, whereas the isolated entangling gate does. The codes concerning this section,
encompassing both the XX gate and the decomposed parity check gate, can be found in [33-35].

5. Conclusions

In this theory work, we developed a workflow which calculates the perfection rate of the whole parity check
with given experimental data. We numerically showed how errors are accumulating and causing a decrease of
the perfection rate of the parity check circuit with current sources (with single and two qubit gate and M)
from the experimental GST matrices. Our findings indicate that relying solely on the fidelity of 1- and
2-qubit gate operations is inadequate in assessing the effectiveness of constructing the fundamental elements
of QEC, specifically the parity check circuits. Then, we introduced new SSPC unitaries which allow us to
make parity check measurements in one step. We modified the universal gate set such that the new unitaries
are the most natural gate set for QEC. We compared the traditional parity check gate (1- and 2-qubits gates)
and the SSPC gate for an XX parity check scenario in the presence of noise.

We provided an experimentally realizable example based on spin qubits in silicon, and used the GRAPE
algorithm to find a single pulse capable of implementing the SSPC gate within experimental limitations.
Furthermore, we implemented the decomposed parity check circuit using GRAPE. We found that the SSPC
gate is naturally suited for this system, and outperforms a decomposed gate.

Many have asked what the ‘killer-app’ is for a large-scale, error-corrected quantum computer, this is
error-correction. The vast majority of the computation occurring in a large-scale machine is dedicated to
correcting its own errors. As such, fundamental gate sets used at the physical level should be targeted at this
application. We have introduced a complete workflow that allows experimentalists to characterise more
complex gate sets and connect outputs of characterisation experiments to commonly used models used in
QEC analysis. This allows quantum hardware engineers to potentially redesign and test fundamental gate
libraries, increase performance, and accelerate the realisation of fault-tolerant, error-corrected quantum
computers
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Appendix. Workflow—understanding the current way of constructing parity check
circuit and its drawback in the context of QEC

The current standard method for constructing multi-body measurements involves applying controlled-gates,
like the CNOT (CX) gate for X parity measurement, between data qubits and ancilla qubits, followed by a
one-body measurement on the ancilla qubit. The ancilla is crucial in this process, as without it, the
measurement result will not provide us with the parity information. While this works in theory, it is
expensive in the lab since each layer of gates added results in a decrease in the total perfection of the quantum
circuit. Moreover, we may be able to do better as natural two qubits measurements are possible in some
systems. Here, we provide details on how to derive the total perfection rate of the circuit using stochastic
Pauli channels. This calculation assumes that we apply each of the operators just before making the
measurement and model every imperfect gate as perfect gates plus some error.

A.1. Preliminaries
(i) Superoperators represent a linear map between initial and final density matrices of the system. They are
the mathematical representations which bring one density matrix to another. The unitary evolution of
a density matrix is defined by equation (A.1) where U is the unitary matrix and its dimension is
2" x 2", n is the number of qubits, p; is the initial state of the system and py is the final state of the
system after this unitary is applied.

pr=E(pi) = UpiU' (A1)

where £ describes a quantum channel.

Now, there exists a linear representation of £ due to Choi-Jamakowski which brings |p;)) — |pf)) and
its representation based on the vectorization of the density matrix with respect to the column

basis: [36].

U U'|p)) = |pp)- (A.2)

Dimensions of the Superoperators are equal to 22" x 22" where 1 is the number of qubits and |-))
represents vectorization.

(ii) Equation (A.1) is the special case where we have applied the unitary U in the absence of environmental
noise. However, in the presence of imperfect gates or environmental noise, equation (A.1) will not be
enough to represent the imperfections. In this case, we will need a more general mapping to represent
our system. Kraus operators are the most general representation of our system in the presence of noise
and they represent both the systematic gate errors and the errors induced by environmental
decoherence [14]. Then, the density matrix can be written as

N
pr=E(p)=>_ AwpiAl, (A3)
k=1
with
N
> Alac=1, (A.4)
k=1

where N < 22" and {A;} are the set of Kraus operators which replace the unitary in equation (A.1). The
Kraus operators, {A;}, are not necessarily unitary operators, hermitian operators or invertible. If
N =1, this means that we have the ideal case and this brings us back to the equation (A.1) where Ay is
U. Equation (A.4) is called the completeness condition if the map is trace-positive, TP. Note that since
the quantum channels considered here map the system to itself, we only consider Kraus operators to be
square matrices.

(iii) x—Process matrix
When we write Kraus operators in the Pauli basis, in other words, Ay is extended in terms of Pauli
operators, then we will have Ay, = Z}’il ajxP; where P; € P®" and P = {I,X,Y, Z}. If we write that in
equation (A.3), then we will have:

dZ
pr=E(pi) = ZXjkPjpiPk (A.5)
i1
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(iv)

v)

where xjx = >, ajjaj;. The x matrix is a complex-valued matrix with dimension 2" x 2" and is a
complete map of py. The y matrix is also the output of process tomography [21].

The Pauli transfer matrix (PTM), which is shown as R in literature [21, 36—38], is another useful
representation of a quantum channel and an outcome of GST [21, 22]. It is defined by the vectorization
of a quantum channel in the Pauli basis and it can be written as:

(R)y= 2T {PE (B)}. (A6)

Here, P;’s represents ordering in the strings of Pauli operators, i.e {I,X,Y,Z}. The PTM, R, is the special
case of Superoperators where the vectorization is made in the Pauli basis. One notable advantage of
using the PTM, R, is its exclusive utilization of real elements. Furthermore, R facilitates the
straightforward determination of whether a quantum operation is trace-preserving or unital. It is also
noteworthy that for any Clifford operation, each row and column of R with unit magnitude contains a
single non-zero element. The PTM makes it easy to evaluate the result of multiple gates acting in
succession. The process matrix does not have this property. This is why the output matrices of GST are
PTM [22].

The Density matrix in the context of QEC:

We shall commence the construction of the density matrix for a single qubit. For the density matrix of
multi-qubit systems, we refer the reader to the appendices A.5 and A.6). In this case, the dimensions of
Kraus operators will be 2 x 2. Once we found the Kraus operators, they can be written in terms of Pauli
matrices as in equation (A.7), since every complex 2 X 2 matrix can be written by Pauli Matrices’.

Ap = Col + CLX + G, Y + G5 Z. (A7)

If the Kraus operators are in equation (A.3) are decomposed as in equation (A.7), then we have:

S "
aEMbeM

where M = {C()I, C]X, C2 Y, C3Z}

Suppose the map described by equation (A.8) acts on a qubit that is part of a larger QEC-encoded

system. We will now explore the observable effect of this mapping when we run a QEC cycle. For this

purpose, let us consider an error model, such as the one given in equation (A.9):

pr= pip + pxXpX + py, XpY. (A.9)

Here p represents a qubit, while X and Y represent the physical error on the qubits in the code block.
An ancilla block, represented by the density matrix pf is coupled to the system and the QEC unitary
which is called Uqgc is run:

Uqec (pr® pE) Ubge = pip ® |E)(E| + puXpX ® |Ex) (E,|

(A.10)
+ Py XpY @ |Ex)(E,|

Here, |E), |E) and |E,) represent the three orthogonal syndrome states of the ancilla qubit and they are
used the detect errors on the qubits. Now, when the ancilla qubit is measured, the system will be
collapsed to one of the two states in equation (A.11)

EPBIENE (EdolE)E)(E
TEED) 7 T (plE (B

The off-diagonal term, in this case the p,, XpY term in the error model, is never observed. After the
measurement of the ancilla, we have two possible states which are shown in equation (A.12)

(A.11)

p ® |E) (E| with probability p;

. e (A.12)
XpX ® |Ex)(Ex| with probability p,

where p; + p, = 1. The off-diagonal term is eliminated because we are about to make a measurement in
the E, E, basis and the measurement result will collapse one of the diagonal terms. Although it was

7 Also every 2" x 2" matrix can be written as a linear combination of the tensor products of # Pauli matrices. The total number of
independent tensor products of Pauli matrices is 22",
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written in [14], it is once more worth noting that not only the off-diagonal term is eliminated but the
final density matrix is collapsed to clean codeword states with bit-flip errors. Here, we do not use the
twirling method which is a way to convert the off-diagonal terms of the matrix into the diagonal terms
[39, 40]. In quantum computation, there are some protocols that use twirling, such as purification
protocols [41-43]. However, when we write errors in terms of stochastic Pauli channels, we let unitaries
evolve until the measurement is done. This is why, when we calculate the effective errors in the context
of QEC, we only care about diagonal elements and we ignore off-diagonal elements. Hence, we are
finding the diagonal elements of the x matrix and we are writing the Kraus operators in terms of these
diagonal elements of the x matrix. It is true that we are loosing the information by ignoring the
off-diagonal terms. In equation (A.8), once cancelling the off-diagonal elements, we have,

pr="pilpil + pxXpi X+ p,Yp; Y+ p.Zp; Z (A.13)

where p; = (|Gy|)% px = (|C1])% py = (|C])%, p2 = (|C3])?. This formula represents effective errors in
the context of QEC for 1 qubit. As an illustration, in the case of implementing the identity gate, the
coefficient p; serves as an indicator of the gate’s efficacy. A value of p; = 1 signifies the perfect
implementation of the identity gate. The equation (A.13), can be written for any state and in QEC, the
errors in the quantum channel are analyzed after the application of the desired unitary. Because of that,
to utilize the equation (A.13) in a more general way, the p; is replaced with p, where p, = Up; Ut and
the U is the desired unitary that we want to implement. Then, the equation (A.13), becomes

equation (A.14):

pr = Pilpgl + pxXpX + pyYpY + p-ZpeZ (A.14)

In equation (A.14), the p; represents the probability of having no error. We define it as the perfection
rate. If p; = 1, we are in the ideal case with no error and we turn back to equation (A.1). For all the
other values of p;, we use the Kraus decomposition. The coefficients py, p, and p; are, now, the
probability of having X errors, the probability of having Y errors and the probability of having Z errors,
respectively. We start with the experimental data, in our case the experimental data is the PTM matrix,
and we end up with equation (A.14). This result is the important conclusion of the section. If we want
to determine error rates subsequent to the implementation of a unitary operation within the
framework of QEC, every operation performed in the laboratory will be denoted as equation (A.14).
This equation represents a whole process and the coefficient p; in the equation represents the perfection
of the operation that cannot be written simply as the fidelity. For example, if we have 99% fidelity for a
specific operation, this does not mean that the coefficient p; = 0.99. To find the coefficient p;, we need
to do the whole workflow: we first take the experimental process matrices of the system and find the
Kraus operators. Subsequently, we then write the Kraus operators in terms of stochastic Pauli channels
and determine the value of coefficient p;, which is the perfection rate and it is not equal to fidelity. It is
less than the fidelity. Neither the fidelity means the perfection rate, nor the infidelity means the error
rate. To finding the error rate, we need information beyond the fidelity [44] A.4. We give a complete
tutorial below A.4 regarding this process. If we take figure A1 as an example and calculate the
probability of experiencing certain errors when gates are applied to qubits, the equation which
represents the perfection of the operator will be equation (A.15). The detailed derivation of

equation (A.15) is shown in appendix A.2.

Pr = piapit + prapxr + PyaPy1 + Paapa- (A.15)

The value P; is the perfection rate for the whole circuit and it represents the final succession rate after
all of the accumulated errors in the widget. The important point is, that P; is not just the multiplication
of perfection rates p;. The cancellation terms also contribute to P;since X® X =1, Y® Y =Tand

Z® Z = 1. We will call P; as the perfection rate of the widget.
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Figure Al. A one qubit circuit example which will be used to calculate effective errors in the context of QEC. At the beginning, the
circuit will have p;. After applying a U, gate,the density matrix will become p,. The final density matrix will be p3, which can be
written as py. after applying Us.

A.2. Calculating the final density matrix in the context of QEC
We explicitly write the density matrices shown in figure Al. Let'us start with writing p,

p2 = plU1p; UL+ pa XUy p; UL X + pa YU p; ULY + pa ZU p; U Z (A.16)

where pj; is the perfection rate of U; gate. p,1, p,1, and p,; respectively represent the probabilities of having
X, Y, and Z errors in the channel after applying the unitary U;. The system now in p,. Then we apply U,
gates and the system becomes ps.

p3 = pilUspy UL+ pa XU py USX + pyo YU 0, UL Y + pp ZUs py U Z (A.17)

where pj, is the perfection of U, gate which. py,,p,» and p,, respectively represent the probabilities of having
X, Y, and Z errors in the channel after applying the unitary U,. If we put equation (A.16) in equation (A.17),
then we will have:

ps = Dz LUz [ pi AU U] + pin XU ULX + paY UrpsULY + pa ZUs UL Z)US T+
[Zi{z]XUQ[PuIUmiUU + [Zix:l—:XUlpiUlTX + p YU pULY + pa ZU piUf Z)US X +

[]?y:2]YU2 i IUpil 4 pi XUrp UL X + []iyil]YUlpiUifY + pa ZUip UL 21 USY +

D2 ZUslpa LU p UL + pi XU piULX + pn Y UrpiULY + [pa ZUs iU 21 U3 Z
(A.18)

Now, the coefficients are inside the dashed lines gives us to total perfection of the circuit after applying
operations. As a result we get equation (A.19):

Pr=piapi + pxaPxi + PPy + PaPa (A.19)

where P; is the perfection rate of the widget after applying all the unitaries in the quantum circuit. For the
accumulated errors, for instance the accumulated x errors, we will have the equation (A.20):

Px = pipx1 + papit + PyaPa + Papy (A.20)

If we had only one step, we would have p, exclusively. In that case, P; would be equal to p;;, and the X error
would be represented by p, = py1. However, as the circuit depth increases, the occurrences of X, Y, and Z
errors also increase, leading to a decrease in the fidelity P;. In equation (A.19), it is important to note that
P; < piy since errors accumulate within the circuit. Below, we will explain our algorithms for finding the
perfection rate:
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A.3. The algorithm

The algorithm receives the experimental data as its input, and subsequently delivers the two key performance
indicators for the quantum circuit: the perfection rate and the total accumulated error rate. In the interest of
convenience, our algorithm has been decomposed into three distinct phases:

e Finding Kraus Operators from GST:
e Finding Errors in the Context of QEC
e Calculating the perfection rate of the whole quantum circuit

The initial stage of the algorithm involves specifying the type of the matrices. In case of GST, the suitable
format is the PTM (A.6) and from the GST experiment, 7/2 and CNOT gate matrices are constructed and
analysed. The important thing here is to correctly classify the matrix type. This can be achieved through the
use of libraries such as Qiskit [45] and Qutip [46]. If we do not explicitly specify the matrix type in our code
and attempt to analyze the matrix, for example, to check its physicality (that is CPTP: completely positive
and trace preserving) using some libraries, directly from the array, we will receive a False output because we
did not specify the matrix type. In addition, if we misidentify the matrix type, for example, when the matrix
type is a PTM but we mistakenly identify it as a y matrix in our code, even though the y matrix is CPTP, we
may receive incorrect results when checking the physicality of the matrix due to the incorrect matrix type
specification.

In the first phase of the algorithm, we first check if the matrix is completely positive (CP). If it is not a CP
matrix, this means that the experimental method used gives a different result than the PTM. In this case, it is
recommended to check the output of the experimental method used in the lab, as it may yield different types
of output, such as y matrix. After specifying the type of the matrix correctly, the second step in Phase 1 is to
find the Kraus operators. Then we check if we can find the Kraus operators correctly by using the
completeness condition equation (A.4) and see if this gives us the identity matrix. If the completeness
condition gives us the identity matrix, then we satisfy the trace-preserving condition for the quantum
channel. After finding the Kraus operators, the second step is to calculate errors in the context of QEC.

For finding errors, we write each Kraus operator in terms of Pauli matrices as shown in Phase 2 and then
the density matrix was written in terms of effective errors in the context of QEC as in equation (A.40).

In the third phase of the algorithm, since we have 3 qubits (2 data qubits and 1 ancilla qubit), all triplet
combinations of Pauli matrices should be considered as possible error probabilities and we take into account
all the diagonal terms. In this case, we have 64 different coefficients for the density matrix. The perfection
value is calculated in equation (A.41) in terms of accumulating errors. Here, each density matrix includes the
previous density matrix which has 64 coefficients. Since we have 6 steps in the XX parity check circuit, then
at 6th step, we will have 64° coefficients and from those 64°, once we extracted the coefficient for the
dominated term, equation (A.41) was found. Last phase of the algorithm shows how to calculate the
perfection rate for XX parity check circuit.The complete code for replicating the results presented in figure 4,
as well as the software for analyzing errors within the context of QEC, can be found in [35, 47].

Error analysis in the context of QEC.

Phase 1: Preparation—Finding Kraus Operators from GST

: Input : Ideal and experimental GST Matrices
: Output : Kraus List
: Mgt = Mast * MGsTerror
: Mpry = PTM (M)
:if Mprym is Complete Positive matrix == True then
list(MKraus) = Kraus(MpTM)
if sum(i), for i in Mgyaus == I then
return list( Mraus )
end if
: end if

VOND U R WY

—
(=)
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Algorithm. Error Analysis in the Context of QEC.

Phase 2: Finding Errors in the context of QEC

1: Input : Kraus List

2: Output : Errors

3: i=Pauli0,x=Paulil,y=Pauli2,z=Pauli3,result=[],N=qubit number
4: procedure COEFFICIENTS(list(Mkrqus),N)

5:  paulis = list(product([i,x,y;z]),repeat=N)

6:  spaulis = list(product([“1,“x”,“y”,“2”] ,repeat=N)

7:  for kindex,kraus in enumerate(krauslist) do:

8 for index,pauli in enumerate(paulis) do:

9: error = 2% Trace((kraus* (TensorProduct(pauli[0],...,pauli[N])))
10: end for
11:  end for

12:  return result

13: end procedure

14: d = defaultdict(complex)

15: for value, name, order in result do:

16:  d[name] 4 = abs(value) * abs(value)
17: end for

Algorithm. Error analysis in the context of QEC.

Phase 3: Computing the Perfection Rate

: Input : H = errors for H gate in dictionary format,

I = errors for I gate in dictionary format,

cnot = errors for CNOT gate in dictionary format

: meas = errors for measurement in dictionary format

: Output : Perfection Rate

: # For the first part of 2 body parity check circuit which corresponds HQ I ® I

: HII = defaultdict(complex)

: for nameH, valueH in H.items() do:

for namel, valuel in Litems() do:

10: for namel, valuel in Litems() do:

11: name = (*nameH *namel *namel)

12: HII[name] = valueH *valuel *valuel

13: end for

14:  endfor

15: end for

16: # For the second part of 2 body parity check circuit which corresponds
CNOTQ®I®I

17: CNOTI = defaultdict(complex)

18: for nameCNOT, valuecnot in cnot.items() do:

19:  for namel, valuel in Litems() do:

°

20: name = (*nameCNOT *namel)
21: CNOTI[name] = valuecnot *valuel
22:  end for

23: end for

24: # For the third part of 2 body parity check circuit which corresponds non-adjacent CNOT
25: ICNOT = defaultdict(complex)

26: for namel, valuel in Litems() do:

27:  for nameCNOT, valuecnot in cnot.items() do:

28: name = ( *namel *nameCNOT)
29: ICNOT[name] = valuel * valuecnot
30: end for

31: end for

32: # For the last part of 2 body parity check circuit which corresponds measurement gate
33: measlI = defaultdict(complex)

34: for nameMeas, valueMeas in meas.items() do:

35:  for namel, valuel in Litems() do:

36: for namel, valuel in Litems() do:

37: name = (*nameMeas *namel * namel)

38: measlI[name] = valueMeas *valuel *valuel
39: end for

40:  end for

41: end for

42: # Calculating Perfection rate at each step
43: perfection rate = sum(HII[k]*CNOTI[k]*ICNOT k] *
44: HII[k]*measlI[Kk] for k in HII)
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Figure A2. One qubit circuit example which will be used to calculate effective errors in the context of QEC. At the beginning, the
circuit will have the p;, after applying /X gate, the density matrix will become p, and the final density matrix will be ps after
applying /Y.

A 4. Tutorial
Here, we will demonstrate the complete process for a single qubit. We take the circuit in figure A2 as an
example:

We take the data from [48]. The average fidelity of the single qubit operation is 98.4%. The experimental
GST matrix for v'X gate is (A.21).

1 0 0 0
8.86x 1074  0.9864  0.01961 0.04048
VXast-ep = 0.01433 0.01039  0.01856 —0.957 (A.21)
—0.02782  —0.03123 0.9487 0.008478
The ideal GST matrix for v/X gate is (A.22).
1 00 O
01 0 O
VXGST-ideal = 00 0 —1 (A.22)
001 0
Now the complete GST matrix for v/X gate will be (A.23)
\/)?GST = \/)?GSTfidealT X \/)?GST—exp (A.23)
1 0 0 0
8.86x 107*  0.9864  0.01961  0.04048
XasT = A24
VXast —0.02782  —0.03123  0.9487  0.008478 (A.24)
—0.01433  —0.01039 —0.01856  0.9569
We then specify the matrix type in equation (A.24) as PTM [21, 36, 45] and then, we find the Kraus
Operators for v/X gate:
_ _ —17 o
A — 0.9828 — i1.522 x 10 " 0.01241 — i0.01432 (A.25)
—0.01333 +5.944 x 10 —0.9898 4 70.02618
0.07268 +1i2.130 x 10~ 0.09659 — i0.06736
A = . ) (A.26)
0.1050 — i0.1321 —0.07130 + i0.004211
A (9315 % 1077 4i4.151 x 107'¢  —2.728 x 107> +i1.084 x 102 (A27)
B\ -5.364 x 1073 —i1.597 x 10~%  —9.358 x 10~ +i3.656 x 104 ’
1.140 x 1073 +41.923 x 10™12  —4.041 x 10~* —41.773 x 1073
As = 6, : _3 5. 5. (A.28)
—3.195x 107° +i1.833 x 10 —1.112x 1072 —2.334 x 10

To verify whether we have identified the correct Kraus operators, we need to apply equation (A.4). After
applying equation (A.4), if we obtain the identity matrix, it indicates that the Kraus operators we have

21



10P Publishing

Quantum Sci. Technol. 9 (2024) 035037 G Ustiin et al

determined are correct. The subsequent step involves expanding each Kraus operator in terms of Pauli
matrices. Therefore, we will have the following expressions:

Ag = (—0.9863 +i0.01309) I+
(—0.00046 — i0.00713) X+
(0.00719 +i0.01287) Y+
(0.0035—0.01309) Z

Agz = (0.00069 +10.00211) I+-
(0.10081 — i0.09971) X+
(—0.03236 — i0.00422) Y+
(0.07199 — i0.00211) Z

Ags = (—2x 1077 +1i0.00018) I+
(—0.00405 + i0.00462) X+
(—0.00622 +0.00132) Y+
(0.00934 — i0.00018) Z

A= (1x107> =il x 107°) I+
(—0.0002+i3 x 107°) X+
(0.0018 — i0.0002) Y+

(0.00113 +i1 x 107°) Z

(A.29)

(A.30)

(A.31)

(A.32)

To obtain the total final density matrix for the /X gate, we apply equation (A.8). We square the absolute
value of each coefficient and then sum the coefficients based on their respective groups. As a result, we obtain
equation (A.33).

p2=pz = (0.9730) I+
(0.02019) Xp; X+
(0.001325) Yp; Y+
(0.005458) Zp; Z

(A.33)

As seen from equation (A.33), the value of p; is 0.973, which is not equal to the average fidelity of the 1Q gate
operation, which is 98.4%. Next, we perform the same process for the VY gate:

1 0 0 0
—0.00995 0.03178 0.03606 0.9617
V¥ost-exp = —0.001533  0.04237  0.9806  —0.01486 (A34)
—0.00903 —0.9692 0.008547 0.01403
The ideal GST matrix for /Y gate is (A.35).
1 0 0 O
0 0 0 1
VY. GST-deal = | v 5 1 (A.35)
0 -1 0 O
The final density matrix for /Y gate is found as equation (A.36).
ps = py = (0.9779) I+
0.006719) Xp, X
( ) Xp2 (A.36)

(0.01241) Yp, Y+
(0.002998) Zp,Z
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p;=0.973  p;=0.951

Figure A3. The figure shows how accumulated errors decrease the perfection rate of the circuit which is P;. Density matrix in
terms of having certain errors in QEC is calculated. After applying v/X gate, the value of perfection was found as 0.973. After
applying vV, the perfection value decreased 0.951.

As it seen from equation (A.36), p; has p,. To calculate final coefficients of ps, we put the equation (A.33) in
equation (A.36) as it shown in (A1). Then we calculate the P; coefficient by the equation (A.19).

P;=(0.9779) x (0.973) +

(0.006719) x (0.02019) +

(0.01241) x (0.001325) +

(0.002998) x (0.005458)
P;=0.9517. (A.38)

(A.37)

As a result figure A2 becomes figure A3:

A.5. Density matrix in terms of QEC for 2 qubit
For a two-qubit quantum circuit, as shown in figure A4, the final density matrix in terms of QEC is:

pr=pil @ Wp; Ut 1@ 1) + puX @ XUp; Ut (X2 X)T

)

Py Y@ YU, Ut (Y@ V) +p.z0zUp Ut (20 2)1
Pl ® XUp; Ut (1@ X)" + pyl @ YU U (10 V)
piZ@ ZUp; Ut (10 2)" + puX @ IUp U (X2 1)
PoX® YU UM (X V) + peX® ZUp; Ut (X © 2)
pY @ IUp U (YR D) +ppY @ XUp; Ut (Y@ X)
pY® ZUp Ut (Y@ 2)' + paz @ 1Up Ut (Z@ 1)
pxZ@XUp UN (20 X) +p, 20 YUp U (20 Y)T

T

+

+

4
(A.39)

4

4

+

pi 17

Figure A4. Two Qubits Circuit example with two steps.
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pUpf

Figure A5. Three Qubits Circuit example with 2 steps.

A.6. Density matrix in terms of QEC for 3 qubit
For a three-qubit quantum circuit, as shown in figure A5, the final density matrix in terms of QEC is:
pr=pil @12 IUpUT (10 10 ) + ppl @ 10 XUpUT (10 10 X)' +
P 10 YUpU (1010 Y) + pil @ 10 ZUpUt (I 19 2)T +
Pl @ X@ IUpU (I X® D) + pid © X @ XUpU' (10 X @ X)
P ©X@ YUpUT (10 X® V)T + prl @ X © ZUpUt (10 X @ 2)1
Pl @ YR IUpU (10 YR D) + ppd ® Y@ XUpUt (10 YR X)'
Pyl @ YR YUpU (10 Yo V) + py.lo Yo ZUpUt (Yo 2)
Pl ® Z@ IUpUt 10 Z& 1) + pinZ @ XUpUt (20 X)T
Py @ Z2 YUpU (10 20 V)T + prl@ 20 2UpUt (10 2@ 2)1
X @I IUpUTN (X@ I D) + puX @ I XUpUt (X2 T2 X)'
PaX®I10 YUpU' (X010 V) +puX® 10 2UpUt (X© 10 2)!
PeiX XD TUPpUN (X@ X @ D) + pouX @ X @ XUpUT (X2 X @ X)'
Py X @ X @ YUpU (X2 X2 V)T 4+ peeX @ X @ ZUpUT (X2 X ® 2)1
PyiX@YRIUpUN (X @ YR ) + pyX @ Y@ XUpUT (X @ Y@ X)T
Py X@YRYp(XRY®Y) +py.X® YR ZUpU (X R Y® Z)T+
PeiX®ZRIUpU (X@ZR )T + prnxX ® Z@ XUpUN (X ® Z@ X)T
Py X@Z@YUpU (XD ZRY) + preX ® Z2 ZUpUN (X @ Z® Z)T
iY@ IR IUpUN (YR IR D) +p,in Y@ I® XUpUT (Y@ I® X) T+
Py YRIRYUpUI (YRI®Y) +p, Y@@ ZUpUN (YR I® Z) T+
Y @X@IUpU (YR X R D) 4 Y @ X@ XUpUT (Y@ X @ X) T+
Py Y@X@YUpU (YR X®Y) +p, YO X® ZUpU (YR X® Z) T+
PpiY QYR IUpUN (YR YD) + py Y YO XUpUT (Y Y X) T+
Py YR YR YUpUI (YR YR )T +p,,,Y® Y& ZUpU (Y Y® 2)T+
(
(

—+

+
N
N
.
N
.
N
+
N
.

+
+ (A.40)

Y@ ZRIUpUN (Y@ ZR D) +p,. Y@ Z@ XUpU' (YR Z2 X) T+
Py YR Z@YUpU (YR ZRY) +p,,Y® Z® ZUpU' (YR Z® Z) T+
piZ QIR IUpUN(ZR IR D) 4 pinZ @ [0 XUpUN (Z@ 1@ X) T+
Py Z@I1@ YUpU (Z@I®Y) +piZ @ [ ZUpUN (Z2 12 Z) T+
PoiZ@XRIUpUN(ZR XD D) + pZ @ X @ XUpUN(Z@ X @ X) T+
PoyZ@X@YUpU (ZRX®Y) + e YR X® ZUpUN (Z@ X @ Z)T
PpiZ@YRIUpUN(Z@ YR D) + e Z@ YR XUpU (Z@ YR X)T
PapyZ@YRYUPU (ZR YR Y) +p,,Z@ YR ZUpU (ZR Y® Z)T+
PuiZ@Z@IUpUN (Z@ZR 1) + pZ ® Z@ XUpU' (Z @ Z2 X) T+
Py Z@Z@YUpU (ZRZ@Y) +pZ @ Z2 ZUpUN (22 Z2 Z) T+

+
+
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Figure A6. Analysis of XX parity check in terms of QEC. The circuit has 6 steps. We first start with p;. Each step that we apply the
gates, the value of having no error in the channel which is P; decrease since the errors accumulate to the next step of the circuit.

W

A.7. Coefficients for dominated term from 64°
For the quantum circuit shown in figure A6, the total perfection rate of the circuit, Py, is calcultaed by
equation A.41

Pr = psiiipaiiiP3iiiP2iiiP1ii + PsiixPaiixP3iixP 2iixPiixt
DsiiyDaiiyD3iiyP2iiyPiiy T PsiizPaiizP3iizP2iizPiiz+
DsixiP4ixiP3ixiP2ixiPixi + PsixcPaixxP3ixxP2ixxPixxt
DsixyPaixyP3ixyP2ixyPixy T PsixzPixzP3ixzP2ixzPinz+
DPsiyiPaiyiP3iyiD2iyiPiyi + PsiyxPaiyxP2iyxP2iyxPiyx+
DsipyPaiyyP3iyyP2ivyPipy + P5ipzPaiyzDP2iyzP2iyzPiyz+
DsiyzDaiyzP3iyzP2iyzPiyz + PsiziPaiziP3iziP2iziPizi+
DsizxPaizxP3izxP2izxPizx + PsizyPaizyP3izyP2izyPizyt+
DsizyPaizyP3izyD2izyPizy + P5izePaizzP3izzP2izzPizz
DsxiiPaxiiP3xiiP2xiiPxii 1 PsxixPaxixP3xixP2xixPxix+
DsxiyPaxiyP3xiyP2xiyPxiy T PsxizPaxizP3xizP2xizPxiz+
DsxxiPaxxiP3xxiP2xexiPrexi 1 PoxocxPasoexP 3cexP 2x0xProex
DsxxyPaxxyP3xeyPaxsyPrxy T PoxxzPaxxzP3xxzP2sxzPxxzt
PsxxzPaxxzD3xxzP2xxzPrxz T PoxyiPaxyiP3xyiP2xyiPyi+
DsxyxDaxyxP3xyxPaxyxPxyx + PoxziPaxziP3xziP2xziPrzit
PsxzxPaxzxP3xzxPaxzxPxzx 1 PoxzyPaxzyP3xzyP2xzyPrzy+
DsxzzDaxzzD3xzzD2xzzPxzz T PsyiiPayiiD3yiiD2yiiPyii+
PsyixPayixP3yixP2yixPyix 1 PsyiyPayiyP3yiyD2yiyPyiy+
DsyizPayizP3yizP2yizPyiz + PsyxiPayxiP3yxiP2yxiPyxi+
DsyxxPayxxPayxxP2yxxPyxx + PsyxyPayxyP3yxyP2yxyPyxy+
DsyxzDayxal3yxzlPayxzPyxz + PsyyiPayyiD3yyiP2yyilyyit
DsyyxPayyxP3yyxP2yyxPyyx + PsyyyPayyyP3yyyP2yyyPyyy +
DsyyzPayyzP3yyzP2yyzPyyz + PsyziPayziP3yziP2yziPyzit
DsyzxPayzxP3yzxPayzxPyzx T PsyzzPayzel3yzzP2y22Pyzc+
D5ziiP4ziiP3ziiP2ziiPzii + PszixPazixD3zixP2zixPzix+
DsziyDaziyP3ziyP2ziyPziy + PszizPazizP3zizP2zizPziz+
DszxiPazxiP3zxiP2zxiPaxi + PozxxPazxxP3zxcP2zxcPaxx+
DszxyPazxyP3zxyP2zxyPaxy + PszxzPazxeP3zxzPrzxzPaxzt
D5zyiPazyiP3zyiP2zyiPzyi + PszyxPazyxP3zyxPrzyxPayx+
DszyyPazyyD3zyyP2zyyPryy + PszyzDazyzP32y2P22p2P 2yt
D522iPazziP322iP22z2iP 2z + P5zzxPazexP3zzxPrzzxPraxt
D5zzyPazzyP322yP222yPrzy + P522zPazeeP3222P2222P 222t

(A.41)
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