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Abstract
Current implementations of superconducting qubits are often limited by the low fidelities of
multi-qubit gates. We present a reproducible and runtime-efficient pulse-level approach for
calibrating an improved cross-resonance gate CR(θ) for arbitrary θ. This CR(θ) gate can be used to
produce a wide range of other two-qubit gates via the application of standard single-qubit gates. By
performing an interleaved randomised benchmarking sequence, we demonstrate that our
approach leads to significantly lower incoherent errors than the circuit-level approach currently
used by IBM. Hence, our procedure provides a genuine improvement for applications where noise
remains a limiting factor.

Quantum computers promise to provide unprecedented computational power in applications such as
optimisation or simulation by exploiting the fact that information is not encoded in classical but in quantum
systems [1, 2]. In recent years, the field has seen the rapid development of improved quantum hardware [3].
However, the practical benefit of commercially available quantum computers based on superconducting
qubits remains limited by the relatively low fidelities of multi-qubit interactions [4].

In addition to the improvement of hardware components, it is possible to enhance gate fidelities using
optimised control approaches [5, 6]. With the introduction of Qiskit Pulse [7], it is now possible to precisely
control real quantum hardware via the IBM Quantum Lab [8]. As explained in [9], one can specify the
amplitude, frequency and phase of the physical microwave pulses that drive the qubits to implement custom
single-qubit and multi-qubit gates [10]. Hence, Qiskit Pulse allows for designing and testing control
approaches on the level of physical operations instead of logical operations [11].

The cross-resonance gate (CR) is a particularly important two-qubit interaction on superconducting
qubits, as it combines various desirable features and enables the construction of the Controlled-NOT gate
[12] which is the standard entangling operation of universal gate sets [2]. As demonstrated in [13], one can
implement a high-fidelity CR gate using the pulse sequence schematically illustrated in figure 1. When
driving the control qubit QC at the resonant frequency ωT of the target qubit QT, the system generally evolves
under a Hamiltonian of form

HI =
σz ⊗

∑
i=X,Y,ZCZiσi

2
+

I⊗
∑

i=X,Y,ZCIiσi

2
. (1)

When specifically calibrated, this can be simplified to implementing the interaction HI ≈ g(Z⊗X) with g
some coupling constant that depends on the hardware components and the drive amplitude [13, 14]. The
time evolution operator generated by this Hamiltonian reads U(t) = cos(gt)1⊗ 1− i sin(gt)Z⊗X [10].
Setting gt= π/4 by changing the amplitude or duration of the pulses, a CR(π/2) gate is implemented [13].
In our work, we utilise the above model for the Hamiltonian to predict and investigate a generalised
evolution for arbitrary rotation angles by varying the pulse duration. We demonstrate this new physical
regime of two-qubit interactions on real IBM Quantum backends. It should be stressed that our approach is
not specifically limited to the IBM Quantum machines but rather offers a new tool for improving the control
of two-qubit interactions on superconducting quantum computers in general.
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Figure 1. The schematic adapted from [13] illustrates the pulse schedule for a CR(π/2) cross-resonance gate. The control qubit
QC is driven at the resonant frequency ωT of the target qubit QT. Unwanted terms in the interaction Hamiltonian HI are
suppressed by the echo sequence on QC (i.e. the upper two drive lines) and cancellation tones on QT (i.e. the lower drive line),
such that HI ≈ g(Z⊗X) follows. Adapted figure with permission from [13], Copyright (2016) by the American Physical Society.

By using Qiskit Pulse on publicly available quantum backends via the IBM Quantum Lab, the method
presented in [13] can be extended to significantly reduce the incoherent error of multi-qubit gates3.
Specifically, we describe a pulse-level approach for calibrating a set of cross-resonance gates and demonstrate
that they significantly reduce the incoherent error compared with the circuit-level implementations4 used by
IBM. Crucially, the procedure we present is straightforwardly replicated. Accordingly, we provide a powerful
extension to the set of high-fidelity, multi-qubit gates on currently available quantum computers based on
superconducting qubits.

We extend previous research on customised cross-resonance gates in at least two ways. First, we improve
previous calibration procedures. On the one hand, we describe the calibration of the cross-resonance pulse
amplitude. This extends [15, 16] which only consider a rescaling of the pulse duration. Our extension is
particularly relevant to applications such as Hamiltonian Simulation where small rotations are required. On
the other hand, we describe the calibration of cancellation tones. This extends [17] and is important for
reducing unitary errors. Second, our transparent presentation here provides a useful extension by making the
calibration procedure readily available to other researchers.

The rest of this paper will be structured as follows. First, we introduce a runtime-efficient procedure for
calibrating a Z⊗X cross-resonance interaction CR(θ) via the IBM Quantum Lab, thereby extending the
approach presented in [13] to values of θ other than π/2. Second, we describe how this CR(θ) gate can be
used to straightforwardly implement a range of other two-qubit interactions. And finally, we demonstrate
that our pulse-level implementation significantly reduces the incoherent error, compared to the circuit-level
implementation which IBM currently uses, by performing a modified interleaved randomised benchmarking
sequence [18].

We begin by presenting our procedure for calibrating a CR(θ) gate. The method is adapted from [13] but
differs in two important respects. First, we generalise the procedure to values of θ other than π/2. And
second, we streamline the procedure to make it more runtime-efficient. This enables us to perform the full
calibration procedure on publicly available quantum backends via the IBM Quantum Lab, even under
runtime constraints.

First, we need to determine the correct amplitude for the CR(θ) pulse between our control qubit QC and
target qubit QT. For this, we define a flat-top pulse with Gaussian edges and some real amplitude A. The
width and Gaussian rise time of the pulse are inherited from the CR(π/2) pulse that forms part of the
standard Controlled-NOT implementation between QC and QT on IBM Quantum which is available
through Qiskit Pulse. While testing these parameters might lead to a more precise calibration, we adopt this
assumption to significantly reduce the calibration runtime. We note that this assumption is self-consistent
since it leads to a high-fidelity CR(θ) gate as shown in the subsequent demonstrations.

Then, we sweep through different real amplitude values A and measure QT in the computational basis to
calculate the Pauli expectation value ⟨Z(A)⟩. We repeat the sequence with QC initialised in |0⟩ and |1⟩.
Assuming that the Z⊗X or Z⊗Y component in HI is much larger than the other contributions, we find
⟨Z⟩ ≈ cos(θ), as for an ideal CR(θ) gate we have ⟨Z⟩= cos(θ). Note that the assumption made here is
consistent with the results of the subsequent tomography sequences. Hence, for a given θ, we can find the
amplitude Aθ that leads to the correct value of ⟨Z⟩ and use this amplitude for our pulse.

Second, we need to determine the correct phase for the CR(θ) pulse. For this, we sweep through different
pulse widths with our flat-top Gaussian pulse using the real amplitude that we previously determined. We
repeat the demonstration with QC initialised in |0⟩ and |1⟩. By measuring the expectation values ⟨X⟩, ⟨Y⟩,

3 The authors consider the (imperfect) pulses used to drive qubits as a form of an interaction with the environment and therefore adopt
the term ‘incoherent’ for the resulting errors.
4 A circuit level implementation of a unitary evolution is given by a decomposition of the unitary operator into elements of a universal
gate set.
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and ⟨Z⟩ on the target qubit, we reconstruct the coefficients of the terms in the cross-resonance interaction
HamiltonianHI. For details regarding the Hamiltonian tomography sequence, we refer the reader to [13, 19].

Hence, we can determine the coefficients CZX and CZY of the cross-resonance Z⊗X and Z⊗Y
components in HI, respectively. Recognising that CZX ∝ cos(ϕ−ϕ0) and CZY ∝ sin(ϕ−ϕ0), where ϕ is the
phase of the cross-resonance pulse [12], we can set the phase of the pulse to ϕ0 =− tan−1(CZY/CZX) such
that the Z⊗Y component in HI vanishes. Thereby, we can calibrate the phase of the cross-resonance pulse in
a single sequence. This provides a far more efficient method than sweeping through phases as described
in [9, 13].

Third, we need to determine the correct phase and amplitude for the cancellation pulse, which is a
resonant flat-top Gaussian pulse on the target qubit with the same duration and Gaussian rise times as the
cross-resonance pulse. The purpose of the cancellation pulse is to neutralise the 1⊗X and 1⊗Y components
in HI. The correct phase for the cancellation tone can be inferred from the Hamiltonian tomography
sequence we already performed. By reading off the C1X and C1Y coefficients of the 1⊗X and 1⊗Y
components in HI, we can calculate ϕ1 =− tan−1(C1Y/C1X). As the phase of the cross-resonance pulse is set
to ϕ0, the correct phase for the cancellation tone is ϕ0 −ϕ1 as presented in [13].

To determine the correct amplitude, we perform two Hamiltonian tomography sequences for the full
pulse schedule in figure 1. In the first iteration, the cancellation tone amplitude is set to zero while in the
second iteration, we set it to some value A0. The correct order of magnitude for A0 can be estimated from the
cancellation tone of the CR(π/2) pulse that forms part of the Controlled-NOT implementation between QC

and QT. Hence, we can extract the values C1
1X and C1

1Y as well as C
2
1X and C2

1Y from the two iterations.
Assuming a linear relationship between the cancellation tone amplitude and the coefficients as seen in [13],
we find AX = A0C1

1X/(C
1
1X −C2

1X) and AY = A0C1
1Y/(C

1
1Y −C2

1Y).
If the value of ϕ1 is calibrated correctly, then we find AX ≈ AY as the unique solution for the correct

amplitude of the cancellation tone [13]. Hence, to calibrate the full cross-resonance pulse sequence, we only
require four Hamiltonian tomography sequences which provides a far more efficient procedure than the
calibration methods described in [9, 13]. Furthermore, it is now possible to calibrate the pulse sequence such
that it implements a CR(θ) gate for values of θ other than π/2.

We have implemented this procedure using the seven-qubit IBM Quantum backend ibm_oslo with
qubit 2 and qubit 1 as the control and target qubit, respectively. The resonance frequency and anharmonicity
of the control qubit are f2 = 4.962GHz and δ2 =−0.344GHz, and f1 = 5.046GHz and δ1 =−0.343GHz for
the target qubit [20]. For reproducibility, the full configuration and properties of the backend can be found
in appendix A. To illustrate our generalised procedure by way of example, we calibrate a CR(θ) gate for
θ = π/5. In all demonstrations, we use at least 4 000 repetitions per circuit such that statistical errors are
negligibly small. We also mitigate readout errors using the method described in [21]. It should be stressed
that our results do not rely on this classical post-processing and that the significantly reduced incoherent
error of our customised two-qubit gates can be observed in the unmitigated data. A detailed discussion of the
technique is given in appendix B.

The results of the amplitude calibration are illustrated in figure 2 and the results of a demonstration that
verifies the calibration are displayed in figure 3. For these two demonstrations, we have used 20 000
repetitions per circuit. Setting the pulse width to the inherited width as described above, we receive the
CR(π/5) gate. This shows that we can use our runtime-efficient, pulse-level procedure to calibrate a CR(θ)
gate for θ other than π/2.

Having implemented the CR(θ) gate with H∝ Z⊗X, it is straightforward to implement a range of other
two-qubit interactions. As illustrated in figure 4, we can use standard single-qubit gates on QT and QC to
convert the Z⊗X interaction into any A⊗B interaction with A,B ∈ {X,Y,Z}. Note that we have written the
gate that corresponds to the Hamiltonian H= (−θ/2)A⊗B as AB(θ) for ease of notation. The relations in
figure 4 are easily proven using standard gate identities [2]. Finally, the XZ(θ), YZ(θ), and YX(θ) gates can
either be implemented by circuit identities used in figure 4, or alternatively by swapping the control and
target qubit in the calibration procedure. Hence, we conclude that having calibrated the ZX(θ) gate, it is
straightforward to implement any of the nine AB(θ) gates with A,B ∈ {X,Y,Z}.

Using pulse-level methods, we can further extend the set of easily implemented two-qubit gates. Note
that the S and S† gates in figure 4 correspond to virtual phase shifts with∆ϕ =±π/2 on the relevant qubit,
respectively [22]. As Qiskit Pulse allows us to directly specify a phase shift, we can also implement values of
∆ϕ other than π/2. For instance, by shifting the phase of the cross-resonance pulse and cancellation tone by
∆ϕ0, we can convert the ZX(θ) gate into a Z(cos(∆ϕ0)X+sin(∆ϕ0)Y)(θ) gate. While this treatment is not
exhaustive, it nicely illustrates that using circuit-level and pulse-level methods, a range of two-qubit
interactions are straightforwardly implemented once we have calibrated the ZX(θ) gate.

Any of these gates can also be implemented using circuit-level methods with at most three
Controlled-NOT gates [23]. However, the advantage of our pulse-level implementation of the ZX(θ) gate is
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Figure 2. Results for the amplitude calibration sequence with θ = π/5. We determine the correct pulse amplitude by reading off
Aθ which is defined by ⟨Z(Aθ)⟩= cos(θ). Using this amplitude will lead to a CR(π/5) gate which has the same duration as the
CR(π/2) pulse that forms part of the standard Controlled-NOT implementation between QC and QT. The error bars are smaller
than the marker size.

Figure 3. Results of the Hamiltonian tomography sequence using the fully calibrated cross-resonance pulse sequence. We fit the
data as described in [19] to extract the coefficients of the contributions in the interaction Hamiltonian HI and find the values
indicated at the bottom of the figure. The coefficient CZX of the Z⊗X term is significantly larger than all other coefficients which
indicates a successful calibration. The error bars are smaller than the marker size. The unit dt= 0.222ns is pre-set by the IBM
Quantum platform.

that we require fewer two-qubit pulses as illustrated in figure 5. As two-qubit interactions on
superconducting qubits are susceptible to noise [10], reducing the number of two-qubit pulses should reduce
the incoherent error of the ZX(θ) gate. Further, as single-qubit gates achieve near-perfect fidelities [24] while
virtual phase gates have perfect fidelities [22], converting our ZX(θ) gate into other two-qubit gates as in
figure 4 should not lead to a significant additional error.

We test both hypotheses by performing an interleaved randomised benchmarking sequence similar to
those in [18, 25]. To measure the incoherent error we proceed as follows. We define a set of gate sequence
lengths {m1, . . . ,mj} with∆=mi+1 −mi some fixed positive integer andmj = N. Using the StandardRB
method in Qiskit Pulse, we sample a set of random gate sequences {C1, . . . ,CN} and define a new set of gate
sequences R= {Rm1 , . . . ,Rmj} with Rmi = C1 . . .Cmi C̃mi where C̃mi inverts the previous operations such that
the action of each Rmi is just the identity operation. Then, to measure the incoherent error of the standard
and custom ZX(θ) gate, we interleave ZX(θ)ZX(−θ) after every Cl in each Rmi , giving two sets of gate
sequences RS and RC, respectively. We run each of the gate sequences in R, RS and RC, and measure the
fractional ground state population. As the sequences in RS and RC are identity operations that acquire an
additional error due to the interleaved cross-resonance gates, we expect the ground state population to decay
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Figure 4. Circuit identities that show how the ZX(θ) gate can be converted into a range of other two-qubit cross-resonance gates
with H∝ A⊗ B where A,B ∈ {X,Y,Z}, using single-qubit gates only. The relations are easily shown by applying standard gate
identities from [2] to the time evolution operator of the ZX(θ) gate U(t) = cos(gt)1⊗ 1− i sin(gt)Z⊗X. Here, H indicates the
Hadamard gate and S the phase gate.

Figure 5. (a) Schedule for the ZX(θ) gate using IBM’s circuit-level implementation. The four yellow pulses are the
cross-resonance pulses which form part of the two required Controlled-NOT gates. The gate duration is 497.8 ns. (b) Schedule for
the ZX(θ) gate using our pulse-level approach which only requires two cross-resonance pulses, halving the number of two-qubit
pulses in comparison with the circuit-level approach. The gate duration is reduced to 206.2 ns. By comparison, typical qubit
lifetimes are of the order of 100mus, cf figure 8, and are therefore not a limiting factor.

faster by a factor of F2mi , where F⩽ 1 characterises the additional error introduced by the ZX(θ) gate, in
comparison to the case of non-interleaved gate sequences in R. By fitting the data to an exponential decay, we
find the values of FS and FC.

We have implemented the interleaved benchmarking procedure using the same quantum backend and
qubits as described above. The gates ZX, ZY, ZZ, XY, XX and YY are tested usingm1 = 5,∆= 7, and N = 68
as benchmarking parameters. For the custom implementation we have used the ZX(π/5) gate implemented
above while for the standard implementation we have used circuit-level methods in Qiskit [26], employing
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Figure 6. Results of the interleaved randomised benchmarking sequence for six different two-qubit gates in the custom pulse-level
and standard circuit-level implementation on a real IBM Quantum backend. Each point indicates the fractional ground state
population averaged over ten random gate sequences while error bars show the standard deviations. We observe an exponential
decay to the fully mixed state indicated by the dashed line at a fractional ground state population of 0.25. For each gate, FS and FC
characterise the respective incoherent error of the standard and custom implementation as discussed in the main text. In all cases,
we find that FC ⩾ FS marks a significant reduction in the incoherent error of the gates.

the circuit identities in figure 4 where necessary. For each gate, we repeat the test with ten random gate
sequences using 20000 repetitions per circuit. The results of our tests are shown in figure 6.

We must be careful in interpreting FS and FC as they do not characterise the total gate error but rather the
error associated with performing an identity operation by using the ZX(θ) gate and its inverse. In general, we
expect this error to come from coherent errors and noise. Performing additional Hamiltonian tomography
sequences for the ZX(θ) gate and its inverse both in the custom and standard implementation, we see similar
coefficients for all terms in the respective Hamiltonians. This rules out the possibility that the large
discrepancy between FS and FC is due to coherent errors. Also note that the calibration has already been
verified in figure 3.

Hence, we can interpret FS and FC as characterising the error from noise for the standard and custom
ZX(θ) gate implementations, respectively. With this interpretation, we can verify both hypotheses. First, for
the ZX(θ) gate, we observe that FC is significantly larger than FS in figure 6, indicating that our custom
implementation, requiring fewer cross-resonance pulses, is less susceptible to noise. And second, we see
similar reductions for the incoherent error of the other gates that we tested in figure 6, as expected due to
high single-qubit gate fidelities. Therefore, our pulse-level implementation of the ZX(θ) gate provides us
with a wide range of two-qubit gates with a significantly reduced incoherent error. Since the overall pulse
schedule time is significantly shorter than the coherence time of the qubits [20], we conjecture that this
improvement is due to the simplified pulse architecture we developed, rather than the reduced gate time. The
relevant improvement stems from reducing the number of cross-resonance pulses from four to only two.

Finally, we comment on the relevance of this result for practical quantum computing. A reduced
incoherent error for two-qubit operations is particularly useful in Hamiltonian Simulation. This often
requires the repeated application of multi-qubit gates, for instance in Trotterisation approaches [2], and is
thus limited by a high incoherent error of multi-qubit gates. By calibrating a gate using our pulse-level
approach, the incoherent error can be significantly reduced. This can enable Hamiltonian Simulation, as we
will present in a subsequent paper [27]. Thereby, our procedure is not just relevant from an engineering but
also from a physics perspective, as we can use the improved gates to simulate interesting physical systems on
publicly available quantum backends.

To conclude, we provide a powerful extension to the set of high-fidelity, multi-qubit gates on currently
available quantum computers based on superconducting qubits. With our runtime-efficient and
reproducible pulse-level approach, one can calibrate a CR(θ) cross-resonance gate for a given value of θ
which is extended to a wide range of other two-qubit gates by applying single-qubit gates. We have
demonstrated that this pulse-level approach, requiring fewer two-qubit pulses than the circuit-level approach
currently used by IBM, significantly reduced the incoherent error of the CR(θ) gate and related interactions.
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While providing a compelling proof of principle, we were limited to performing demonstrations on
publicly available IBM Quantum backends. Future work should focus on repeating our demonstrations on
IBM Quantum backends which are currently not available to the general public. This could include
comparing our procedure with other methods for calibrating a custom cross-resonance gate. Further, our
pulse-level approach should be tested in quantum computing applications to demonstrate the practical
usefulness of the improvement. This will be explored for Hamiltonian Simulation in a subsequent paper.
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All data that support the findings of this study are included within the article (and any supplementary files).
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Appendix A. Backend configuration and properties

In this appendix, we provide the detailed configuration of the relevant IBM quantum backend and the
properties of the specific qubits that we have used for our demonstrations. The calibration data presented
here was collected on the same day on which we have performed all our tests. By providing details about the
layout and characteristics of the quantum computer which we have used, we aim to enhance the
reproducibility of our work.

Figure 7. Configuration of the backend used in our demonstrations. All the tests for this paper have been performed on 6 March
2023. The coupling map illustrates the geometrical layout of the computing device. Circles indicate qubits while arrows between
circles indicate qubit couplings. Due to their properties and queueing considerations, we have used the directly coupled pair of
qubit 1 and qubit 2 in all our tests [20].

In figure 7, we present the configuration of the ibm_oslo cloud quantum backend which we have used
for our demonstrations. The backend is based on an IBM Falcon r.511H processor with a geometrical
configuration and coupling as presented in the figure. Note that the ibm_oslo backend has been retired after
our tests [8]. However, as other publicly available IBM quantum backends such ibm_perth are based on the
same processor with an identical configuration [20], it is possible to repeat and extend our tests on these
other backends.

In figure 8 we present the qubit properties collected on the day of our tests. We only include the data for
qubit 1 and qubit 2 on the ibm_oslo backend since we have only used these qubits for our demonstrations.
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Figure 8. Properties of the qubits used in our tests. The data for qubit 1 and qubit 2 on the ibm_oslo quantum backend was
collected on 6 March 2023. Errors are given as fractions and not as percentages. Note that for the CNOT properties, 1:2 and 2:1
indicate that qubit 1 is the control qubit and qubit 2 is the target qubit and vice versa, respectively. Further, note that the Qubit
Relaxation Time and Hahn-Echo Coherence Time are often referred to as T1 and T2, respectively [20].

Figure 9. Comparison of the ZX pulse verification test results with and without readout error mitigation. (a) Expectation value
⟨Y⟩U without readout error mitigation using the raw output data. (b) Expectation value ⟨Y⟩M with error mitigation using the raw
output data and classical post-processing. (c) Difference of expectation values ⟨Y⟩M and ⟨Y⟩U with and without readout error
mitigation. We observe that the error mitigation introduces a minor correction which accentuates the sinusoidal shape. Error bars
are smaller than marker size.

For the purposes of reproducibility, we include data that characterises the coherence and control properties
of the respective qubits at the time of our demonstrations.

Appendix B. Data analysis techniques

In our demonstrations for this paper, we have used the data analysis technique described in [21, 28] which
allows us to correct readout errors by using classical data post-processing methods. Specifically, we have
performed a local readout error mitigation sequence using the LocalReadoutError class in Qiskit [7] after
each calibration and benchmarking test as we expect the readout errors to be largely uncorrelated.

The idea of the local readout error mitigation sequence is to determine the error by preparing the qubits
in |00⟩ and |11⟩ and then measure the qubits 4 000 times for each preparation. With this, we can prepare an
assignment matrix that models the relationship between the perfect preparation and the actual result, and
thus the readout error which is introduced. By inverting the assignment matrix, we can hence create a
mitigator that allows us to remove the readout error from the raw output data.

8
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Figure 10. Comparison of the ZX benchmarking test results with and without readout error mitigation. (a) Fractional ground
state population PU(|00⟩) without readout error mitigation using the raw output data. (b) Fractional ground state population
PM(|00⟩) with error mitigation using the raw output data and classical post-processing. (c) Difference of fractional ground state
population PM(|00⟩) and PM(|00⟩) with and without readout error mitigation. We observe that the error mitigation introduces a
minor correction due to the systematic readout error. The correction is significantly smaller than the differences between the
decay curves for the standard implementation and our custom implementation. Hence, we conclude that our results are
significant as they directly follow from the output data and are not due to the data post-processing which we have performed in
all demonstrations.

As we have presented our results based on the mitigated data in the main part of this paper, one might
worry whether our results are a consequence of the data post-processing only. In principle, it could be that
the readout error mitigation changes the data such that we only find significant confirmation for our
hypotheses in the mitigated data but not in the unmitigated data.

To dispel concerns along these lines, we have included an illustrative comparison of our results using the
unmitigated data and the mitigated data both for the calibration tests and the interleaved randomised
benchmarking tests from the main part. First, we compare the results using the mitigated and the
unmitigated data for the ZX verification test in figure 9. Second, we compare the results using the mitigated
and the unmitigated data for the ZX benchmarking test in figure 10. All other calibration and benchmarking
tests have similar error mitigation procedures and are hence covered by these two illustrations.

In both cases, we find that the readout error mitigation introduces a shift that is by an order of
magnitude smaller than the values of the relevant variables. Hence, we conclude that the readout error
mitigation only introduces a minor correction. In particular, for the benchmarking example in figure 10, the
difference between the curves that correspond to the standard implementation and our custom
implementation of the ZX gate is significantly smaller than the differences in shifts introduced by the error
mitigation. In other words, the reduced incoherent error is also apparent in the unmitigated data.

Seeing this, one might ask why we should use readout error mitigation at all. There are at least two
reasons for this. First, if we have identified an error and know how to mitigate it, then doing so results in
more accurate data and hence seems morally appropriate. Second, more practically, error mitigation can lead

9
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to better curve fits and parameter estimates, such as in the calibration experiment in figure 9 where the error
mitigation accentuates the sinusoidal shape that we expect theoretically. Hence, using readout error
mitigation seems generally advisable.
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