
This is the accepted manuscript made available via CHORUS. The article has been
published as:

Deterministic one-way logic gates on a cloud quantum
computer

Zhi-Peng Yang, Huan-Yu Ku, Alakesh Baishya, Yu-Ran Zhang, Anton Frisk Kockum, Yueh-
Nan Chen, Fu-Li Li, Jaw-Shen Tsai, and Franco Nori

Phys. Rev. A 105, 042610 — Published 18 April 2022
DOI: 10.1103/PhysRevA.105.042610

https://dx.doi.org/10.1103/PhysRevA.105.042610


Deterministic one-way logic gates on a cloud quantum computer

Zhi-Peng Yang,1, 2 Huan-Yu Ku,2, 3, ∗ Alakesh Baishya,2 Yu-Ran Zhang,2 Anton Frisk

Kockum,4 Yueh-Nan Chen,2, 3 Fu-Li Li,1, † Jaw-Shen Tsai,5, 6 and Franco Nori2, 6, 7, ‡

1Ministry of Education Key Laboratory for Nonequilibrium Synthesis and Modulation of Condensed Matter,
Shaanxi Province Key Laboratory of Quantum Information and Quantum Optoelectronic Devices,

School of Physics, Xi’an Jiaotong University, Xi’an, Shannxi, 710049, China
2Theoretical Quantum Physics Laboratory, RIKEN Cluster for Pioneering Research, Wako-shi, Saitama 351-0198, Japan

3Department of Physics and Center for Quantum Frontiers of Research & Technology (QFort),
National Cheng Kung University, Tainan 701, Taiwan

4Department of Microtechnology and Nanoscience,
Chalmers University of Technology, 412 96 Gothenburg, Sweden

5Department of Physics, Tokyo University of Science, Shinjuku, Tokyo 162-0825, Japan
6RIKEN Center for Quantum Computing, Wako-shi, Saitama 351-0198, Japan

7Department of Physics, The University of Michigan, Ann Arbor, 48109-1040 Michigan, USA
(Dated: March 24, 2022)

One-way quantum computing is a promising candidate for fault-tolerant quantum computing.
Here, we propose new protocols to realize a deterministic one-way CNOT gate and one-way X-
rotations on current quantum-computing platforms. By applying a delayed-choice scheme, we over-
come a limit of most currently available quantum computers, which are unable to implement further
operations on measured qubits or operations conditioned on measurement results from other qubits.
Moreover, we decrease the error rate of the one-way logic gates, compared to the original protocol
using local operations and classical communication. In addition, we apply our deterministic one-way
CNOT gate in the Deutsch-Jozsa algorithm to show the feasibility of our proposal. We demonstrate
all these one-way gates and algorithms by running experiments on the cloud quantum-computing
platform IBM Quantum Experience.

I. INTRODUCTION

Measurement-based one-way quantum computing [1–
3], where single-qubit operations and measurements are
applied to an initial highly entangled cluster state or
graph state [4, 5], is considered a promising candidate
for quantum computation. This approach to quantum
computing is potentially more robust against noise and
errors than the quantum circuit model, due to advan-
tages in implementing fault-tolerant quantum comput-
ing [6–9]. Recently, several proposals for combining one-
way quantum computing with quantum error correction
and quantum algorithms have been presented [10–13].
Unlike circuit-based quantum computing, in which the
scale of the quantum computer is limited by the number
of available qubits and gates, measurement-based quan-
tum computing is restricted by the scale of the cluster
state one can generate [13]. Large two-dimensional clus-
ter states have been generated in experiments with pho-
tonic qubits [14–18].
The ideas of cluster states and one-way quantum com-

puting were proposed two decades ago. The earliest
works on one-way quantum computing and cluster states
applied to solid state qubits and superconducting circuits
were considered in Refs. [19–21]. Moreover, a large va-
riety of protocols on a series of one-way logic gates have
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been proposed and implemented, including single-qubit,
two-qubit, and multi-qubit logic gates, e.g., the Toffoli
gate and the CARRY gate [22–29]. Moreover, there
have been a number of experiments generating cluster
states, and constructing one-way quantum logic gates,
performed in optical systems [14, 15, 27, 30–37], trapped
ions [38], and nuclear magnetic resonance (NMR) sys-
tems [39].

Recently, superconducting qubits (e.g. [40–45]) have
attracted significant attention for quantum computing
due to their scalability and controllability. The supercon-
ducting platform is considered as one of the most promis-
ing for building universal quantum computers, as exem-
plified by, e.g., commercial devices, including IBM’s [46–
49] and Google’s [50, 51] superconducting processors. A
series of theoretical and experimental protocols for gener-
ating cluster states of superconducting qubits have been
presented in Refs. [19–21, 52–59], as well as theoretical
protocols [2, 29] for one-way logic gates in superconduct-
ing processors. However, experimental demonstrations of
one-way quantum computing in superconducting systems
were lacking until very recently [60, 61].

In this work, we demonstrate deterministic one-way
quantum computing using the IBM Quantum Experience
(IBMQ). The IBMQ contains a series of quantum chips
composed of superconducting qubits, which can be used
to construct quantum logical circuits consisting of quan-
tum logic gates. As an on-cloud quantum computing
service, IBMQ provides users with a powerful platform
for experimentally implementing not only fundamental
quantum phenomena [62–65] but also quantum informa-
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(a)                           (b)

Figure 1. Circuits for (a) a classically conditioned (the double
line corresponds to classical communication) operation U and
(b) the delayed-choice approach for the same operation. We
consider a situation where U only acts on the second qubit
when the outcome of the measurement on the first qubit is 1.
For such U , these two circuits yield the same outcome.

tion processing tasks [47, 49, 66–70]. However, until very
recently [71], due to the limitation of the physical struc-
ture of the IBMQ chips, they did not provide sufficient
functionality to directly test many concepts of one-way
quantum logic gates. For instance, the IBM devices were
not able to enact qubit operations conditioned on the
results of qubit measurements. To the best of our knowl-
edge, this remains the case for other quantum-computing
systems.
We therefore introduce a protocol based on replacing

the quantum operations conditioned on the measurement
results [the “local operations and classical communica-
tion” (LOCC) approach] with delaying the choice of the
measurement (the delayed-choice approach, see Fig. 1).
Although we need additional entangling gates to imple-
ment this delayed-choice approach, it opens up for ex-
perimental tests of many important concepts in one-way
quantum computing.
We experimentally construct a deterministic one-way

two-qubit gate (the one-way CNOT gate) and also use it
to implement the Deutsch-Jozsa algorithm [72, 73] on a
5-qubit chip called IBMQ Lima. Note that here “deter-
ministic” means that the one-way logic gate has a fixed
output; for a “non-deterministic” one-way logic gate, a
feedforward operation is required after measuring and
obtaining the output. In the following, as we are not
going to discuss non-deterministic one-way logic gates,
for brevity we will omit “deterministic”.
For the one-way CNOT gate, the measurement bases

on the cluster state are fixed, while for most single-
qubit one-way logic gates, the measurement bases of one
subsystem are determined by the measurement results
from another subsystem (LOCC). Therefore, implement-
ing a one-way logic gate requires performing measure-
ments at different times, and the feedback of measure-
ment results can also introduce errors [1, 2]. By applying
the delayed-choice method, one-way logic gates can be
achieved with simultaneous measurements on the entire
cluster state. We can thus significantly decrease the er-
rors from measurements and feedback operations. As an
explicit example, we investigate the one-way X-rotation
gate. With our approach, superconducting qubits be-
come more amenable to one-way quantum computing.

Target in Target out

Control

1Q 2Q 3Q

4Q

Figure 2. Schematic illustration of the setup for the one-
way CNOT gate. The full system consists of four qubits.
Qubits Q1, Q3, and Q4 act as the input target state, the
output target state, and the control, respectively. The arrows
represent standard CZ gates, which starts at the control qubit
and ends at the target qubit.

This paper is organized as follows. In Sec. II, we in-
troduce the replacement of the quantum operation con-
ditional on the classical measurement result with delayed
choice of the measurement. With this approach, we can
experimentally realize a one-way CNOT gate. We also
apply the one-way CNOT gate in the Deutsch-Jozsa al-
gorithm on the 5-qubit IBMQ Lima. In Sec. III, we show
the advantage of considering the delayed choice of the
measurement and experimentally present the one-wayX-
rotation gate. Finally, in Sec. IV, we briefly summa-
rize our results and discuss limitations for the possibility
of developing one-way quantum computing on quantum
processors.

II. CONSTRUCTION AND APPLICATION OF

THE ONE-WAY CNOT GATE

A. The standard one-way CNOT gate

We start by briefly recalling how to construct the clus-
ter state for implementing a one-way CNOT gate [1, 2].
The system, consisting of four qubits (Q1, Q2, Q3, and
Q4; see Fig. 2), is first prepared in the state

|Ψ〉CNOT
in = |ψ〉1 |+x〉2 |+x〉3 |φ〉4 , (1)

where |±x〉 is the eigenstate of the Pauli X matrix with
the eigenvalue ±1. The subscripts in Eq. (1) are used to
denote the physical qubits. Here, |ψ〉1 and |φ〉4 are the
input target state and control state, respectively, of the
CNOT gate, while Q3 plays the role of the output target
state. More specifically, if |φ〉4 = |1〉4, the X operation
is carried out on the “transferred” state |ψ〉3.
The above initialization process can be achieved by

implementing suitable single-qubit logic gates. After the
initialization, we sequentially apply a series of CZ gates

C
(12)
Z , C

(23)
Z , and C

(24)
Z to prepare the cluster state [2, 29].

Here, C
(ij)
Z represents a CZ gate with i and j labelling

the control and target qubits, respectively. The full ini-
tialization circuit is shown in the left part of Fig. 3(a).
After constructing the cluster state, we simultaneously

measure X on Q1 and Q2 with the results s1 and s2,
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(a)       Initialization                                               Feedforward

(b)            SWAP                                        iSWAP

Figure 3. (a) The circuit for constructing the delayed-choice one-way CNOT gate on the IBMQ Lima with the first and fourth
qubits being the input target and the control, respectively. The output target is the third qubit. Here the SWAPs or iSWAPs
are inserted due to the limited connectivity of the IBMQ Lima. (b) The gate decomposition of the SWAP gate and the iSWAP
gate into CNOTs (the native two-qubit gate of IBMQ devices) and single-qubit gates.

respectively. Here, we use the notation si = 0 (si = 1) to
denote the corresponding outcome of the ith qubit with
the eigenvalue +1 (−1) of the Pauli X matrix. Finally,
to realize deterministic one-way quantum computing, a
feedforward operation,

UCNOT
Σ = Zs1+1

3 Xs2

3 ⊗ Zs1

4 , (2)

is applied on Q3 and Q4. Here, αj (α = X,Y, Z) de-
notes the corresponding Pauli operation acting on qubit
j. Each operation in Eq. (2) is conditioned on the mea-
surement results, which are transferred with classical
communication. Note that for implementing the one-way
CNOT gate, the measurement bases of the subsystems
are always fixed.

B. Construction of the delayed-choice one-way

CNOT gate with IBMQ Lima

In this section, we experimentally implement the
delayed-choice one-way CNOT gate using the IBMQ
Lima, which is a 5-qubit chip having similar layout as
Fig. 2, with another ancilla qubit Q5 added below Q4.
The circuit for the one-way CNOT gate on IBMQ Lima
is shown in Fig. 3.
Although the standard method of realizing a one-way

gate can be experimentally implemented in many phys-
ical systems, including optical systems, trapped ions,
and NMR [27, 30, 32–39], superconducting systems like
IBMQ could not (until very recently [71]) directly ap-
ply the same strategy to achieve a one-way CNOT gate,
due to a major limitation: Conditional operations, based

on classical transfer of readouts, are forbidden. These
“missing” functions prohibit the feedforward operation.
To overcome these limitations, we apply the quantum
delayed-choice method to replace the classical conditional
operations.

In general, the quantum delayed-choice approach en-
ables us to create a superposition of eigenstates, corre-
sponding to all the possible readouts, and the superposed
state collapses to the required eigenstate after the mea-
surement operations. In this way, classical conditional
operations can be replaced by CZ or CNOT operations,
which are available on IBMQ devices. By relaxing the
requirement that all operations following the initial en-
tangling step should be single-qubit gates and measure-
ments, we can now test many concepts and applications
in the current IBM devices. Moreover, we can also ana-
lyze the effect of the error mitigation on the one-way com-
putation (see also the later example). We note that the
delayed-choice approach does not make any additional
assumption of functionality for one-way quantum com-
puting on the superconducting platform, since all the re-
quired operations can be carried out before measuring
any qubit, such that we can consider this as a part of the
cluster-state generation.

We now describe in detail the circuit model for the
delayed-choice one-way CNOT operation. As mentioned
above, the cluster state can be constructed by sequen-

tially applying C
(12)
Z , C

(23)
Z , and C

(24)
Z on the initial state

given in Eq. (1). Before the delayed-choice operation,
we first perform the Hadamard gate on Q1 to transfer
the measurement basis from Z to X . Then, a SWAP or
iSWAP gate is applied to exchange the quantum states
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Figure 4. Results of the one-way CNOT gate with inputs |0〉
(target) and |1〉 (control). The theoretical prediction of the
output after the post-processing is |11〉. The blue, red, and
black bars correspond to using SWAP, iSWAP, and iSWAP
with error mitigation, respectively.

of Q1 and Q2, due to the architecture of IBM Lima.
Note that a SWAP gate can be decomposed into three

CNOT gates, while an iSWAP gate is constructed by
two CNOT gates and four single-qubit gates, as shown
in Fig. 3(b). In this way, we can decrease the gate error
by replacing SWAP gates with iSWAP gates, because the
CNOT gate in general introduces more error than single-
qubit gates.
Next, we implement the delayed choice of U1 = Zs1+1

3

and U3 = Zs1

4 , by applying C
(23)
Z followed by Z3, and

C
(24)
Z , respectively. After the delayed choice of U1 and

U3, the inverse of the SWAP or iSWAP operation is per-
formed on Q1 and Q2. Finally, a Hadamard gate, follow-
ing the delayed choice of U2 = Xs2

3 , is implemented.
To study whether iSWAP gates can reduce the noise

from gate errors and the intrinsic environment interac-
tion, we consider three different scenarios:
(i) the delayed-choice one-way CNOT gate with SWAP

gates;
(ii) the delayed-choice one-way CNOT gate with

iSWAP gates; and
(iii) the delayed-choice one-way CNOT gate with

iSWAP gates and error mitigation.
Here, we use the simplest error mitigation method pro-

vided by IBMQ [48, 74–77]. In short, before experimen-
tally implementing the delayed-choice CNOT gate, we
test the results of Z measurements with the inputs being
its eigenstates. The difference between ideal and tested
results provides an error matrix which is used for error
mitigation.
The experimental results from IBMQ Lima are pre-

sented in Fig. 4. To increase the transparency of the
results, post-processing is performed by summing the re-

sults of Q1 and Q2, because (i) theoretically, the results
of Q1 and Q2 are uniform in the delayed-choice one-way
CNOT gate, and (ii) Q3 and Q4 play the roles of the
output of the target qubit and the controlled qubit, re-
spectively, in the standard CNOT gate. In other words,
we only need to access the results of Q3 and Q4 to see
whether the delayed-choice one-way CNOT gate func-
tions successfully.
Here, we only consider the case where the inputs of the

control qubit and the target qubit are |1〉 and |0〉, respec-
tively. Thus, the output of the target qubit should be |1〉.
The experimental results for all the different inputs are
shown in Appendix A. We find that the experimental re-
sult with iSWAP gates outperforms the one with SWAP
gates, which we expected since the sequence with iSWAP
gates is less likely to introduce errors, as discussed above.
Moreover, the error mitigation further improves the ex-
perimental results. In addition, we also apply quantum
process tomography to compute the gate fidelity in terms
of the Choi representation, namely

F (G1, G2) = tr(
√√

ρG1
ρG2

√
ρG1

)2, (3)

where

ρGi
= (11 ⊗Gi) |Ψ〉 〈Ψ| , (4)

is the Choi state of the quantum operation Gi with |Ψ〉 =
∑

i 1/
√
d |ii〉 being the maximally entangled state. Here,

d is the dimension of the local system. The experimental
fidelities are, respectively, 0.804, 0.808, and 0.857, for the
three different scenarios.
The device parameters of the IBMQ Lima supercon-

ducting processor used in our experiment are as follows.
The average T1 and T2 of IBMQ Lima are 95.86 µs and
99.21 µs, which represents the energy decay time and de-
phasing time of the qubits, respectively. The average two-
qubit gate error rate λ (also called the two-qubit Clifford
gate error rate) and gate time are approximately 1.1%
and 405 ns, respectively. The average readout error is
approximately 3% with a readout time around 5µs. In
our simulation model, the error, introduced by the two-
qubit gate, plays a significant role in our system. This
is because the gate time and gate error of the two-qubit
gate are both one order of magnitude greater than those
of the single-qubit gates. We note that these parameters
vary over time, and the details of the parameters used in
this work are presented in Appendix A.
Here, we analyze each aforementioned error by some

well-established models. We note that each model
within our analysis is also used in the quantum assem-
bly (QASM) simulator provided by the IBMQ library.
The impact of qubit decoherence on the system obeys
the quantum master equation:

dρ

dt
=

4
∑

i=1

κi
1

2

[

2σi
−ρσ

i
+ − σi

+σ
i
−ρ− ρσi

+σ
i
−

]

+

4
∑

i=1

κi
φ

2

[

2σi
zρσ

i
z − σi2

z ρ− ρσi2

z

]

,

(5)
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where ρ is the density matrix, σi
+ (σi

−) denotes the

creation (annihilation) operator, and σi
z represents the

Pauli Z operator. Here, the parameters κi
1 = 1/T i

1 and
κi

φ = 1/T i
φ are determined by the relaxation and pure de-

phasing times, respectively, where 1/T2 = 1/(2T1)+1/Tφ.
The delayed-choice one-way CNOT gates with SWAP
gates and iSWAP gates require 12 and 10 two-qubit gates,
respectively, and all the qubits are measured simultane-
ously. Thus, taking readout time into consideration, the
total time to carry out the one-way CNOT gate is ap-
proximately 10 µs. This brings the system a decoherence
error rate of around 4%.
Here, we consider the effect of the gate error. In the

quantum assembly simulator, the gate error of an n-qubit
gate is described by an n-qubit depolarization error:

EG(λG)ρ = (1 − λG)ρ+ λG

I

2n
, (6)

where λG is the error rate. Inserting the number of
CNOT gates and the two-qubit error rate, we obtain a er-
ror of approximately 10%. We note that the gate error is
deduced from randomized benchmarking [78, 79], where
the two-qubit gate error rate represents the imperfection
of both the single-qubit and CNOT gates.
Finally, we consider the effect of the readout error. The

single-qubit readout error on a qubit can be described by
probabilities λ01 and λ10. Here, λ01 (λ10) is the proba-
bility of recording a noisy measurement outcome as 1 (0)
given the ideal measurement outcome was 0 (1). Accord-
ing to the simulation result on the QASM simulator, the
readout error of the two output qubits leads to an ad-
ditional error rate of approximately 10%. We note that
the above three models are considered independently by
inserting the system’s parameters into the simulations.
As a result, the main factors of noises, interfering with

the operation of the delayed-choice one-way CNOT gate,
are gate error and readout error. Either one leads to an
error rate of around 10%. We recall that the decoher-
ence of qubits causes an additional error rate of around
4%. Moreover, the total error can be reduced by apply-
ing measurement error mitigation. Our simulation fits
the corresponding experimental results in Table. I. All
the estimated error rates are obtained via simulation on
the QASM simulator, using the parameters of the IBMQ
Lima.

C. Implementing the Deutsch-Jozsa algorithm

using the delayed-choice one-way CNOT gate

After successfully constructing the delayed-choice one-
way CNOT gate, we implement a practical Deutsch-Jozsa
(DJ) quantum algorithm [72, 73] with this operation to
show how our one-way CNOT gate works in practical
problems.
The Deutsch-Jozsa algorithm is the first quantum al-

gorithm ever invented. It finds out whether an n-bit
Boolean function f(x) : {0, 1}n → {0, 1} with {x ∈ R|0 ≤

(a)

(b)                                  (c)

Figure 5. Circuits for the Deutsch-Jozsa (DJ) algorithm with
the delayed-choice one-way CNOT gate. (a) The fundamental
circuit representation of the n-bit Deutsch-Jozsa algorithm.
The first n qubits are all prepared in |0〉 while the ancilla
qubit is prepared in |1〉. (b) The circuit representation of a
1-bit Boolean function with f(x) = 0. (c) The circuit repre-
sentation of a 1-bit Boolean function with f(x) = x.

x ≤ 2n−1|n} is balanced or constant. Here, a constant
function means that the result remains unchanged with
arbitrary input, while for a balanced function half of the
possible inputs yield the result 0, and the other half yield
the result 1. A classical algorithm requires (2n−1 + 1)
queries to distinguish the two types of functions, but
the DJ algorithm can complete the process with a sin-
gle query.

The logical process of the DJ algorithm is as follows
[see also Fig. 5(a)]: To classify an n-bit Boolean function,
we first initialize all n qubits (representing the input x
of the function) in |0〉. An ancilla qubit qn+1 is prepared
in |1〉. Then, Hadamard gates are applied on all qubits.
Denoting the state of the ancilla qubit by |y〉, an oracle
is implemented which maps |x〉 |y〉 to |x〉 |y ⊕ f(x)〉. Fi-
nally, we measure all n qubits in the X basis, which is
achieved by inserting Hadamard gates before measuring
Z. If the final outcome sums up to 1, the correspond-
ing function f(x) is balanced, otherwise the function is
constant. The explicit circuits for the constant function
f(x) = 0 and the balanced function f(x) = x, using
the delayed-choice one-way CNOT gates, are presented
in Fig. 5(b) and 5(c), respectively.

Figure 6 shows experimental results for distinguish-
ing the balanced [f(x) = 0] and constant [f(x) = x]
functions, respectively, by the DJ algorithm with the
delayed-choice one-way CNOT gate. These results are
also obtained on IBMQ Lima. Although the probability
distributions are not equivalent to the theoretical predic-
tions due to inevitable noise, our experimental results still
show how the DJ algorithm works for the discrimination
problem. In particular, for the balanced function, while
the success probability p(0) < 1, it is significantly higher
than the probability p(1) of the wrong answer. We note
that, for the DJ algorithm, one would not need the suc-
cess probability to be unity. In other words, the balanced
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Figure 6. Results for running the Deutsch-Jozsa algorithm on
IBMQ Lima with (a) the constant function f(x) = 0 and (b)
the balanced function f(x) = x. In (b), we apply the delayed-
choice one-way CNOT gate in the oracle [see Fig. 5(c)]. The
blue and red bars correspond to results with and without
measurement-error mitigation, respectively. When the mea-
surement result is 0, the function is classified as constant.
Otherwise it is classified as balanced.

and constant functions can be discriminated as long as
the corresponding success probability is higher than the
fail probability. Our experimental results satisfy this cri-
terion by a wide margin.

III. CONSTRUCTION OF THE

DELAYED-CHOICE ONE-WAY X-ROTATION

GATE

As we attempt to develop a universal set of one-
way logic gates, we need to construct single-qubit rota-
tion gates, in addition to the entangling two-qubit gate
demonstrated in Sec. II. For such single-qubit gates, the
measurement bases of one subsystem are determined by
the measurement results of another subsystem. There-
fore, implementing a standard one-way logic gate, in gen-
eral, requires sequential measurements and the feedback
of measurement results. In addition, due to the non-
instantaneous nature of the measurements, which usually
are slower than a CZ gate, the feedback of the measure-

Input Output

X �

1Q 2Q 3Q

Figure 7. The basic idea of the one-way X-rotation gate.
The qubits Q1 and Q3 are the input and output qubits, re-
spectively, and the arrows represent the standard CZ gates,
which start at the control qubit and end at the target qubit.
Here, the X under qubit Q1 represents that qubit Q1 is mea-
sured in the X basis, and the η under qubit Q2 represents the
measurement basis of qubit Q2, which is in the xy plane with
an angle η to the x axis.

ment results also introduces more errors. In this part, we
consider the one-way X-rotation gate as a concrete ex-
ample, to demonstrate our method to construct one-way
rotation gates with delayed measurements.
Before introducing the delayed-choice one-way X-

rotation gate, we briefly recall how to achieve the stan-
dard one-way X-rotation gate

Ux(α) =

(

cos(α
2 ) −i sin(α

2 )
−i sin(α

2 ) cos(α
2 )

)

, (7)

with a rotation angle α. We first initialize the three-qubit
system (Q1, Q2, and Q3), shown in Fig. 7, in the state

|Φ〉x

in = |φ〉1 |+x〉2 |+x〉3 , (8)

where |φ〉1 is the input state of the gate. After the
initialization, a cluster state is constructed by applying

the CZ gates C
(12)
Z and C

(23)
Z on the system. Then, an

X measurement is performed on Q1 with outcome s1.
Now, the measurement basis for Q2 is determined by
η = (−1)s1+1α. Here, η is the phase angle on the xy
plane of the measurement basis. As we can see, the feed-
back s1 will decide the measurement basis. Finally, a
feedforward operation

UX
Σ = Zs1

3 Xs2

3 , (9)

is applied to Q3, changing the state of Q3 to Ux(α) |φ〉3.
In what follows, we apply the delayed-choice method to

the one-wayX-rotation gate. The quantum circuit model
for the delayed-choice one-way X-rotation gate is shown
in Fig. 8. In the feedforward part, we apply a controlled
Z-rotation gate on Q1 and Q2 (denoted by CRZ12 in the
following) with an angle −2α. The subscript 12 corre-
sponds to the control qubit Q1 and the target qubit Q2,
respectively. After the CRZ12 gate, we apply a single-
qubit Z-rotation gate RZ on Q2 with an angle α. These
two gates generate a superposition state of two eigen-
states of the projectors on the xy plane with the angle
η = ±α. Therefore, the superposed state contains the
readout information s1 = 0 and s1 = 1, corresponding to
different total rotation angles η = α and η = −α.
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Initialization               Setting rotation angle                Feedforward

Figure 8. The circuit for the delayed-choice one-way X-rotation gate. The input and output states are encoded in qubits Q1

and Q3, respectively. The gate Um before measuring qubit Q3 represents a rotation operation that decides the measurement
basis for Q3.
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Figure 9. Experimental results for the delayed-choice one-way
X-rotation gate on IBMQ Lima. The blue and red bars cor-
respond to conditions without and with measurement-error
mitigation, respectively. We use the input state |0〉

1
and the

rotation angle α = π/2. Thus, the output should ideally be
|−y〉

3
, and this is what the measurement result 1 will corre-

spond to.

After measuring Q1, the superposed state collapses to
the state with the corresponding result s1. On the other
hand, we also apply the delayed choice to carry out the
feedforward operation in Eq. (9). Note that we do not
need to replace the swapped qubit, if it is not involved in
any further multi-qubit operation. In this protocol, one
SWAP operation between Q1 and Q2 is sufficient, so we
do not replace it with iSWAP gates.

Figure 9 shows the results of running the delayed-
choice one-way X-rotation gate on IBMQ Lima with and
without measurement-error mitigation. We consider the
input on Q1 to be |0〉1 and the rotation angle is α = π/2.
Therefore, the output state is expected to be rotated to
|−y〉3, where |−y〉 is the eigenstate of the Pauli Y matrix
with the eigenvalue −1. We also present the experimental
results for other input states in Appendix A. As shown

in Fig. 9, the probability of obtaining the expected read-
out without error mitigation is 0.916, while the mitigated
result is 0.952. In addition, we have performed process
tomography of the one-wayX-rotation gate and obtained
a gate fidelity of 0.964 (0.948) with (without) error mit-
igation.

The delayed-choice X-rotation gate requires eight
CNOT gates and three physical qubits. Using the afore-
mentioned error analysis in Sec. II B, the error rate in-
troduced by pure dephasing and energy dissipation is ap-
proximately 1.5%. Moreover, the eight CNOT gates for
the one-way X-rotation gate combined together have a
total error rate of approximately 3.5%. Finally, read-
out error would lead to an additional error rate of ap-
proximately 2.6%. Therefore, these three factors of error
together would be the main limitations of our delayed-
choice one-way X-rotation gate in these experiments.

Compared to the delayed-choice one-way CNOT gate
discussed in Sec. II B, the influence of all the three noise
channels on the X-rotation gate decreases. This is be-
cause we avoided using a qubit with poor parameters in
the X-rotation gate case. In the one-way CNOT gate,
the relaxation time T1 and decoherence time T2 of qubit
Q3 are around 2/3, which is less than for the qubits Q0-
Q2, and the readout error of Q3 is approximately twice
as much as the readout error of Q0-Q2. The gate error
of two-qubit gates involving Q3 is also twice the two-
qubit gate errors between Q0-Q1 and Q1-Q2. Since we
did not use Q3 in the delayed-choice one-way X-rotation
gate, the total error rates of all the three noise channels
decreased significantly. Our simulation model also sup-
ports the above analysis.

IV. SUMMARY AND DISCUSSION

In this article, we have proposed and demonstrated a
delayed-choice method to replace the classical conditional
operations for realizing deterministic one-way logic gates.
Our method can, in general, significantly decrease the
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impact of readout error and thus increase the fidelity of
one-way logic gates. With this simple approach, we can
experimentally implement one-way quantum logical gates
in noisy intermediate-scale quantum computers, e.g., the
IBM Quantum Experience. We presented two explicit
examples: (i) a one-way CNOT gate and (ii) a one-way
X-rotation gate.

In our experiments on the IBMQ Lima, we showed
how these delayed-choice one-way logic gates perform on
currently available devices. We also applied the one-way
CNOT gate in the Deutsch-Jozsa algorithm to demon-
strate that our approach can be used in some practical
problems. Moreover, we further decreased the gate er-
ror by replacing the SWAP gates with iSWAP gates, and
decreased measurement errors by applying measurement-
error mitigation.

Comparing to standard one-way logic gates, which
only require a series of single-qubit measurements after
preparing the cluster states, our protocols additionally
imported a series of ancilla single-qubit and two-qubit
logic gates, which makes the protocol more complex.
However, as we mentioned above, the delayed-choice ap-
proach generates a superposition of eigenstates and col-
lapses to the required eigenstate after the measurement
operations. With this simple relaxation, we can demon-
strate basic one-way quantum computing in supercon-
ducting circuits. Moreover, we note that our delayed-
choice proposal can significantly decrease the effect of
measurement error. In the original feedforward one-way
quantum gates, readouts of all the qubits are required to
resolve the feedforward operations. Measurement error of
any qubit will result in an incorrect quantum operation
and thus bring unreliable feedforward operations. How-
ever, our delayed-choice proposal only performs the mea-
surements on the ancilla qubits after which the state of
the system collapses and the correctness of the measure-
ment results is not critical. Thus, in our delayed-choice
proposal, the measurement errors on the ancilla qubits
do not affect the fidelity of the one-way logical gate.

As we have discussed in Sec. II and Sec. III, the per-
formance of delayed-choice one-way gates are mainly af-
fected by qubit decoherence, gate error, and measure-
ment error. In addition, one-way quantum computing
is also limited by the scale of the cluster state we can
construct, and currently the largest available supercon-
ducting quantum device contains only several dozens of
qubits [46, 50, 80]. For practical applications, it is de-
sirable to have more qubits, and future quantum devices
are planned with many more qubits.

Finally, it would be interesting to complete universal
one-way quantum gates, especially the remaining one-
Hadamard and one-way single-qubit arbitrary rotation
gates. However, due to the limitation of IBMQ Lima,
many SWAP gates need to be inserted into the circuit
models, such that the circuit depth increases drastically.
We have presented details of the circuit models and the
simulation results in Appendices B and C.
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Appendix A: Detailed data obtained from IBMQ for

the delayed-choice one-way CNOT and X-rotation

gates

In this appendix, we first present the detailed data for
the one-way logic gates that we ran on IBMQ Lima. The
experimental data of the delayed-choice one-way CNOT
gates and the delayed-choice one-wayX-rotation gate are
presented in Tables I and III, respectively. The parame-
ters which we used in our simulation model are presented
in Table II.
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Table I. Probability distribution for the delayed-choice one-
way CNOT gate implemented on IBMQ Lima. Here, “Input
|ij〉” represents that the input of the target state and the
control state are |i〉 and |j〉, respectively. The |kl〉 in the
second to fifth column denotes the measurement with results
kl.

Input |00〉 |00〉 |01〉 |10〉 |11〉
Raw/SWAP 0.787 0.096 0.090 0.026
Raw/iSWAP 0.848 0.071 0.067 0.014
Mitigated/iSWAP 0.866 0.063 0.057 0.013

Input |01〉 |00〉 |01〉 |10〉 |11〉
Raw/SWAP 0.025 0.108 0.110 0.757
Raw/iSWAP 0.018 0.089 0.099 0.794
Mitigated/iSWAP 0.012 0.052 0.075 0.860

Input |10〉 |00〉 |01〉 |10〉 |11〉
Raw/SWAP 0.119 0.779 0.024 0.078
Raw/iSWAP 0.095 0.837 0.015 0.053
Mitigated/iSWAP 0.069 0.871 0.013 0.048

Input |11〉 |00〉 |01〉 |10〉 |11〉
Raw/SWAP 0.125 0.023 0.748 0.104
Raw/iSWAP 0.096 0.016 0.811 0.077
Mitigated/iSWAP 0.061 0.013 0.854 0.072

Table II. Noise parameters of the IBMQ Lima. Qubits Q0,
Q1, Q2, and Q3 are utilized in the delayed-choice one-way
CNOT gate, while Q0, Q1, and Q2 are involved in delayed-
choice one-way X-rotation gate.

Qubits T1(µs) T2(µs) λ01 λ10 Pauli-X error (×10−4)
Q0 152.60 192.19 0.0252 0.0094 1.96
Q1 114.79 106.56 0.0230 0.0034 2.20
Q2 108.53 109.94 0.0304 0.0060 2.18
Q3 85.16 69.66 0.0474 0.0168 2.79
Q4 18.24 17.71 0.1112 0.0176 7.16

CNOT Control-Target Error rate (×10−2) Gate time (ns)
0-1 0.5629 305.8
1-0 0.5629 341.3
1-2 0.5937 334.2
2-1 0.5937 298.7
1-3 1.683 497.8
3-1 1.683 462.2
3-4 1.623 519.1
4-3 1.623 483.6

Appendix B: Delayed-choice protocol for the

one-way Hadamard gate

In this section, we introduce a protocol to construct a
one-way Hadamard gate by utilizing the delayed-choice
approach. We also show the simulation results we ob-
tained on the quantum assembly simulator for this pro-

Table III. Probability distribution for the delayed-choice one-
way X-rotation gate on IBMQ Lima. Here, |±y〉 denotes the
Y measurement with the corresponding outcome ±1.

Input |0〉 |+y〉 |−y〉
Raw 0.084 0.916
Mitigated 0.048 0.952

Input |1〉 |+y〉 |−y〉
Raw 0.926 0.074
Mitigated 0.932 0.068

1Q 2Q 3Q 4
Q 5

Q

X Y Y Y

Input Output

Figure 10. The basic idea of the one-way Hadamard gate.
The qubits Q1 and Q5 are the input and output qubits, re-
spectively. The X or Y under each qubit represents the mea-
surement basis used for those qubits.

tocol.

The original idea for the one-way Hadamard gate is
shown in Fig. 10. The one-way Hadamard gate requires
5 physical qubits, labelled Q1 to Q5. Q1 serves as the
input qubit, while the other four qubits are initialized in
the state |+x〉. After constructing a linear cluster state

on these 5 qubits by carrying out CZ gates C
(12)
Z , C

(23)
Z ,

C
(34)
Z , and C

(45)
Z , qubit Q1 is measured in the X basis,

while qubits Q2, Q3, and Q4 are measured in the Y ba-
sis. These measurement operations can be carried out
simultaneously, and we denote the measurement results
s1 to s4, respectively. Finally, a feedforward operation
UH

Σ = Xs1+s3+s4Zs2+s3 is applied to the output qubit
Q5, and the output state corresponding to the Hadamard
gate having acted on the input state is obtained.

Similar to the one-way CNOT gate, we can also ap-
ply the delayed-choice approach to carry out a one-way
Hadamard gate on the IBMQ devices. The logical circuit
of our one-way Hadamard gate is shown in Fig. 11. We
note that this circuit does not take system connectivity
into consideration. In the real device, we need to ap-
ply SWAP or iSWAP gates in order to demonstrate the
quantum operations between non-neighboring qubits.

The simulation results for our one-way Hadamard gate,
obtained on the quantum assembly simulator, are shown
in Table IV. We not only consider the ideal case in which
there is no noise in the circuit, but also perform simu-
lations including noise corresponding to single-qubit and
two-qubit gate fidelities of 99.8% and 98%, respectively.
These gate errors are higher than those of IBMQ Lima.
The results for the noisy case do not show very high fi-
delity, but are clearly enough to correctly identify the
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Figure 11. The circuit for the delayed-choice one-way Hadamard gate. The input and output states are encoded in qubits Q1

and Q5, respectively. This circuit did not consider physical connectivity between qubits in actual hardware.

Table IV. Probability distribution for the delayed-choice one-
way Hadamard gate on the quantum assembly simulator.
This circuit is designed for IBMQ Lima. This table shows
the simulation results under two conditions: (a) Ideal condi-
tions without noise; (b) Conditions with noise, using SWAP
gates in the circuit in Fig. 11 to compensate for the limited
qubit connectivity. For the condition (b), the fidelities of the
single-qubit and two-qubit gates are set to 99.8% and 98%,
respectively.

Input |+x〉 |0〉 |1〉
Ideal 1 0
Noisy 0.825 0.175

Input |−x〉 |0〉 |1〉
Ideal 0 1
Noisy 0.185 0.815

logical output.
We also attempted to implement our circuit directly on

IBMQ Lima, but the experimental results were clearly
worse than the simulations had indicated and are not
shown here. In order to realize a delayed-choice one-way
Hadamard gate in IBMQ Lima, we need to apply at least
six SWAP gates. In other words, it requires at least 27
CNOT gates, which is over twice that in the delayed-
choice one-way CNOT gate. Such a large circuit depth
gives decoherence too much time to destroy the quantum
state.

Appendix C: Delayed-choice protocol for one-way

arbitrary single-qubit rotations

The delayed-choice approach can also be utilized to
construct a one-way arbitrary rotation gate, achieving a

1Q 2Q 3Q �
Q �

Q

X ξ η ζ

Input Output

Figure 12. The basic idea of the one-way arbitrary rotation
gate. The qubits Q1 and Q5 are the input and output qubits,
respectively. The X, ξ, η and ζ under qubits Q1 to Q4 repre-
sent the measurement directions of the corresponding qubits.

universal one-way logic gate set together with the one-
way CNOT gate shown in Sec. II. However, due to the
limitations of the IBMQ devices, we were unable to ob-
tain satisfying results on any real device. In this section,
we therefore demonstrate the delayed-choice one-way ar-
bitrary rotation gate with the quantum assembly simu-
lator.
The basic principle of a one-way arbitrary rotation

gate Urot(ξ, η, ζ) = Ux(ζ)Uz(η)Ux(ξ) is shown in Fig. 12,
where Ua(θ) represents a rotation operation about the a
axis (a = x, z) with rotation angle θ. This gate is im-
plemented using 5 physical qubits, labelled Q1 to Q5.
Similar to the one-way X-rotation gate, Q1 is the input
qubit, while Q2 to Q5 are initialized in the state |+x〉.
After entangling the qubits with CZ gates C

(12)
Z , C

(23)
Z ,

C
(34)
Z , and C

(45)
Z , qubit Q1 is measured in the X basis,

yielding the result s1. After this, measurements on qubits
Q2, Q3, and Q4 are carried out in sequence, giving the
corresponding results s2, s3, and s4. Here, the measure-
ment bases are in the xy plane, with the angles to the
x axis α = (−1)s1ξ, β = (−1)s2η, and γ = (−1)s1+s3ζ.
Finally, a feedforward operation U rot

Σ = Zs1+s3

5 Xs2+s4

5 is
carried out on qubit Q5, which then ends up in the state
corresponding to applying Urot(ξ, η, ζ) on the input state.
We note that the measurement direction of qubit Q4 is
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Table V. Probability distribution for the delayed-choice one-
way arbitrary rotation gate Urot(ξ, η, ζ) = Ux(ζ)Uz(η)Ux(ξ)
on the quantum assmebly simulator. This circuit does not
consider the actual qubit connectivity, but instead assumes
that all the qubits can directly interact with each other as
required. This table shows the simulation results with dif-
ferent rotation angles. During the simulation, we have con-
sidered two inputs with different rotation angles: (a) Input
state |ψ〉 = |0〉 with rotation angles (π

2
,π

2
,0) and (b) Input

state |ψ〉 = |+y〉 with rotation angles (0,π,π

2
). For the simu-

lations with noise, the fidelities of the single-qubit and two-
qubit gates are set to 99.8% and 98%, respectively.

Input |0〉, angle ( π

2
, π

2
, 0) |+x〉 |−x〉

Ideal 1 0
Noisy 0.866 0.134

Input |+y〉, angle (0, π, π

2
) |0〉 |1〉

Ideal 0 1
Noisy 0.137 0.863

determined by the both the measurement results s1 and
s3, which makes it impossible to apply delayed choice di-
rectly. In order to solve this, we bring in another physical
qubit as a register that calculates and saves the Boolean
result s1+s3. This additional qubit also serves as the con-
trol qubit during the corresponding delayed choice. The
delayed-choice one-way arbitrary rotation gate is shown
in Fig. 13. Here, the delayed-choice one-way arbitrary
rotation gate requires more SWAP operations than the
Hadamard case. Due to the aforementioned analysis, we
are simply trying to show the logical result of our proto-
col.

The results of our numerical simulations are shown in
Table V. For the noisy simulations, we used the same
parameters as in the simulations in Appendix B.
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J. M. Chow, and J. M. Gambetta, Error mitigation ex-
tends the computational reach of a noisy quantum pro-
cessor, Nature 567, 491 (2019).

[49] A. Chiesa, F. Tacchino, M. Grossi, P. Santini, I. Tav-
ernelli, D. Gerace, and S. Carretta, Quantum hardware
simulating four-dimensional inelastic neutron scattering,
Nature Physics 15, 455 (2019).

[50] F. Arute et al., Quantum supremacy using a pro-
grammable superconducting processor, Nature 574, 505
(2019).

[51] C. Neill et al., Accurately computing the electronic prop-
erties of a quantum ring, Nature 594, 508 (2021).

[52] X. L. Zhang, K. L. Gao, and M. Feng, Preparation of clus-
ter states and W states with superconducting quantum-
interference-device qubits in cavity QED, Physical Re-
view A 74, 024303 (2006).

[53] G. Chen, Z. Chen, L. Yu, and J. Liang, One-step gener-
ation of cluster states in superconducting charge qubits
coupled with a nanomechanical resonator, Physical Re-
view A 76, 024301 (2007).

[54] Z. Li, S.-l. Ma, Z.-p. Yang, A.-p. Fang, P.-b. Li, S.-y. Gao,
and F.-l. Li, Generation and replication of continuous-
variable quadripartite cluster and Greenberger-Horne-
Zeilinger states in four chains of superconducting trans-
mission line resonators, Physical Review A 93, 042305
(2016).
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