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Abstract—Quantum routing, the entanglement of an input
quantum signal over multiple output paths, will be an important
aspect of future quantum networks. Implementation of such
routing in emerging quantum networks via the noisy quantum
devices currently under development is a distinct possibility.
Quantum error correction, suitable for the arbitrary noisy quan-
tum channels experienced in the routing process, will be required.
In this work, we design a combined circuit for quantum routing
and quantum error correction, and carry out the first implemen-
tation of such a circuit on a noisy real-world quantum device.
Under the assumption of statistical knowledge on the channel, we
experimentally verify the quantum nature of the error-corrected
quantum routing by determining the path-entanglement through
quantum state tomography, measuring also its probability of
success. The quantum error correction deployed is identified as
successful in terms of improving the routing. Our experiments
validate, for the first time, that error-corrected quantum routing
in near-term noisy quantum-computing devices is feasible, and
our detailed results provide a quantum-routing benchmark for
all near-term quantum hardware.

Index Terms—Quantum Router, Quantum Error Correction,
IBM Quantum Experience

I. INTRODUCTION

A quantum router, an important element of emerging quan-
tum networks, can transmit a quantum signal from a singular
input path to a coherent superposition of multiple output
paths [1]–[6]. This key entanglement feature of a quantum
router offers remarkable opportunities compared to classical
routers [3]. Beyond its unique routing functionality, a quantum
router also provides the only known technique that enables
quantum random-access memory (a memory-access technique
that allows queries in superposition), as well as for the
remote creation of a superposition of states drawn from a
distributed classical memory [7], [8]. Quantum random-access
memory, and therefore quantum routing, also has implications
for quantum machine learning [9], [10].

In near-term quantum networks, quantum routers can be
be deployed using Noisy Intermediate-Scale Quantum (NISQ)
devices. In principle, such noisy devices can create, receive,
transmit, and route qubits over quantum channels. They can be
manufactured with various qubit types: e.g. superconducting,
trapped ions, photonic, or silicon-based qubits [11]–[14]. Of
particular interest to the wider community are the supercon-
ducting quantum computers operating at near absolute-zero
temperature developed by IBM. Presently, these NISQ devices
can be considered as first-generation quantum computers -
made available to the wider community through a cloud
platform called the IBM Quantum Experience (IBM Q) [15].
This allows us to test directly the performance of quantum

routing on real device of the type that may be deployed in a
future network

However, currently no quantum router that can combat the
noise channels inherent to NISQ devices has been experimen-
tally tested. Noisy quantum channels within the NISQ device
introduce unwanted errors, largely through the entanglement
between the information qubit and the environment [16],
[17]. This unwanted entanglement causes the leakage from
the defined two-level qubit space into a larger Hilbert space
[18]. An example of one such noisy quantum channel is the
amplitude damping channel, which describes the energy dis-
sipation effects from a quantum system, e.g. [19]. A plethora
of quantum error correction protocols have been proposed
to eliminate the errors caused by noisy quantum channels,
e.g. [20]–[23]. In this work, we develop, and for the first
time, experimentally test a combined quantum-error-corrected
quantum router in a NISQ device. Although generic quantum
error correction on current NISQ devices is not plausible, a
main contribution of this work is to show that such error
correction is possible if some limited statistical information
on the noise channel is known.

All contributions of this paper can be summarized as
follows. We design a novel quantum circuit for quantum-error-
corrected quantum routing, based on noisy superconducting
qubits. Our circuit is built on the assumption that the noisy
channel is of known characteristics, and statistical information
on its key parameter is a priori known. The quantum circuit is
then experimentally executed on a seven-qubit NISQ device,
the ibmq jakarta, accessed through the IBM Q. We verify
the quantum nature of the quantum router by identifying
the generation of the path-entanglement via quantum state
tomography. The importance of the quantum error correction
in regard to the routing is quantified.

The rest of this paper is organized as follows. In Section
II, we introduce the basic principle of the quantum router
protocol, the noisy quantum channel, and the error correc-
tion protocol. Section III reports the experimental setup, the
designed quantum circuit, and the results of the experiments
executed on the IBM Q platform, and Section IV concludes
our work.

II. QUANTUM ROUTING

A. Noiseless quantum routing

The fidelity of the output entangled state with the perfect
routing outcome, and the total success probability of the
circuit, are both considered important figures of merit - we
use these to benchmark the performance of the ibmq jakarta’s
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Fig. 1. Schematic diagram illustrating the principle of a quantum router. The
control qubit |φc〉 stores the control information to direct the path of the
signal qubit |φs〉, which is received by the quantum router at path 1. The
output of the quantum router is an entanglement between the control qubit
and signal paths.

quantum routing. A schematic diagram of a quantum router is
shown in Fig. 1. The control qubit |φc〉 contains the control
information that directs the path of a signal qubit |φs〉, and
|φc〉 can be expressed as

|φc〉 = αc|0〉c + βc|1〉c = (|0〉c + |1〉c) /
√

2, (1)

where αc and βc are complex numbers satisfying |αc|2 +
|βc|2 = 1, and we define αc = βc = 1/

√
2. The signal

information is carried by |φs〉, which is received by the
quantum router at path 1, and |φs〉 can be written as

|φs〉 = α|0〉+ β|1〉 = cos
π

4
|0〉+ eiπ/4 sin

π

4
|1〉, (2)

where α and β are again complex numbers satisfying a
normalization constraint. In the ibmq jakarta, the quantum
router requires a ‘blank’ qubit |φn〉, which contains no signal
information and is initially located at path 2. This is simply a
function of the device’s physical architecture, and its presence
has no bearing on our results - it can be trivially removed if
need be at the end of the process (generic quantum routing
requires no such blank input state). The input of the quantum
router is |Φ〉 = |φc〉|φs〉|φn〉, and the output of the quantum
router |Φ〉f is an entanglement between the control qubit and
the two paths. The |Φ〉f takes the form

|Φ〉f = αc|0〉c|φs〉1|φn〉2 + βc|1〉c|φn〉1|φs〉2, (3)

where the subscripts 1 and 2 denote that the corresponding
qubit is in the path 1 and 2, respectively. The signal qubit is
routed to the path 1 and 2 respectively when |φc〉 is in the
|0〉c and |1〉c states, and when |φc〉 is a superposition state,
the two paths both possess the signal qubit.

B. Noisy quantum channel

While the quantum router protocol outlined above assumes
zero channel noise, we wish to consider in this work the more
realistic situation where noise channels are present. That is,
we assume the states |φc〉 and |φs〉 are prepared at some
sender, and then passed through noisy quantum channels. We
build a parameterized noisy quantum channel that has similar
characteristics to the amplitude damping channel. The details
of the noisy channel are not important in this work, we simply
require that we have an effective method within the NISQ

Fig. 2. Schematic diagram of a quantum router with noisy quantum channels
and error correction. The states |φc〉 and |φs〉 are prepared by some sender
who sends the states through the noisy quantum channels. Once the quantum
router receives the states, error correction is conducted followed by the
quantum routing process. Note, |0〉E is an auxiliary qubit that simulates the
environment, and |0〉a stands for an ancillary qubit.

device to add arbitrary noise to the qubits, and that the level
of that noise can be parameterized with a single parameter.

The qubits that transmitted through the noisy quantum
channel can be regarded as an open system that interacts with
the environment during the transmission. We add an auxiliary
qubit to simulate the environment, which starts in a pure state
|0〉E , as shown in the green boxes of Fig. 2. The amplitude
damping channel models energy relaxation from an excited
state to the ground state, and the evolution of |φs〉 with the
environment under the amplitude damping channel can be ex-
pressed as U |φs〉|0〉E = α|00E〉+β

√
γ|01E〉+β

√
1− γ|10E〉.

Here, U is a unitary matrix which can be written as

U =


1 0 0 0
0
√

1− γ √
γ 0

0 −√γ
√

1− γ 0
0 0 0 1

 , (4)

where γ ∈ [0, 1] is a tunable parameter. Next, and different
from amplitude damping1, we make a Z-basis measure on
the auxiliary qubit and only keep the resulting state if the
measurement outcome is |0〉, and at this point, the resulting
state is

|φ〉s1 =
1

N1

(
α|0〉+ β

√
1− γ|1〉

)
, (5)

where N1 =
√
|α|2 + |β|2(1− γ) is a normalization factor.

This process, which delivers our required parameterized noisy
channel, has a success probability of p1 = N2

1 .
To mimic the need for statistical information (only) on the

channel model; after modeling the channel as described above
we ‘forget’ about our knowledge of γ. Rather, we assume we
have only statistical knowledge. More specifically, we assume
γ to be in the range from 0 to 1 with a uniform distribution.
Unless otherwise specified, we use an expected mean value
γg = 0.5 in our experiments. We will never use the known
value of γ in any of the experiments shown. Although some
real-world channels could be approximated by this process,

1To realize the amplitude damping channel on a NISQ device, we would not
implement the post-selections (Z-basis measurements) on the auxiliary qubits.
Mathematically, following the unitary evolution of the combined system, the
‘environment’ qubits would be traced out before executing the error correction.



we do not claim we have truly modeled a real-world channel.
We use our channel scheme to simply illustrate that when
statistical information on a channel is available, quantum error
correction on quantum routing within a NISQ device becomes
possible. Other, more complicated, channels will likely exist
in the wide range of NISQ devices now being produced via
multiple technology implementations. While we expect similar
outcomes to those reported here for some of these other
channels, we should be clear that the explicit results we show
are specific to the statistical noise model we have assumed.

C. Error correction protocol

The correction protocol [20] we adopt is not a general error
correction scheme for an arbitrary error on a qubit, but one
which assumes some a priori knowledge of the noisy quantum
channel. Our adopted scheme applies to scenarios where some
access to the entangled environment may be available [24] or
where a weak measurement is done to detect leakage from the
system [20], and the loss rate is known.

We first apply a Hadamard gate Hθ with a parameter θ to
|0〉a, where the Hadamard gate is,

Hθ =

[
cos θ − sin θ
sin θ cos θ

]
. (6)

Then, a Controlled-X (CX) gate is performed on |φ〉s1 and
the ancillary qubit (the control and target qubit, respectively),
as illustrated in the orange dashed box of Fig. 2. The resulting
transformation can be expressed as

|φ〉s1 |0〉a =
1

N1

(
α|0〉+ β

√
1− γ|1〉

)
⊗ |0〉a

I⊗Hθ−−−−→ 1

N1

(
α|0〉+ β

√
1− γ|1〉

)
⊗ (cos θ|0〉a + sin θ|1〉a)

CX−−→ 1

N1

(
α cos θ|00a〉+ α sin θ|01a〉

+ β
√

1− γ cos θ|11a〉+ β
√

1− γ sin θ|10a〉
)

,

(7)

where I is the identity matrix. The last step of the error
correction requires a post-selection method applied to the
ancillary qubit. This method involves the retention of the post-
selected state only when the Z-basis measurement result of the
ancillary qubit is |0〉. The resulting post-selected state by this
process can be written,

|φ〉s2 =
1

N1N2

(
α cos θ|0〉+ β

√
1− γ sin θ|1〉

)
, (8)

where N2 is a normalization factor expressed as N2 =√
|α cos θ|2 + |β sin θ|2(1− γ)/N1. When we set θ =

arctan(1/
√

1− γ), giving cos θ/ sin θ =
√

1− γ, |φ〉s2 =
|φs〉 with the success probability of the error correction2

p2 = N2
2 .

Fig. 3. Layout of the quantum device ibmq jakarta. The digits in the circles
indicate the physical qubit number of the ibmq jakarta. The characters located
at the outside of the circles correspond to the qubits labelled in Fig. 4.

TABLE I
BASIS GATES OF THE ibmq jakarta

Basis Gates Matrix Representation

Identity gate (I) I =
[
1 0
0 1

]
Single-qubit rotation

about the Z axis (Rz) Rz(λ)a =

[
e−i

λ
2 0

0 ei
λ
2

]

Single-qubit
√
X gate

√
X =

1

2

[
1 + i 1− i
1− i 1 + i

]
Single-qubit X gate X =

[
0 1
1 0

]

Two-qubit
Controlled-X gate (CX) CXb =

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


aλ is a phase term.
b Qiskit uses little-endian order.

III. EXPERIMENTAL RESULTS

A. Experimental setup

Our experiments are implemented on the quantum device,
ibmq jakarta, via the Quantum Information Science toolKit
(Qiskit) - the open-source software development kit for creat-
ing and running quantum circuits on the IBM Q [25]. We
use Qiskit to design the quantum circuits which are then
submitted to the ibmq jakarta, which processes and returns
the measurement results.

The ibmq jakarta has seven superconducting qubits in
a horizontal H-shaped geometry, as illustrated in Fig. 3.
The numbers in the circles label physical qubits in the
ibmq jakarta, and the symbols outside the circles represent
the initial layout of the qubits in the designed quantum circuit.
The ibmq jakarta only supports five basis gates, namely the
single-qubit gates I , Rz,

√
X , and X , and the two-qubit gate

CX , as shown in Table. I. The quantum circuit we submit to
the ibmq jakarta is transpiled to a circuit that only includes
basis gates before its execution. We execute the quantum

2The process is similar when the noisy quantum channel and the error
correction are applied on |φc〉. Here, we only used |φs〉 as an example for
demonstrating the derivations.



Fig. 4. Quantum circuit of the quantum router with state tomography. The
qubits q0, q3, and q6 are prepared as |φc〉, |φs〉, and |φn〉, respectively. q1
and q4 are auxiliary qubits initialized in the state |0〉E . q2 and q5 are the
ancillary qubits each of which is written as |0〉a. H represents the Hadamard
gate, and T the single-qubit phase gate, which induces a π/4 phase. UG is
a unitary gate represented by the unitary matrix U , and Hθ is the Hadamard
gate represented by (6). The two-qubit gates applied to q0q2 and q3q5 are
CX gates. The three-qubit gate implemented on the qubits q0, q3, and q6
is a controlled-swap gate, whose function is to swap the positions of q3 and
q6 when q0 is in the |1〉 state. c0 and c1 are classical registers used for
storing the measurement results in the state tomography and the post-selection,
respectively.

circuit many thousands of times for each parameter setting
to ensure reliable statistics (up to 100,000 - the maximum
possible number for the ibmq jakarta). Note, the measurement
errors (which are distinct from the errors introduced by the
noisy quantum channel) are one type of intrinsic errors of
the quantum device and are reduced by the default readout
error mitigation package in Qiskit’s Ignis library [25]. The
main idea of this readout mitigation is to measure the qubits
in every basis state and to then calculate the probabilities
for all possible measurement results. In implementation, these
probabilities are used to build a calibration matrix, the inverse
of which is applied to the experimental outcomes, eliminating
the measurement errors in the ideal case.

B. The quantum circuit for error-corrected routing

The quantum circuit of the quantum router (alongside the
noisy quantum channel and the error correction) is shown in
Fig. 4 (note that all qubits are initialized as the |0〉 state). The
qubits q0, q3, and q6 are prepared to |φc〉, |φs〉, and |φn〉 states
via single qubit gates. q1 and q4 are two auxiliary qubits that
simulate the environment (initialized in the |0〉E state). q2 and
q5 stand for the ancillary qubits initialized in the |0〉a state. The
gates UG are unitary gates derived from the unitary matrix U ,
used to parameterize the noisy quantum channel. As discussed
earlier, to realize the noisy channel on the ibmq jakarta, post-
selections (Z-basis measurements) are performed on the two
auxiliary qubits, q1 and q4. To implement the error correction,
post-selections are also performed on qubits q2, and q5 (again

Fig. 5. An example of the transpiled quantum circuit of the circuit shown in
Fig. 4 without the post-selection and the state tomography. The seven qubits
are the same as those shown in Fig. 3, and the second row is the continuation
of the first row. Note, the qubits’ positions might be changed to perform the
CX gate, as the two-qubit gate can only be applied to the connected physical
qubits.

Z-basis measurements). The classical registers c1 contains
all four measurement outcomes. A controlled-swap gate is
performed on q0, q3, and q6 to realize the quantum routing
process, which is the core part of the quantum router, and we
can also consider the experiments as tests for the controlled-
swap gate. Finally, we note the classical register c0 contains
the measurement outcomes of the state tomography (see later
discussion).

We choose as one of our performance metrics the fidelity
F between σ = |Φ〉f 〈Φ| and σ′. Here, σ′ is a reconstructed
density matrix of the qubits q0, q3, and q6 determined via the
state tomography3. This fidelity F is calculated as

F =

(
Tr
√√

σ σ′
√
σ

)2

, (9)

where Tr represents the trace operation.
As the ibmq jakarta can only perform using its intrinsic

basis gates, the quantum circuit is transpiled automatically
(by the IBM Q) before its execution, where the transpilation
process is not deterministic. An example of the transpiled
circuit is depicted in Fig. 5. Note, the qubit positions might
be swapped to implement the CX gate, as the two-qubit gate
can only be realized on any real device between connected
physical qubits.

C. Results

We see from Fig. 6 that the quantum router with the error
correction is feasible when γ ≥ 0.5 on the ibmq jakarta.
For this range of γ, the EC (error corrected) experiments

3The state tomography reconstructs the complete density matrix of a qubit
through a series of measurements in the X-, Y -, and Z-basis. To reconstruct
an n-qubit system, the state tomography requires 3n measurements.



Fig. 6. F and P as a function of γ with γg = 0.5 for the quantum router with
and without error correction. Each circle and horizontal line shows the average
result from ten repetitions - error bars correspond to two standard deviations
assuming a Gaussian error distribution. EC represents error correction.

Fig. 7. F as a function of γ for the quantum router protocol, where the noisy
quantum channel and error correction are only performed on |φs〉. Error bars
are as described before.

are significantly above the experiments without EC - demon-
strating its importance. Note, a baseline is the case where no
noisy channel and no error correction is applied, for which
the fidelity of the quantum routing is 0.85 (non-unity as a
consequence of intrinsic errors within the device). Each circle
represents an outcome averaged over ten repetitions, with an
error bar indicating two standard deviations from the mean.
It is well known that with fewer quantum gates less noise
is introduced to the IBM Q NISQ devices [26], [27]. When
γ < 0.5, the noise induced by our noisy quantum channel is
smaller than the noise accumulated from the quantum gates4.
This is the reason why the experimental F is decreased after
the error correction when γ < 0.5. The observed overall trend
of F with γ is as expected - the quantum channel introduces
more noise for larger γ and the ibmq jakarta performs the

4We do note however, there remains a small probability that this situation
observed at low γ is an artifact of experimental noise as evidenced by the
error bars shown.

error correction less efficiently as the noise increases.
Also shown (right-hand scale) in Fig. 6 is the success

probability P of the whole procedure (quantum-error-corrected
quantum routing). This is given by P = p22, where p2 is the
error correction probability for a noisy qubit derived earlier
(the success probability of the routing circuit is one). It can
be seen here that higher γ results in lower P and F , where
the experimental P is consistent with the theory. The success
probability, P , decreases with the increase of γ and approaches
0 as γ → 1, which indicates a tradeoff between P and error
correction.

We also consider the scenario where the noisy quantum
channel and the error correction are implemented only on one
qubit, the results of which are shown in Fig. 7. Here, we see the
quantum router with the error correction is better demonstrated
as feasible for the whole range of γ on the ibmq jakarta. This
phenomenon verifies again that utilizing fewer quantum gates
helps improve the performance of the NISQ devices.

Finally, the quantum nature of the router is demonstrated
by the entanglement generated at the output. We verify the
entanglement by reconstructing its density matrix via state
tomography, the results of which are in Fig. 8. The theoretical
density matrix, σ, is demonstrated in Fig. 8a and Fig. 8d,
and the experimental σ′ with the noisy quantum channel and
error correction implemented on |φs〉 only, with γ = 0.6 and
γg = 0.5, is illustrated in Fig. 8c and Fig. 8f. For comparison,
we also demonstrated σ′ without the error correction after the
noisy quantum channel performed, with γ = 0.6, on |φs〉
(Fig. 8b and Fig. 8e). From the comparison of these figures,
the good performance of the error-corrected quantum routing
is verified - the corrected state clearly being closer in its matrix
elements to the theoretical density matrix elements. Detailed
information on the values of these elements can be seen from
the range of values shown, and fidelities between the matrices
determined. It can be found that F improves from 0.48 to 0.61
after the error correction.

IV. CONCLUSIONS

In this work, we designed and experimentally demonstrated
a quantum router embedded with a quantum error correction
scheme. Via quantum state tomography, we verified the quan-
tum nature of the router, and the impact of the error correction
on the routing performance. Our results demonstrate, for the
first time, that quantum routing with embedded quantum error
correction is viable in near-term noisy devices - pointing the
way towards the inclusion of quantum routing in emerging
quantum networks. Although we have used a specifically-
designed noisy channel, our work demonstrates that with use
of statistical information only, quantum-error-corrected routing
is viable in NISQ devices. Inclusion of quantum routing within
emerging quantum networks will enhance the functionality
of such networks, allow for deployment of random access
memory, and provide a bridge to more enhanced quantum
features. We encourage further development of the ideas
presented here in the context of other noisy channels on NISQ
devices.



(a) (b) (c)

(d) (e) (f)

Fig. 8. Theoretical and experimental density matrices of |Φ〉f , the entanglement generated at the output of the quantum router. (a), (d) represent the real and
imaginary parts of the theoretical density matrix, σ, respectively. (b), (e) show the real and imaginary parts of σ′ without the error correction after the noisy
quantum channel, with γ = 0.6, performed on |φs〉 only. Here, F between σ and σ′ is 0.48. (c), (f) depict the real and imaginary parts of σ′ with the noisy
quantum channel and error correction applied on |φs〉 (γ = 0.6 and γg = 0.5). F improves to 0.61 after considering the error correction.
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