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High-fidelity quantum entanglement is a key resource for quantum communication and distributed
quantum computing, enabling quantum state teleportation, dense coding, and quantum encryption. Any
sources of decoherence in the communication channel, however, degrade entanglement fidelity, thereby
increasing the error rates of entangled state protocols. Entanglement purification provides a method to
alleviate these nonidealities by distilling impure states into higher-fidelity entangled states. Here we
demonstrate the entanglement purification of Bell pairs shared between two remote superconducting
quantum nodes connected by a moderately lossy, 1-meter long superconducting communication cable. We
use a purification process to correct the dominant amplitude damping errors caused by transmission
through the cable, with fractional increases in fidelity as large as 25%, achieved for higher damping errors.
The best final fidelity the purification achieves is 94.09� 0.98%. In addition, we use both dynamical
decoupling and Rabi driving to protect the entangled states from local noise, increasing the effective qubit
dephasing time by a factor of 4, from 3 to 12 μs. These methods demonstrate the potential for the
generation and preservation of very high-fidelity entanglement in a superconducting quantum commu-
nication network.

DOI: 10.1103/PhysRevLett.128.080504

Superconducting qubits are a favored hardware platform
for implementing quantum computation, with extant dem-
onstrations of circuits with up to ∼102 physical qubits [1–
5]. However, there remain significant practical challenges
in scaling up to the much larger qubit numbers needed for
error correction and for the implementation of useful
algorithms [6,7]. Distributed quantum computing provides
one path to scaling up, by connecting large numbers of
small-scale quantum processors in a quantum network [8–
11]. Initial steps have been taken to link small super-
conducting processors using superconducting transmission
lines [12–20], as well as efforts to build coherent micro-
wave-to-optical transducers for optical communication
[21,22]. However, other than monolithic demonstrations
on a single chip [16], these have not realized the high
fidelity entanglement needed for quantum information
applications, with photon loss dominating the degradation
of coherence during transmission through the cable inter-
connects, and decay due to local noise limiting the quantum
state storage time.
Here we describe a superconducting quantum network

with two physically separated nodes, each including three
superconducting qubits, connected by a 1-meter super-
conducting coaxial cable [19]. Using this setup, we can
deterministically generate high-fidelity Bell pairs shared
between the two nodes by sending microwave photons
through the coaxial cable. Amplitude damping of the

microwave photons, however, limits the fidelity of the
entangled pairs. Here we demonstrate the use of an
entanglement purification protocol [23] to correct these
errors. Entanglement purification via distillation has been
demonstrated in linear optics [24–27], as well as with
trapped ions [28] and defects in diamond [29]. In super-
conducting qubits, mitigating the photon loss in a commu-
nication channel has been achieved using adiabatic
methods [30] as well as through error-correctable qubits
[17]. In contrast to adiabatic protocols which require
remote synchronization [30,31], purification protocols
can achieve near unit-fidelity Bell states using only local
operations. The purification performance should be
similar to protocols using error-correctable qubits, but with
no additional requirements for intricate qubit encoding and
quantum nondemolition measurements [17,32]. Here we
show that amplitude damping errors can be effectively
corrected by a purification protocol including measurement
and postselection. In addition, we use dynamical decou-
pling (DD) and Rabi driving (RD) [33,34] to protect
the entangled states from local decoherence [35,36],
effectively increasing the qubit T2 lifetime by a factor of
4 from 3 to 12 μs. These results provide one possible
route for the implementation of high-fidelity distributed
quantum computing [8,11,37–39]. Please also see refer-
ences in the Supplemental Material [40], which includes
Refs. [41–44].
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An overview of the experiment is shown in Fig. 1, with a
schematic in Fig. 1(a), previously described in Ref. [19].
The system comprises two quantum network nodes A and
B, where each node includes three capacitively coupled
superconducting qubits Qk

i (i ¼ 1, 2, 3; k ¼ A, B), based
on the xmon design [45,46]. The central qubit Qk

2 in each
node is directly coupled to a 1 m-long niobium-titanium
(NbTi) superconducting coaxial cable via a tunable coupler
Gk [47]. The tunable coupler is connected by supercon-
ducting aluminum wire bonds to the center and ground of
the coaxial cable [19], effectively forming a Fabry-Pérot
cavity with the tunable couplers serving as variable mirrors
at either end. When the tunable couplers are turned to near
zero coupling strength, the Fabry-Pérot modes have a free
spectral range ωFSR=2π ¼ 105 MHz. Here we use the
mode at 5.806 GHz mode for communication, with
an energy lifetime of T1r ¼ 477 ns. The qubits each have
a relaxation time of T1 ≈ 10 μs and dephasing time
T2 ≈ 3 μs. Vacuum Rabi oscillations between QA

2 and
the communication mode C are shown in Fig. 1(b), where
we excite QA

2 , then turn on the coupler to coupling strength

gA=2π¼ 4.3 MHz while tuning the qubit into resonance
with the communication mode; the other coupler is left
off, effectively acting as a high-reflectance mirror. The
qubit’s excited state probability Pe is shown as a function
of the interaction time t. More details can be found in
Refs. [19,40].
In Fig. 2 we display the deterministic generation of a Bell

state distributed between nodes A and B. Using the tunable
coupler, we swap a “half photon” from QA

2 to QB
2 with the

communication mode C as an intermediate bus. The pulse
sequence is shown inset in Fig. 2(a), where we first apply a
π pulse to bring QA

2 from its ground state jgi to its first
excited state jei, then turn on QA

2 ’s coupler G
A to coupling

strength gA=2π¼ 4.3 MHz while tuning QA
2 into resonance

with the communication mode C. The swap time for a full
photon emission (je0gi → ijg1gi, representing states as
jQA

2CQ
B
2 i) is ∼60 ns. Here we turn on the coupling for

30 ns, which swaps a half excitation to the cable mode
[ideally, je0gi → ðje0gi þ ijg1giÞ= ffiffiffi

2
p

]. We then turn off
the coupler GA, and after a time delay td, set GB’s coupling
strength to gB=2π¼ 4.3 MHz while tuning QB

2 into reso-
nance with the communication mode. After a 60 ns full
swap, this generates a Bell state between QA

2 and QB
2 ,

ideally jψ−i ¼ ðjegi − jgeiÞ= ffiffiffi

2
p

(writing the two-qubit
state as jQA

2Q
B
2 i). In Fig. 2(a) we show the excited state

probability forQB
2 for two different delay times, td ¼ 50 ns

(orange) and 200 ns (red), along withQA
2 (blue). These data

clearly show the reduction in QB
2 ’s excited state probability

Pe with delay time td.
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FIG. 1. Device design and vacuum Rabi oscillations. (a) Sche-
matic of the quantum network, comprising two nodes A and B,
each with three capacitively coupled xmon qubits QA;B

i (i ¼ 1, 2,
3). The center qubit QA;B

2 in each node is connected to a 1-meter
long superconducting NbTi coaxial cable through a tunable
coupler GA;B. Qubits QA;B

3 are not used in this experiment.
(b) Vacuum Rabi oscillations between QA

2 and the 5.806 GHz
communication mode C, measured with coupling strength set to
gA=2π¼ 4.3 MHz. Inset shows pulse sequence, where after
exciting QA

2 , the qubit is tuned into resonance with the commu-
nication mode while simultaneously turning on the coupler GA.
Blue dashed line is from numerical simulations. The orange and
red dashed lines indicate the times for completing a half swap and
a full swap of the excitation in QA

2 to the communication mode.
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FIG. 2. Deterministic Bell state generation. (a) Inset: Pulse
sequence for Bell state generation, including the delay time td that
the excitation resides in the communication mode C. Main plot
shows jei state population Pe in QA

2 (blue), and in QB
2 for

different delay times in the cable td ¼ 50 (orange) and td ¼
200 ns (red). (b) Bell state fidelity F as a function of delay time
td. (c) Bell state tomography for td ¼ 10 and (d) td ¼ 400 ns.
Dashed lines in (a) and (b), and dashed outline boxes in (c) and
(d), are results from numerical simulations.
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In Fig. 2(b) we display the effect of the delay time in
the cable td on the Bell state fidelity F, defined as
F ¼ hψ−jρjψ−i, displaying the two-qubit density matrix
ρ measured using state tomography [48]. Numerical sim-
ulations (dashed blue line; see Supplementary Material
Ref. [40]) are in good agreement with the measurements. In
Figs. 2(c)–2(d) we show the measured density matrices for
the time delays td ¼ 10 and td¼ 400 ns. For the data in
Fig. 2(c), the measured fidelity to the ideal Bell state is
F ¼ 92.89� 0.85%, close to the numerical simulation
result F sim ¼ 92.01%. The data indicate that the dominant
infidelity is due to damping errors (j1i → j0i) in the
cable, which increase with delay time in the cable, with
a much smaller contribution from phase errors in the qubits
ðjgi þ jeiÞ= ffiffiffi

2
p

↔ ðjgi − jeiÞ= ffiffiffi

2
p

. Damping results in a
larger jTrðρjggihggjÞj component in the density matrix,
while phase decoherence yields smaller off-diagonal terms
in ρ. From the data at delay td¼ 400 ns, we estimate that
∼94% of the infidelity is due to damping errors (∼82%
from cable loss and ∼12% from qubit decay) and ∼6% is
due to qubit decoherence.
We use a purification process including measurement

and post-selection to improve the final Bell state fidelities,
as shown in Fig. 3. The purification circuit is shown in
Fig. 3(a), where two impure Bell pairs ρð1Þ and ρð2Þ are
created between the two nodes, which serve as the source
(ρð1Þ) and target pairs (ρð2Þ). Parallel CNOT gates are
performed between the qubits in each node, followed by
Z measurements of the source pair ρð1Þ, using the meas-
urement results to post-select from ρð2Þ. The result is a
purified Bell pair ρf with a higher fidelity to the purification
target state jψþi ¼ ðjegi þ jgeiÞ= ffiffiffi

2
p

[23].
Including only the errors due to the lossy channel and

qubit dephasing, the two nominally identical impure states
can be written as

ρð1Þ ¼ ρð2Þ ¼ ð1 − ϵpÞjψ−ihψ−j þ ϵpjψþihψþj
þ ϵdðjggihggj − jgeihgejÞ; ð1Þ

where ϵd accounts for any damping errors in the cable,
of the form j1i → j0i, and ϵp accounts for phase errors of
the form ðjgi þ jeiÞ= ffiffiffi

2
p

↔ ðjgi − jeiÞ= ffiffiffi

2
p

, which take
jψ−i to jψþi ¼ ðjegi þ jgeiÞ= ffiffiffi

2
p

.
When the two Z measurements of ρð1Þ are not consistent,

the state ρf will be a mixed state, indicating a failed
purification. Assuming perfect local operations and mea-
surements, when the two measurement results are consis-
tent, the result is a purified state closer to the ideal jψþi
pair. When the measurement result of ρð1Þ is jggi, damping
errors are partially corrected, with a nonzero ground state
jggihggj population. For more details see the Supplemental
Material [40].
When instead the measurement result is jeei, the final

state will be

ρf ¼ ð1 − ϵpf
Þjψþihψþj þ ϵpf

jψ−ihψ−j; ð2Þ

with a phase error ϵpf
¼ ð2ϵ2p − 2ϵp þ 2ϵdÞ=ð1 − 2ϵdÞ

[40]. The damping error is fully corrected, with a purifi-
cation success rate 0.5 − ϵd. Here we focus on the meas-
urement result jeei, where the damping error is fully
corrected and purification yields higher Bell state fidelities
than the jggi measurement result.
We implement the purification process as shown in

Fig. 3(b). After generating the first Bell pair, shared
between the two nodes in jQA

2Q
B
2 i, we apply two parallel

iSWAP gates that transfer the state to jQA
1Q

B
1 i, with an

efficiency over 99%. We then generate the second Bell pair
in jQA

2Q
B
2 i using the same sequence as for the first Bell pair.

We indirectly vary the cable loss by changing the delay
time td the half photon resides in the cable.
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FIG. 3. Entanglement purification. (a) Circuit schematic. (b) Ex-
perimental realization of the purification circuit in (a). The ST=2
process is a half-photon transfer process as in Fig. 2(a). We
prepare the first Bell pair jQA

2Q
B
2 i followed by swaps into

jQA
1Q

B
1 i. We then generate the second Bell pair in jQA

2Q
B
2 i,

and purify using these two pairs. (c) Bell state fidelity F before
purification for jQA

2Q
B
2 i (blue) and jQA

1Q
B
1 i (orange), and after

purification for jQA
2Q

B
2 i (green), each measured as a function of

delay time td. Gray dashed line is for error-free purification
between two identical impure Bell states. (d) Success rate for
purification, which is the probability of measuring jQA

1Q
B
1⟫ in

jeei with (red) and without (purple) readout measurement
correction [49]. (e) State tomography with td¼ 150 ns for the
pre-purification states jQA

1Q
B
1 i, representing ρð1Þ, with state

fidelity 69.4� 2.0%, and for (f) jQA
2Q

B
2 i, representing ρð2Þ, with

state fidelity 75.3� 1.0%. (g) Tomography for the post-purified
jQA

2Q
A
2 i, representing ρf, with state fidelity 86.9� 1.8%. Dashed

lines are simulation results.
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Pre-purification measurements of the two Bell states in
jQA

1Q
B
1 i and jQA

2Q
B
2 i, representing ρð1Þ and ρð2Þ, respec-

tively, are shown in Figs. 3(c), 3(e), and 3(f). These indicate
the fidelity of the second Bell pair in jQA

2Q
B
2 i is a few

percent lower than the Bell pair in Fig. 2(b), due to
imperfections in the iSWAP gates and possible interference
with the first Bell pair during the second Bell pair
generation. The first Bell pair’s fidelity also falls due to
qubit decay during the second Bell pair generation. Better
qubit lifetimes [50,51], or the use of parallel communica-
tion channels, could reduce these infidelities. The purifying
CNOT gate, with jQA

2Q
B
2 i as the control, is implemented

using a CZ gate combined with two single-qubit Y=2 gates
applied to jQA

1Q
B
1 i. The CZ gate is realized using the

qubits’ second excited state jfi, bringing the two-qubit
states jeei and jgfi into energy resonance so that the jeei
state acquires an extra phase compared to the other
computational basis states [52]. We typically achieve
CZ gate process fidelities of over 95% [40]. Following
the CNOT gates, we perform Z measurements of QA;B

1 and
tomography measurements of QA;B

2 . We postselect as
purified states those with jQA

1Q
B
1 i ¼ jeei; this purification

process targets the ideal Bell state jψþi.
The fidelity of the purified state, representing ρf, is

shown in Fig. 3(c) as a function of delay td. Larger td shows
larger purification improvement, as there is more photon
loss during cable transmission; the best fidelity of
94.09%� 0.98% is for the shortest delay td¼ 20 ns. The
largest fractional improvement in fidelity, defined as the
change in fidelity divided by the initial (pre-purification)
fidelity, is 25%, achieved for the longest delay td ¼ 400 ns.
The success rate, given by the probability of measuring
jQA

1Q
B
1 i in jeei, is shown in Fig. 3(d), which falls for longer

delay times, as expected: The main limitation is due to
storage decay of the first Bell pair, whose resultingly lower
fidelity limits both the success rate and the purified fidelity.
The gray dashed line shows the expected purified Bell state
fidelity for two identical Bell pairs matching jQA

2Q
B
2 i. State

tomography of the purified state for td¼ 150 ns is shown in
Fig. 4(g), with a state fidelity 86.9� 1.8%. The purified
state has more than 10% fidelity improvement and damping
errors are mostly corrected.
The purification protocol is mostly limited by

decoherence in the qubits. The dephasing time T2 ∼ 3 μs
of our qubits is significantly shorter than the energy
relaxation time T1 ∼ 10 μs, indicative of extra dephasing
channels, possibly due to magnetic flux noise, to which
frequency-tunable xmons are particularly susceptible [45].
Using either dynamical decoupling (DD), or a simpler Rabi
drive (RD), we can protect the Bell pairs from the local
noise that generates some of this decoherence. DD is a
technique commonly used in spin systems [33,34], where
periodic pulse sequences average the effective environ-
mental noise to near zero, yielding significantly extended

qubit coherence times [35,36,53], as well as suppression of
two-qubit correlated noise [54]. The quantum circuit for
DD is shown in Fig. 4(a), where we apply a sequence of X
gates to both qubits after generating a Bell state; the simpler
RD is shown in Fig. 4(b). The DD X gate we use is a π
pulse with an additional DRAG correction [55]. The gate
fidelity, as determined by randomized benchmarking [56],
is 99.7%, with a gate duration of 30 ns [40]. Following
each X gate, we insert 5 ns of buffer time, so that each DD
cycle, comprising two X gates, takes 70 ns. To evaluate
the performance of the DD sequence, we perform state
tomography after a varying number of DD cycles, with the
results shown in Fig. 4(d). We see that DD significantly
improves the Bell state fidelity, approaching the fidelity
associated with pure T1 dephasing (gray dashed line). For a
1.4 μs evolution time, the state fidelity improves from
57.6� 3.0% to 71.7� 2.3%.
The simpler Rabi drive scheme works nearly as well as

DD. The fidelity of the Bell pair with Rabi drive is shown in
Fig. 4(d), showing similar performance to the DD sequence
for Ω=2π¼ 5 MHz. For 1.4 μs evolution, the RD fidelity
improves from 57.6� 3.0% to 72.3� 1.5%. For both DD
and RD, the Bell state fidelity decay corresponds well to
simulations using a qubit T2 ∼ 12 μs, showing excellent
protection of entanglement from local noise. We also tried
to combine RD/DD with the purification protocol to further
improve the performance. However this was not successful,
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FIG. 4. Entanglement protection using either dynamical decou-
pling (DD) or Rabi driving. (a) Pulse sequence for DD and
(b) Rabi drive. The ST=2 gate corresponds to the half-photon
transfer process as shown in Fig. 2(b), with cable delay
td¼ 10 ns. (c) Bell state fidelity as a function of time for free
evolution (blue), DD (orange), and for Rabi drive strengths
Ω=2π ¼ 5 (green) and Ω=2π¼ 3.3 MHz (red). Numerical sim-
ulations are for free evolution including amplitude and phase
decay (blue dashed line) and for free evolution with only T1

decay (gray dashed line).
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we believe because of interference with the frequency-bias
pulses applied to jQA

1Q
B
1 i [40].

In conclusion, we have demonstrated a two-node
superconducting quantum network that supports the high-
fidelity generation of Bell pairs across the network, with
excellent state fidelity of 92.89� 0.85%. Purification
protocols successfully correct amplitude damping errors
caused by the lossy communication channel, improving
the state fidelity to 94.09� 0.98%. Furthermore, local
phase decoherence can be minimized using either
dynamical decoupling or the simpler Rabi drive. These
results point to the powerful potential for distributed
quantum computing in superconducting networks,
relying on high-fidelity entanglement over meter-scale
networks.
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