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Effective quantum communication between remote quantum nodes requires high fidelity quantum
state transfer and remote entanglement generation. Recent experiments have demonstrated that micro-
wave photons, as well as phonons, can be used to couple superconducting qubits, with a fidelity limited
primarily by loss in the communication channel [P. Kurpiers et al., Nature (London) 558, 264 (2018); C. J.
Axline et al., Nat. Phys. 14, 705 (2018); P. Campagne-Ibarcq et al., Phys. Rev. Lett. 120, 200501 (2018); N.
Leung et al., npj Quantum Inf. 5, 18 (2019); Y. P. Zhong et al., Nat. Phys. 15, 741 (2019); A. Bienfait et al.,
Science 364, 368 (2019)]. Adiabatic protocols can overcome channel loss by transferring quantum states
without populating the lossy communication channel. Here, we present a unique superconducting quantum
communication system, comprising two superconducting qubits connected by a 0.73 m-long communi-
cation channel. Significantly, we can introduce large tunable loss to the channel, allowing exploration of
different entanglement protocols in the presence of dissipation. When set for minimum loss in the channel,
we demonstrate an adiabatic quantum state transfer protocol that achieves 99% transfer efficiency as well as
the deterministic generation of entangled Bell states with a fidelity of 96%, all without populating the
intervening communication channel, and competitive with a qubit-resonant mode-qubit relay method. We
also explore the performance of the adiabatic protocol in the presence of significant channel loss, and show
that the adiabatic protocol protects against loss in the channel, achieving higher state transfer and
entanglement fidelities than the relay method.

DOI: 10.1103/PhysRevLett.124.240502

Remote entanglement of superconducting qubits has
recently been demonstrated using both microwave photon-
and phonon-mediated communication [1–6]. Many of these
demonstrations are limited by loss in the communication
channel, due to loss in the various microwave components
or intrinsic to the channel itself [1,4,6]; similar limitations
apply to, e.g., optically based quantum communication
systems. Adiabatic protocols analogous to stimulated
Raman adiabatic passage [7,8] can mitigate such loss by
adiabatically evolving an eigenstate of the system, using
states that are “dark” with respect to the communication
channel. These enable the high-fidelity coherent transfer of
quantum states between sender and receiver nodes, even in
the presence of large channel loss. Despite their use in a
number of localized systems, such protocols have not been
used for the generation of remote entangled states [7,8].
In this Letter, we present a unique experimental system

comprising a pair of superconducting transmon-style qubits
linked by an on-chip, 0.73 m-long superconducting micro-
wave transmission line. By changing the coupling of the
transmission line to a resistive load, we can vary the energy
lifetime T1r of the transmission line over 2 orders of

magnitude. We demonstrate an adiabatic protocol for
quantum communication between the qubit nodes, compare
its performance to a qubit-transmission mode-qubit relay
method [5,9,10], and explore the performance of both
protocols as a function of transmission loss.
First, we describe the experimental device, then the two-

state transfer methods. We test the performance of each
protocol in the low-loss limit, then as a function of trans-
mission loss. The adiabatic process achieves significantly
improved performance compared to the relay method,
especially at intermediate levels of loss in the channel.
The two quantum state transfer methods, and the device

we use to test them, are shown inFig. 1. The device comprises
two frequency-tunable superconducting Xmon qubits
[11,12], Q1 and Q2, each coupled to one end of the on-chip
transmission line via an electrically controlled tunable
coupler [13], G1 and G2, respectively [Fig. 1(b)]. We use
the qubit ground jgi and excited jei states, whose transition
frequency is tunable from ∼3 to 6 GHz. Qubit control is via
low-frequency flux tuning for Z control and quadrature-
resolved microwave pulses for XY control. We read out the
qubit states using standard dispersivemeasurements [14–16],
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via a capacitively coupled readout resonator and a traveling-
wave parametric amplifier. We projectively measure the
excited state probability Pe of each qubit with a fidelity
of 88.8� 0.8%.
The tunable couplers G1 and G2 allow us to externally

control the coupling g1;2 of each qubit to the individual
resonant modes in the transmission line. A variable control
consisting of two additional tunable couplers,D1 andD2, is
integrated into the transmission line, 1.6 mm from the
couplerG1 and its associated qubitQ1. This circuit element
provides electrically controlled coupling between its input
port and two output ports [36]. The coupler D2 is placed
inline with the transmission line and is always set to
provide maximum coupling (and minimal reflection) to
the remaining length of the transmission line. The other
coupler D1 connects to port 1 on the sample mount, which
is terminated by a lumped 50Ω microwave load outside the
sample box. Varying the coupling to this load allows us to
set the loss in the transmission line, quantified by the
energy lifetime T1r of each resonant mode.
The transmission line of length l ¼ 0.73 m supports

multiple resonant modes, separated in frequency by the free
spectral range (FSR) ωFSR=2π ¼ 1=2Tl ¼ 84 MHz, where
Tl ¼ 5.9 ns is the photon one-way transit time in the

channel. For a sufficiently small qubit-resonator coupling,
g1;2 ≪ ωFSR, each qubit can be selectively coupled to a
single resonant mode in the transmission line. This is
shown in Fig. 2(a), where the transition frequency ωge=2π
of qubit Q1 is tuned over 400 MHz, yielding four separate
vacuum Rabi swap resonances spaced by the free spectral
range ωFSR=2π. The loss coupler D1 was set to minimum
coupling, so the transmission line is limited only by its
intrinsic loss. All experiments, here, were done with the
mode at 5.351 GHz, just to the right of center in Fig. 2(a).
In Fig. 2(b), we demonstrate tunable control over the

channel loss, using qubit Q1 to measure the lifetime of the
resonant mode at 5.531 GHz as we vary the coupler D1

and, thus, the transmission line loss. The pulse sequence
for this measurement is shown in the inset in Fig. 2(b).
The mode energy decay time T1r for each loss setting
(controlled by the D1 flux) is shown in Fig. 2(b). With no
coupling through D1, we measure the intrinsic resonant
mode lifetime T1r ≈ 3410� 40 ns (orange), comparable
to similar transmission lines without variable loss [5].
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FIG. 1. Experimental device. (a) Optical micrograph of the
device (left), with magnified views of one qubit and its associated
tunable coupler (right top), and one variable loss coupler (right
bottom). (b) A simplified circuit schematic, with two super-
conducting qubits (Q1 andQ2, blue), coupled by tunable couplers
(G1 and G2, purple) to a 0.73 m-long superconducting trans-
mission line (orange). The transmission line is interrupted near
Q1 by a tunable switch. The switch comprises two tunable
couplers D1 (red) and D2 (teal), with D1 connected to an external
50 Ω load to ground (dashed box), while D2 connects to the
remainder of the transmission line. Complete circuit diagram and
parameters are provided in [17].
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FIG. 2. Variable loss transmission channel. (a) Vacuum Rabi
swaps between qubit Q1 and four sequential resonant trans-
mission line modes. The coupling is set to jg1j=2π ¼
5.0� 0.1 MHz ≪ ωFSR=2π. (b) Measurement of the energy
lifetime T1r of one resonant mode in the transmission line, at
5.351 GHz, with equivalent quality factors Q shown on right;
inset shows pulse sequence. A π pulse to qubit Q1 puts it in the
excited state, and this excitation is swapped into the resonant
mode for a time t, after which it is recovered and the qubit Pe
measured. The corresponding lifetime is measured as a function
of transmission line loss, controlled during the lifetime meas-
urement using coupler D1. With D1 turned off, we find the
intrinsic lifetime T1r ¼ 3410� 40 ns (orange); with maximum
loss, we find T1r ¼ 28.7� 0.2 ns (blue). The standard deviation
of each data point is smaller than the points. Dashed lines are
results calculated with a circuit model; see [17].
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With maximum coupling to the load, we measure a lifetime
T1r ≈ 28.7� 0.2 ns (blue), corresponding to a loaded
quality factor Qr ¼ 960, about 120 times smaller than
the intrinsic quality factor of 1.1 × 105. We also measure
the resonant mode’s Ramsey dephasing time T2r at various
D1 flux bias points and find T2r ≈ 2T1r, indicating the
coupler D1 introduces negligible additional phase
decoherence. One nonideality with this system is that qubit
Q1, due to its close proximity to the loss coupler D1, also
has its lifetime reduced when the couplers G1 and D1 are
both set to nonzero coupling, allowing energy loss fromQ1

to the external load; this limits the performance ofQ1 and is
discussed further in the Supplemental Material [17–36].
This additional loss pathway could be reduced by placing
the loss couplerD1 in the center of the transmission line, as
the transmission line would then protect both qubits from
the external load.
We used two different communication protocols, adia-

batic transfer and a qubit-resonant mode-qubit relay
method. Both methods were used for qubit state transfer
via the transmission line as well as Bell state generation,
both as a function of loss in the communication channel.
The relay method uses a single extended mode in the
transmission line, swapping an excitation from one qubit
into that mode and subsequently swapping the excitation
from that mode to the other qubit. This method is described
in detail elsewhere [5]; here, it achieves an intrinsic loss-
limited state transfer efficiency of η ¼ 0.95� 0.01 and
a Bell state fidelity of F s ¼ hψ−jρjψ−i ¼ 0.941� 0.005,
where ρ is the measured density matrix and jψ−i ¼
ðjegi − jgeiÞ= ffiffiffi

2
p

is the reference Bell singlet state.
The adiabatic method uses the variable coupling of each

qubit to the transmission line. When qubits Q1 and Q2 are
set to the same frequency and couple to the same resonant
mode in the channel with strengths g1ðtÞ and g2ðtÞ, the
single-excitation Hamiltonian for the system can be written
in the rotating frame as

H=ℏ ¼ g1ðtÞðje0gihg1gj þ jg1gihe0gjÞ
þ g2ðtÞðjg0eihg1gj þ jg1gihg0ejÞ; ð1Þ

where jaNbi corresponds to Q1 (Q2) in jai (jbi) with N
photons in the resonant transmission line mode. This
Hamiltonian supports a dark eigenstate jDi that has no
occupancy in the resonant mode,

jDðtÞi ¼ 1
ffiffiffi
2

p ½cos θðtÞje0gi − sin θðtÞjg0ei�; ð2Þ

where the mixing angle θ is given by tanθðtÞ¼g1ðtÞ=g2ðtÞ.
With g1 set to zero and g2 to its maximum, the dark state is
jDi ¼ je0gi, while exchanging the coupling values g1↔g2
yields the dark state jg0ei. By adiabatically varying the
ratio g1ðtÞ=g2ðtÞ in time from zero to its maximum, the

system will swap the excitation from Q1 to Q2, without
populating the lossy intermediate channel [7,37].
Here, we implement a simple adiabatic scheme [37,38],

where we vary the couplings in time according to g1ðtÞ ¼
ḡ sin ðπt=2tfÞ and g2ðtÞ ¼ ḡ cos ðπt=2tfÞ. We choose the
parameters ḡ=2π ¼ 15 MHz and tf ¼ 132 ns, minimizing
the impact of finite qubit coherence while maintaining
sufficient adiabaticity (see [17]). We note that the adiabatic
protocol supports better than 90% transfer efficiency even
when ḡ ¼ 0.4ωFSR; see [17].
In Fig. 3(a), we demonstrate deterministic adiabatic state

transfer from Q1 to Q2. With Q1 in jei and Q1 and Q2 set
on resonance with a single mode in the channel, we adjust
the couplers G1 and G2 adiabatically to complete the state
transfer. We show the excited state population of each qubit
as a function of time t, measured with the resonant mode
loss at its intrinsic minimum. We observe the expected
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FIG. 3. Quantum state transfer and remote entanglement using
the adiabatic protocol. (a) Adiabatic state transfer between qubits
Q1 and Q2, measured with intrinsic loss in the transmission line.
Blue (orange) circles represent excited state populations of Q1

(Q2) measured simultaneously at time t. Left inset: Control pulse
sequence. The couplers are set so that coupling g2 starts at its
maximum with g1 set to zero. Dissipation in the resonant channel
mode is controlled using D1, here, set to zero coupling. Right
inset: Quantum process tomography, yielding a process fidelity
Fp ¼ 0.96� 0.01. (b) Adiabatic remote entanglement. Right
inset shows control pulse sequence: With Q1 initially prepared in
jei,G1 andG2 are controlled using the adiabatic protocol to share
half of Q1 ’s excitation with Q2, resulting in a Bell singlet state
jψ−i ¼ ðjegi − jgeiÞ= ffiffiffi

2
p

. Blue (orange) circles represent excited
state populations of Q1 (Q2) measured simultaneously at time t.
Left inset: Reconstructed density matrix of the final Bell state,
yielding a state fidelity F s ¼ 0.964� 0.007 and concurrence
C ¼ 0.95� 0.01. In all panels, dashed lines are from master
equation simulations accounting for channel dissipation and qubit
imperfections (see [17]).
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gradual population transfer from Q1 to Q2, with the
population of Q2 reaching its maximum at t ¼ tf, with
a transfer efficiency η ¼ Pe;Q2

ðt ¼ tfÞ=Pe;Q1
ðt ¼ 0Þ ¼

0.99� 0.01. We further characterize the state transfer by
carrying out quantum process tomography [39], yielding
the process matrix χ shown in the inset in Fig. 3(a), with a
process fidelity Fp ¼ 0.96� 0.01, limited by qubit
decoherence. The process matrix calculated from a master
equation simulation displays a small trace distance to the
measured χ matrix of D¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Trð½χ−χsim�2Þ

p
¼0.02�0.01,

indicating excellent agreement with experiment.
The adiabatic protocol can also be used to generate

remote entanglement between Q1 and Q2. With Q1

prepared in jei, we share half its excitation with Q2 using
the adiabatic protocol, by stopping the transfer at its
midpoint t ¼ tf=2. This generates a Bell singlet state

jψ−i ¼ ðjegi − jgeiÞ= ffiffiffi
2

p
. The qubit excited state popula-

tion is shown as a function of time t in Fig. 3(b). We further
characterize the Bell state by quantum state tomography
[40,41], and the reconstructed density matrix ρ is shown in
the inset in Fig. 3(b). We find a Bell state fidelity
F s ¼ hψ−jρjψ−i ¼ 0.964� 0.007, referenced to the ideal
Bell singlet state ψ−, and a concurrence C ¼ 0.95� 0.01
(see [17]). The density matrix ρsim calculated from a master
equation simulation shows a small trace distance to the
measured ρ,

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Trðjρ − ρsimj2Þ

p
¼ 0.01, indicating excellent

agreement with experiment.
We explore the impact of loss on both the relay method

and the adiabatic protocol, with results shown as a function
of the resonant channel mode energy lifetime T1r in Fig 4.
For the highest level of dissipation, with T1r ¼ 28.7 ns, we
measure an adiabatic transfer efficiency η ¼ 0.67� 0.01,
even though the transfer time tf is four times the resonant
mode lifetime. The efficiency is primarily limited by loss in
qubitQ1 due to its spurious coupling loss throughD1 to the
50 Ω load (see [17]), in good agreement with master
equation simulations. Results from a simulation without
the spurious coupling are plotted as black dashed lines in
Fig 4(a), limited by a small channel occupation due to the
finite adiabaticity of the sequence. We compare these
results to the relay method, where we use a weak coupling
jg1;2j=2π ¼ 5.0 MHz to ensure that the qubits only couple
to a single transmission line mode; this results in a total
transfer time 2τswap ¼ 100 ns. We find the adiabatic pro-
tocol consistently performs better than the relay method,
with a 2.6× higher transfer efficiency η (2.3× reduction in
transfer loss) and 1.5× higher process fidelity Fp (2.3×
reduction in process infidelity) compared to the relay
method in the most dissipative case; the adiabatic protocol
is primarily limited by spurious coupling loss in Q1, while
the relay method is limited by loss in the channel (see [17]).
In Fig. 4(b), we display the entanglement fidelity using

the adiabatic protocol with different levels of channel loss,
and compare to the relay method. The adiabatic protocol

outperforms the relay method in all levels of dissipation.
At the highest loss level, where T1r ¼ 28.7 ns, the adia-
batic protocol achieves 1.2× higher Bell state fidelity F s
(1.5× reduction in Bell state infidelity) and 1.3× higher
concurrence C (1.7× reduction in concurrence infidelity)
compared to the relay method; the spurious-coupling-free
simulation result for the adiabatic protocol is shown by the
black dashed lines, limited by a small channel occupation
due to the finite adiabaticity of the sequence.
In conclusion, we describe a unique experimental system

in which we can explore the performance of quantum
communication protocols in the presence of controllable
communication loss. We demonstrate an adiabatic protocol
that realizes high-fidelity transfer of quantum states and
entangled Bell states, limited mostly by spurious coupling
of one qubit to the controlled transmission line loss. The
platform we have developed is well-suited for exploring the
impact of channel loss on other error-protecting quantum
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FIG. 4. Quantum communication in the presence of channel
loss, using both the relay method and adiabatic protocol.
(a) Measured transfer efficiency η (left) and process fidelity
Fp (right) for the adiabatic protocol (red) and the relay method
(blue), for different resonant channel mode lifetimes T1r, with
equivalent quality factors Q shown on top. (b) Measured Bell
state fidelity F s (left) and concurrence C (right) for adiabatic
protocol (red) and relay method (blue). In all panels, error bars are
1 standard deviation; red and blue dashed lines are from
simulations including all sources of loss, and black dashed lines
are from a master equation simulation for the adiabatic protocol
with no Q1 spurious coupling loss (see [17]).
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communication protocols, such as heralding [42–44] and
entanglement distillation [45–47]. The ability to introduce
controlled loss dynamically into the system opens the door
for studying dissipative dynamics in nonequilibrium sys-
tems, enabling approaches such as reservoir engineering
[48,49]. The adiabatic protocol demonstrated here is
applicable to other quantum communication systems, for
example, phonon-based systems where the communication
channel is significantly more lossy [6,50,51]. Future
demonstrations could employ more advanced adiabatic
protocols such as shortcuts to adiabaticity [52,53] and
composite adiabatic passage [54,55] to further improve
fidelity.
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