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Quantum communication test beds provide a useful resource for experimentally investigating a variety of
communication protocols. Here we demonstrate a superconducting circuit test bed with bidirectional
multiphoton state transfer capability using time-domain shaped wave packets. The system we use to
achieve this comprises two remote nodes, each including a tunable superconducting transmon qubit and a
tunable microwave-frequency resonator, linked by a 2 m—long superconducting coplanar waveguide, which
serves as a transmission line. We transfer both individual and superposition Fock states between the two
remote nodes, and additionally show that this bidirectional state transfer can be done simultaneously, as
well as being used to entangle elements in the two nodes.
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Long-range, high-fidelity communication of quantum
information has applications in several areas [1], including
secure communication using quantum key cryptography
[2], as well as serving as the backbone for a future quantum
Internet [3]. These applications require sources of
entangled photons, preferably on-demand, to perform most
quantum cryptographic functions. Photons at optical
frequencies are a natural choice for the communication
medium, due to their high energies compared to ambient
thermal energies, their low propagation loss at room
temperature, and widely available fiber communication
technology. However, high-fidelity and high-rate sources of
on-demand entangled photons are still lacking at optical
frequencies, yielding to date low information transfer rates
[4-8]. At microwave frequencies, superconducting circuits
provide a flexible platform for designing high-fidelity
control of computational elements with reasonably low-
loss memory elements, and can deterministically generate
microwave photons entangled with qubits. Combined with
variable superconducting couplers, these elements can be
used to experimentally test long-range communication
protocols [9] with itinerant photon wave packets [10-
19], as well as modular quantum computing approaches,
using the standing modes in a weakly coupled communi-
cation waveguide [20-23]. Several experiments using
superconducting circuits have demonstrated deterministic
transfer of both single [14—16] and multiphoton states [17]
between remote nodes, using time-symmetric shaped wave
packets to improve transfer fidelity [24]. However, with the
exception of Refs. [16,19], these all involved the use of
lossy microwave circulators, thus only supporting commu-
nication in one direction.
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Here we demonstrate bidirectional, multiphoton state
transfer with shaped wave packets between two remote
superconducting qubit nodes, eliminating the microwave
circulators used in earlier experiments [14,15,17]. Circu-
lators are useful for preventing unwanted reflections from
emitted signals, simplifying the tune-up and operation of
these circuits. However, existing broadband commercial
circulators cannot reverse their polarity in sifu, and further
are a significant source of loss; while broadband parametric
circulators may overcome these limitations [25,26], they
are not yet available. Here, we implement itinerant bidi-
rectional communication, where itinerant means the pulsed
signals have time-domain envelopes shorter than the length
of the transmission line; we achieve this by using fast
dynamic couplers at each node, allowing us to complete
signal transfers with low reflection rates and sufficient
speed that interference between emission and reflection
signals can be avoided [16].

The experimental device is shown in Fig. 1. Each of the
two nodes comprises a frequency-tunable superconducting
Xmon qubit [27] Q1 (Q2), capacitively coupled to a
frequency-tunable resonator R1 (R2), which is in turn
connected via a variable coupler [28] to one end of a
2 m-long, 50 Q coplanar waveguide. The tunable reso-
nators are implemented as a resonant section of coplanar
waveguide terminated by a superconducting quantum
interference device (SQUID) [29], connected to ground
through the variable coupler. Control flux lines allow
tuning the resonator over a range of 1.5 GHz, limited in
the experiment to 0.5 GHz by the control electronics. The
variable couplers afford control of the coupling strength of
the resonator to the 2 m—long transmission line, where the
resonator decay rate k,/2x into the transmission line can be

© 2024 American Physical Society
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FIG. 1. Experimental layout. (a) Block diagram for the experi-
ment, comprising two tunable qubits Q1, Q2 (green), capacitively
coupled to two tunable resonators R1, R2 (orange), in turn
coupled via two variable couplers C1, C2 (purple) to a 2 m-long
waveguide (yellow). Circuit representations of these elements are
shown in the dashed box. (b) Backside-illuminated optical
photograph of fabricated device with false coloring, showing
all components including the 2 m-long coplanar waveguide, as
well as the printed circuit board to which the die is wirebonded
for signal routing. A test pad for detecting shorts is directly above
the midpoint of the waveguide. The test pad is physically
disconnected prior to the experiment, removing the electrical
connection to the waveguide. Test pads and trial Josephson
junctions for measuring junction resistances are located to the top
right of the waveguide. (c¢) Optical micrograph of device with
false coloring corresponding to components shown in panel (a).
The coplanar waveguide is patterned on the same die but is
cropped from this image; see panel (b). Microwave XY lines are
used to excite the qubits (i.e., for X and Y rotations), Z lines
control the qubit frequency (yielding a Z rotation referenced to a
system clock), D lines displace the resonators for Wigner
tomography, F lines control the resonator frequency, G lines
control the coupler, and Rd refers to the readout resonators.
Subscripts indicate nodes 1 or 2.

varied dynamically from O to 55 MHz, with control signals
as short as 3 ns, limited by control-line filtering. The
transmission line itself is a 50 Q coplanar waveguide,
galvanically connected to each variable coupler. All com-
ponents are fabricated on a single 2 cm x 2 cm sapphire
die, shown in a back-lit optical photograph in Fig. 1(b).
Fabrication details are provided in Ref. [30]. The device
was wire-bonded to a copper printed circuit board that was
in turn placed in an aluminum enclosure, the latter placed in
a double magnetic shield mounted to the 10 mK mixing

chamber of a dilution refrigerator. A wiring diagram
showing the cabling for the dilution refrigerator and a
schematic for the control and readout circuitry are shown in
the Supplemental Material [30].

A standard characterization of the qubits yields charac-
teristic lifetimes T o, = 20 ps and T g, = 22 ps at the
qubit operating frequencies of f,; =4.57 GHz and
fo2 = 4.5 GHz. The qubit Ramsey coherence times T,
at the same operating frequencies are 2.6 ps and 0.56 ps,
respectively.

To characterize the tunable resonators, we swap single
excitations from the qubits to their respective resonators by
tuning the excited qubit into resonance with the resonator
for a calibrated time, with the variable couplers turned off.
Using the qubits to monitor the subsequent resonator decay,
we measure characteristic 7y and T, times of T4z =
4.57 ps, Ty gy =0.86ps, T g1 =0.95ps, and T g, =0.9ps.
All qubit-resonator swaps are measured at frequency
fr =4.058 GHz with qubit-resonator coupling strength
gor/2m = 6.8 MHz set by the geometric capacitance C =
1.4 fF connecting these elements.

We characterize the transmission waveguide by swap-
ping excitations into individual standing waveguide modes
as shown in Fig. 2(a), at weak coupling gpy < @rgg, With
grw/27 < 3.4 MHz as the coupling strength between the
resonator and waveguide, and wpgz/27 =31 MHz the
waveguide free spectral range. The waveguide T coher-
ence times are in the range of 4-5 ps. At stronger coupling,
we emit itinerant wave packets into the waveguide, which
requires coupling to a number of adjacent waveguide
modes. Figure 2(b) shows a Ramsey-like experiment with
/2 pulses on Q2 at the beginning and end of the pulse
sequence, where we emit and then recapture a super-
position [0) + |1) state in R2 for different resonator
frequencies. The return time for the pulses is independent
of the resonator frequency in this regime; fringes at
different frequencies indicate phase coherence in the wave-
guide. See Ref. [30] for more characterization details.

We prepare Fock states in each tunable resonator by
exciting the adjacent qubit, then resonantly swapping pho-
tons one at a time into the resonator [55]. In Figs. 3(a) and
3(b), we swap an n = 1 Fock state between the resonators
via the communication waveguide, by first exciting either
resonator via its adjacent qubit with both resonators tuned
to fr and controlling the variable couplers with calibrated
pulses to perform an itinerant release-and-catch transfer of
the excitation [16]. We then swap the receiving resonator’s
excitation to the corresponding qubit for measurement. We
release and subsequently capture the wave packet by
dynamically tuning the coupling strength for each coupler,
and we optimize the state transfer using Bayesian opti-
mization [56]. During this process, we hold each resona-
tor’s frequency constant by applying a stabilizing flux pulse
to its SQUID; this corrects for frequency changes due
to the changing loading electrical circuit, as well as flux
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FIG. 2. (a) Standing waveguide modes seen by R1 at weak
coupling. After a single excitation is swapped into R1, the
coupling to the waveguide is turned on for time z,, while the
resonator is held at a constant frequency. (b) Ramsey-like
experiment showing itinerant emission and recapture of a |0) +
|1) state in R2. The superposition state is swapped from Q2 to R2,
emitted and recaptured from R2 with 20 ns rectangular pulses
separated by delay 7, while the resonator is held at a constant
frequency, swapped back to 02, and a /2 pulse is applied to 02
before measurement. P,; and P,, are the excitation probabilities
of qubits Q1 and Q2, respectively, after the experimental pulse
sequences. Detailed pulse sequences are given in Ref. [30].

cross-talk. We transfer single photons in either direction,
with an efficiency of 0.72 for Q1 — Q2 transfers, and an
efficiency of 0.74 for the reverse direction. Here, efficiency
is defined as & = (P;)/(P;), where P, ; are the release and
capture qubit populations, respectlvely. The inefficiency is
likely dominated by nonideal pulse shaping and timing, as
the inverse loss rate in the system is well characterized and
significantly longer than the transfer time.

To demonstrate bidirectional itinerant state transfer, we
prepare dual resonator states using the adjacent qubits and
then simultaneously release these into the communication
waveguide, using the qubits to monitor the resonator
populations. In Fig. 3(c), we show the schematic process,
where we prepare resonator R1 with a two-photon Fock
state while preparing resonator R2 with a one-photon Fock
state. We then use both variable couplers to perform a
simultaneous itinerant release-and-catch of photons trans-
mitted in each direction in the communication waveguide.
To reconstruct the resulting population in the resonators,
we resonantly interact the resonator with its corresponding
qubit for a variable length of time, monitoring the qubit
excited state probability. We then fit the time-dependent
response to a model Hamiltonian for the combined system
[57]. The reconstructed resonator Fock state probabilities
for Fock states n = 0, 1, 2 are shown in Fig. 3 as a function
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FIG. 3. Transfer of excited qubit states, from (a) qubit Q1 to

qubit Q2 and from (b) Q2 to Q1. We excite the emitting qubit,
swap the excitation to the adjacent resonator, transmit the
excitation as a wave packet to the distant resonator by time-
varying control of the couplers between the resonators and
waveguide, then finally swap to the receiving qubit. Lines are
a guide for the eye. (c) Simultaneous state swaps between the
resonators. We initialize resonator R1 in a two-photon Fock state
while initializing resonator R2 in a one-photon Fock state. These
states are simultaneously released into the transmission line as
itinerant wave packets that are then captured by the receiving
resonators, and we use the associated qubit to analyze its
associated resonator’s final state. The population of each reso-
nator’s Fock states |F,), n =0, 1, 2 is shown as a function of
time. Detailed pulse sequences are given in Ref. [30].

of time. Due to the use of slightly different control pulses,
in this experiment the resonator one-photon transfer effi-
ciency is 0.82, while the two-photon transfer efficiency is
0.64. The infidelity of the initial |1) state in R2 is primarily
due to the short resonator lifetime (< 1 ps), combined with
the long state preparation sequence. Further details about
pulse sequences are given in Ref. [30].

We can also use this system to generate and transfer more
complex quantum states. In Fig. 4(a), we show the
preparation and transfer of superposition Fock states. We
prepare the |0) + |1) superposition states in resonator R1
by swapping a |g) + |e) state from qubit Q1, achieving a
state fidelity F = 0.99(6). We perform an itinerant state
transfer via the communication channel to resonator R2
with fidelity F = 0.94(0), where F(p, c) = try/p'/?cp'/?
of the measured density matrix p to the ideal state ¢. In a
similar fashion, we prepare the |0) 4 |2) superposition in
R2 by exciting Q1 to the |g) + |f) state with two sub-
sequent swaps to R1, achieving a fidelity 7 = 0.95(2). The
|0) + |2) superposition is then transferred by wave packet
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FIG. 4. (a) Transfer of superposition Fock states. We prepare
|0) + |1) and |0) + |2) states in resonator R1 and transfer these as
itinerant wave packets to resonator R2. We use the corresponding
qubits to reconstruct the Wigner tomograms in both resonators, as
described in the main text. The lower graphs show NOON states
[n0) + |0n) with (b) n =1 and (c) n =2 itinerant transfers
between the two tunable resonators. State preparation is described
in the main text. Dotted lines indicate the ideal NOON states,
while transparent colored bars are the reconstructed density
matrices.

via the communication channel to R2, with fidelity
F =0.82(3). The Wigner tomograms in the figure are
reconstructed by using convex optimization to find the
most likely state that fits the Fock distribution as a function
of displacement [58,59]. To measure the final resonator
Fock state distribution, we tune the qubit, initially in its
ground state, to the resonator frequency, and fit the
subsequent qubit oscillations to a model system [30,57].
The phase difference between the prepared and received
states is possibly due to the resonator frequency varying
slightly during wave packet release and capture, due to
nonideal control pulses. Wigner tomograms of the raw
parity data are given in [30].

To demonstrate the generation of remote entanglement in
this system, shown in Fig. 4(b), we create NOON states,
superposition states in which N-photon states in one
resonator are superposed with vacuum states in the other

resonator, in the form |y) = (1/v/2)(|[NO) — [ON)). In

Fig. 4(b), for the N =1 NOON state, we prepare a one-
photon Fock state in R1, and then, via an itinerant transfer,
move half the population to R2. We then measure the joint
resonator state with bipartite Wigner tomography [60],
using convex optimization to find the most likely state
given by the joint resonator Fock distribution as a function
of displaced resonator states [58,59]. Similarly to the single
resonator case, we measure the joint resonator Fock distri-
bution by tuning both qubits, initially in their ground states,
into resonance with their respective resonators, and then we
fit the resulting qubit population oscillations to a model
system [30,60]. The fidelity of the prepared state is found to
be F = 0.82(7). In Fig. 4(c), for the N = 2 NOON state,
we first prepare a one-excitation Bell state (|eg) — |ge))/
/2 in the two qubits, by swapping half an excitation from
Q1 to R1, followed by an itinerant transfer from R1 to R2,
and finally swapping the half-excitation to Q2. We next
excite the e — f transition in each qubit, resulting in the

state (|fg) — |gf))/V/2, and then transfer the qubit pop-
ulations to the resonators with two subsequent swaps, re-
sulting in the final resonator state (|20) — |02))/v/2. The
fidelity to the ideal state is & = 0.78(0). Figures 4(b) and
4(c) show the reconstructed absolute value of the density
matrices for the two states. The major sources of infidelity
are photon loss during the transfer process and while stored
in the resonators.

In conclusion, we demonstrate multiphoton bidirectional
communication between two quantum-coherent supercon-
ducting nodes coupled by a 2 m-long coplanar waveguide,
with states sent using itinerant photons whose pulse lengths
of 0.45 m are significantly less than the 2 m length of the
waveguide. Future experiments might transfer multiphoton
qubits such as the cat [61] or GKP [62] encoding states
between resonators in the testbed. Other communication
protocols might be achieved by dynamically varying both
the resonator frequencies and the coupling strength of each
resonator to the waveguide during wave packet emission and
capture. We can judge the relative performance of different
communication protocols using a single system—e.g., using
final-state fidelities. Tens of individual waveguide modes
can be addressed by each node; this system thus has further
potential as a quantum random access memory [63].
Additional nodes may be connected to the network by
adding multiple coupled waveguides to each resonator, with
nodes in separate modules if needed [22]. The most
significant limitations in this system are the challenges in
the time-domain control of both the couplers and resonators,
which has to account for circuit loading, flux cross-talk, and
cable-related pulse distortions. Higher fidelities might be
achieved using machine learning techniques such as those
implemented in Refs. [64,65]; more precise pulse control
with faster electronics and fewer control wiring filters; and a
longer waveguide that allows longer-duration itinerant pho-
ton pulse shapes, making time-domain control less chal-
lenging. Additional considerations for multiphoton transfer
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state transfer between separate chips are discussed in the
Supplemental Material [30].
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