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An on-chip microwave circulator that is compatible with superconducting devices is a key element for
scale up of superconducting circuits. Previous approaches to integrating circulators on chip involve either
external driving that requires extra microwave lines or a strong magnetic field that would compromise
superconductivity. Here we report the first proof-of-principle realization of a passive on-chip circulator that
is made from a superconducting loop interrupted by three notionally identical Josephson junctions and is
tuned with only dc control fields. Our experimental results show evidence for nonreciprocal scattering, and
excellent agreement with theoretical simulations. We also present a detailed analysis of quasiparticle
tunneling in our device using a hidden Markov model. By reducing the junction asymmetry and utilizing
the known methods of protection from quasiparticles, we anticipate that Josephson-loop circulator will

become ubiquitous in superconducting circuits.
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Circulators, nonreciprocal devices that route signals
and isolate devices from noise, are a crucial component
in cryogenic environments such as superconducting
circuits [1,2]. When used as isolators, they typically route
the low power signals from a quantum system to an amplifier,
while redirecting noise from the amplifier to a matched load,
thus protecting the coherence of the quantum system [3,4].
Circulators can also function as duplexers that separate the
input and output signals to and from a device [5]. This is
particularly useful for reflection measurements, where the
outgoing signal needs to be separated from the incoming one.

Most commercial microwave circulators harness ferrite
components and the Faraday effect to achieve nonrecipro-
city [1,6], which presents bottlenecks for future develop-
ment of large-scale superconducting quantum processors.
First, they are microwave-interference devices, so their size
is set by the microwave wavelength. Second, the ferrite
materials make it impractical to integrate them on a nano-
fabricated microwave chip. Furthermore, losses at the cable
interconnections for cascaded circulators reduce the quan-
tum efficiency of measurement and control at the quantum
noise limit.

Various approaches to miniaturising circulators have
been proposed. Some involve driven elements to induce
symmetry-breaking fields that require active microwave
control lines and consume additional energy [3,13-23].
Others nonreciprocal devices exploit the quantum Hall
effect in a two-dimensional gas that necessitates very
large magnetic fields [24-26] which are detrimental to
superconducting circuits. Recently, a different method
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exploiting the idea of the giant atom in Waveguide QED
to make a passive circulator has been proposed [27]. In this
Letter, we present the first implementation of an on-chip
circulator which is both passive and compatible with
superconducting circuits. Our design is based on a super-
conducting ring interrupted by three Josephson junctions,
which forms three superconducting islands that are capac-
itively coupled to external input-output ports [28,29]. The
device is tuned by only dc control fields that include three
charge biases to control the charge distribution on the
superconducting islands and a small magnetic flux to break
time-reversal symmetry. In our system, we use an external
bias coil, but the same effect could be provided on-chip
with a proximal current bias line. Interference of transitions
between the ground state and the excited states of the
superconducting ring results in nonreciprocal effects and
signal circulation.

Our circulator is schematically displayed as a lumped-
element circuit in Fig. 1(a), consisting of a superconducting
loop interrupted by three Josephson junctions. This creates
three superconducting islands that are capacitively coupled
to external 50 Q microwave lines. These lines are the input
or output ports, carrying microwave signals and supplying
dc bias voltages V; (i = 1, 2, 3) to each superconducting
island. The superconducting loop is also threaded by an
external flux @ provided by a coil. The false-color optical
microscope image in Fig. 1(b) shows a fabricated sample
consistent with the lumped-element model. The sample is
made of aluminum deposited on a high-resistivity silicon
substrate. It is mounted to the mixing chamber plate of
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FIG. 1. (a) Lumped-element circuit of the passive on-chip

superconducting circulator. The device is a superconducting loop
that is interrupted by three Josephson junctions to form three
superconducting islands. The islands are biased by three gate
charges and coupled to the external ports by interdigitated
capacitors. The superconducting loop is threaded by an external
flux. (b) False colored optical microscope image of a fabricated
loop. The three islands are red, blue, and green. The Josephson
junctions are formed by overlapping two layers of aluminium
with a layer of aluminium oxide in between.

the dilution refrigerator and connected to three readout
chains (see Fig. S1 of the Supplemental Material [7]
for details). This facilitates performing simultaneous
three-port characterization.

In our device, there are two primary energy scales: the
charging energy E and the mean Josephson energy E ;. We
chose the values of E. and E, such that E,/E ~ 2, which
is in between the Cooper-pair box [30] and transmon
regimes [31]. This, as pointed out in Ref. [32], helps
increase the bandwidth and relax constraints on junction
fabrication, while introducing charge noise to the device.
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We also selected the working frequency of the device to be
around 6 GHz, which is within the bandwidth of the
amplifiers used in our experiment.

We carried out spectroscopic measurements on the
device using two ports of a vector network analyzer
(VNA). The source and receiver ports of the VNA were,
respectively, connected to one of the input-output micro-
wave cable ports of the device to measure reflection from or
transmission through it.

Spectroscopic measurements are shown as a function
of the reduced flux ¢ in Fig. 2(a) and the charge bias n,
in Fig. 2(b). The density plots are the minimum of
100 reflection measurements at a bandwidth of 15 kHz.
This ensures that the transition frequency for each quasi-
particle sector was captured in at least one of the 100
measurements. We fit the transition frequencies with
the eigenenergies found by solving the eigensystem of
the Hamiltonian A in Eq. (S1) [7]. This allows us to extract
the device parameters; in particular, the fit found the
charging energy E-/h = 3.98 GHz and the Josephson
energies E;;/h = {7.85,8.28,8.55} x GHz, which yields
E;/E-~2 and matches the values from our room-
temperature resistance measurements. In Ref. [32], we
showed that the tolerable asymmetry of the junctions
was 1% or less, which is determined by the requirement
that the junction asymmetry is lower than the external
coupling bandwidth, which we estimate from Fig. 3 to be
'~ 70 MHz. This is consistent with the predicted band-
width in [32], given E; ~ 8 GHz. This bandwidth can be
improved with better impedance matching, which is the
subject of future research.

The half-width of the dispersion in E; is 6E; =
350 MHz, so 6E;/I" ~ 5. Comparing to theoretical results
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FIG.2. Reflection measurements from port 1 and fit of the device (a) to an external flux (¢) sweep, (b) to a charge bias (n,;) sweep ata
coil voltage shown by the black dashed line in (a). The reflection is measured using a vector network analyzer (VNA) with a bandwidth
of 15 kHz, allowing the VNA to capture the drop in reflection before a quasiparticle-tunneling event. This measurement is repeated
100 times, and the minimum for each frequency is plotted as the gray scale density plot after background subtraction. The lines in the inset
of (a) and in (b) are the transition frequencies fitted to the extracted minima for each frequency. There are four transition frequencies
(solid, dashed, dash-dotted, dotted) for each quasiparticle configuration (black, purple, green, magenta) and for two charge configurations
(two different line thicknesses). Both fits have the same values of {E¢, E;, Ejp, Ej3} /A = {3.98,7.85,8.28,8.55} x GHz. We show the
full fit for (a) in Fig. S3 of the Supplemental Material [7].
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FIG. 3. Experimentally extracted partial S-matrix elements for
two different charge-bias configurations. In (a) |Si,| > [S],
showing that signals are transmitted more from port 2 to port 1
than from 1 to 2. In (b) a different charge-bias configuration
yields |S},| < |S,;|, reversing the nonreciprocity. The full 3-port
S matrix is shown in Fig. S3 of the Supplemental Material [7].
(c) and (d) Theoretical simulations corresponding to the exper-
imental configurations above, using the fitting results from Fig. 2
and averaging over the four quasiparticle sectors. We see a good
qualitative agreement between experiment and theory.

in [32] [see Fig. 5(b) therein], we see that the circulator
fidelity drops below 0.6 for 6E;/T" > 5, so we conclude the
nonreciprocity displayed by the device is limited by the
junction asymmetry.

In Fig. 2(a), the transition frequencies are grouped into
clusters, each of which contains eight closely located lines.
These correspond to two different charge-bias configura-
tions, each consisting of four charge-parity sectors of the
superconducting loop [32] that exchange to each other
due to intermittent quasiparticle-tunneling events across the
islands. The loop is galvanically isolated, so the total loop
charge is conserved. The different quasiparticle sectors are
represented by the charge parities of two of the super-
conducting islands, e-e, e-0, 0-e, and 0-0, where € (0)
means an even (odd) number of electrons on a particular
island. As shown later, we fit a hidden Markov model to
stochastic, experimental time-series data to characterize the
populations and lifetimes of the quasiparticle sectors.

In Fig. 2(b), we observed two different spectra that
belong to the two different charge-bias configurations. We
attribute this to the presence of a charge fluctuator located
near the superconducting loop. Using our fit routine, we
found that the differences in the charge biases of the two
configurations are {0.11,-0.03,0.04}, indicating that the
charge fluctuator is close to the first superconducting
island. Moreover, the transition frequencies in Fig. 2(b)
are periodic with n,, as expected for superconducting
devices tuned with offset charge biases [30,31]. The
periodicity is found to be three Cooper pairs, which is
consistent with the fact that there are three superconducting

islands in the device. In contrast to the assumption in
Ref. [28], we do not observe discontinuities in the spectrum
due to changes in the total charge of the three islands.

Besides the mentioned-above fast charge events, we
furthermore observed slow charge drift that occurred
roughly every 10 min. This set new values for the charge
offsets n,, and resulted in random change in the transition
frequencies. An example of this is shown in Fig. S1 of the
Supplemental Material [7], where we recorded the mini-
mum amplitude of reflection for 100 frequency sweeps.

Using the four-port VNA and three output readout chains
we performed three-port characterization of our device.
Specifically, one port of the VNA was used as the source
and connected to a mechanical microwave switch to send
signals to one of the three input ports. The three readout
chains were connected to the other three ports of the VNA,
which allows measuring three S parameters, S;;, S;,
and S3;, at the same time, where j is the input port. By
switching the input port j, we obtained the full S matrix.

Following this procedure, in Fig. 3 we show a part of
the experimentally extracted S matrix, which reveals non-
eciprocity in our device. In Fig. 3(a), we see that when the
drive frequency is around 6.5 GHz, |S},| > |S,;|. At this
frequency, the reflections |S;| and |S,,| are also at minima.
Figure 3(b) shows that by tuning the charge-bias voltages
Vi, V,, and V3 (at constant flux bias) we can tune the
device so that |Si,| < [S,|; that is, we are able to
electronically change the direction of signal transfer. We
provide the full S matrix for both circulation directions in
Fig. S5 of the Supplemental Material [7].

In Figs. 3(c) and 3(d), we performed simulations to
reconstruct the S-matrix elements in Figs. 3(a) and 3(b). To
this end, we use the device parameters measured in Fig. 2
and for each working point (including the external biases
and the signal frequency) we compute the S matrix for all
four quasiparticle sectors, and then average over the sectors
(with equal weights) to achieve an averaged S matrix.
Comparing Figs. 3(a) and 3(b) to Figs. 3(c) and 3(d),
respectively, we found qualitative agreement between
theory and experiment.

Given the deleterious effect of quasiparticles and junc-
tion fabrication asymmetry on circulation, we computed
the potential performance of the device in two scenarios
that remove these two effects. First, we computed the
performance assuming that the system dwells in a single
quasiparticle sector. The simulated S matrix for this case is
in Fig. 4(a), where we see a much stronger effect on
resonance, S1; < 1, but only modest changes in the off-
diagonal elements. Second, we compute the performance
when reducing the junction asymmetry, in addition to
suppressing quasiparticle tunneling. In Fig. 4(b), we show
the S-matrix elements assuming 1% junction asymmetry,
ie, Ej/E;p =099 and Ej;3/E; = 1.01. From these
simulations we estimate the bandwidth within a single
quasiparticle sector to be around 70 MHz.
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FIG. 4. (a) Simulated S-matrix elements when the device stays
in a single quasiparticle (QP) sector with the same junction
asymmetry as in the current sample. (b) Simulated S matrix with
junction asymmetry reduced to 1%, with E; /E;, = 0.99 and
Ej;3/Ejp = 1.01. (c) Nonreciprocity and fidelity defined in
Egs. (1) and (2) for the experimentally measured S matrix,
and for the simulated S matrix with the experimentally deter-
mined values of E; but no QP tunneling. (d) Simulated S matrix
with no QP tunneling, and 1% junction dispersion.

To quantify the observed and simulated circulation, we
introduce the nonreciprocity, A [33], and the fidelity, F [34]

N =8 -8T/V3, (1)

F=1=2 [l —Isi&]|/s. 2)
i.j

where || X|| = \/Tr(XX") denotes the norm of a matrix X,
V/8 is a normalization factor, and Si-‘}eal are the elements
of an ideal circulator scattering matrix. We comment more

on the nonreciprocity measure in Fig. S4 of the
Supplemental Material [7].

In Fig. 4(c), we show the nonreciprocity N for both the
experimentally measured S matrix in Fig. 3(a), N exps and
the ‘“no-quasiparticle-tunneling” S matrix in Fig. 4(a),
N ector- We see that the nonreciprocity for the latter is
considerably improved, while the fidelities of the two
cases, Foyp and JF gcior, are comparable, indicating that
a higher nonreciprocity is necessary but not sufficient for
better circulation.

Reducing the junction asymmetry to 1%, in addition to
suppressing quasiparticle tunneling, greatly boosts the
device performance. Figure 4(d) shows theoretical predic-
tions for the fidelity and nonreciprocity in the absence of
quasiparticle fluctuations, and assuming parameter varia-
tions are reduced to 1%. We see both the nonreciprocity and
the fidelity are substantially improved relative to the
experimental results.

Because of the significant impact of quasiparticle
tunneling, we modified the setup to measure the S matrix
in 30 ps, faster than the quasiparticle tunneling rate
(See Fig. S5 of the Supplemental Material [7] for the
measurement schematic). Using a high power of
—100 dBm to enhance the single-shot signal-to-noise
ratio, we distinguish the distinct states corresponding
to four quasiparticle sectors. We employed a hidden
Markov model (HMM) to analyze 32768 time-series
measurements of the scattering matrix (see Sec. VII of the
Supplemental Material [7] for details) [8—10]. At each
time step, the HMM is able to make a statistical inference
about the hidden quasiparticle state from the full 3 x 3
scattering matrix, and the emission statistics from the data
within each hidden state.

In Fig. 5(b), we plot a histogram of S;; in the IQ plane
which reveals four distinct clusters, one per quasiparticle
sector. Figure 5(a) shows the Q-quadrature S;; switching
between the four values, and is associated to one of the four
quasiparticle sectors, indicated by the colors.
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FIG. 5. (a) Repeated measurement of S;; of the device at a frequency of 6.709 GHz, an external flux ¢ = 1.9. The out-of-phase
quadrature Q versus time shows Gaussian noise that switches between one of four unobserved states. We fit the full 3 x 3 scattering
matrix data, S, with a four-state hidden Markov model (HMM), using approximately 32 k time samples, and attribute the data to one of
the four hidden states accordingly, indicated by color. We interpret these states as the quasiparticle states seen in Fig. 2. (b) Histogram of
the S;; data in the IQ plane, showing clustering of S;;. We also show the 1o confidence ellipse extracted from the HMM (circles). We
note that the separation in the hidden state data is greater than observed here, which is merely a projection of S onto a two-dimensional
subspace.
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The necessary power used to classify the data led to a
diminished nonreciprocity for each quasiparticle sector.
With quantum limited amplifiers, one could classify the
quasiparticle sectors at a lower power. In this case, we
expect to see higher circulation for one of the quasiparticle
sectors as theoretically estimated in Fig. 4.

Using the HMM, we find that the jumps between the
quasiparticle states are well described by Poisson processes
with decay times of around 200 ps in each quasiparticle
sector (see Fig. S7 of the Supplemental Material [7]).

Postfabrication laser annealing has been shown to
retune the variation of junction normal resistances and
cryogenic E; to be within ~0.3% of design values across a
device [35]. In addition, recent progress has been made in
using normal metals [36] or low-gap superconductors [11],
to suppress quasiparticle tunneling. These provide a path-
way for the Josephson junction circulator to become
practical technology for on-chip superconducting quantum
processors.

In conclusion, we fabricated and characterized a passive
superconducting circulator on a chip which is fully com-
patible with superconducting qubit fabrication and can be
tuned with only dc control. We showed that the device
circulation can be substantially improved by suppressing
quasiparticle tunneling and reducing the disparity in the
three Josephson junctions energies to 1% or less.
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