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Nonreciprocal microwave devices, such as circulators and isolators, are needed in high-fidelity qubit
readout schemes to unidirectionally route the readout signals and protect the qubits against noise coming
from the output chain. However, cryogenic circulators and isolators are prohibitive in scalable supercon-
ducting architectures because they rely on magnetic materials. Here we report a fast (750 ns) high-fidelity
(95%) quantum nondemolition readout of a coherent superconducting qubit (7} = 52 us, Tog = 35 us)
without any nonreciprocal magnetic devices. We use in our readout chain a microwave-controlled qubit
readout multichip module (QRMCM) that integrates interferometric directional Josephson devices con-
sisting of an isolator and a reconfigurable isolator or amplifier device, and an off-chip low-pass filter.
Using the QRMCM, we demonstrate isolation up to 45 dB within 13 MHz, when both directional devices
are operated as isolators, and low-noise amplification in excess of 10 dB within a dynamical bandwidth of
10 MHz, when the reconfigurable device is operated as an amplifier. We also investigate the dependence
of the qubit coherence times 7T, and 7>£ on the isolation response of the QRMCM, which we control in
situ using the microwave drives feeding the isolators. Furthermore, by directly comparing the QRMCM
performance with that of a state-of-art configuration (with 7> ~ 27;) that uses a pair of wideband mag-
netic isolators, we find that the excess pure dephasing measured with the QRMCM (for which Thg =~ T;) is
likely limited by the residual thermal photon population in the readout resonator. Improved versions of the
QRMCM could replace magnetic circulators and isolators in large superconducting quantum processors.
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I. INTRODUCTION

Nonreciprocity breaks the transmission-coefficient sym-
metry for light upon exchange of sources and detectors. A
common method for breaking reciprocity is guiding light
through magnetic materials exhibiting magneto-optical
effects, such as the Faraday effect [1,2]. Other nonreciproc-
ity schemes include operating in the nonlinear regime
[3], using the quantum Hall effect [4—6], and parametri-
cally modulating a certain physical property of the system
[7—12].

Because of their ability to break the transmission sym-
metry, nonreciprcocal devices play critical roles in a vari-
ety of basic science and technology applications, requir-
ing, for example, signal transport control, separation of
input from output in reflective or communication setups,
and source protection against backscatter or detector
backaction. In particular, in the realm of superconducting
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quantum processors, nonreciprocal microwave devices,
such as circulators and isolators, are critical for performing
high-fidelity quantum nondemolition measurements [13—
18]. With relatively low loss, they route readout signals
to and from quantum processors in a directional man-
ner and protect qubits against noise coming from the
output chain. However, state-of-the-art cryogenic circula-
tors and isolators are prohibitive in scalable architectures
because they are bulky and rely on magnetic materials and
strong magnetic fields [19,20], which are difficult to inte-
grate on a chip and are incompatible with superconducting
circuits.

In an attempt to solve this scalability challenge, a vari-
ety of viable alternative circulator and isolator schemes
have been proposed and realized, which use photonic
transitions between coupled resonance modes [21,22], the
Hall effect [6], frequency conversion in nonlinear trans-
mission lines [23], frequency conversion combined with
delay lines [24,25], dynamical modulation of transfer
switches incorporated with delay lines [26], and reservoir
engineered optomechanical interactions [27—29]. How-
ever, despite this great progress in the development of
alternative directional devices and readout schemes,
demonstrating high-fidelity dispersive readout of a
superconducting qubit with relatively high coherence
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without using any magnetic isolators and circulators
in the readout chain remains an outstanding challenge
[30-33]. Here we achieve this milestone by building
a qubit readout multichip module (QRMCM) that inte-
grates into a printed circuit board (PCB) interferometric
directional Josephson devices, a superconducting direc-
tional coupler, and a Purcell filter and by incorporating
an off-the-shelf low-pass microwave filter at the output
of the QRMCM. Also, importantly, our readout scheme
operates in continuous-wave mode, which is highly ben-
eficial in scalable architectures because it is compatible
with frequency-multiplexed readout, unlike, for example,
a superconducting low-inductance undulatory galvanome-
ter microwave amplifier, which exhibits a strong inherent
reverse isolation but operates in pulsed mode [34].

Furthermore, owing to the concatenation of more than
one directional device in the QRMCM, we achieve an
isolation record in a nonreciprocal superconducting cir-
cuit of about 45 dB at the readout frequency. Moreover,
by varying the isolation in situ, enabled by the QRMCM,
we investigate the dependence of qubit dephasing on the
isolator’s performance and noise originating from the 4-
K stage and the high-electron-mobility-transistor (HEMT)
amplifier (which is a long-standing, critical microwave
component in superconducting qubit readout chains).

Central to achieving these results are the multipath
interoferometric Josephson isolator (MPIJIS) [35] and a
reconfigurable directional device that can be operated as
a MPIJIS or a multipath interoferometric Josephson direc-
tional amplifier (MPIJDA) [36,37], both of which are key
components in the proof-of-principle QRMCM presented
here. The MPIJIS is formed by our coupling two nominally
identical nondegenerate Josephson mixers [38] via their
respective distinct spatial and spectral eigenmodes, a and
b. One mode in this scheme (e.g., mode a) supports input
and output propagating signals within the device band-
width, while the other (e.g., mode b) serves as an internal
mode of the system coupled to a dissipation port. By para-
metrically modulating the inductive coupling between the
modes, we generate an artificial gauge-invariant poten-
tial for microwave photons, which imprints nonreciprocal
phase shifts on the transmitted signals through the mixers,
undergoing frequency conversion. By further embedding
the mixers in an interferometric setup, we create a uni-
directional transmission of propagating signals owing to
constructive and destructive wave interference occurring
between different paths in the device.

However, unlike the MPIJIS device presented in Ref.
[35], which (1) integrates on-chip superconducting and
off-chip normal-metal circuits and (2) requires, for its oper-
ation, two same-frequency phase-locked microwave drives
injected through two input lines in the dilution fridge, the
present MPIJIS is a superconducting on-chip device that
is operated by a single microwave drive fed through one
input line. These changes lead to several key advantages,

such as (1) eliminating the losses in the normal metal
parts, (2) paving the way for size reduction using lumped-
element designs, and (3) requiring only one microwave
source and input line, on a par with Josephson paramet-
ric amplifiers (JPAs). The latter leads to savings in the
hardware resources required per qubit, easier tune-up pro-
cedures, enhanced stability over time, and simpler control
circuitry. These gains become even more pronounced when
we compare this single-pump device with nonreciprocal
schemes, which require multiple pumps [11,21,22].

Similarly, the MPIJDA device, which is the dual of the
MPIJIS device, shares the same circuit as the MPIJIS but
operates in a different mode. More specifically, the non-
degenerate Josephson mixers of the device are operated in
low-gain amplification mode instead of frequency conver-
sion (without photon gain) mode, which is primarily set by
the pump frequency driving the mixers (i.e., the sum of the
resonance frequencies of modes a and b in the MPIJDA
case and their difference in the MPIJIS case).

The outline of the remainder of the paper is as fol-
lows. In Sec. II, we present the MPLJIS device. In Sec. 111,
we present scattering-parameter measurements of a single-
pump MPIJIS. In Sec. IV, we introduce the QRMCM and
the qubit setup used for characterization. In Sec. IV A,
we report a high-fidelity qubit readout using the QRMCM
by our utilizing one MPIJIS and operating the reconfig-
urable directional device as an amplifier. In Sec. IV B, we
report measurement of the qubit while operating the recon-
figurable directional device as a second isolator in series.
In Sec. IV C, we investigate the dependence of the qubit
coherence times on the variable isolation response of the
QRMCM. In Sec. IV D, we perform a direct comparison of
the qubit coherence times obtained with the QRMCM and
two cryogenic magnetic isolators. In Sec. V, we discuss the
measurement results and outline possible enhancements to
the MPLJIS, MPIJIDA, and QRMCM. Finally, in Sec. VI,
we conclude by providing a summary of the results and a
brief outlook.

II. THE MPLJIS DEVICE

Isolators, whose circuit symbol is shown in Fig. 1(a), are
two-port microwave devices, which transmit microwave
signals propagating in the direction of the arrow (i.e., from
port 1 to port 2) at frequency f; (within the device band-
width), while blocking signals propagating in the opposite
direction. Here we realize an on-chip superconducting
MPIJIS that requires a single pump for its operation,
as illustrated in Figs. 1(b) and 1(c). The basic building
block of the device, photographs of which are shown in
Figs. 1(e) and 1(f), is the Josephson parametric converter
(JPC) [38—41], which functions as a lossless nondegen-
erate three-wave mixing device. The JPC, as illustrated
in Fig. 1(g), comprises two half-wavelength, microstrip
resonators denoted “a” and “b,” which intersect in the
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FIG. 1.

On-chip single-pump MPIJIS. (a) Isolator circuit symbol. In ideal isolators, input signals propagating in the direction of

the arrow are fully transmitted; signals propagating in the opposite direction are blocked. (b),(c) Circuit symbols for the MPIJIS. The
direction of the arrow depends on which pump port of the device is driven. (d) Block diagram of the MPIJIS scheme. It consists of two
identical JPCs coupled in an interferometric setup. (¢) Photograph of the MPIJIS chip. The two JPCs, the signal hybrid, the coupling
transmission line (TL), and the pump hybrid are all superconducting and are realized on the same chip. (f) Photograph of the PCB
and bottom cover of the MPIJIS. The length and width of the PCB are 7.62 cm and 5.08 cm, respectively. (g) JPC design used in the
MPIJIS. (h) Signal flow graph of the JPC operated in frequency-conversion mode without photon gain Signals impinging on ports a
and b undergo frequency conversion and transmission to the other port with amplitude ¢ and are reflected with amplitude ~/1 — £2. The
transmitted signal acquires a nonreciprocal phase shift £¢,, where ¢, is the generalized pump phase.

middle at an inductively shunted Josephson ring modulator
(JRM) [42], serving as a dispersive nonlinear medium. The
resonators are characterized by flux-tunable resonance fre-
quencies w, (Dext) /27 and wp(Deyxt) /27, Where Dey is the
external magnetic flux threading the JRM loop, and band-
widths y,/2m and y,/27 set by the capacitive coupling
to the external feedlines. As illustrated in Fig. 1(g), res-
onator a is open-ended and has one feedline, resonator b
has one feedline on each side, and the pump drive is fed
to the device via a separate on-chip feedline (marked “P”).
The three-wave mixing operation of the JPC is captured by
the leading nonlinear term in the system Hamiltonian given

by Hawave = hgs(a+a®) (b + b (c + cT) [38], where g3
is a flux-dependent coupling strength, @ and b are the anni-
hilation operators for the differential modes a and b, and
¢ is the annihilation operator for the common mode c.
When a strong, coherent, off-resonant, common drive is
applied at w, = wp, + w,, the JPC functions as a nonde-
generate quantum-limited amplifier [38,41], whereas when
pumping is applied at w, = |wp — w,|, it behaves as a
lossless frequency converter between mode a and mode b
[38,43,44]. Under the latter classical drive corresponding
to the frequency difference, we obtain in the rotating-

wave approximation Hiyaye = A gab|(ei¢ll’ abt + e a'b),
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where g, is a pump-amplitude-dependent coupling
strength (proportional to g3) and ¢, is a generalized pump
phase, which is related to the applied pump phase ¢, by
¢, = ¢p + ngm, where

n. = O’ Pext S Oa (1)
& l, Pext > 0

The phase added to ¢,, i.e., 0 (ng =0) or w (ny = 1),
depends on whether g3 is positive or negative, respectively,
which is determined by the sign of @exy = 27 Peyi/ Do,
where ®¢ = /1/2e is the flux quantum, or alternatively the
sign of the direct current circulating in the JRM loop.
Equation (1) assumes that the JPCs are flux-biased at the
primary flux lobe centered at zero flux.

On resonance, the transmission amplitude associated
with the frequency-conversion process is given by ¢ =
2p/(1 4 p?), where p = 2|gu|//VaVs is @ dimensionless
pump amplitude, which ranges between 0 (total reflection)
and 1 (full conversion). Notably, increasing p beyond 1 is
possible in conversion mode but it results in lower ¢ than
its maximum at p = 1.

As seen in the block diagram in Fig. 1(d), the MPIJIS
is formed by our coupling two nominally identical JPCs
in an interferometric setup, where mode a of the JPCs is
coupled via a 90° hybrid and mode b is coupled to external
50-Q2 cold terminations and an intermediate transmission
line. The device also includes a 90° hybrid for the pump
that is connected to the pump feedlines of the JPCs. Since
this hybrid splits the pump evenly between the two stages
and imposes, by design, the required phase difference for
nonreciprocity (i.e., = /2), the device operates using a
single drive.

Assuming symmetric coupling between modes b of the
JPCs and the cold terminations, the transmission param-
eters of the MPIJIS on resonance are given by (see
Appendix A)

N1 =2 F/2f5sing

Shet =
251 l 1+t2

, 2
and the reflection parameters read

V21 cos

St =8»n=—i
11 22 1 112

; 3)

where ¢ = ¢, +pm, ¢, = ¢p1 — ¢y is the phase differ-
ence between the same-frequency pumps feeding the two
stages, and p = (ng1 + ng) mod 2 is the parity of the
applied fluxes threading the two JRMs.

From these definitions and Eq. (1), it follows that (1)
¢p, = Fr/2 when ports P; and P, are driven, respec-
tively, (2) p = 0 when the signs of ey and @exn are
the same (i.e., even parity), and (3) p =1 when their

signs are opposite (i.e., odd parity); for further details see
Appendixes A, B, F, and G.

By operating the two JPCs in frequency-conversion
mode at the 50:50 beam splitting point (i.e., f = 1/+/2), in
which half of the signal input on each port is reflected and
half is transmitted with frequency conversion to the other
port [as illustrated in the signal flow graph in Fig. 1(h)],
and by setting, for example, the generalized phase differ-
ence to ¢ = ¢, = —m/2, attained in the case of pumping
through P; while p =0, we generate a nonreciprocal
response, in which input signals on resonance propagating
in the direction of the arrow shown in Fig. 1(b) are trans-
mitted with near-unity transmission, i.e., |S>;| = 22 /3=
0.94 (equivalent to a loss of about 0.5 dB in signal power),
whereas signals propagating in the opposite direction are
blocked, i.e., S, = 0 (i.e., routed to the cold terminations),
and reflections vanish, i.e., S;; = S» = 0.

II1. MP1JIS MEASUREMENTS

A. Scattering parameters

Figure 2 shows a measurement of the scattering param-
eters of the MPIJIS operated in two modes of operation at
fixed applied fluxes, for which p = 0. In the first, the MPI-
JIS is driven through P, setting its directionality from port
1 to port 2, while in the second, it is driven through P,
which reverses its directionality as illustrated in the block
diagrams in the left column. The input power applied in
the scattering parameter measurements in this work, unless
stated otherwise, is about —140 dBm, which is much lower
than the saturation power of the MPIJIS. In Fig. 2(a), we
show the transmission parameters |S>;|* (blue) and |S;,|?
(orange) corresponding to the first case. The dashed and
solid lines correspond to the MPIJIS being off (no pump)
and on (with pump), respectively. Similarly, Fig. 2(c)
shows the reversed transmission response corresponding
to the second case. In both cases, the MPIJIS response
yields on resonance, at f;, = w,/27 = 6.84 GHz, attenua-
tion of about 2 dB in the forward direction and 23 dB in the
backward (isolated) direction with a dynamical bandwidth
of 8 MHz. The corresponding f, = wp/2m = 9.598 GHz
is given by f, +f,, where f, = 2.758 GHz is the applied
pump frequency in this measurement. Figures 2(b) and
2(d) depict the reflection parameters S;; (red) and Sy
(magenta) measured for the respective directionality cases.
The magnitude of the measured transmission and reflec-
tion parameters of the device is calibrated by means of
the experimental procedure outlined in Appendix H. As
seen in Figs. 2(b) and 2(d) the reflections off the two ports
are small when the pump is on and off, depicted as solid
and dashed lines, respectively. In addition to demonstrating
that the on-chip single-pump MPIJIS works as intended,
the results in Fig. 2 directly confirm the theory predic-
tion that the phase gradient condition for nonreciprocity
is & /2, imposed by the pump hybrid.
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Since the JPCs in the MPIJIS are operated in frequency-
conversion mode without photon gain, they are not
required to add noise to the processed signal [45,46]. How-
ever, any noise added by the MPIJIS is primarily set by its
insertion loss in the forward direction, e.g., |Sj; |> (assum-
ing j — i), and is given by mua = (1 — |S;1%)/2[S; 1%,
where 7,44 i1s the number of noise-equivalent input pho-
tons at the signal frequency [35]. For the measurement in
Fig. 2, which exhibits attenuation of about 2 dB in the for-
ward direction, we get n,q¢ = 0.29. In the ideal case (i.e.,
with attenuation of 0.5 dB), this figure is expected to be
much lower, 7,49 = 0.06.

B. Pump power dependence

In Fig. 3, we report, for a fixed pump frequency and
fluxes (for which p = 0), measurements of |S;|? and | S} |?
of the MPIJIS as we vary the pump power. Figures 3(a)
and 3(b) show measurements of |S>;|? and |S}2|*> when P;
is driven (i.e., directionality 1 — 2), whereas Figs. 3(c)
and 3(d) show measurements of the same transmission
parameters when P, is driven instead (i.e., directionality
2 — 1). The colored solid curves represent measured data,
whereas the dashed black curves represent a calculated
response of the device using the theoretical model pre-
sented in Appendix B. As seen in these measurements, the
device response varies with the pump power in a mono-
tonic and stable manner similar to the observed response
of JPCs [41] and JPAs [47]. Other important characteriza-
tion and measurement results for the MPIJIS can be found
in Appendix I.

C. Flux parity dependence

In Appendix G we present experimental data that
demonstrate the dependence of the MPIJIS transmission
or isolation direction on the parity of the magnetic fluxes
threading its two JRMs. In particular, we show that the
MPLIS directionality can be reversed for the same pump
by changing the orientation parity of the applied fluxes.
This effect could allow, for example, the detection of the
orientation parity of pairs of weak magnetic sources using
microwave transmission measurements (see Appendix K).

pump is applied to P, instead.

Frequency f, (GHz)

IV. QUBIT READOUT MULTICHIP MODULE

After successfully demonstrating the operation of the
MPIJIS as a stand-alone device, we now report integra-
tion of it with other microwave components to form a
QRMCM devoid of magnetic materials and strong mag-
netic fields. An image of the QRMCM and a block diagram
of its components and the setup are shown in Figs. 4(a)
and 4(b), respectively. It integrates a Purcell filter [35,48],
a superconducting wideband directional coupler [35], two
MPUIS devices (MPLIIS 2 was damaged during wirebond-
ing and, therefore, is not operational in this work), and a
reconfigurable directional Josephson device that is identi-
cal to the MPIJIS circuit but does not include an on-chip
pump hybrid, thus enabling us to operate it as a MPIJDA
or a MPIJIS, depending on the applied pump frequency.
The QRMCM has a few pump ports used for powering
the Josephson devices. While only one pump is used for
operating the MPIJIS, the reconfigurable device requires
for its operation two same-frequency pumps, whose phase
difference between P; and P4 is £7/2. The QRMCM has
three main ports connecting to the readout input line, the
quantum chip (containing a qubit coupled to a readout res-
onator), and the readout output line. The output line used
here includes a commercial low-pass filter with a cutoff fre-
quency of 8 GHz at the base stage, a HEMT amplifier at the
4-K stage, and a superconducting Nb-Ti coaxial cable con-
necting the two stages. The QRMCM setup also includes
several auxiliary lines (such as IN2, IN1’, and OUT1’) and
auxiliary components (such as a commercial directional
coupler on the output line and a cryogenic circulator on
the IN1’ line) as seen in Fig. 4(b) (and the detailed setup
diagram in Fig. 18) that allow us to probe the transmission
through the QRMCM in both directions at various work-
ing points. We also use a separate input line to inject the
qubit pulses, as seen in Fig. 4(b), that directly connects to
the qubit chip. All other auxiliary ports of the directional
Josephson devices (e.g., those that are coupled to their
internal modes) are terminated with cryogenic 50-$2 loads.

Using the QRMCM, we conduct four main qubit
experiments, whose results are shown in Figs. 57 (taken
in the same cooldown) and Figs. 8(b), 8(c), and 9 [taken
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in a separate cooldown, whose setup diagram is shown in
Fig. 8(a)]. In attempt to optimize the distribution of the
attenuation and filtering on the various lines, we perform
two additional cooldowns of the QRMCM. The results of
these brief cooldowns are not shown here but are fully
consistent with the reported data.

In the qubit measurements in the first three experiments
(i.e., Figs. 5-7), the readout pulse duration and the integra-
tion time are 0.75 ws. In the fourth experiment, comparing
the QRMCM with magnetic isolators (i.e., Fig. 9), these
times are set to 1.5 us.

A. MPLJIS-MPIJDA experiment

In this experiment, we perform a fast dispersive
readout measurement with high fidelity using the

C))

Purcell filter QRMCM

Supercondu
directional

coupler
(covered)

MPIJDA (A)
or
MPILJIS (1)

FIG. 4.

Frequency f, (GHz)

QRMCM, while maintaining long coherence times for the
qubit.

We operate the first MPLJIS (/;) of the QRMCM as
an isolator and the reconfigurable directional device as
a near-quantum-limited amplifier (A) (i.e., MPIJDA). In
Fig. 5, we present the main results, measured for the four
possible configurations of the QRMCM specified in the
headings of Fig. 5(a)-5(d). In the first column, we present
the forward and backward transmission parameters of the
QRMCM measured between ports 1’ and 2 as defined in
Fig. 4(b). In the second column, we present the measured
readout fidelity histograms and the corresponding assign-
ment fidelity. In the third and fourth columns, we show the
measured qubit 7 and Tyg, respectively. The dephasing
time in the various cases is calculated with the relation
T,' =Ty —QT)™".

(b)

QRMCM

|| K8LLPF A

i 1 8 GHz u

oo IN1/
: : ’, :

4K\ 117 mK |
E i _b: 1 1 _Ql:J:I'1’
{ | Qubitinput 1—@
: : - --Readout
! fl Quantum chip & input

(a) Image of the QRMCM featuring a printed circuit board that integrates several superconducting microwave components:

a Purcell filter, a superconducting directional coupler, two MPIJIS devices [one of which is not applicable (NA)], and a reconfigurable
MPIJDA (A) or MPIJIS (/;) device. The length and width of the QRMCM are 19.69 cm and 6.73 cm, respectively. (b) Simplified
schematic of the experimental setup used to obtain the measurement results shown in Figs. 5—7. A more detailed schematic of the
setup is shown in Fig. 18. The QRMCM has three main ports that connect to the readout input line, the quantum chip, and the readout
output line. The pump is fed to /; via one input line (P or P,) and to the reconfigurable device via two input lines (P3 and P,). The
isolated port of the directional coupler denoted 1” is used to measure the transmission through the directional devices of the QRMCM in
the forward and backward directions. All other auxiliary ports are terminated by 50-2 loads. The signal path outlined in red represents
the qubit readout path. The magenta lines represent auxiliary input and output lines that enable the QRMCM transmission to be probed
in the forward and backward directions. A K&L low-pass filter (LPF) with a cutoff frequency at 8 GHz is incorporated between the
QRMCM and the HEMT.
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FIG. 5.

High-fidelity qubit readout without cryogenic magnetic circulators and isolators. A simplified (detailed) version of the exper-

imental setup used to obtain the dataset is shown in Fig. 4(b) (Fig. 18). From left to right, the forward (|S>1/|?) and backward (|S1/2|%)
transmission parameters of the QRMCM are shown, followed by respective measurements of the readout fidelity, 77, and 7,z. The
measurements shown in (a)~d) correspond to different MPIJIS; (/;) and MPIJDA (A) configurations outlined in the green headings.
The vertical dashed black line in the plot on the left in (a)~(d) indicates the location of the readout frequency.

When both /; and A are off [Fig. 5(a)], |S>1/|> and | S}/, |?
overlap and exhibit an insertion loss of about 2 dB at the
readout frequency. We measure a readout fidelity F of
0.77, T = 43 ps, and Top = T, = 0.7 us. Turning on A
while keeping I; off [Fig. 5(b)] results in about 12 dB of
gain in the forward direction and —1 dB in the backward
direction, an increase in the fidelity to 0.95, and a slight
reduction in in the coherence times, 7 = 40 us and Thg =
T, = 0.4 us, due to excess backaction noise of the MPI-
JDA. Turning on /; while A is off [Fig. 5(c)] results in large
isolation of more than 30 dB in the backward direction and
insertion loss of about 4 dB in the forward direction, a sim-
ilar fidelity, // = 0.74, as in the off-off case [Fig. 5(a)], but
a significant increase of the coherence times, 7; = 52 us,
Tor = 38 us, and T, = 60 us, due to the increased qubit
protection against output noise. Lastly, turning both [
and A on [Fig. 5(d)], results in a forward gain of about
10 dB, reverse isolation of about 22 dB, a high read-
out fidelity similar to that in the off-on case [Fig. 5(b)]
of 0.95, T} = 52 us [similar to the on-off case, Fig. 5(c)],
and only a slight drop in 7oz =35 us and T, = 53 us
compared with the on-off case [Fig. 5(c)], for which only
I is on.

B. MPIJIS-MPLJIS experiment

Next we operate the reconfigurable directional Joseph-
son device in the QRMCM as a second MPIJIS (/) in
series with /; and measure the impact of added isolation on
the qubit coherence. The main results of this experiment
are shown in Fig. 6. Similarly to the MPIJIS-MPIJIDA
experiment, we measure for the four configurations of
I} and I, (being on or off), outlined in the headings of
Figs. 6(a)-6(d), the forward |S,;/|> and backward |S;,|?
transmission through the QRMCM plotted in the first col-
umn from the left, the readout fidelity F' plotted in the
second column, and the qubit coherence times 7' and T»z
plotted in the third and fourth columns, respectively.

With both MPIJIS devices off [Fig. 6(a)], we measure
an insertion loss (through /; and /) of about 3 dB at f,,
F =0.85 T =40 us, and Trg =T, = 0.6 us. Turning
on I, alone [Fig. 6(b)], results in 18 dB of isolation at
f and 8 dB of insertion loss in the forward direction, a
drop in F to 0.75, and an increase in the qubit coherence
times, 71 = 50 us, Tor = 3.6 us [sixfold enhancement
compared with the off-off case, Fig. 6(a)], and T, = 3.7 us.
Turning on /; and turning off 7, [Fig. 6(c)] yields 31 dB
of isolation and 5 dB of insertion loss, F = 0.77, a full
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Measured qubit coherence with the reconfigurable Josephson directional device in the QRMCM operated as a second inter-

ferometric Josephson isolator. A simplified (detailed) version of the experimental setup used to obtain the dataset is shown in Fig. 4(b)
(Fig. 18). From left to right, the forward (|S1/|%) and backward (|S;/;|?) transmission parameters of the QRMCM are shown, followed
by respective measurements of the readout fidelity, 7', and 75z. The measurements shown in (a)~(d) correspond to different MPIJIS;
({1) and MPUJIS; (») configurations outlined in the green headings. The vertical dashed black line in the plot on the left in (a)+(d)

indicates the location of the readout frequency.

recovery of T (T} = 54 us, which falls within the qubit
typical range), and a considerable increase in Tyg (Tor =
32 ps, 53-fold higher than in the off-off case) and 7, =
45 us. Lastly, turning on both /; and /I, [Fig. 6(d)] gives
an isolation of 44 dB at £, and insertion loss similar to that
in the off-on case [Fig. 6(b)], F = 0.68, and T} = 54 us
[similar to the on-off case, Fig. 6(c)] and a maximum in
Tog (Tog = 49 us, 82-fold higher than the off-off case] and
T, = 89 us.

C. Variable isolation experiment

Here we investigate the dependence of the qubit coher-
ence times on the isolator response by varying the isolation
in situ via the applied pump power.

In Fig. 7(a), we plot the measured isolation curves
Lo(f) = |S12(f)|? of the single-pump MPIJIS as a func-
tion of the normalized pump power, where the isolation
at the readout frequency L = Lo(f) is minimal at P,o. In
Fig. 7(b), we plot the corresponding theory fits calculated
using the effective two-port model of the MPIJIS derived
in Appendix B.

In Fig. 7(c), we plot the corresponding measured
coherence times of the qubit (i.e., 71, T2g, and T,) as a

function of L. The dotted black line is a guide for the
eye for increasing P,. We also add on the same plot the
highest coherence points obtained in the MPLJIS-MPIJIS
experiment in Fig. 6(d) corresponding to L < 10~* (not
connected by the dotted line).

Since thermal photon population in the readout res-
onator is the likely dominant dephasing mechanism in
our dispersively coupled qubit-resonator system exposed
to thermal noise coming from the 4-K stage, we use the
dephasing rate equation derived in Refs. [49,50], given by

2
r, = Re <\/(1 %)+ 4iZh 1) N

In Eq. (4), « is total photon decay rate of the funda-
mental mode of the readout resonator with angular fre-
quency w, = 2nf, (here « is dominated by the rate of
coupling to the external feedline k¥ = k,), x is the qubit-
state-dependent frequency shift of the readout resonator,
and n = X;Fik;n;/« is the average thermal photon num-
ber in the resonator [51], where i; = 1/ (e®r/%T) — 1) is
the Bose-Einstein population of a 50-2 load noise source
i at effective temperature T}, «; is the readout resonator
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FIG. 7. Dependence of qubit coherence times on the variable isolation of the QRMCM. Measured (a) and calculated (b) isolation

curves |Sy;|% of the MPIJIS (1)) versus frequency and normalized pump power. The calculated response uses the effective two-port
model of the MPIJIS presented in Appendix B, with the parameters y,/2w = 100 MHz, y, /27 = 140 MHz, w,/27 = 6.765 GHz,
wp /2w = 2.712 GHz, and |a| = 0.4. (c) Qubit coherence times versus the isolation magnitude at the readout frequency L. (d) Extracted
n versus L. The solid black and dashed cyan fits in (c),(d) are calculated using Eqs. (4) and (5), respectively. Measured 7, (e) and
extracted n (f) (stars) versus the combined filtering parameter 4 of the MPIJIS and readout resonator. The dotted black line in (c)—f)
is a guide for the eye for increasing P,, and the data points unconnected by the dotted line correspond to the on-on configuration of
the MPIJIS-MPIJIS experiment [Fig. 6(d)]. The solid red and black curves in (e),(f) represent calculated fits (see the main text for
details). The black curve represents for the saturation effect of the MPIJIS due to pump depletion. (g) Measured isolation magnitude at
the minimum points (diamonds) and at the readout frequency (squares) versus normalized pump power. The corresponding theory fits
are plotted as dashed magenta and cyan curves. The solid black curve represents the calculated parameter 4. (h) Measured 7, (stars)
versus normalized pump power. The dashed black, solid red, and sold black curves represent theory fits based on three models of the
effect of the MPIJIS on T, (see the main text for details).

relaxation rate through source i, and F; is the linear power
attenuation between source i and the port through which
it couples to the readout resonator (e.g., qubit or readout
port).

To fit the measured dephasing time, given by T, =
T, ', we model the MPLJIS as a cold filter that attenuates
thermal noise coming from the output chain. Considering
the case of a constant filter with attenuation L, where L

is the power isolation at f,, we express n as n = Ln, + #,,
where 7, is the thermal photon number acted upon by the
MPIIIS devices, while 7, is a residual thermal photon pop-
ulation due to out-of-band noise or sources that lie outside
the isolation path (e.g., couple to the MPIJIS pump ports
or qubit port). Substituting n in the inverse of Eq. (4),
we get the black curve fit T,; shown in Fig. 7(c) as a
function of L. An almost identical fit 7, ;, corresponding
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FIG. 8. Experiment comparing two cryogenic magnetic isolators and the QRMCM. (a) Simplified schematic of the experimental

setup used for directly comparing, in the same cooldown, the performance of the QRMCM and that of two commercial magnetic
isolators connected in series as they can be switched in and out of the qubit output chain. This setup is used to obtain the measurement
results shown in Fig. 9. A more detailed schematic is shown in Fig. 20. The signal path outlined in red represents the qubit readout path
with the QRMCM switched in. The magenta lines represent auxiliary input and output lines that enable the QRMCM transmission to
be probed in the forward and backward directions. In the schematic, NA, not applicable and LPF, low-pass filter. (b),(c) The measured
isolation |Sy/»|> and transmission |S»1/|? of the QRMCM versus frequency for the different operation configurations of the QRMCM
outlined in the table. The qubit coherence measurements corresponding to the three bottom configurations (in which at least one of the
MPLIIS is on) are shown in Fig. 9. The vertical dashed black line in (b),(c) indicates the location of the readout frequency.

to the dashed cyan curve in Fig. 7(c) is obtained by our
substituting # in the approximation of Eq. (4) (in the limit
n < 1) [52], given by

I, =Tl.n, O]

where T'. = k x2/(k?> 4+ x?). The values of 71, = 2.08 and
n, = 0.014 in these fits are set to give the dephasing times
measured for P, = 0 and P, = P,. Similarly, in Fig. 7(d),
we plot n = I',/ ', measured versus L (black stars) and
the corresponding theory fits obtained with Eq. (4) (black)
and Eq. (5) (cyan). In Figs. 7(c) and 7(d), we see that the
theory fits, in this case, overestimate the dephasing time
in the intermediate pump power range between 0 and P,
or alternatively underestimate 7 in the resonator. Using 7,
and 7, and the Bose-Einstein population expression #;, we
evaluate the effective temperature of the noise source seen
by the qubit in the L = 1 and L < 1 cases, which is about
1 K and 70 mK, respectively.

In Figs. 7(e) and 7(f), we further analyze the dephas-
ing time measurements. We assume that the noise comes
solely through the MPIJIS path and consider the combined
filtering effect, denoted 4, of the frequency-dependent
MPIIIS isolation Ly(w) = |S1»|? [using Eq. (B7)] and the
Lorentzian response of the resonator given by R(w) =
(k/2m)/ [(w —w)? + (K/Z)Z]. Hence, we express n
= Afigy, where 4 = f;‘:“lz Lo(w)R(w) dw and 714, represents

an effective photon number of the output-line noise in the
relevant frequency range [w,1, @]

Using this model with 74, = 2.1, we plot, in Figs. 7(e)
and 7(f), the measured dephasing time and 7 (black stars)
versus the parameter 4, which we numerically calculate
using the measured MPIJIS curves shown in Fig. 7(a). We
also plot with solid red lines the corresponding theory fits
for the dephasing time 7, 4 and 7 obtained with Eq. (4)
and the parameter 4 evaluated with use of the calculated
response of the MPIJIS, featured in Fig. 7(b). Similarly
to Fig. 7(c), the dotted black line in Figs. 7(d)-7(f) is a
guide for the eye for increasing P,, and the data point
in each figure that is not connected by the dashed line
belongs to the on-on configuration of the MPIJIS-MPIJIS
experiment [Fig. 6(d)]. As seen in Figs. 7(e) and 7(f), the
theory fits drawn as red lines yield good agreement with
the measured data in the low-to-mid pump power range
P, < P,. Deviations up to a factor of 2 between the fits
and the data are observed around and above P,. Notably,
we observe an increase of 7T, (or decrease in 7) even
for similar values of the parameter 4 near 1072, where it
plateaus. However, as revealed by the dashed black line,
higher T,,, corresponding to similar 4 values, seems to cor-
relate with higher applied pump powers. To account for
this pump power dependency, we update the parameter
A (as done in Appendixes D and E) to include the effect
of input-power saturation of the MPUJIS (i.e., dynamic
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range) due to pump depletion. Substituting the result of
Eq. (ES) into the inverse of Eq. (4) with 7y, = 1.7 yields
the updated theory fit T, p drawn as a solid black curve in
Fig. 7(e). Importantly, although the fits T, , and 7, p drawn
in Fig. 7(e) yield similar quantitative agreement with the
data, T, p qualitatively reproduces the semi-U-turn feature
of the measured dephasing time with respect to 4. Simi-
lar characteristics are seen in the corresponding fits of # in
Fig. 7(f). It is important to emphasize here the implications
of the data drawn in Figs. 7(e) and 7(f). They show [see
Eq. (E4)] that for similar 4 values of the MPIJIS, which
generally correspond to similar isolation response versus
frequency, the qubit dephasing time increases when the
ratio of the incoming noise photon per unit time to the input
pump photon per unit time decreases. Furthermore, the fact
that in the double-isolation experiment [represented by the
top and bottom data points in Figs. 7(e) and 7(f), respec-
tively], the measured dephasing time is higher than the
maximum achieved with one isolation stage, despite hav-
ing a similar value of 4, might be due to the presence of
two pump inputs feeding the two isolation stages, which
further reduce the noise to pump photon ratio.

To complete the picture, we plot in Fig. 7(g) the mea-
sured isolation at the minimum points (diamonds) and at
the readout frequency (squares) and the calculated param-
eter A (solid black curve) as a function of the normalized
pump power P,/P,o. The corresponding theory fits for
the isolation at the global minimum points and the read-
out frequency (i.e., L) are plotted as dashed magenta and
cyan curves, respectively. We also plot in Fig. 7(h) along
the same x axis, the measured dephasing time (black
stars) and the theory fits T,,; (dashed black curve), T, 4
(solid red curve), and T, p (solid black curve) discussed
earlier.

D. QRMCM versus two magnetic isolators

In this experiment, we modify the experimental setup
inside the fridge to enable a direct comparison between
the protection provided by the QRMCM and two commer-
cial magnetic isolators connected in series as illustrated in
Fig. 8(a), showing the main components (a detailed dia-
gram of the setup is displayed in Fig. 20). In this setup,
we connect the readout input line to a commercial direc-
tional coupler to enable the passage of the reflected readout
signals off the quantum chip through the QRMCM or mag-
netic isolators depending on the state of a first cryogenic
switch, which connects to either the Purcell filter port of
the QRMCM or the input of the magnetic isolators. We
also add a second cryogenic switch connected to the rest
of the output line, which, depending on its state, connects
to either the output of the QRMCM (i.e., the auxiliary
directional coupler connected to IN2) or the output of the
magnetic isolators. In both cases, the readout and qubit

input lines are the same as is the output line, which includes
the low-pass filter and the HEMT.

The two commercial magnetic isolators used in this
comparison are 4—12-GHz isolators. Separate characteri-
zation of this kind of broadband isolator at 10 mK in a
different fridge (data not shown) shows that it gives more
than 20 dB of isolation in the range from 1 to 12 GHz and
even stronger isolation, exceeding 60 dB, at the readout
frequency of this experiment.

In Figs. 8(b) and 8(c), we plot the transmission in the
backward direction |S)/,|? and the forward direction | S,/ |?
measured through the two MPIJIS devices, i.e., [; and I,
corresponding to the four different configurations listed in
the inset table. Similarly to the double-isolation experi-
ment reported in Fig. 6, we obtain at this new working
point an isolation of about 45 dB at £, but a higher insertion
loss in the forward direction, 10 dB instead of 8 dB, which
underscores the relatively large tuneup parameter space for
Josephson parametric devices that possess several degrees
of freedom, such as fluxes and pump drives (frequency
and power). In the following section, we discuss how this
tuneup parameter space can be reduced.

In Fig. 9, we plot the qubit coherence times mea-
sured with the magnetic isolator setup [Fig. 9(a)] and
the QRMCM configurations [Figs. 9(b)-9(d)] specified
in the headings. From left to right, we plot 77 (relax-
ation), Tx (Ramsey), Tr (echo), and Tcpmg [Carr-Purcell-
Merboom-Gill-like (CPMG-like) decoherence measure-
ment]. An illustration of the pulse sequence applied in the
different measurements is shown at the top. In Fig. 9(a),
we measure for the magnetic isolator setup, 77 = 47 us,
Tr = 74 us, Tg = 83 us, and Tepmg = 93 ws. The dephas-
ing time, 7T, ;, associated with the various decoherence
measurements i = R, E, CPMG, is calculated with the gen-
eralized relation T;ll = Tl._1 — (2T;)~". From the results in
Fig. 9(a), we find that in the case of two magnetic isolators,
the qubit decoherence is limited mainly by low-frequency
noise since T < Tr < Tcpmg, Which can be filtered out
by adding one 7 pulse in the echo measurement and four
in the CPMG-like measurement applied here. We also
achieve in this input-output line configuration the maxi-
mum attainable decoherence time, approximately equal to
2T, (i.e., limited by T7), thus forming an ideal benchmark
configuration for evaluating the QRMCM performance.

We turn now to the coherence results obtained with
the QRMCM shown in Figs. 9(b)-9(d). In the baseline
case, where both MPIJIS devices, I; and /I,, are off (data
not shown), we obtain 77 =28 us, T = 0.7 us, and
Tr = 0.6 us. In Fig. 9(b), where only /, is on, we obtain
Ty =41 us, Tg = 21 us, Tp = 22 us, and Tcpmg = 26 us.
Similarly, in Fig. 9(c), where only /; is on, we obtain
Ti =42 us, Tr = 13 us, Tg = 29 us, and Teppg = 36 us.
Lastly, in Fig. 9(d), where both /; and I, are on, we mea-
sure the longest coherence times, i.e., Ty =45 us, Tx =
30 us, Tg = 46 us, and Tcpmg = 52 us. While this case
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FIG. 9. Comparison of the qubit coherence times measured using two cryogenic magnetic isolators versus the QRMCM. (a) Qubit
coherence measurements taken with the output chain incorporating two commercial wideband magnetic isolators. (b)~(d) Similar
coherence measurements taken in the same cooldown with the output chain incorporating the QRMCM. A simplified (detailed) version
of the experimental setup used to obtain the dataset is shown in Fig. 8(a) (Fig. 20). From left to right T, Tx, Tx, and Tcpmg measurement
results are shown. The pulse sequence used in the various cases is shown at the top. The measurements shown in (b)—<d) correspond
to different MPIJIS 1 (/;) and MPIJIS 2 (1) configurations outlined in the green headings. The corresponding QRMCM transmission
parameters measured for these configurations are shown in Figs. 8(b) and 8(c).

gives T =45 us, which is effectively equal to 47 us
obtained with the two-magnetic-isolator setup, and yields
a considerable increase in the decoherence times with the
addition of 7 pulses as indicated by 7Tz < Tz < Tcpmg, it
achieves Tg and Tcpymg that are only slightly higher than
T\ and much lower than 27). This result suggests that in
the QRMCM case, the decoherence time is likely limited
by high-frequency noise, such as residual thermal photon
noise in the readout resonator that cannot be filtered out by
applying a small number of = pulses [53].

V. DISCUSSION

The qubit-QRMCM experiment differs from the
qubit-MPIJIS experiment reported in Ref. [35] in several
important aspects: it (1) realizes an on-chip MPIJIS device
operated with a single pump; it (2) introduces a working
QRMCM operated in continuous mode, which integrates a

Purcell filter, a superconducting directional coupler, MPI-
JIS devices, and a reconfigurable MPIJDA or MPILJIS
device; (3) it demonstrates a high-fidelity, high-coherence,
dispersive qubit measurement without any magnetic
isolators and circulators in the output chain; (4) it achieves
an isolation of more than 40 dB at the readout frequency
using two MPIJIS devices in series; and (5) it can be used
to investigate the dependence of the qubit coherence on the
MPIIIS response, varied in situ with use of the pump tone.

In addition to enabling high-fidelity dispersive readout,
the QRMCM scheme presented here has two main advan-
tages: (1) it is fully compatible with frequency-multiplexed
readout, which is useful in scalable architectures (provided
that the bandwidth and saturation power of the MPIJIS
or MPIJDA can be significantly increased, as we discuss
below); (2) its isolation and amplification stages are inher-
ently compatible due to their shared circuitry, fabrication
process, and mode of operation. This compatibility could
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resonance, i.e., fi = f, and f, = f,. Ports a of the JPCs, denoted as “1’” and “2’,” are coupled via a 90° hybrid, while their internal
b ports, denoted as “b1” and “b2”, are coupled via a fictitious coupler in (a) or equivalently a lossy delay line in (b), which model
the attenuation present in the internal b channel of the MPIJIS due to dissipation in the 50-2 cold terminations. In (a) the coupler
coefficients o and B are taken to be real, satisfying the condition &> + 82 = 1. The signals transmitted between ports a and b of the
JPC undergo frequency conversion and acquire a nonreciprocal phase shift, which depends on the phase of the drive.

be particularly useful in large systems, which benefit from
standardization, reliability, and matching.

The measured response of the MPIJIS shown in Figs. 2
and 3 differs from the ideal theoretical case in two notable
aspects. The first is the MPIJIS attenuation on resonance in
the forward direction of about 2 dB, which is higher than
the 0.5 dB predicted for a device whose JPCs are operated
around the 50:50 beam splitting point, and whose modes b
are equally coupled to each other and to the cold termina-
tions. The likely cause of this effect, as revealed from the
calculated response in Fig. 3, is that modes b of the JPCs
are coupled more strongly to the cold terminations than to
each other (see Appendix B). Consequently, this suggests it
is possible to reduce the forward attenuation of the device
by adjusting the unintentional asymmetry in the couplings
in future designs. The second is the slight frequency detun-
ing between the dips in the reflection [Figs. 2(b) and 2(d)]
and transmission [Figs. 2(a) and 2(c)] parameters when the
MPLIIS is on. This effect could be due to a phase imbalance
in the signal hybrid, which results in a slightly differ-
ent frequency condition for constructive and destructive
interferences in the two cases.

The higher insertion loss (2-3 dB) of the MPIJIS and
MPIJIDA devices in the off state, seen, for example, in
Figs. 5(a), 6(a), 8(b), and 8(c), originates from mismatches
between the resonances of their JPC building blocks at
the given flux-biasing points and the phase and ampli-
tude imbalance of their signal hybrids, both of which can
be minimized to about 0 dB [as seen, for example, in

Figs. 2(a) and 2(c) for the stand-alone device biased at
a higher frequency] by increasing the uniformity of their
JPCs, operating them near their maximum frequencies
versus flux, and better match of the center frequency of
their signal hybrids to the intended operation frequency.
Following this work, there are several avenues to
explore going forward: (1) Realizing a single-pump, on-
chip MPIJDA, which uses an adapted hybrid for the pump
in an analogous manner to the single-pump MPIJIS. (2)
Pining down the source of the residual high-frequency
noise limiting 75z in the QRMCM case in comparison
with the conventional magnetic isolator setup (see Fig. 9).
In particular, it should be investigated whether it orig-
inates from out-of-band noise coming from the output
chain (i.e., lies outside the narrow bandwidth of the MPI-
JIS devices) or from incoming noise that lies outside the
isolation path of the MPIJIS devices (e.g., thermal noise
entering through the pump-line circuitry). (3) Reducing the
size of the QRMCM components using lumped-element
implementations of the JPCs [54] and hybrids [55]. (4)
Increasing the bandwidth and saturation power of the
MPUJIS and MPIJDA to support multiplexed qubit read-
out in scalable architectures. This could potentially be
achieved by first increasing the bandwidth and satura-
tion power of JPCs, which constitute the bottleneck. One
possible way to increase the JPC bandwidth is by imple-
mentation of an impedance-matching network between its
Josephson junctions and external feedlines, as was suc-
cessfully demonstrated in the case of single-port Josephson
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parametric amplifiers [56,57]. Increasing the saturation
power of JPCs, on the other hand, requires getting a better
handle on the Kerr and higher-order nonlinearities exhib-
ited by the device [58—60], which are dependent on the
ratios of the inductances of the Josephson junctions to
the linear inductances inside and outside the ring [59].
For example, the analysis of Ref. [59] shows that there
exists an experimentally feasible inductance-ratio param-
eter space in which JPCs have saturation powers as high as
—104 dBm.

Furthermore, increasing the bandwidth of these direc-
tional Josephson devices and reducing their footprint are
expected to yield another benefit: reducing their tuneup
parameter space, by further relaxing the matching require-
ment of their JPCs and enabling them to be flux-biased
using one coil or flux line versus two. This will further
simplify and decrease the variability of their tuneup pro-
cedure, and reduce the number of flux lines and sources
needed per device.

Finally, it is important to emphasize that the QRMCM
concept introduced here constitutes an interface block
between the qubit system and the input and output lines
that is modular and versatile, and, therefore, it is not
limited to specific superconducting components or read-
out schemes. For example, the QRMCM could poten-
tially serve in future readout schemes that rely on single
microwave photon detectors [61—63] instead of parametric
amplifiers.

VI. CONCLUSION

We realize a QRMCM devoid of magnetic materials and
strong magnetic fields. The QRMCM includes a Purcell
filter, a superconducting directional coupler, two MPI-
JIS devices, and one reconfigurable directional Josephson
device integrated into one PCB. We use the QRMCM
alongside an off-the-shelf low-pass filter connected at its
output to read out a superconducting qubit without any
cryogenic magnetic isolators or circulators in the out-
put chain. With the reconfigurable device operated as
a MPIJIDA and one of the MPIJIS devices turned on,
we demonstrate a fast (7, = 0.75 us), high-fidelity (¥ >
0.95), dispersive measurement of a coherent qubit with
Ty, =52 usand Top = 35 ps. We further increase the qubit
coherence time, 75z, to 49 us by operating the reconfig-
urable device as a second MPIJIS, with a total QRMCM
isolation of 45 dB at the readout frequency and a band-
width of about 13 MHz. Moreover, by varying the isolation
of the QRMCM with the pump power, we demonstrate
an in situ increase of T>r and T, by a factor of 80 and
150, respectively (up to a maximum of 7z = 49 us and
T, = 89 us). A direct comparison with an output chain
that includes two commercial wideband magnetic isola-
tors in the output chain and achieves T»g &~ 2T} shows that
the qubit dephasing time measured with the QRMCM (for

which Thp &~ T| = 45 us) is likely limited by the residual
thermal photon population in the readout resonator that is
not acted upon by the MPIJIS devices.

One key component enabling these results is the
single-pump, on-chip MPIJIS realized in this work, which
comprises two nominally identical nondegenerate, three-
wave Josephson mixers that are coupled in an interfero-
metric setup and operated in frequency-conversion mode.
The microwave drive, giving rise to nonreciprocity, is fed
through an on-chip quadrature hybrid, which equally splits
the drive between the mixers and imposes the required
phase difference (i.e., =7 /2) between the split drives. The
MPLIIS yields on-resonance attenuation of about 2 dB in
the forward direction and 23 dB in the backward direction
with a dynamical bandwidth of 8 MHz. The device has a
tunable bandwidth of about 300 MHz with isolation larger
than 18 dB and input saturation power of about —120 dBm
at 21 dB of isolation (see Appendix I).

An improved and smaller version of this QRMCM that
integrates large-bandwidth and high-saturation MPIJIS
and MPIJDA devices could enable frequency-multiplexed
readout of multiple qubits in scalable quantum processor
architectures.
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APPENDIX A: MPLJIS SCATTERING
PARAMETERS

To derive analytical expressions for the scattering
parameters of the MPIJIS, we solve the effective sig-
nal flow graph of the device shown in Fig. 10(a),
which includes the coupled JPCs operated in frequency-
conversion mode. On-resonance signals at fj = f, or f =
f» input at port a (e.g., 1’ or 2’) or port b (e.g., bl or b2)
are reflected with reflection parameter » and transmitted
with frequency conversion to the other port with trans-
mission parameter ¢, where » and ¢ are determined by the
pump drive amplitude and satisfy the energy-conservation
condition 72 4 2 = 1. More specifically, in the stiff pump
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FIG. 11. Simplified signal flow graph for a JPC operated in

frequency-conversion mode (a) and for the MPIJIS (b). See
Appendix C for details.

approximation, 7 and ¢ can be written as [38,43]

1—p?
r=——

14 p?’
. 20 (A1)
=11

where 0 < p is a dimensionless pump amplitude. For p =
0, the JPC acts as a perfect mirror, whereas for p = 1, the
JPC operates in full frequency-conversion mode between
ports a and b.

In the derivation, we assume that the two JPCs are bal-
anced (i.e., their reflection and transmission parameters are
equal). Figure 10(a) also includes flow graphs of two cou-
plers coupling the a and b ports of the JPCs; one represents
the 90° hybrid, which couples between the a ports of the
JPCs, while the other is fictitious, coupling the b ports.
The latter models the amplitude attenuation o present on
the b port due to signal absorption in the 50-2 cold loads.
Because of the structural symmetry of the device, we con-
sider a coupler with real coefficients o and 8, which satisfy
the condition o® + B2 = 1. For an ideal symmetric coupler
(i.e., 90° hybrid), « = B = 1/+/2 [19].

A detailed derivation of the scattering parameters of the
MPIIJIS is given in the supplementary information in Ref.

[35]. For completeness, we provide in this section the main
results of Ref. [35] and update the equations to account for
the effect of the applied fluxes in the JRMs on the isolation
direction of the MPIJIS. More specifically, we general-
ize the nonreciprocal phases ¢,; and ¢, acquired by the
frequency-converted transmitted signals between ports a
and b, which in Ref. [35] represent only the phases of the
pump drives feeding JPC 1 and JPC 2 at frequency f,, to
¢,1 = ¢p1 +ingimw and ¢, = ¢y,2 + ingr7, which account
for the sign of the real coupling constant g, (i.e., +1 and
—1 obtained for n, = 0 and n, = 1, respectively) set by
the sign of the applied flux in the JRM or alternatively
the direction of the circulating current [64]. Consequently,
the multiplication of the transmission parameters through
the two JPCs results in multiplication of the signs of
the coupling constants or addition of the corresponding
phases [i.e., €7, where p = (ng) + ng) mod 2]. After
introducing this update and expressing the MPIJIS scat-
tering parameters in terms of the parameter ¢, we obtain on
resonance

Sa1 e G AT (A2)
1+ /‘;—2t2 B
Si2 = 1+l°‘2t2 (M—F ﬂ—tzmn(p), (A3)
£
ia P
Sn =S22__ﬂ21+“2t2 08 ¢, (A4)
2
VA
S33 =84 = ————, (A5)
1+ %ﬁ
a P
Su=S3= 3 —0 (A6)
Br14 50
te—i9s/2-+im /4 Y o
Si3 = _\/_6—22 (Mae’%“? + e—’%—lz) ,
2B (1 + &5t )
B
(A7)
¢ —ips/2+im /4 ) - ‘ .
Sy = _\/_e—z (e’%J”Z + Mae_’%—’z) ,
28 (1 + “—2t2)
B
(A8)
¢ —ips/2+im /4 - Y ‘ .
2p (1 + &5t )
B
(A9)
¢ —ips/2+im /4 ) - ‘ .
2p (1 + &5t )
B
(A10)
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¢ ipg/2+im /4 ) - ) .
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(A11)
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S5 = _e—z (\/ | — Pae™ 57T + e’%“Z) ,
V2B (1 + ‘g—zﬂ)
(A12)
1ot/ 2+im /4 . .
Sy = — ¢ . (67’%“? +v1- tzoce’%ﬂT),
V2B (1 + ‘g—zﬂ)
(A13)
t ipg/2+in /4 ) - ) .
S = oy T P,
V28 (1 - ;f—2t2>

(Al14)

While Egs. (A2){A14) have the same form as those
derived in Ref. [35], the phases ¢ and ¢, are different.
In this case, they are given by ¢ = ¢, +pm and ¢, =
Op1 + P2 + pm, where ¢, = ¢p1 — Ppo.

Before we outline the effect of the parity parameter p on
the MPIJIS response, we consider two important cases:

(1) No applied pump, i.e., = 0. In this case, the scat-
tering matrix reduces to

[S]= (A15)

0
i
0
0

This result shows that when the MPIJIS is off,
it is transparent for propagating signals and effec-
tively behaves as a lossless transmission line with an
added reciprocal phase shift of 7 /2 for transmitted
signals within the bandwidth of the 90° hybrid.

(2) The JPCs are biased at the working point of the
50:50 beam splitter, i.e., r =t = 1/\/5, the b-mode
coupler is symmetrical, « = 8 = 1/+/2, the phase
difference is ¢ = —m/2, and the sum is ¢, = 7 /2.
In this case, the scattering matrix becomes

1 1
o0 -5 5
%ﬁ 0 i _i
s=| % % S| @l
32 2 3 3
A L 2 2
EN IV B 3

which shows that, under the above conditions, the
MPUIS functions as an isolator with almost unity
transmission in the forward direction, i.e., |S>;| =
2+/2/3 = 0.943 (which corresponds to an insertion

loss of about 0.5 dB in the signal power), total iso-
lation in the opposite direction, |S};| = 0, and van-
ishing reflections, |S1;| = |S2;| = 0. Furthermore, it
shows that the cold loads on ports 3 and 4 play
a similar role to internal ports of standard mag-
netic isolators. They dissipate the energy of back-
propagating signals, |S3,| = |Ss2| = 1/+4/2, and emit
noise (e.g., vacuum noise) towards the input, |S13| =
|S1al = 1/+/2.

Although Egs. (A2){A14) are derived for on-resonance
signals, it is straightforward to generalize them for signals
that lie within the JPC dynamical bandwidth. This is done
by substituting [38]

2p

t[wl] R B T
xa'xy "+ P2

(A17)

where x, and x, are the bare response functions of modes
a and b (whose inverses depend linearly on £ and f;):

W] — Wy

Va
1 o] =1 -2 =2
Vb

Xg o] =1-2i

(A18)

where w; = 2nf}, w, = 2nf,, and the applied pump angu-
lar frequency is given by w, = wp — w, = wy — w1, where
wp = 27fy and wy = 27 f,.

This generalization holds under the assumption that
the bandwidth of the 90° hybrid is much larger than the
3—12-MHz dynamical bandwidths of the JPCs, which is
generally the case because transmission-line-based hybrids
typically exhibit bandwidths of a few hundred megahertz
[65].

APPENDIX B: EFFECTIVE TWO-PORT MODEL

Here we derive an effective two-port model of the MPI-
JIS, which calculates the scattering parameters of ports 1
and 2 only. In this model, we replace the effective coupler
shown in Fig. 10(a) by a lossy delay line, coupling mode b
of the two JPCs as depicted in Fig. 10(b). The transmission
coefficient of this delay line is frequency dependent and
can be expressed as a[w;] = |«|e”, where the phase delay
reads Og[w1] = wai/€cila/c = (w1 + wp)/€ctila/c, where
I = 11.283 mm is the length of the microstrip transmis-
sion line coupling the two JPCs, c is the speed of light,
and e.5 = 7.418 is the effective dielectric constant of the
microstrip transmission line. The amplitude 0 < |o| <1
represents the amplitude attenuation of the internal mode
b due to coupling to the cold terminations.

To calculate the device scattering parameters at ports 1
and 2, we start off by writing the scattering parameters of
the inner device defined by ports 1’ and 2’, which excludes
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the 90° hybrid. Using the signal flow graph shown in
Fig. 10(b), we obtain

[w1] are (BD)
S19 | W = -2,
T T e
at?e’?
Sor17 = - B2
o] l—riaz (B2)
[w1] [w1] L (B3)
sivlwr] = syl =ry, — ———,
11wy 22 W1 1_}%0(2

where the JPC transmission coefficient is given by Eq.
(A17) and 7, and r, are the JPC reflection parameters at
ports a and b given by

—1x.,,—1 2
Xa Xp —P
rolwr] = a,lf—]z, (B4)
Xa Xp TP
-1, —1lx 2
Xa X —p
I"b[a)l] = a—lb——lz' (BS)
Xa Xp +pP

The inverse bare response functions y,° Uand Xy ! of modes
a and b are given by Eq. (A18).

After including the wave interference effect introduced
by the 90° hybrid, we finally arrive at the following
expressions for the scattering matrix of the device:

1

Safon] = 7 (isyy +isyy +syv — s127), (B6)
Sio[o] = % (isyr +isyy + sy — sp1), (B7)
Sulo] = % (Svy — sy + isyy +isy), (B8)
Salwi] = 3 (S22 — Sy1 + sy + isyar) . (B9)

To calculate the MPIJIS transmission response versus fre-
quency that matches the measured curves in Fig. 3, we
evaluate |S;|> and |S)»|? on the basis of Egs. (B6) and
(B7), while substituting w, /27 = 2.727 GHz (applied in
the experiment) and ¢ = —7/2 (¢ = 7w /2) when P; (P>)
is driven. We also substitute y,/27 =40 MHz (mea-
sured), y,/27 = 100 MHz (set to match the bandwidths
of the measured curves), and |«| = 0.51. The latter param-
eter (i.e., |«|) is evaluated by our varying p and || to
simultaneously best match one pair of |S(|* and |Sy|?
values measured on resonance for the same pump power
and pump port. This is because, on resonance, the device
response in both directions is dependent solely on these
two parameters. Next, for each pair of curves |Sy;|* and
|S12|*> measured for the same pump power and pump port,
we substitute w,/2m corresponding to the frequency of
the respective isolation dip. This is done because the the-
oretical model here does not account for shifts in the

JPC resonance frequency due to the Kerr effect. Finally,
for each pair of curves (|Sy(]> and |S}»|? corresponding
to the same pump power and pump port), we substitute
p, which gives the respective isolation dip magnitude on
resonance.

One likely physical reason for the deviation of the
parameter value |o| =0.51 in our device from 1/+/2
expected for an ideal symmetric coupler [in which «, the
coupling coefficient between the b modes of the two JPCs,
is equal to B, the coupling coefficient of each JPC to the
cold termination; see Fig. 10(a)] is the presence of two
coupling capacitors in series between the two JPCs, which
couple the JPCs to the intermediate delay line [see the
device configuration shown in Figs. 1(d) and 1(g)]. Having
these two coupling capacitors in series in the path between
the two JPCs, instead of one, effectively reduces the cou-
pling for wave amplitudes by +/2, thus giving || = 0.5,
which matches well the estimated value of 0.51 in our
device.

APPENDIX C: COMMON ATTRIBUTES OF THE
MPLJIS AND JPC

To better understand the scattering parameters of the
MPUIS, we outline in Figs. 11(a) and 11(b) the on-
resonance signal flow graph for a JPC operated in
frequency-conversion mode and a MPIJIS operated in the
forward direction, respectively. If we suppress the phases
of the various scattering parameters between the ports and
focus on their magnitude, then the JPC can be charac-
terized by two parameters, a reflection parameter » and a
transmission parameter ¢ given by Eq. (A1), which satisfy
the condition 2 = 1 — 2. Similarly, in the MPIJIS case,
we can reduce its various scattering parameters between
the input port (1), output port (2), and vacuum ports (3 and
4) given by Eqgs. (A2)«(A14) into five main parameters,
denoted as #/, v’, ¥, ¢, and ¢’ in Fig. 11(b). Assuming
the two JPCs in the MPIJIS are uniform and balanced, we
express these parameters as

r—ao

r = (C1)
P = 1’:;, (C2)
/1" r
P = (C3)
1 2
+ 1 —a?
1 JT—a?
/= ﬁl—at’ (C4)
— or
VR Al (C5)
V2 14ar

where r and 7 are the scattering parameters of one JPC stage
and « is the amplitude attenuation of the internal mode.
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Pexe = 0

Pext <0

In the special case where r=rt=a =1/v2, we
retrieve the result of Eq. (A16). It is also straightforward
to see that in the limit » — «, we get ¥ — 0,7 >/, and
>t

Interestingly, the first three parameters (+/, ”, and »")
exhibit a reflectionlike dependence on p despite represent-
ing transmission parameters between ports, in particular »/
and 7/, which are the MPIJIS transmission in the backward
direction and the forward direction, respectively. This can
be seen, for example, by substituting Eq. (A1) into Egs.
(C1) and (C2), which gives

) 1 — a/pZ
¥ = TTa? S (C6)
B 1— O[//102

= o (C7)

where o' = (1 +«)/(1 —a) and o” = 1/a’. Casting »
and 7’ in this form implies that they generally behave as

FIG. 12. JRM  structure, eigen-
modes, and circulating currents. (a)
The JRM consists of four Joseph-
son junctions a, b, ¢, and d with
energy E;, which are arranged in
a Wheatstone bridge configuration
between nodes 1, 2, 3, and 4. The
four large inner junctions, each with
inductance L, function as linear shunt
inductors for the JRM junctions.
An externally applied magnetic flux
threading the JRM loop gives rise
to a circulating direct current I .
(b) The reduced node fluxes ¢, ¢z,
¢3, and ¢4 used in the calculation

(e) of the JRM eigenmodes. The four

inner loops are assumed to be equal

Common mode in size, and thus each loop receives
+ a quarter of ®gy. When the JRM

1 is biased at a primary flux lobe,

no direct current flows in the shunt
inductances inside the JRM (i.e.,
the circulating currents in the inner
branches cancel each other). (c)(e)
Polarity of the rf node voltages
corresponding to the eigenmodes of
the JRM. (c),(d) Polarity patterns for
the differential excitation modes “X”
and “Y,” respectively. (e) The pattern

(h) for the common excitation mode “Z.”

(f)~(h) Correspondence between the
circulating current direction and the
sign of the reduced external magnetic
flux @exi. The black circles in (g)
indicate no circulating currents.

Pext >0

r of a JPC [see Eq. (Al)] with rescaled pump amplitudes.
Since o’ > 1 (a” < 1), we find that in the limit p> — «”,
we get” ~0and ¥ ~ (1 —a”)/(1+a"?).

Extending this observation to the scattering parameters
of the MPIJIS and JPC, we find that they generally exhibit
a reflectionlike dependence on p (indicated by red lines
in Fig. 11) if they link between the same mode a or b
regardless of their physical ports and a transmissionlike
dependence if they link between different modes (indicated
by cyan lines in Fig. 11).

Furthermore, by inspecting the signal flow graph in
Fig. 11(b), we derive a useful energy-conservation condi-
tion for the MPIJIS:

T=2//P=1- /=

, C8
T (C8)
which states that the energy of the signal entering through
the output port of the MPIJIS is either dissipated in the
loads or passed to the input. To a large extent, this is
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analogous to the condition of a JPC operated in frequency-
conversion mode; namely, 7= 2 = 1 — 2.

Equation (C8) is important for two reasons: (1) It shows
that for a signal entering the output, the MPIJIS with t —
1 — «? mimics a JPC with ¢t — 1 (operated in full conver-
sion mode). But unlike the JPC, in which a small portion of
the signal is reflected back to the same port, in the MPIJIS
case, it is transmitted to a different port, (i.e., the input).
(2) It allows us to infer the amount of energy of the signal
coming from the output that gets dissipated in the loads
(i.e., 2|7|?) by measuring the isolation of the MPIJIS (i.e.,
7 12).

APPENDIX D: MPLJIS SATURATION DUE TO
PUMP DEPLETION

To evaluate the saturation of the MPIJIS due to pump
depletion effects, we rely on the equivalence, established
in Appendix C, between processing of incoming signals
through the output port of a MPIJIS and operating a JPC
in frequency-conversion mode. We also apply, in our cal-
culation, the same method and definitions as in Ref. [38]
used for evaluating the saturation of a JPC due to pump
depletion effects in the amplification mode.

We start off with the quantum Langevin equation for the
pump mode ¢ of a JPC operated in conversion mode, which
reads

d A i
P —iwec — igza’h — %c + J/yee" (@), (D1)
where the input field is given by
&) = L / N wle™™ dw (D2)
V2 Jo

and satisfies the commutation relation [c¢"[w], ¢™[w']] =
sgn((@ — w')/2)é(w + &).
Taking the average value for the field ¢ gives

d . iy
L (e) = —iw, () — igs [a'h) — % (©) + 7 @)

dt
(D3)

In the steady state and wusing the rotating-wave-
approximation, we obtain

igs (a"b) + 5 () = Vre(e"0). (D4)
In the limit of no input ((aTb) = 0) we get
(@) = — () (DS)
=7 .

In this case the average number of photons in the resonator
cis
(Do)

4 . 2 4 .
li —C — 2 — _|{zin — _—1n’
(“Tgn_)()n [l Ve |<C (I))| Ye e

where 71" is the average number of input pump photons per
unit time.

In the presence of input (a*b) # 0, the pump drive expe-
riences an additional decay channel associated with the
photon-conversion process occurring in the device. Thus,
we define an effective decay rate of pump photons ey
given by

Veft

— (e®). (D7)

igs (a(0'b(1) =

To calculate y.f, we first evaluate (a(t)Tb(t)) in the frame
rotating with the pump phase:

(a(t)Tb(t)> = % /OO /Oo (alw]b [a)’]>e_[(‘“+"’/)t dodw'.

Using the JPC scattering parameters in conversion mode
[38], and the input-output relations given by

Vet [0] = d" [0] + 0" [0], (D9)
Vb [0] =" 0] + 6™ [o], (D10)
we obtain
fato1b [of)) = 2 [ )" (o]
+ (B" [w] o™ [])], (D11)

where T(Aw) = 1> = 407 /1%, x; ' + p*I.
Substituting the anticommutator for the noise field given
by

{a" [],a" [ ]}), = ({6 [, 2" [o]});

into Egs. (D11) and (D8) yields

—2i 1 [*
(a"b(0) YaVbp 270 Jo
x [N"@) + N ()] T(Aw) do, (D12)
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where N7 is the photon spectral density given by

sgnw hw
= h
Nrlw] 5 cot <2k3 T)

= sgno (NT[lwl] + %) (D13)

and Ny [w] = 1/(e"/®T — 1) is the Bose-Einstein distri-
bution.

Ignoring vacuum noise, which is much smaller than the
thermal noise coming from the 4 K stage and couples to
mode a, we obtain

—2i 1 [~ .
T _ in _
{a'b()) = o /0 N™w) [1 = L(w)] do,

(D14)

where we applied Eq. (C8), which links the transmission
of a JPC, T(Aw), to the reverse transmission of a MPIJIS
device, L(w).

Substituting Eq. (D14) in Eq. (D7) along with Eq. (D6)
and the relation p = 2g3+/n¢/\/Ya¥s, We obtain the simple
relation

~in

n
Vet = Ye 7=
4pin

(D15)

. 1 .
where n)! = — fooo N (w) [l — L(w)] dw represents the
T
average number of input noise photons per unit time that
are transferred to the MPIJIS loads.
Next, we note from Eq. (D6) that for a given set point
Ly, the average number of pump photons in the device with

no applied noise is given by
fic (Lo, iy = 0) = —7" (D16)

whereas in the presence of noise or input signal it is given
by

_ 4 _
iic (Lo, i) = Yo (DI7)

T et ya@o)?

Thus, for a fixed input pump power (i.c., fixed 7'") and
using Egs. (D15)+D17), we get

fie (Lo,y) 1
fic (Lo, i = 0) ( L ﬁi,“gLo)>2
4nn

12

(D18)

1 i, (Lo)
-~ o2 )

On the other hand, on resonance we have

1-VL
_ 1+VL
1—JLy
1+ VLo

11—-+L
where we used the relation p?> = — VL
o' 1++/L
Eq. (C6) (in which # = +/L) and the dependence of p on
Tie.
Combining the results of Egs. (D18) and (D19) gives for

L«
L i (Lo)
2\/L — =1 =2
0 (\/ Lo ) 27

Hence, if we limit the deviation of L compared with L to
L/Ly < 1+ €, where € < 1, then the device saturation due
to pump depletion can be considered small if the ratio of
the input noise photons to input pump photons satisfies the
inequality

ne (Lo, ")
i (Lo, " = 0)

(D19)

derived from

(D20)

LLO) < &/Ly. (D21)

APPENDIX E: THE EFFECT OF PUMP
DEPLETION ON THE DEPHASING RATE

To model the observed decrease in the qubit dephasing
rate with the MPIJIS applied pump power, we update the
filtering parameter A of the resonator-MPIJIS system to
include the effect of power saturation of the MPIJIS due
to pump depletion, i.e., 4 — A(L).

Starting from the on-resonance relation [Eq. (D20)], we
obtain the following approximation:

7y (Lo)
L:Lo—i-\/Lonsz. (E1)

Extending it to frequencies within the device bandwidth
gives

i (Ly)
2im

L(w) = Lo(@) + v/ Lo(w) (E2)
Multiplying Eq. (E2) by the filter response of the readout

resonator in the frequency domain, i.e., R(w), yields

iy (Lo)
2nin

L(w)R(w) = Lo(w)R(w) 4 v/ Lo(@)R(w)

(E3)

Integrating the combined response over the frequency
range spanned by the cutoff angular frequencies w.; and
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w1 gives

AL) = A+ iy (Lo) / " VLo(@)R(®) do,

—in
2n!!

(E4)

cl

where A(L) = f(fclz L(w)R(w)dw, A = fc::z Lo(w)R(w) dw,

. 1 4
and 1"(Lg) = — fa‘fo Ni'(w) [1 = Lo(w)] do.
7'[ c

Furthermore, since NI"(w) is a slowly varying function
in the relevant frequency range [w,, w.;], we introduce an
effective noise photon flux (per unit time) y,7, such that
" (Ly) = yuit,T;, where T, = f(j’f [1— Lo(w)] do.

C

This allows us to cast Eq. (E4) in a simpler form:

AL) = A + cg " T @R ) do, (ES)

Wcl

where C = (2y,/my.)p, and p; = 437,/ VaVs.

When calculating the fit 7, p drawn in Figs. 7(e) and
7(h), we take C = 0.02, which is within the range of our
system parameters.

APPENDIX F: JPC HAMILTONIAN

The bare Hamiltonian of a nondegenerate three-wave
mixing device, comprising three parallel LC resonators
coupled via a dispersive nonlinear medium, can be written
as as [38,64]

N
2L, 2L, 2L. 2C, 2C, 2C.
+ KOy dydy, (F1)

where @y, ®y, and d; are the generalized flux vari-
ables of the three resonators and Qy, Qy, and Oy are
the corresponding charge variables. The first six terms of
Hy represent the energy of three independent harmonic
oscillators (a, b, and c) having angular frequencies w, =
1/ LiCy, wp = 1//LpCyp, and w, = 1//L.C,. and char-
acteristic impedances Z, = «/L,/C,, Z, = +/Ly/Cp, and
Z. = /L./C.. Notably, the last term represents a trilin-
ear mixing interaction between modes X, Y, and Z with
coefficient K.

Here we assume that the angular frequencies of the three
modes are distinct, the resonators are well in the under-
damped regime, y,p. <K ®ape, Where y,, vp, ye are the
corresponding photon escape rates, and y, + yp <K wp —
wy, which supposes that the envelopes of the drive sig-
nals exciting these modes are slow compared with the
respective drive frequencies.

Equivalently, the Hamiltonian H, can be expressed in
terms of bosonic operators:

Hy = hiwga'a + hwpb'b + hw.c'e

+ hgs (aT +a) (bT +b) (CT +¢), (F2)
where a', a, b, bt, ¢, and ¢ are the raising and annihilation
operators associated with the three modes, which commute
with each other and satisfy the standard commutation rela-
tions [a,a'] = 1, [b,b'] = 1, and [c, ¢'] = 1. The coupling
constant between the modes g3 is assumed to be much
smaller than the angular frequencies w,, wp, and w. and
decay rates y,, ¥, and y,.

By further working in the framework of the rotating-
wave approximation and assuming a classical coherent
drive (i.e., pump) at w, = |wp — w,| and g3 > 0, we obtain

Hiwaye = h|gab|(ei¢p ab’ + e aTb)a (F3)
where g, = g3+/ni.e” % . In the derivation of Eq. (F3), we
replaced the annihilation operator ¢ by its average value
in the coherent state produced by the pump, where 7. is
the average pump photon number and ¢, is the pump
phase.

To find g3, we express the mode amplitudes (i.e., Py,
®y, and Py) in terms of the corresponding bosonic oper-
ators: dy = % (a+a'), &y = 0 +b"), and d; =

®Y(c +c'), where &% =/hZ,/2, ®) =/hZ,/2, and
®Y% = \/hZ./2 are the zero-point fluctuations of the gen-
eralized flux. Using these relations and Egs. (F1) and (F2),
we obtain the following link between g3 and K [38]:

hg; = K@Y 0dY,. (F4)
In the case of the JPC, the mixing term K®x ®yd, orig-
inates from the JRM, which functions as a dispersive
nonlinear mixing element. As seen in Fig. 12(a), the JRM
consists of four nominally identical Josephson junctions
with energy E; = ¢l (i.e., a, b, ¢, and d) arranged in
a Wheatstone bridge configuration, where ¢y = ®¢/27 is
the reduced flux quantum (®y = 4/2e) and I, is the critical
current. The Josephson junctions of the JRM are shunted
by linear inductors in the form of large inner Josephson
junctions, each with inductance L. Externally applied mag-
netic flux threading the JRM, @, induces a direct current,
Lirc, circulating in the outer loop.

For a symmetrical JRM, in which the areas of the four
inner loops are equal, as shown in Fig. 12(b), the exter-
nal flux threading them is @y /4, and for 0 < |Dey| <
1.49, (i.e., located on the primary flux lobe), no direct
currents flow in the inner branches. It is straightforward
to show that the JRM supports four spatial eigenmodes,
three of which (X, Y, and Z) resonate at microwave fre-
quencies [shown in Figs. 12(c)}-12(e)] and a fourth (not
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Dependence of the transmission or isolation direction on the parity of the fluxes threading the two JRMs. Transmission

parameters of the MPIJIS measured versus signal frequency. The measurement results shown on the left (right) are obtained with the
pump driving P; (P,) at f, = 2.783 GHz. In (a)(d), representing the even parity cases (p = 0), the magnetic fluxes threading the two
JRMs are either @ex; > 0 and @exiz > 0 in (a),(b) or @ext1 < 0 and @exy < 0 in (¢),(d). In (e)}—(h), representing the odd parity cases
(p = 1), the magnetic fluxes threading the two JRMs are either @exy; < 0 and @expy > 0 in (€),() or Pext1 > 0 and Yexp < 0 in (g),(h).
The magnitude of the flux used is |@ext1| = |@ext2] = 2 X 1.12 (i.e., Pyt = 1.12dy), which corresponds to a magnetic field magnitude
|Bext| = |Pextl/Ajrm = 4 x 107¢ T in the JRM plane, where Ajpy = (24 um)? is the area of the JRM loop.

shown) which is at dc [64]. As seen Figs. 12(c)}-12(e),
two of the eigenemodes, X and Y, are differential,
whereas Z is a common excitation. As inferred from
Figs. 12(b)-12(e), the reduced branch fluxes represent-
ing these eigenmodes (¢} = Py /@0, ¢y = Py/@o, and
v, = &}, /¢py) can be expressed as orthogonal linear com-
binations of the reduced node fluxes of the JRM (i.e.,
@i = i/po, i =1,2,3,4): oy =1 — @2, ¥y = ¢3 — P4,
and ¢, = (¢1 + ¢2 — ¢3 — ¢4) /2. Since the branch fluxes
across the JRM (@, @}, and ®)) are only a fraction
of the total generalized fluxes ®y, Oy, and &, of the
oscillators in Eq. (F1), they satisfy @} = p, Py, &} =
py®@y, and @) = p.®z, where p, ~ Ljo/La, pp =~ Ljo/Lyp,
and p. ~ Ljy/L. are participation ratios representing the
fraction of the spatial modes contained in the JRM and
Ljo = ¢o/1 is the linear inductance of the outer Josephson
junctions.

For small ¢y,¢}, ¢, < 1, the Hamiltonian of the
shunted JRM reads [42,64]

Hjrm = —Eysin (%) Oy Py Py

E; Yo\ [ 9%° o

R -y ( e") X vy

+ [ 3 + £,cos ) > + 7
EL Dext 2
= (-) /
+ [4 + £ cos ) :|(pz

—4E;cos (%Xt) ,
4

(F5)

where @exy = Dext/@o 1s the reduced external flux and £, =
@2 /L is the inductive energy of the large, inner Josephson
junctions. The first term of Hjry is a three-wave-mixing
term, whereas the second and third terms are quadratic in
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the mode fluxes and therefore renormalize the mode fre-
quencies. The fourth term is a constant (for a given external
flux) that is independent of the mode fluxes.

To calculate g3 we rewrite the mixing term of Hry in
the format of the right-hand side of Eq. (F4), which gives

E
g = ——JSiIl (‘pext> PaPbPc CD?(CD(}),CD%_ (F6)

47 %

Finally, substituting ®% = \/hZ,/2 = \/hw,L./2, D} =
VhZy)2 = \/haowLy/2, and @Y = /hZ./2 = \/ho L./2
in Eq. (F6) yields

. [ Pext ) PaPbPcWa®Wp®c
= —sin|— _— F7
& (55 (F7)

where EST is the effectively available Josephson energy,
which is proportional to E; with a numerical prefactor.
This result shows that (1) the sign of the coupling con-
stant g3 is opposite that of the external flux @ey in the
range —1.4 X 21 < @exy < 1.4 x 27 (corresponding to the
JPCs being flux-biased on the primary flux lobe) and (2)

; for exam-

the magnitude of g3 varies with ‘sin <¢2Xt)

ple, it vanishes (no mode coupling) when @ = 0. In
Figs. 12(f)—12(h), we show illustrations of the direction of
the direct current flowing in the JRM for @ex; < 0, @ext =
0, and @ex; > 0, respectively, which follows the relation
8gn @ex = sgn L. The black circles in Fig. 12(g) corre-
sponding to ¢ = 0 indicate that the circulating current is
Zero.

On the basis of Eq. (F7), we can rewrite Eq. (F3) in the
general form

Hiwave = hlgabl(eiq)l;abJr + eii#)a—{rb)a (Fg)
where ¢, = ¢, + ngm and
O €X S On
ng — 9 Pext (F9)
15 (pext > O

APPENDIX G: DEPENDENCE OF THE MPILJIS
RESPONSE ON APPLIED FLUX PARITY

In Fig. 13, we experimentally demonstrate that the direc-
tion of the transmission or isolation of the MPIJIS device is
determined not only by the sign of the phase difference of
the pumps feeding the two JPCs but also by the orientation
parity of the magnetic fields biasing the two JPCs or alter-
natively the parity of the circulating currents flowing in the
JRMs, which, in turn, determines the sign of the coupling
between the eignmodes of the JPCs. As seen in the mea-
surement results in Fig. 13, for the same pump, feeding the
same pump port P; or P,, the direction of the transmission

or isolation can be reversed by flipping the magnetic flux in
one JRM loop or preserved by flipping the magnetic flux
threading two loops. This result opens the door for mag-
netic field detection applications, such as the detection of
the orientation parity of weak magnetic sources using sim-
ple microwave transmission measurements as outlined in
Appendix K. It is important to point out here that although
the parity of the magnetic fields biasing the JPCs plays
a role in setting the directionality of the MPIJIS, it does
not generate its nonreciprocal response, which is induced
primarily by the pump phase difference. It is also impor-
tant to outline here that such a systematic investigation of
the effect of the parity of the applied fluxes on the MPIJIS
directionality is made possible owing to the single-pump
feature of the device. Without it, pinning down this effect
is considerably more challenging.

In the experiment, we cannot determine the sign of
Leire OF @ext flux-biasing the JPCs directly. We only know
the sign of the direct current /.. generated by the room-
temperature current source, which biases the small super-
conducting coil attached to each JPC. Therefore, to deter-
mine the parity of @ex; and @exn, we take the following
steps: (1) We make an arbitrary assumption regarding @ex;
of one JPC; for example, sgn @ext1 = SN Leirel = SN Leoill
where /.1 is considered negative only if it is smaller than
Lotiset1, which is the direct current for which the JPC is
biased at the maximum frequency of the primary flux lobe
(corresponding to @ex; = 0). In general, [yt 1S slightly
off zero when there is a nonzero magnetic field within
the Cryoperm magnetic shield can enclosing the device.
(2) We flux-bias JPC 1 at I < lofet1, for which we
assume @ext; < 0. (3) We set I o2 such that it is negative
(i-e., Loz < lomerz) and aligns the resonance frequency of
JPC 2 with that of JPC 1 at /.. (4) We apply a pump
tone to Py (for which ¢, = —/2) and tune its frequency
and power to yield near-unity transmission in one direc-
tion and isolation in the other direction. (5) Since sgng; =
—SgNn Pext, the sign of g3 of both JPCs is the same if
SEN Pext] = SZN Pexiz. Thus, if we obtain in step 4 | S| — 1
and |Sj2| — 0, this implies on the basis of Egs. (A2) and
(A3) that the sign of g3 of both JPCs is the same (i.e.,
p = 0), otherwise the response is reversed. (6) Once we
find in step 5 a pair (Ieoi1, Leoirz) that gives rise to the same
g3 sign based on the device response, we can determine
the other parity configurations in a self-consistent manner,
including for a pump fed through P;.

APPENDIX H: CALIBRATION OF MPLJIS
SCATTERING PARAMETERS

The reference level for unity (or close to unity) trans-
mission of the MPIJIS device (in the range from — 0.5
to 0 dB) is determined by its off-resonance transmission
response when the pump is off. This is because JPCs
function as perfect mirrors when the pump is off, and
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JPC resonance frequency versus external magnetic flux. (a),(b) Resonance frequency of mode a of the two JPCs that form

the MPIJIS as a function of the external magnetic flux threading the first and second JRMs, respectively. For the measurements shown
in (a),(b), mode a of JPC 2 and JPC 1 is parked at its maximum frequency via a constant magnetic flux applied to JRM 2 and JRM 1,
respectively. The solid black curves represent theory fits. The fits use the same device parameters in both plots.

the on-chip superconducting hybrids are lossless. More
specifically, the off-resonance 0-dB reference value, which
we later subtract from the device transmission measure-
ment versus frequency, is calculated as the average of
about 100300 transmission data points away from the
resonance. This is done to dilute the effect of frequency-
dependent ripples in the transmission response when we
are determining the 0-dB reference value. These rela-
tively low-frequency and small-amplitude ripples in the
scattering parameter measurements, as seen in Figs. 2
and 13, are generally difficult to avoid and originate
from reflections in the coaxial lines that connect the
device under test and the circulator ports. Such a cal-
ibration method, based on the off-resonance, pump-off
response, or a similar variation in which the pump-off
response is subtracted from the pump-on curve, is com-
monly used in determining the amplification gain of JPAs
and JPCs.

To calibrate the reflection parameters of the MPIJIS
device, we rely on the fact that the two input lines that
are coupled to the MPIJIS ports are nominally identical by
design. That is, we set them to have the same attenuation
and cable lengths both inside and outside the fridge down
to the device ports. Furthermore, we verify that the trans-
mission magnitudes versus frequency, measured through
these lines at room temperature, agree to within less than 1
dB.

Using this fact, we calibrate the reflection magnitude
for the pump-off case by using the following useful rela-
tions. Let / represent the attenuation of the input lines as
a function of frequency in decibels (takes negative val-
ues) and let O; (O;) represent the gain of output line 1
(2) as a function of frequency in decibels (take positive
values). Let also | S| (|S22]) represent the calibrated reflec-
tion off port 1 (2) of the MPIJIS in decibels (takes negative
values) and let |S,;| (]S12]|) represent the calibrated trans-
mission magnitude from port 1 to port 2 (port 2 to port
1) in decibels (takes nonpositive values). Then the reflec-
tion parameters, i.e., |R;;| (decibels) and |Ry,| (decibels),

as measured by the vector network analyzer are given
by

[Ril =1+ 01+ |Sul, (HT)

Ryl =1+ Oy + |82 (H2)
Similarly, the transmission parameters, i.e., | 75| (decibels)
and |T1,| (decibels), are given by

|To1] =1+ Oy + |21, (H3)

|T12| =1+ Oy + |S12]. (H4)
Once |S,1]| is determined using the off-resonance method
(described above), |S,;| can be extracted from |R;,| mea-
surement. This is because the sum [/ + O, is shared
by both |Ry| and |T5;|. The same applies to find-
ing |Sy;] after |Sp| is determined. This is because
the sum 7 + O; is shared by |T},| and |R;;| measure-
ments.

APPENDIX I: MPIJIS CHARACTERIZATION
MEASUREMENTS

In Fig. 14(a) we show the dependence of the resonance
frequency of mode a of JPC 1 and JPC 2 on the applied
external flux threading the respective JRM. In Fig. 14(a)
[Fig. 14(b)], the resonance frequency of mode a of JPC
1 (JPC 2) is varied as a function of the external flux
applied to JRM 1 (JRM 2), while the resonance frequency
of mode a of JPC 2 (JPC 1) is parked at its maximum
[corresponding to a fixed applied flux threading JRM 2
(JRM 1). The filled red circles represent measured data
points, while the solid black curves represent theory fits
to the major flux lobes of the JPCs. The theoretical model
used to produce the fits is the same as in Refs. [39,42].
It is worthwhile noting that both fits use the same device
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FIG. 15. Dynamical bandwidth of the MPIJIS (y/27) ver-

sus its amplitude attenuation /L, = [Si2| and /Lo = |Sy]
depicted in (a),(b), respectively. The blue circles represent data
extracted from the measurements shown in Fig. 3 for different
pump drives fed to P; and P,. The magenta stars are theoretical
results extracted from the calculated curves. The black diamond
corresponds the effective linear bandwidth of the MPIJIS when it
is off (L = 1). The dashed black line corresponds to the relation

vy = rvL.

parameters. This suggests that fabrication variations on the
same chip are small and that the JPCs are indeed nominally
identical. From the fits, we extract the following device
parameters: [y = 2.82 uA, the critical current of the outer
Josephson junctions of the JRM; fr.x = 7.0232 GHz, the
maximum resonance frequency of mode a; Z,.s = 51.1 €,
the characteristic impedance of the JPC resonator; L;¢/L =
3.1, the Josephson inductance ratio between the outer and
inner JRM junctions; and Lj¢/Ls = 5, the inductance ratio
between the outer JRM junctions and the parasitic series
inductance of the superconducting wire in each arm.

The fact that the measured maximum frequencies of the
JPCs of the MPIJIS and MPIJDA devices integrated into
the QRMCM (all taken from the same wafer) fall within
a window of less than 40 MHz (less than 10 MHz on the
same chip) indicates that the JRM inductance is quite uni-
form across the wafer and that it should be quite feasible,
in the future, to operate multiple broadband versions of the
MPUIS and MPIJDA devices using a single microwave
pump to further reduce the number of microwave genera-
tors required per board or multiple boards.

To investigate the dependence of the dynamical band-
width of the MPLJIS, y /27, on the transmission dip in the
isolated direction, L; = min|S;|?, we plot in Fig. 15 using
blue circles the extracted bandwidths corresponding to the
frequency difference of the 3-dB points above the mini-
mum of the measured curves (some of which are presented
in Fig. 3). We also plot using magenta stars the calculated
bandwidths extracted from the theoretical curves. As seen
in Figs. 15(a) and 15(b), in which y /27 is plotted as a
function of /L1, and /Ly, respectively, corresponding to
the MPLJIS operated in the forward 1 — 2 and backward
2 — 1 directions, the calculated bandwidths exhibit good
agreement with the measured data, especially in the limit
of vanishing L;, which corresponds to large isolations.
This behavior mimics the shrinking bandwidths of Joseph-
son amplifiers, such as JPAs and JPCs, in the limit of

large gains due to the bandwidth-amplitude gain product,
which is characteristic of resonant-structure-based para-
metric devices [38,40]. To highlight this observed behavior
in the MPIJIS case, we plot using a black dashed line
the relation y = yO\/Z, where Yo = 2v,v»/ (Ya + V), indi-
cated by a black diamond, is the effective linear bandwidth
of the JPC without a pump, yp/2w = 57 MHz, where
Va/2m = 40 MHz and y,/2n = 100 MHz.

Another related figure of merit is the tunable bandwidth
of the device. In Fig. 16, we show a tunable bandwidth
measurement of the MPIJIS. In this measurement, we vary
the magnetic fluxes threading the two JRMs in tandem
and adjust the pump power and frequency to yield isola-
tion of more than 18 dB in the attenuated signal direction
|S12]? (orange curves) or |Sy;|? (blue curves) depending on
which pump port is driven, i.e., P; in Fig. 16(a) and P,
in Fig. 16(b). As seen from this measurement, the MPI-
JIS possesses a tunable bandwidth of about 300 MHz in
both operation modes. This bandwidth is determined and
limited by the tunable bandwidths of the two JPCs, the res-
onance frequency matching of modes a and b as a function
of the applied flux, and the bandwidths of the on-chip 90°
hybrids.

Lastly, we show in Fig. 17 the saturation power of
the MPIJIS in the forward direction [Fig. 17(a)] and the
backward direction [Fig. 17(b)] for the working point
presented in Fig. 2. This figure of merit represents the max-
imum input signal power that the device can handle for a
fixed pump frequency f, = 2.758 GHz and pump power
before its transmission or isolation response increases or
decreases by 1 dB. As seen in Fig. 17, the saturation
power of the MPIUIS, indicated by the red circles, is
about —121 dBm and it is determined by a change in

S
SXSLT

A\W
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6.6 6.7 6.8
Frequency f; (GHz)

FIG. 16. Tunable bandwidth measurement. The resonance fre-
quencies of the JPCs are varied in tandem by our varying the
magnetic fluxes threading the two JRMs. For each flux working
point, the pump frequency and power are adjusted to yield isola-
tion of more than 18 dB in the relevant signal direction depending
on which pump port is driven, i.e., Py in (a) and P; in (b).
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the isolation magnitude, which, notably, occurs at about
14 dB lower than the onset of the observed change in
the transmission magnitude. While this measured satura-
tion power is smaller than the saturation power reported
in the proof-of-principle PCB-integrated MPIJIS [35] by
about 12 dB, it falls within the measured saturation power
range of JPCs operated in amplification or frequency-
conversion mode [38,43]. Since the power-handling capac-
ity of JPCs is the limiting factor in this case, we expect
this figure of merit of the MPLJIS to significantly improve
as high-saturation-power JPCs become available in the
future.

APPENDIX J: QRMCM EXPERIMENTAL SETUP

A detailed diagram of the setup used for measuring
the qubit-QRMCM system is shown in Fig. 18. The main
results obtained with this setup are shown in Figs. 5-7.

As seen in Fig. 18, we mount the qubit chip and the
QRMCM in two separate Cryoperm magnetic shield cans.
With the qubit shield covered with an Eccosorb lid. The
setup includes five main sets of lines inside the fridge: (1)
A qubit input line, colored yellow, that carries qubit pulses
and that couples to the qubit via a feedline on the chip.
(2) Input and output lines for readout, colored red, that
carry input readout signals through the QRMCM toward
the readout resonator and carry the reflected readout sig-
nals back through the QRMCM toward the output line,
which includes a commercial wideband directional coupler

(a) Transmission (dB)
N :
o w
fi :‘:I\ann ) W) 10+t 821/'
1 2 f,
W —20¢ / o
—sof Swe
-1 ZIBO —1é0 —1110
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FIAWD e o _q0t 812/' J
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f 30 | 321/ ]
-1 i’:O —1é0 —1110
Input power (dBm)
FIG. 17. Saturation power measurement of the MPIJIS. (a),(b)

Transmission parameters of the MPIJIS, i.e., |S2;|> (blue) and
|S12]? (orange), measured as a function of the signal input power
for pump drives applied to port P; and port P,, respectively,.
The red circles indicate the maximum input power for which the
transmission magnitude of the MPIJIS changes by 1 dB relative
to the low-power value.

that allows measurement of the QRMCM in the oppo-
site direction, an off-the-shelf low-pass filter with a cutoff
at 8 GHz at the mixing chamber, and a Nb-Ti supercon-
ducting coaxial line that connects the filter to a standard
Caltech low-noise HEMT amplifier (SN850D) mounted at
the 4-K stage (specified to have a noise temperature of
about 3—5 K in the range from 4 to 11 GHz when mea-
sured at 18.6 K). Following the HEMT, the readout signals
are filtered, amplified, downconverted, and digitized at the
room-temperature stage with use of standard electronic
equipment. (3) Input and output lines, colored magenta,
that are used for setting the working points of the MPI-
JIS and MPIJDA devices and measuring the QRMCM in
the forward and backward directions. (4) Input and return
lines, colored black, for feeding the pump drives to the
MPUJIS and MPIJDA devices. These input lines include
a 20-dB attenuator at the 4-K stage and two identical com-
mercial filters, located at the still and the mixing chamber
stages, and a commercial wideband directional coupler for
attenuating the pump tones by routing unused portions
through the return lines, where they are dissipated at 50-
2 terminations at the 4-K stage. To enable the operation of
the reconfigurable directional device as an amplifier (MPI-
JDA) or as an isolator (MPIJIS), we connect it to two sets
of pump lines that have different filters incorporated into
them. Depending on the desired mode of operation, we
switch between pump lines that include low-pass filters
with a 5.5-GHz cutoff that allow the passage of low-
frequency pump tones in the MPIJIS case and bandpass
filters that allow the transmission of high-frequency pump
tones in the 11-18-GHz band suitable for the MPIJDA
case. The pump lines connected to the single-pump MPI-
JIS device are hardwired with low-pass filters only (the
same kind as used for the reconfigurable device). Since
the reconfigurable directional device requires the feeding
of two pump signals into its two pump ports, we use a 90°
hybrid to evenly split the power of a single microwave gen-
erator (in each operation mode). To set the required phase
shift between the two pump signals and compensate for
any asymmetry in the attenuation of the lines, we incor-
porate a tunable attenuator and a phase shifter into one of
the pump lines at the room-temperature stage. (5) Direct
current lines (not shown) used for flux-biasing the small
superconducting coils attached to the directional Joseph-
son devices. These lines consist of two parts, resistive dc
lines from the room-temperature stage to the 4-K stage fol-
lowed by superconducting dc lines from the 4-K stage to
the mixing chamber.

Figure 19 shows a broadband transmission measure-
ment result for the QRMCM experiment setup obtained
with a vector network analyzer. The measurement includes
the attenuation of the input line, the transmission of the
QRMCM, and the amplification of the output line. The
main features seen in this measurement result is set by
the Purcell filter incorporated into the QRMCM; namely,
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FIG. 18. The experimental setup used to obtain the measurement results shown in Figs. 5—7. Input and output lines colored red carry
readout signals. The input line colored yellow carries qubit pulses. Input and output lines colored magenta are used to measure the
QRMCM in the forward and backward directions. Input and return lines colored black carry pump drives. See the main text for details.
AMP, amplifier; AWG, arbitrary waveform generator; BPF, bandpass filter; HPF, high-pass filter; mw, microwave; NA, not applicable;
and VNA, vector network analyzer.
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FIG. 19. Uncalibrated QRMCM transmission measurement.
The transmission measurement is taken using a vector network
analyzer in the frequency range from 3 to 10 GHz. It includes the
attenuation of the input line, the transmission of the QRMCM,
and the amplification of the output line. The vertical dashed red
and black lines indicate the location of the qubit and readout fre-
quencies, respectively. The shaded areas on the left and the right
highlight the parts of the transmission landscape of the QRMCM
that are dominated by the response of the Purcell filter and the
off-the-shelf low-pass filter (LPF), respectively.

the transmission peak plateau seen surrounding the read-
out frequency and the strong attenuation encompassing the
qubit frequency. The locations of these two frequencies are
indicated by dashed vertical black lines.

Further details regarding the design, fabrication, pack-
aging, and performance of the Purcell filter and the
superconducting directional coupler can be found in
Refs. [35,48].

1. QRMCM versus magnetic isolator setup

Figure 20 shows a detailed diagram of the setup used for
comparing the performance of the QRMCM and two com-
mercial broadband magnetic isolators in the output chain.
In particular, this setup is used to obtain the data shown in
Figs. 8(b), 8(c), and 9. In general, this setup is very similar
to the one shown in Fig. 18. It differs from the previous
setup mainly in the arrangement of the attenuation and fil-
tering on some of the input lines and in the incorporation of
two microwave switches and another wideband directional
coupler, which enable us to measure the qubit using the
QRMCM and the magnetic isolators in the same cooldown.

2. Qubit measurement parameters

The qubit used in the QRMCM experiment is a sin-
gle Josephson junction transmon with anharmonicity of
330 MHz capacitively coupled to a superconducting
waveguide resonator measured in reflection. The qubit chip
has a separate input port, through which we control the
qubit, which is separate from the readout input line con-
nected to the QRMCM. The qubit and readout frequencies
are 5.033703 and 6.776 98 GHz, respectively. The read-
out resonator bandwidth, «/2mw, is 1.1 MHz, while the

qubit-state-dependent readout frequency shift, x /2w, is
0.5 MHz. The readout pulse duration and integration time,
T, applied in the MPIJIS-MPIIDA, MPIJIS-MPIJIS, and
variable isolation experiments is 0.75 us, with an aver-
age photon number 7,, = 30. The qubit data are averaged
over 2000 iterations. The pump frequency applied to the
MPUIS device in the MPIJIS-MPIJDA, MPIJIS-MPIJIS,
and variable isolation experiments is 2.712 GHz, while
the pump frequency applied to the reconfigurable direc-
tional device in the first two experiments is 16.452 and
2.648 GHz, respectively. In the comparison experiment
(against the magnetic isolators; see Fig. 8) the pump fre-
quencies applied to the MPUIS 1 (/;) and MPIJIS 2
(Iy) are 2.654 and 2.68 GHz, respectively, and we set
T = 1.5 us.

APPENDIX K: DETECTION SCHEME OF
ORIENTATION PARITY OF WEAK MAGNETIC
SOURCES

As demonstrated in Fig. 13, the isolation direc-
tion of the MPIJIS is determined not only by the
phase gradient between the pumps feeding the two
JPCs but also by the parity of the magnetic fields
flux-biasing their JRMs. Here we show how this inter-
esting property could potentially be used to detect the
orientation parity of weak magnetic sources via direct
microwave transmission measurements. In Figs. 21(a) and
21(b), we show an exemplary detection setup that relies
on this property. The setup acts as a two-path interfer-
ometer for coherent microwave signals at frequency fj.
It consists of input and output quadrature couplers (i.e.,
90° hybrids) whose inner ports are coupled through two
paths. The first (top) path incorporates a gyrator formed
by two JPCs coupled via their b mode [66]. The second
(bottom) path includes a lossless transmission line, whose
electrical length is an integer multiple of the signal wave-
length at f;. The signal frequency f; used in the scheme
lies within the bandwidth of mode a of the JPCs. The
two JPCs are operated in frequency-conversion mode
without photon gain, i.e., signals entering port a (b) are
transmitted to port b (a) with frequency conversion, and
are driven through a dedicated 90° hybrid using a single
pump drive, whose frequency is set to f, = f> — fi, where
/> lies within the bandwidth of mode b. Assuming, without
loss of generality, that the pump driving the gyrator is fed
through port Py of the hybrid (¢, = —7/2), the microwave
signals traversing the gyrator acquire a differential phase,
ie., 2wk or 2k + 1)m, k € Z, depending on the propaga-
tion direction of the signals (i.e., from JPC 1 to JPC 2 or
vice versa) and the direction parity of the magnetic fields
flux-biasing the JPCs, as illustrated in Figs. 21(a) and
21(b). If we further restrict ourselves, for simplicity, to
transmission measurements of signals entering the upper
external port of the left 90° hybrid and exiting via the
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upper external port of the right 90° hybrid, we obtain
zero transmission (no output signal, “0”) in the case of
even parity of the biasing magnetic fields [Fig. 21(a)]
and unity transmission (an output signal, “1”’) in the case
of odd parity of the biasing magnetic fields [Fig. 21(b)].
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FIG. 20. The experimental setup used to obtain the measurement results shown in Figs. 8(b), 8(c), and 9. Input and output lines
colored red carry readout signals. The input line colored yellow carries qubit pulses. Input and output lines colored magenta are used
to measure the QRMCM in the forward and backward directions. Input and return lines colored black carry pump drives. See the main
text for details. AMP, amplifier; AWG, arbitrary waveform generator; BPF, bandpass filter; HPF, high-pass filter; mw, microwave; NA,
not applicable; and VNA, vector network analyzer.
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In the former (latter) case, the zero (unity) transmis-
sion is the result of destructive (constructive) interfer-
ence between waves propagating in the upper and bottom
paths of the interferometer, which acquire opposite (equal)
phases.
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It is important to point out that this proposed magnetic
field parity detection scheme is not limited to two magnetic
sources. It can be applied, in principle, to N pairs of weak
independent magnetic sources, as shown in Fig. 21(c),
which flux-bias N gyrators incorporated in series into the

upper path of the interferometer. To prove the validity of
this generalization, we apply the induction method. The
first (base) step of the proof, in which we demonstrate the
validity of the measurement setup for a given N, is shown
in Figs. 21(a) and 21(b) for the case N = 1. In the second
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FIG. 21.

Parity detection scheme for the orientation of weak magnetic sources. (a), (b) Interferometers formed by two 90° hybrids,

which interfere waves propagating in two paths, i.e., top and bottom. The top path includes a pair of JPCs coupled back-to-back via
their b mode. The two JPCs are operated in full frequency-conversion mode. They are driven by a single pump tone, which is fed
through a third 90° hybrid, which couples to the pump ports of the JPCs. The bottom path includes a lossless delay line, whose length
is equal to an integer number of wavelengths at f;. The scheme measures the transmission of a probe signal at f; input on the IN port
of the left-hand-side hybrid and output at the OUT port of the right-hand-side hybrid. Minimum or maximum transmission though the
device, resulting from respective destructive and constructive wave interference, is obtained if the orientation parity of the magnetic
fluxes flux-biasing the JPCs is even (a) or odd (b). (¢) A generalized detection scheme for N pairs of magnetic sources, which flux-bias
N pairs of JPCs that are incorporated into the top path. The scheme response is illustrated for the case of even parity. (d) An extended
version of the scheme in (c) with a total of N + 1 pairs of JPCs and magnetic sources in the top path. In this case, the scheme response
is illustrated for an odd parity measurement.
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(inductive) step, we demonstrate that the detection scheme
is valid for N 4 1 pairs, given that it is valid for N, as
partially illustrated in Fig. 21(d). To do that we consider
four different cases:

(1) The first N pairs of magnetic sources have an even
number of aligned magnetic fields and the two mag-
netic fields biasing the (N + 1)th gyrator are aligned
in the same direction (i.e., have even parity as
well). Since the parity detection scheme works for
the first N pairs (resulting in destructive interfer-
ence at the output), this means that the accumulated
phase of the transmitted signal via the upper path is
Oy — 6y = 27 k’. By addition the (N + 1)th pair hav-
ing even parity [similar to the case in Fig. 21(a)],
the total accumulated phase at the output of the
(N 4+ D)th pairis given by Oy — 6y = 2k”, where
K'=k+ K and k, k', k" € 7. Since the bottom path
(including the diagonal lines of the hybrids) always
yields an accumulated phase of (2m + 1)7, where
m € Z, the waves propagating in the upper and bot-
tom paths will destructively interefere at the output,
thus confirming that the setup is valid for N + 1
pairs in this case.

(2) The first N pairs of magnetic sources have an even
number of aligned magnetic fields and the two mag-
netic fields biasing the (N + 1)th gyrator are aligned
in opposite directions (i.e., have odd parity), which
means that the N 4 1 pairs have odd parity in total.
By concatenation of the (N + 1)th pair having odd
parity [similar to the case in Fig. 21(b)], the total
accumulated phase at the output of the (N + 1)th
pair is given by Oy, — 6y = k" + 1)x. Conse-
quently, the waves propagating along the upper and
bottom paths will constructively interfere at the out-
put (indicating odd parity of the whole chain), thus
confirming that the setup is valid for N + 1 pairs in
this case as well.

(3) The first N pairs of magnetic sources have an odd
number of aligned magnetic fields and the two mag-
netic fields biasing the (N + 1)th gyrator are aligned
in opposite directions (i.e., have odd parity). This
means that the N + 1 pairs have even parity in total.
It is straightforward to show that the total accumu-
lated phase at the output of the (N + 1)th pair is
On+1 — 0p = 2mk”, which yields destructive inter-
ference (no signal) at the device output, which is
indicative of even parity.

(4) This is similar to case 3 except that the (N + 1)th
gyrator is flux-biased with two aligned magnetic
fields [i.e., having even parity as in Fig. 21(a)]. In
this case, the whole chain (N 4 1 pairs) will pre-
serve the odd parity of the N pairs. Since the total
accumulated phase at the output of the (N + 1)th

pair is given by Oy, — 6y = (2k” + )7, the resul-
tant wave interference at the output of the device is
constructive, which, in turn, yields an output signal
indicative of odd parity.

Such interferometric microwave detection schemes could
potentially be used in a variety of applications. For exam-
ple, they can be used to perform Z operator parity checks
on flux qubits or capacitively shunted flux qubits (CSFQs)
using direct microwave transmission measurements [as
opposed to (1) using ancilla qubits coupled to data qubits,
(2) entangling them via single-qubit and two-qubit gates,
and (3) measuring the final state of the ancilla qubits as
done in the surface code architecture]. In such an applica-
tion, each CSFQ is coupled to a JRM via a suitable mutual
inductance. Since the qubit state is encoded in the direc-
tion of the persistent current in the CSFQ loop, opposite
circulating currents will introduce opposite magnetic flux
biases through the JRMs, which will determine the trans-
mitted signal through the interferometric device based on
the parity of the qubit states. As another example, they can
be used to determine the strength and orientation of weak
magnetic sources. This can be done by (1) coupling the
source of the unknown magnetic field to one JRM of the
interferometric gyrator device, (2) flux-biasing the other
JRM using a controlled and well-characterized magnetic
field, (3) injecting a pump tone into either P, or P, (4)
applying a microwave signal to the device input, and (5)
maximizing the transmitted microwave through the device
by varying the power and frequency of the applied pump
as well as the magnetic field of the controlled magnetic
source. For a pump tone applied to Py, for example, a
maximum output signal is expected when the two magnetic
fluxes threading the two JRMs have equal magnitudes but
opposite signs [as seen in Fig. 21(b)].

We can estimate the range of magnetic fields By, that are
typically applied to JRM loops of area Ay at the JRM
plane by considering the bounds 0.1Py/Ajrm < |Bext| <
®o/Ajrm. For a JRM loop area Ajry of 100 x 100 pm?,
the range is 2 x 1078 T < [Bex| <2 x 1077 T. Much
smaller field bounds can be detected with use of a larger
loop. However, bigger loops could add series linear induc-
tance to the JRM, which is undesired (especially when it is
comparable to the Josephson inductance of the Josephson
junctions).
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