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We propose a new phase detection technique based on a flux-switchable superconducting circuit, the
Josephson digital phase detector (JDPD), which is capable of discriminating between two phase values
of a coherent input tone. When properly excited by an external flux, the JDPD is able to switch from a
single-minimum to a double-minima potential and, consequently, relax in one of the two stable configu-
rations depending on the phase sign of the input tone. The result of this operation is digitally encoded in
the occupation probability of a phase particle in either of the two JDPD wells. In this work, we demon-
strate the working principle of the JDPD up to a frequency of 400 MHz with a remarkable agreement
with theoretical expectations. As a future scenario, we discuss the implementation of this technique to
superconducting qubit readout. We also examine the JDPD compatibility with the single-flux-quantum
architecture, employed to fast-drive and measure the device state.
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I. INTRODUCTION

The detection of coherent tones is a crucial opera-
tion in many experiments, ranging from the detection of
elusive particles [1–4] to quantum information process-
ing [5–8]. In the last decades, the development of circuit
quantum electrodynamics [9,10], based on superconduct-
ing devices, has led to a growing interest in measurements
of microwave signals, which typically involve the use of
superconducting cavities [5,11]. As an example of applica-
tion, the readout of a superconducting qubit is commonly
performed with a quantum nondemolition operation which
relies on the frequency response of a co-located resonator,
being dependent on the state of the qubit via dispersive
coupling [10]. The cavity can be probed in reflection with a
tone at a fixed frequency, encoding the state of the qubit in
the relative phase and amplitude of the reflected pulse [6–
8,12]. The first experiments that successfully performed
the dispersive readout of a qubit with acceptable fidelities
were designed to encode the information in the relative
amplitude of the reflected pulse [10]. Later, the advent
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of Josephson parametric amplifiers [13] made it possible
to sense the phase response of the readout resonator with
fidelities above 99%.

In the last several years, there has been growing interest
in superconducting digital circuits [14–16], which oper-
ate with low power dissipation at cryogenic temperatures
[17–19]. These devices have been proposed as control
and readout interfaces for cryogenic circuits [20,21] with
the goal to reduce hardware complexity and improve sys-
tem scalability [22]. The state-of-the-art digital readout
of microwave photons relies on the Josephson photomul-
tiplier (JPM), which operates at the millikelvin stage of
a dilution refrigerator [14,15,23]. The JPM consists of a
bistable superconducting circuit whose operating point can
be made sensitive to the average number of photons in the
readout cavity. This information is mapped in the current
direction flowing through the device [14,15]. A possible
way to read the JPM’s state exploits propagating fluxons
[24] produced by a single-flux-quantum (SFQ) classical
circuit [16]. In this framework, JPM is proposed as part
of a more complex architecture, in which classical qubit
control, measurement, and data processing are performed
by an SFQ processor. This approach can be a valid solution
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to enhance the scalability of superconducting quantum sys-
tems, which remains a big engineering challenge to realize
practical error-corrected quantum computers [22].

Despite the advantages of such a detection technique,
the JPM approach still requires an adiabatic externally gen-
erated flux bias in order to tune the device during the many
steps necessary for successful quantum nondemolition [25]
readout. Measurement is performed in resonance with the
cavity and requires nontrivial operations to reduce the
backaction on the quantum chip, which limits the readout
speed. Moreover, the JPM protocol provides an intrinsi-
cally state-dependent fidelity that can be harmful in some
experiments [14,15].

In this paper, we propose a new phase detection tech-
nique based on a flux-switchable superconducting circuit,
which is capable of discriminating between two phase val-
ues of a coherent input tone. For instance, such a tone can
be a readout pulse whose phase encodes the outcome of
a qubit measurement. The device operation is compatible
with SFQ circuits, which could be employed to perform the
detection in a fully digital fashion. Our device is based on
a bistable quantum flux parametron (QFP) [26,27], which
has already been proposed for classical [4,28,29] and quan-
tum applications, including superconducting flux qubits
controlled with fast pulses [30–32] or ultralow-power logic
devices [27]. In this technique, the QFP is at first flux-
biased into a harmonic configuration to sense the input
coherent tone, then quickly flux-switched to a bistable con-
figuration to store the information on the tone’s phase.
We name our device a “Josephson digital phase detec-
tor” (JDPD), since the result of the detection is naturally
encoded in the occupation probability of a phase particle
in either of two wells in the bistable configuration.

In this paper, we present a circuit model of the JDPD and
discuss the operating principle, with some consideration
on the symmetries required to achieve high performances
and suppress the backaction due to the diabatic flux switch.
Numerical simulations with QuTip [33] are performed,
showing how the JDPD can perform phase detection with
a fidelity of 99.99% when flux-switched on a time scale
of 0.05 ns. From these results, we discuss the compatibil-
ity of the JDPD with SFQ technology. We also present
experimental results on a preliminary device, which is
capable of detecting the phase of a 400 MHz input coher-
ent tone with a 99.98% fidelity when flux-switched on a
time scale of 1 ns. The acquired data confirm the feasibility
of the operating principle and are in very good agreement
with numerical simulations adapted to our experimental
scenario.

For future prospects, we discuss how we are currently
implementing the next generation of experimental devices,
which would be flux-switched by an integrated pulse gen-
erator based on SFQ logic to perform fast phase detec-
tion of a gigahertz input tone. SFQ circuits can also be
employed to generate an input signal phase-locked to the

(a)

(b)

FIG. 1. Schematic of the Josephson digital phase detector
(JDPD). (a) The JDPD is composed of a nominally symmet-
ric quantum flux parametron (QFP), whose left and right loops
are phase-biased by independent phases φ1(2). The bias phases
are related to the magnetic fluxes �1(2) threaded to each loop
by the relation φ1(2) = 2π(�1(2)/�0). (b) Potential energy land-
scapes of the JDPD for different values of common flux φ+ =
(φ1 + φ2)/2, for φ− = (φ1 − φ2)/2 = 0. The potential energy
can present one absolute minimum (blue curve), harmonic poten-
tial landscape (green curve), or two absolute minima (red curve),
depending on the external magnetic flux.

flux-switching pulse. We also address the compatibility
with the JDPD approach applied to superconducting qubits
readout and we envision its employment as digital readout
modules in SFQ-based quantum information processing
platforms, where the JDPD output is converted in SFQ
form.

II. DEVICE MODEL

The fundamental block of a JDPD is based on a QFP
[Fig. 1(a)], whose left and right loops can be independently
flux-biased by, respectively, the normalized fluxes φ1 and
φ2:

φ1,2 = 2π
�1,2

�0
. (1)

Here �1,2 is the magnetic flux threaded, respectively, to the
left and the right loops of the circuit in Fig. 1(a).

To describe the flux-tuning properties of the device in
a compact form, it is useful to introduce the common and
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differential fluxes φ+ and φ−, defined as

φ+ = φ1 + φ2

2
,

φ− = φ1 − φ2

2
.

(2)

These can be independently generated by properly
designed flux lines, as shown later in the experimental
section of the paper (Sec. V). In the symmetrical case,
where Ic1 = Ic2 = Ic, and neglecting the energy stored in the
stray linear inductances under the assumption L1,2 < LJ ,
the potential energy function of the device is given by

U(ϕ)

EL
= ϕ2

2
− 2βL cos(φ+) cos(ϕ + φ−), (3)

where βL = 2π IcL/�0 and ϕ is the phase drop across the
central inductor L. The potential energy in Eq. (3) is nor-
malized to the linear inductor energy EL = (�0/2π)2 /L.
This expression is formally identical to the potential
energy of a double superconducting quantum interference
device [30–32]. If 2βL ≤ 1, the potential has only one
absolute minimum for any combination of φ±. If 2βL > 1,
the bias fluxes can be tuned to generate potential shapes
with multiple minima. For instance, in Fig. 1(b), for a
device with 2βL = 3 and for φ− = 0, the potential energy
can host a single absolute minimum for φ+ = 0 or two
degenerate minima for φ+ = π . The device can also be
flux-biased to a harmonic configuration for φ+ = π/2,
where the nonlinear term in Eq. (3) is suppressed. The
detection technique exploits the tunability of the JDPD’s
potential energy to perform phase detection.

The kinetic energy is given by capacitive contributions
of the Josephson junctions inside the rf loops, i.e.,

T = 2
e2

2C
n2 = 2Ecn2, (4)

where C1 = C2 = C is assumed for both junction capaci-
tances and n is the operator number. Assembling Eqs. (3)
and (4), the static JDPD Hamiltonian reads as

H = 2Ecn2 + EL

[
ϕ2

2
− 2β cos φ+ cos (ϕ + φ−)

]
. (5)

III. PRINCIPLE OF OPERATION

The diagram of the phase detection protocol is shown in
Fig. 2. The protocol is composed of four separate steps,
respectively labeled as “ready,” “detection,” “digitaliza-
tion,” and “sense.” The JDPD is first configured in a
harmonic shape, by providing φ+ = π/2, as shown in the
first part of Fig. 2. The Hamiltonian in Eq. (5) takes the
form

Hho = 2ECn2 + ELϕ
2 = �ω0

(
1
2

+ a†a
)

, (6)

where ω0 = √
4ECEL/� is the natural frequency of the

equivalent harmonic oscillator. In the absence of any exter-
nal perturbation, we expect the wave function to relax in
the ground state of the potential, which makes the device
“ready” to start phase detection.

In the “detection” step of Fig. 2, an input current stim-
ulus I(t) is applied through the JDPD input node. The
system evolves according to the Hamiltonian of a driven
harmonic oscillator,

Htot = Hho − �0I(t)
2π

ϕ. (7)

For simplicity, we consider the case in which I(t) is a sinu-
soidal tone with amplitude I0, angular frequency ωr, and

FIG. 2. Timing diagram of the phase detection performed with the JDPD. The detector is initially reset in the ground state of the
harmonic configuration by applying φ+ = π/2. In the “detection” step, the JDPD gets in touch with the input tone to be detected.
The device’s wave function oscillates around the potential minimum following the stimulus. The “digitalization” is accomplished by
flux-switching the JDPD in the double-well configuration. The wave function will collapse in the left |L〉 or right state |R〉 depending
on the phase displacement of the input tone. In the “sense” step, we probe the JDPD to gather information on the wave function’s final
state.
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displacement θr:

I(t) = I0 sin (ωrt + θr) . (8)

The wave function is described by a coherent state, in
which the expectation value of ϕ follows the input tone’s
time evolution:

〈ϕ〉(t) = ϕ0 sin (ωrt + θ0) , (9)

where, in general, ϕ0 and θ0 depend on the I(t) parameters.
For instance, in the case in which ωr < ω0, ϕ0 and θ0 take
the values

ϕ0 ≈ 2π
LI0

�0
, (10)

θ0 ≈ θr, (11)

which means that the information on the input tone dis-
placement θr is transferred to θ0.

According to the quantum-mechanical evolution of a
coherent state, the wave function’s standard deviation [34]
is constant in time and it is equal to

σ = 2e

√
2Z0

�
, (12)

where Z0 = √
L/C is the characteristic impedance of the

LC resonator.
The “digitalization” step shown in Fig. 2 is accom-

plished by diabatic flux-switching the JDPD to a
bistable potential configuration (φ+ = π/2 → φ+ = π ).
Intuitively, according to the sign of 〈ϕ〉 at the flux-
switching time t1, the wave function of the system will
primarily be confined in either of the two wells, depend-
ing on the initial phase θr imposed onto the coherent state
by the input current I(t). We define these two states as |L〉
and |R〉, associated with the wave function collapsing in
the left or right well of the potential energy.

Right after, I(t) is turned off to prevent further dynamics
of the wave function after the “digitalization” is completed.
A detailed explanation of how the probability of confining
the wave function in one of the two wells depends on θr can
be found in the section on numerical analysis (Sec. IV).
The position of the phase particle can now be “sensed,”
as the two possible outcomes of a measurement of the ϕ

operator will have opposite values, which correspond to
opposite signs for the current flowing through the central
inductor L, according to

〈I〉 = �0

2πL
〈ϕ〉. (13)

So far, we have explained how to map the initial phase θr
of the input current I(t) to the occupation probability of the

wave function of the JDPD in the bistable configuration. It
is thus important to describe some details of the dynamics
during the flux switch, which unveils the advantages of the
JDPD protocol with respect to the one used in the JPM.

The primary difference lies in the fact that we do not
require the JDPD to be in resonance with the input tone
that we want to sense. This has the tremendous advantage
that the emission spectrum in the bistable configuration can
be designed to be far from the absorption spectrum of any
nearby circuit. Therefore, the emitted photons generated
during the relaxation of the system during the “digital-
ization” step will likely not harm the coherence of the
surrounding circuitry [15,35,36]. Moreover, the symmetric
topology [37,38] of the JDPD suppresses the flux-induced
backaction at the active node. As any real device is going
to have asymmetries because of fabrication uncertainties,
we also discuss in the Appendix how to correct for such
imperfection by properly adjusting the differential flux φ−
before the protocol starts.

IV. NUMERICAL ANALYSIS

The timing diagram shown in Fig. 2 has been validated
numerically using the Lindblad master equation solver
mesolve implemented in QuTip [33]. These simulations
allow us to derive key features of the JDPD phase detec-
tion protocol, such as the probabilities associated with the
wave function’s time evolution.

The general form of the Lindblad master equation is
given by

dρ

dt
= −i[H , ρ] +

∑
k

(
LkρL†

k−
1
2

{
L†

kLk, ρ
})

, (14)

where ρ is the density matrix of the system, H is the
Hamiltonian operator, and the Lk are the Lindblad oper-
ators [33,39–41]. To describe the time evolution of the
JDPD’s wave function, we have truncated the series in Eq.
(14) at the first order and considered as Lindblad operator
L1 the quantity

L1 = √
γ a, (15)

where γ is the dissipation rate and a is the annihilation
operator, defined in Eq. (6), through which the environ-
ment couples to the system. This model corresponds to
a relaxation map [39–41], which describes the JDPD’s
energy loss assuming the temperature of the system T = 0
[42].

Simulations have been carried out by considering a
central inductor L = 220 pH and junctions with a criti-
cal current Ic = 5.4 µA. These parameters come from the
experimental realization of the JDPD, which will be dis-
cussed in more detail in the section (Sec. V). The values
for L and Ic lead to 2βL = 7, following the definition in
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Eq. (3). This means that the Josephson contribution to the
total energy is large enough to guarantee the formation of
a double-well potential, which is necessary to confine the
wave function when a flux switch is applied. To model
the capacitive contribution of the Josephson junctions, we
have considered 2C = 78 fF, which is the value expected
from fabrication. The parameters introduced above provide
EL = 743 GHz, EJ = 2682 GHz, and EC = 0.28 GHz,
according to Eqs. (3) and (4). It is worth noting that
the system is dominated by the Josephson and inductive
contributions, which lead the wave function to be very nar-
rowed with respect to the quantum-mechanical operator ϕ

[43]. The contributions of energies lead to a frequency of
ω0/2π = 41 GHz when the potential is in the harmonic
shape and ω/2π = 112 GHz when it is in the double-well
configuration.

To model the dissipation in the presented device, the
relaxation rate γ has been extracted from numerical analy-
sis performed in PSCAN2 [44]. This simulator allows one
to study the classical dynamics of the circuit and includes
a solid model to describe the Josephson junctions based
on the tunnel junction microscopic model [45–48]. The
parameters required to model the Josephson junctions have
been determined in agreement with the typical fabrication
values. In particular, we have considered Ic = 5.4 µA, gap
voltage Vg = 2.6 mV, McCumber parameter [49] βC =
53, ratio IcRN /Vg = 0.8, and normal-to-subgap resistance
ratio [44] Rn/Rsg = 0.1. We have estimated 1/γ � 7 ps,
which is comparable to dissipation rates reported in the lit-
erature for similar standalone QFP devices [29,50,51]. It
is worth noting that, in future design, this value can be
properly adjusted by changing the capacitance C or the
effective resistance R of the junctions. We can also increase
the β factor, associated with the barrier height, to reduce
the effect of dissipation on the phase trapping.

Simulations have been carried out by considering a sinu-
soidal input tone with a frequency of 7 GHz modulated
by a Gaussian envelope with standard deviation of 100 ps.
The input tone frequency sets the time scale for the flux
switch. Intuitively, the barrier height that separates the two
wells should rise faster than the oscillations induced by the
input tone, to prevent the redistribution of the probability
between the two possible states. In the case of our simu-
lations, we assume that the duration of the flux switch tflip
is equal to 50 ps corresponding to a 20 GHz tone in the
frequency domain. This value comes from the fact that our
future idea is to provide the flux-switch signal with an inte-
grated SFQ circuit, and a 20 GHz clock has been proposed
to be optimal in this type of superconducting device [22].

The amplitude of the input stimulus is expressed in
terms of the wave function’s maximum elongation:

ϕ0 = 2πLI0/�0. (16)

(a)

(b)

FIG. 3. Simulations of JDPD with QuTip [33]. (a) The JDPD’s
wave function has been simulated according to the timing dia-
gram reported in Fig. 2. In the left part, an initial displacement
θr = 0 has been considered for the sinusoidal input tone. As a
consequence, the wave function collapses in the left well after
the flux-switch tone. The same sequence has been simulated in
the right part but with an initial displacement θr = π of the input
tone. In this case, the wave function falls in the right well. The
central part refers to the case in which the input tone is not
applied. When at t = t1 the potential is flipped in its double-
well configuration, the wave function is split in half and we have
an equal probability of measuring it in the left and right wells.
(b) While falling in the well, the JDPD’s wave function per-
forms damped nonharmonic oscillations, which lead to a gradual
increase of the frequency.

In the case of simulation in Fig. 3, we have chosen

ϕ0 = 2σ , (17)

where σ is the standard deviation of the JDPD’s wave
function, according to Eq. (12). This value is found to be
optimal to achieve high fidelity, as shown in Fig. 4(b),
where we will address phase detection performed with
other values of the stimulus’s amplitude.

The wave function’s time evolution is reported in
Fig. 3(a). The system is initialized in the harmonic state
and the wave function is expected to collapse in the ground
state of the potential, corresponding to the “ready” step
in Fig. 2. At t = t0, the input signal starts to drive the
wave function around the minimum. In the simulations, the
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(a)

(b)

(c)

FIG. 4. (a) JDPD’s probability distribution |�(t)|2(t) at t = t2
as a function of the initial displacement θr of the input tone. (b)
Detection error as a function of the wave function’s maximum
elongation ϕ0 during the driven harmonic motion; ϕ0 is expressed
in units of the wave function’s rms σ . (c) Detection error as a
function of the flux-switch rise time tflip normalized in terms of
the input signal’s period T.

sinusoidal waveform has a duration of five periods, which
corresponds to 715 ps for a frequency of 7 GHz. Driven
coherently by the external tone, the JDPD’s wave function
is described by a Gaussian wave packet, in which the mean
value 〈ϕ(t)〉 evolves as

〈ϕ〉 = ϕ0 sin(ωt + θ0), (18)

where ω/2π = 7 GHz and θ0 is the displacement of the
sinusoidal input signal. As discussed in the section on
the principle of operation (Sec. III), the wave function’s
standard deviation depends on device parameters and it
is constant during the driven evolution. According to Eq.
(12), we have estimated σ = 0.31 rad considering the val-
ues of L and C indicated above. Discrimination between
the two states is made at t = t1 when the flux switch is
applied. In simulations, t1 is chosen to center the flux

switch with respect to the beginning and the end of the
input tone. The wave function collapses in either the left
|L〉 or right |R〉 state depending on the initial displacement
θr. For instance, the left part of Fig. 3(a) shows the wave
function’s evolution considering an initial θr = 0, which
leads the wave function to fall in the left well after the
flux-switch pulse. In the right part of Fig. 3(a), the oppo-
site situation is represented, corresponding to θr = π . The
central part refers to the case in which the input tone is
not applied. When at t = t1 the potential is flipped in its
double-well configuration, the wave function is split in half
and we have an equal probability of measuring it in the left
and right wells.

While collapsing in the well, one may ask which is the
induced backaction on the input signal’s source. In this
transient, the JDPD can be modeled as an effective volt-
age source Vj that can generate a disturbing signal on the
rest of the circuit [15]. According to the ac Josephson
relation [49,52], the produced backaction signal is pro-
portional to the time derivative of 〈ϕ̇(t)〉. After the flux
switches, the JDPD’s wave form performs a damped non-
harmonic motion, where the oscillations frequency grad-
ually increases [35,36]. Since phase detection does not
require the JDPD to be in resonance with the input sig-
nal source, one can design the detector in such a manner
that these oscillations are outside the source’s absorbing
spectrum, preventing backaction being induced on the sys-
tem. For example, considering the selected parameters for
simulations, these oscillations have frequencies above 90
GHz, as shown in Fig. 3(b). They stabilize around 112
GHz, which corresponds to the frequency of the two wells
when the potential is set in the flipped configuration (i.e.,
φ+ = π ).

The sequence is completed at t = t2 when the position
of the phase particle can be “sensed,” as the two possible
outcomes of a measurement of the ϕ operator will have
opposite values, which correspond to opposite signs for the
current flowing through the central inductor L:

〈I〉 = �0

2πL
〈ϕ〉. (19)

Figure 4(a) exhibits the wave function’s probability den-
sity |�|2 at t = t2 for several values of the input tone’s
displacement θr. According to these simulations, a fidelity
close to 1 is in principle achievable; however, this estima-
tion depends on several parameters. Figure 4(b) shows the
detection error as a function of the wave function’s maxi-
mum elongation ϕ0 in units of the wave function’s standard
deviation σ :

ϕ0 ≡ nσ . (20)

Fidelity is maximized when n ∈ [1, 6]. Values below this
range correspond to small oscillations around ϕ = 0. As

064025-6



DISCRIMINATING THE PHASE... PHYS. REV. APPLIED 19, 064025 (2023)

a consequence, when the flux switch is applied, the wave
function is split between the two wells, leading to a reduc-
tion in measured fidelity. When n > 6, the barrier height
is not large enough to confine the wave function, and this
leads to a redistribution of probability.

Another factor that limits fidelity is the flux-switch dura-
tion tflip. According to the simulations in Fig. 4(c), a fidelity
close to 1 is achievable when tflip < 10T, where T = 2π/ω

and ω/2π = 7 GHz is the simulated frequency for the
input tone. In fact, a slow rise time for the barrier height
induces a redistribution of probability between the two
wells at each input tone’s period. Considering the typical
frequencies for superconducting resonators, optimal val-
ues for tflip are in the order of hundreds of picoseconds.
We want to point out that the possibility to manipulate
the potential shape diabatically has already been exploited
both experimentally and theoretically in Refs. [30–32].
These papers demonstrated coherent oscillations of a tun-
able superconducting flux qubit by manipulating its energy
potential with nanosecond-long pulses of magnetic flux.
Given the resemblance between the JDPD and the device
reported in Refs. [30–32], we can argue that fast poten-
tial manipulation can be performed also in the case of the
presented detector.

A possible approach to generate pulses with hundreds of
picoseconds rise time involves the use of a dedicated SFQ
flux generator, which can operate with a clock of tens of
gigahertz [16,22]. Another benefit of the use of high-speed
SFQ circuitry lies in the possibility of performing multiple
measurements on the same cycle, thus allowing averaging
to reduce the noise contribution and improve fidelity. This
is shown in Fig. 5, where the measurement sequence with
multiple flux flips has been simulated in QuTip.

A more detailed discussion about the integration of the
JDPD with an SFQ-based platform can be found in the
outlook section of this paper (Sec. VII).

V. DEVICE DESIGN AND EXPERIMENTAL SETUP

The JDPD has been realized in collaboration with
SEEQC [53] using their multilayer fabrication process.
The device micrograph is reported in Fig. 6(b). The JDPD
central inductor L has been realized by a 40-µm-long
and 1.4-µm-wide wire fabricated using a high-kinetic-
inductance layer in NbN, with a total value of L = 220 pH.
The rest of the circuit is made with conventional layers in
Nb, characterized by smaller values of sheet inductance.
The Josephson junctions are realized with a trilayer stack
of Nb/AlOx/Nb with 1 kA cm−2 critical current density.
In particular, we have chosen a Josephson junction with
an Ic of 5.4 µA, corresponding to 2βL = 7. As discussed
in the section on the device model (Sec. II), this value is
large enough to produce a double-well potential when the
device is flux-switched.

(a)

(b)

FIG. 5. Multiple phase detections are performed on the same
sinusoidal input tone. (a) Time diagram of the applied signals.
The flux-switch curve is orange, while the sinusoidal input tone
is blue. (b) The time sequence reported in (a) has been simulated
in QuTip and the |�(t)|2 is shown. In particular, in the left part,
the sinusoidal input tone is initialized with displacement θ0 = 0
while in the right one θ0 = π .

The JDPD is equipped with two dc lines, DC1 and DC2,
and an rf line, which allow us to have precise control of the
magnetic fluxes threading the device’s loops. The rf line is
designed to pass under the JDPD main loop, as shown in
Figs. 6(a) and 6(b). Considering its geometry, the rf line
forces the current to circulate around the JDPD main loop
without flowing through the central inductor L, which con-
tributes only to the common flux φ+. The flux φ+ allows
us to set and reset the JDPD, changing the potential from
a harmonic configuration to a double-well one and vice
versa. According to simulations reported in the numerical
analysis section (Sec. IV), these operations should be per-
formed diabatically to enhance the detection fidelity and
the protocol speed. For this reason, we have connected the
rf line below the JDPD loop to a conventional 50 
 copla-
nar waveguide (CPW) to preserve as much as possible the
shape of the flux switch. The CPW is made of an 11-µm-
wide superconducting core in Nb and it has a gap of 7 µm
to ground.

The lines DC1 and DC2 provide individually a contribu-
tion in both the JDPD meshes. To be more clear, defining
IDC1 and IDC2 as the currents flowing respectively in DC1
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(a)

(b)

FIG. 6. (a) Measurement setup for the characterization of the
JDPD. The device has been measured in reflection through the
standard heterodyne detection technique. The JDPD acts like a
flux-tunable inductance, which changes the resonance frequency
as a function of the applied flux φ+. These two fluxes act dif-
ferently on the JDPD’s potential, producing a flip or controlling
the asymmetries with respect to ϕ = 0. The magnetic flux is
provided by an rf flux line and two independent dc flux lines con-
nected to two arbitrary wave-form generators (AWGs) at room
temperature. (b) Optical microscope image of one of the realized
devices.

and DC2, we have

φ1
�0

2π
= M1,1IDC1 + M1,2IDC2,

φ2
�0

2π
= M2,1IDC1 + M2,2IDC2,

(21)

where Mi,j is the mutual inductance between the dc line j
and the mesh i. As shown in Fig. 6(b), the two dc lines are
placed on opposite sides with respect to the central induc-
tor L, which indicates that the matrix of coefficients Mi,j
is

M1,1 = −M2,2 = Mdir,

M1,2 = −M2,1 = Mopp.
(22)

According to Eqs. (22), any combination of φ+ and φ− can
be generated by properly biasing the two dc lines. Cases
of particular interest occur when φ+ = 0, which implies
IDC1 = IDC2,

0 = φ1 + φ2

2
�0

2π
= Mdir

2
(IDC1 − IDC2)

+ Mopp

2
(IDC1 − IDC2) =⇒ IDC1 = IDC2,

(23)

and when φ− = 0, leading to IDC1 = −IDC2,

0 = φ1 − φ2

2
�0

2π
= Mdir

2
(IDC1 + IDC2)

+ Mopp

2
(IDC1 + IDC2) =⇒ IDC1 = −IDC2.

(24)

The two dc lines are employed to control the asymmetries
of the system and to set the JDPD working point. The dc
lines are realized with a 5-µm-wide wire in Nb. Both rf
and dc lines are connected at room temperature to an AWG
with a 1 GS/s sampling rate.

The JDPD dynamics is investigated through reflection
measurements by adopting a typical heterodyne detection
setup as indicated in Fig. 6(a). To shift the resonance fre-
quency in the measurable range [4 GHz, 8 GHz], a lumped
LC resonator has been coupled to the device. The circuit
comprises an inductor Ls in series with the JDPD and a
parallel-plate capacitor C‖ close to the ground. A coupling
capacitor Cc connects this resonator to the external exper-
imental apparatus, as shown in Fig. 6(a). At linear order
of approximation, the JDPD works as a lumped variable
inductance LJDPD, which depends on φ+ and φ−:

LJDPD(φ+, φ−) =
(

�0

2π

)2 1
d2U(ϕ)(φ+, φ−)/dϕ2

∣∣
ϕmin

,

(25)
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where ϕmin is the potential energy minimum where the
phase particle is trapped. In this way, the system is char-
acterised by a resonance frequency,

ω

2π
= 1√(

Cc + C‖
)
(LJDPD + Ls)

, (26)

which is directly linked to the JDPD state.
The values of Ls, Cc, and C‖ have been carefully chosen

to deliver signals out of resonance through the JDPD input
node, as requested by the phase detection technique while
preserving the resonance visibility. These constraints lead
us to consider Ls = 300 pH, Cc = 100 fF, and C‖ = 1.4
pF, determined in agreement with numerical simulations.
The capacitors Cc and C‖ have been realized in a parallel-
plate configuration between two Nb layers separated by a
dielectric part in SiO2, characterized by a specific capac-
itance of 0.44 fF/µm2. This choice is obligatory since it
is not possible to achieve large values of capacitance with
interdigitated capacitors, as required in the present circuit.
The drawback is that the typology of capacitors leads to
higher values of the circuit internal losses [14,15], and they
are more prone to spread in manufacturing parameters.

The inductor Ls is realized using a high-kinetic-
inductance layer in NbN, which results in a large value
of Ls in a relatively small portion of space. The measure-
ments were performed at about 10 mK using a dry dilution
refrigerator.

VI. EXPERIMENTAL RESULTS

Device characterization starts by performing spec-
troscopy versus fluxes φ+ and φ−. Comparing the resulting
map with simulations, we can determine the locations of
the bias points corresponding to the potential energy con-
figurations that the JDPD can assume during the protocol.
We have measured a resonance frequency of 6.6 GHz when
the JDPD is set in the state φ+ = 0, 6.4 GHz when the
JDPD is in the harmonic configuration, and 6.588 GHz for
φ+ = π . In the harmonic state, we have estimated a res-
onator quality factor Qint � 70, corresponding to a decay
rate of κ = 1/(0.22 ns).

Phase detection requires the determination of the sym-
metry point θsymm concerning the flux φ−. As suggested by
the name, θsymm is the value of φ− that leads to an equal
splitting of the wave function in the two wells when a
flux switch is applied in the absence of any external input
signal. Theoretically, θsymm should correspond to φ− = 0;
however, some factors, such as asymmetric junctions or
fabrication spread, could lead to θsymm 
= 0, as discussed
in the Appendix. The determination of θsymm is crucial
in order to achieve state-independent fidelity. Once we
have calibrated the system, we have evaluated experimen-
tally the JDPD’s capability to work as a phase detector,
according to the time sequence reported in Fig. 7(A).

(a)

(b)

FIG. 7. (A) Time sequence performed experimentally to
demonstrate phase detection, as described in detail in the text.
(B) Phase detection has been performed for different values of
input frequency and amplitude expressed in terms of ϕ0/σ , as
introduced in the numerical analysis section (Sec. IV). Results
are compatible with the theoretical expectations and demonstrate
the feasibility of the JDPD approach.

Phase detection begins by preparing the system in the
harmonic configuration. We wait for a cooldown time of
100 ns to ensure that the wave function collapses in the
minimum of the potential energy. This step forces the
device to “reset” in the ground state and makes it ready
to be flipped in the double-well configuration. At t = 100
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ns, we apply φ− = θsymm, determined during the calibra-
tion. In step (c) of Fig. 7(A), the JDPD is driven by an
input stimulus for a total duration of 3 µs. The application
of this tone makes the wave function oscillate coherently
around the potential minimum, as expected from Eq. (18).
The potential is flipped in the double-well configuration at
3.140 µs, as indicated in step (d) in Fig. 7(A). The flux
switch is provided diabatically, with a rise time of 1 ns
corresponding to the maximum achievable by AWGs. The
effect of the potential flipping makes the wave function col-
lapse in the left |L〉 or |R〉 state, depending on its position
with respect to ϕ = 0 when the flux switch is applied. To
ensure the overlap between the pulses, we retarded the end
of the stimulus by �t̃ = 4 ns with respect to the beginning
of the flux switch.

The readout of the JDPD state is accomplished in steps
(e) and (f) in Fig. 7(A). In the actual chip design, there
is no possibility of measuring the superconducting current
that passes through the inductor L and the JDPD’s read-
out is performed by using the spectroscopy measurement.
However, in the symmetric condition, when left |L〉 and
|R〉 states are equiprobable, the two wells have the same
resonance frequency and it is tricky to distinguish them.

To overcome this difficulty, we can unbalance a little bit
the frequency of the two states by applying φ− = θdetect.
Reasonably, θdetect should be small enough not to perturb
the system too much. In the case of measurement, we have
chosen θdetect = 0.2 rad, which has proven experimentally
to be a good value for the observability of the |L〉 and |R〉
states. The JDPD is, then, measured in reflection at five
probing frequencies; each readout pulse has a length of
20 µs corresponding to 100 µs of total duration for step
(f) in Fig. 7(A).

The sequence described above is repeated 5000 times
to obtain statistics on the trapping probability. As illus-
trated in Fig. 7(B), the detection sequence has a total
duration of several microseconds, primarily due to step (f)
in Fig. 7(A), where we measure the JDPD state in reflec-
tion. However, in future layouts, we will probe the device
state by digitalizing the sign of the current flowing through
the inductor L. This task can be efficiently performed by
an SFQ current comparator, which can operate at tens of
gigahertz clock speed [19,22], bringing important benefits
to reduce the duration of step (f). Furthermore, step (e) in
Fig. 7(A), in which the device frequency is unbalanced,
is no longer required and φ− = θsymm can be set at the
beginning of the calibration and left untouched during the
sequence. Since detection will not be performed by mea-
suring the JDPD resonance frequency, we can opportunely
modify the parameters of the resonator coupled to the
device to minimize the input stimulus’s ringing time and,
consequently, the duration of step (c) in Fig. 7(A). From
these arguments, we conclude that the timing reported in
Fig. 7(B) can be extremely reduced to a few nanoseconds
time scale, as theoretically predicted in Fig. 3(a).

FIG. 8. Detection error versus the input tone amplitude,
expressed in terms of ϕ0/σ . Results are compatible with theo-
retical predictions reported in Fig. 4(b).

Experimental outcomes are reported in Fig. 7(B). The
detection protocol has been performed by changing the
stimulus initial phase θ in the range θ ∈ [0, 6π ] for differ-
ent values of input frequency up to 400 MHz, which is the
maximum tone frequency that our instruments can gener-
ate with a controlled input phase. We have also swept over
the amplitudes Am, expressed in terms of ϕ0/σ .

Results show that JDPD is sensitive to the applied input
tone. In particular, when the amplitude Am is large enough,
as in the case of ϕ0/σ > 0.55, the device is able to perform
the digitalization of stimulus phase θ , as this information
is mapped into the wave function’s collapsing probability
in either of the two states |R〉 and |L〉. The gray zone rea-
sonably decreases with the amplitude Am until, in the case
of small input amplitudes, the wave function is no longer
capable of reaching the |L〉 and |R〉 states with probabil-
ity approaching 1. In this case, the interpolation of points
of Probability|L〉 vs θ exhibits a sinusoidal shape compat-
ible with the input tone profile. When Am increases, the
effect of digitalization leads to a “clipping” of the interpo-
lation shape, which is more evident for the red points in
Fig. 7(B). This behavior is compatible with the theoretical
prediction reported in Fig. 4(a), where the wave-function
probability distribution |�(t)|2 is reported as a function
of the initial displacement θ . Figure 8 shows the depen-
dence of the detection error on the stimulus amplitude
Am. According to experimental outcomes, phase detection
can be achieved with fidelity of 99.98%, in a similar way
compared to numerical analysis in Fig. 4(b).

VII. OUTLOOK

In this work, we have illustrated a phase detection tech-
nique based on a Josephson digital phase detector (JDPD).
Simulations and experimental outcomes show that digital-
ization can reach fidelities close to 1 in a nanosecond time
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(a)

(b)

FIG. 9. (a) Parameters S measured in a typical superconduct-
ing qubit readout scheme. A shift of the resonance frequency
is observed depending on the qubit’s state, which is visible in
both amplitude |S| and phase ∠S. To exploit the JDPD detec-
tion technique, we need to maximize the separation between the
state |0〉 and |1〉 in phase. This operation can be done by probing
the cavity at the resonator bare frequency, i.e., ω = ωr. (b) Pos-
sible experimental setup to measure the qubit’s state involving
the JDPD. In this sketch, two resonator-qubit systems are capac-
itively coupled to a feedline connected inductively to a JDPD
device. The detector’s states are tuned by an SFQ flux genera-
tor and the measurement output is digitalized by using an SFQ
comparator.

scale with negligible backaction on the source. These char-
acteristics make the JDPD approach particularly suitable
for the readout of superconducting qubits.

A typical scheme for superconducting qubit
measurement exploits high-Q resonators whose bare

resonant frequency ωR is shifted by a factor χ , depending
on the state of a dispersively coupled qubit. Discrimination
can be performed by probing the resonator with microwave
tones and measuring the response in phase and amplitude,
as reported in Fig. 9(a). A similar approach can be pur-
sued in the case of the presented detection technique, as
schematized in Fig. 9(b). We can probe the cavity by send-
ing a tone at ω = ωr to be maximally sensitive to the phase
response of the dressed resonator. Subsequently, the output
signal can be sent to an inductively coupled JDPD set to
be in the “ready” state. The JDPD will behave almost as
a purely inductive element at input frequency ωr, so ϕ(t)
will be phase-locked to the current injected by the readout
tone.

The operations needed to drive and measure the JDPD
can be performed by an SFQ circuitry [17,18]. These
devices store the bits of information using propagat-
ing fluxons, as picosecond voltage pulses whose time
integral equals the superconducting flux quantum �0 =
h/2e. Thanks to their very low power dissipation, energy-
efficient SFQ (ERSFQ, eSFQ) circuits [54–56] could be
safely located contiguously to the quantum chips, and they
offer the possibility to operate at very high speeds (tens of
gigahertz clock) with small jitter [21]. Therefore, an SFQ
circuitry can grant the required phase locking between the
input pulse and flip pulse, making the detection possible
with fidelities close to 1.

To realize the discussed system, we are currently test-
ing an optimized JDPD and designing a complete circuit,
which includes an SFQ flux generator [21], to rapidly flux-
switch the potential, and an SFQ comparator [24,57–59],
to measure the JDPD state.

VIII. CONCLUSIONS

In conclusion, we have reported a phase detection tech-
nique based on a Josephson digital phase detector. This
device is based on a QFP and has a tunable potential
which can be diabatically switched from a single-minimum
potential to a double-minima configuration. If a coher-
ent signal is applied, the system wave function collapses
in either of its two degenerate wells depending on the
phase sign of the input tone. This information is there-
fore mapped in the current direction flowing in the JDPD
central linear inductor. The proposed measurement scheme
is performed directly on-chip at the millikelvin stage of
a dilution refrigerator. Furthermore, it eliminates the need
for microwave output lines, which brings significant tech-
nical and economic challenges to system scaling. The
JDPD works far detuned with respect to the qubit, thus
reducing the effects of backaction. The basic concepts
behind this detection scheme have been experimentally
verified. The capability to work as a phase detector has
also been demonstrated up to 400 MHz tone, with a
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remarkable agreement between the experimental outcomes
and simulations.

As a future perspective, we have discussed a possi-
ble implementation of this device to read out the state
of a superconducting qubit, which can be accomplished
by properly adjusting the JDPD design parameters. This
detector is also well suited to work with a scalable SFQ
architecture, which can be employed to drive and mea-
sure the JDPD state. Therefore, we envision the JDPD as
part of a more complex architecture, in which the classi-
cal qubit control, measurement, and data processing are
performed by a classical SFQ processor. This approach
can be a valid solution to enhance the scalability of super-
conducting quantum systems [16,22], which remains a big
engineering challenge to realize practical error-corrected
quantum computers [60].
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(a) (b) (c)

FIG. 10. (a) JDPD’s potential shape when φ+ = π/2 and φ− = 0 for several values of the ratio Ic+/Ic−. The presence of asymmetries
leads to a shift in the potential minimum and the wave function acquires an offset with respect to ϕ = 0. (b) In parts (1) and (2), in
the absence of external input, an applied flux switch makes the wave function collapse in the two wells with different probabilities. In
this QuTip simulation performed with Ic+ = 9 µA and Ic+/Ic− = ±11%, we have 99.999% of the probability of reaching the left (1)
and right well (2). In parts (3) and (4), however, state-independent fidelity can be achieved by adjusting the value of φ− to φ− � 0.46
rad. (c) The numerical analysis performed with QuTip is supported by classical simulations made in PSCAN2 [44]. Sweeping on φ+
and φ−, we have determined regions in which the JDPD is capable of correctly performing phase detection. Simulations have been
carried out considering the same parameters as adopted for QuTip, i.e., Ic+ = 9 µA and Ic+/Ic− = ±11%. In particular, the top part
refers to the case in which Ic+/Ic− = +11%, the central part corresponds to perfect symmetrical JDPD, and the bottom part shows the
condition when Ic+/Ic− = −11%.
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APPENDIX

A perfectly symmetrical JDPD is a fundamental require-
ment to obtain state-independent fidelity and guarantee the
working condition of the detector.

However, in a real device, the JDPD will likely deviate
from being perfectly symmetric due to various factors but
mainly by parameter spread of the fabrication process and
different flux trapped in the two JDPD branches.

In the case of an asymmetrical device, the potential
energy becomes

U(ϕ) = 1
2L

[(
�0

2π

)2

ϕ2 − �0

2π
(Ic+ cos(φ+) cos(ϕ + φ−)

− Ic− sin(φ+) cos(ϕ + φ−))] , (A1)

where the variables Ic+ and Ic− have been introduced:

Ic+ = Ic1 + Ic2,

Ic− = Ic1 − Ic2.

Note that when the Josephson critical currents Ic1 and Ic2
are equal, Ic− = 0 and Eq. (3) is retrieved.

Figure 10(a) shows the potential shape for φ+ = π/2,
φ− = 0, and several values of Ic− ∈ [−1, 1] µA. The pres-
ence of Ic− 
= 0 leads to a shift in the potential minimum
and, consequently, the wave function acquires an offset
with respect to ϕ = 0 in the absence of the external input
tone. If a flux switch is applied, the wave function is
distributed mostly in the well located on the same wave
function side with respect to ϕ = 0. This makes the fidelity
state-dependent and worsens the detector performance.

The protocol described above has been simulated with
QuTip [33] in Fig. 10(b) parts (1) and (2). The numer-
ical analysis has been performed by considering Ic+ =
9 µA and Ic+/Ic− = ±11%, corresponding to a variation
of 20% in the critical current value, which is generally
larger than the typical fabrication spread. In both sim-
ulations, the potential is flipped at t = t1 and the wave
function collapses always in the same well with a proba-
bility of 99.999%. However, state-independent fidelity can
be achieved by adjusting the value of φ−. This is shown
in Fig. 10 parts (3) and (4), where, in the same condi-
tions of simulations as reported in Fig. 10(b) parts (1) and
(2), the state-independent probability has been restored by
applying φm � ±0.46 rad.

The numerical analysis performed with QuTip is sup-
ported by classical simulations made in PSCAN2 [44]
shown in Fig. 10(c). Sweeping on φ+ and φ−, we have
specific regions in which the JDPD is capable of correctly

performing phase detection. Simulations have been carried
out considering the same parameters as adopted for QuTip,
i.e., Ic+ = 9 µA and Ic+/Ic− = ±11%. In particular, the
top part of Fig. 10(c) refers to the case in which Ic+/Ic− =
+11%, the central part corresponds to perfect symmetri-
cal JDPD, and the bottom part shows the condition when
Ic+/Ic− = −11%.

These considerations demonstrate that the proposed
detector is robust with respect to asymmetries that can be
corrected by properly changing φ+ and φ− using dc biases.
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[25] A. Lupaşcu, S. Saito, T. Picot, P. C. de Groot, C. J. P. M.
Harmans, and J. E. Mooij, Quantum non-demolition mea-
surement of a superconducting two-level system, Nat. Phys.
3, 119 (2007).

[26] M. Hosoya, W. Hioe, J. Casas, R. Kamikawai, Y. Harada,
Y. Wada, H. Nakane, R. Suda, and E. Goto, Quantum flux
parametron: A single quantum flux device for Josephson
supercomputer, IEEE Trans. Appl. Supercond. 1, 77 (1991).

[27] N. Takeuchi, D. Ozawa, Y. Yamanashi, and N. Yoshikawa,
An adiabatic quantum flux parametron as an ultra-low-
power logic device, Supercond. Sci. Technol. 26, 035010
(2013).

[28] N. Takeuchi, Y. Yamanashi, and N. Yoshikawa, Reversible
logic gate using adiabatic superconducting devices, Sci.
Rep. 4, 1 (2014).

[29] N. Takeuchi, S. Nagasawa, F. China, T. Ando, M. Hidaka,
Y. Yamanashi, and N. Yoshikawa, Adiabatic quantum-
flux-parametron cell library designed using a 10 kA cm−2

niobium fabrication process, Supercond. Sci. Technol. 30,
035002 (2017).

[30] S. Poletto, F. Chiarello, M. G. Castellano, J. Lisenfeld, A.
Lukashenko, C. Cosmelli, G. Torrioli, P. Carelli, and A. V.
Ustinov, Coherent oscillations in a superconducting tunable
flux qubit manipulated without microwaves, New J. Phys.
11, 013009 (2009).

[31] M. G. Castellano, F. Chiarello, P. Carelli, C. Cosmelli, F.
Mattioli, and G. Torrioli, Deep-well ultrafast manipulation
of a SQUID flux qubit, New J. Phys. 12, 043047 (2010).

[32] F. Chiarello, E. Paladino, M. G. Castellano, C. Cosmelli,
A. D’Arrigo, G. Torrioli, and G. Falci, Superconducting
qubit manipulated by fast pulses: Experimental observation
of distinct decoherence regimes, New J. Phys. 14, 023031
(2012).

[33] J. R. Johansson, P. D. Nation, and F. Nori, QuTiP 2:
A Python framework for the dynamics of open quantum
systems, Comput. Phys. Commun. 184, 1234 (2013).

[34] L. O. Castaños and A. Zuñiga-Segundo, The forced har-
monic oscillator: Coherent states and the RWA, Am. J.
Phys. 87, 815 (2019).

[35] R. McDermott, R. W. Simmonds, M. Steffen, K. B. Cooper,
K. Cicak, K. D. Osborn, S. Oh, D. P. Pappas, and J.
M. Martinis, Simultaneous state measurement of coupled
Josephson phase qubits, Science 307, 1299 (2005).

[36] A. G. Kofman, Q. Zhang, J. M. Martinis, and A. N.
Korotkov, Theoretical analysis of measurement crosstalk
for coupled Josephson phase qubits, Phys. Rev. B 75,
014524 (2007).

[37] T. L. Robertson, B. L. T. Plourde, T. Hime, S. Linzen, P.
A. Reichardt, F. K. Wilhelm, and J. Clarke, Superconduct-
ing quantum interference device with frequency-dependent
damping: Readout of flux qubits, Phys. Rev. B 72, 024513
(2005).

[38] M. Steffen, F. Brito, D. DiVincenzo, S. Kumar, and M.
Ketchen, Decoherence of floating qubits due to capacitive
coupling, New J. Phys. 11, 033030 (2009).

[39] Daniel A. Lidar, Lecture notes on the theory of open
quantum systems, ArXiv:1902.00967 (2019).

[40] Daniel Manzano, A short introduction to the Lindblad
master equation, AIP Adv. 10, 025106 (2020).

[41] N. Y. Haboubi and R. D. Montgomery, The Theory of Open
Quantum Systems (Oxford University Press, Oxford, UK,
1992), Vol. 21.

[42] A. Isar, A. Sandulescu, and W. Scheid, Lindblad master
equation for the damped harmonic oscillator with deformed
dissipation, Physica A 322, 233 (2003).

[43] John Clarke and Frank K. Wilhelm, Superconducting quan-
tum bits, Nature 453, 1031 (2008).

[44] PSCAN2 Superconducting circuit simulator, http://www.
pscan2sim.org.

[45] N. R. Werthamer, Nonlinear self-coupling of Josephson
radiation in superconducting tunnel junctions, Phys. Rev.
147, 255 (1966).

[46] Halima Giovanna Ahmad, Luigi Di Palma, Roberta Caruso,
Avradeep Pal, Giovanni Piero Pepe, Mark G. Blamire,
Francesco Tafuri, and Davide Massarotti, Critical current

064025-14

https://doi.org/10.1103/PhysRevX.11.011027
https://doi.org/10.1126/science.aat4625
https://doi.org/10.1088/2058-9565/aaa3a0
https://doi.org/10.1109/TMAG.1987.1064951
https://doi.org/10.1109/TASC.2010.2096792
https://doi.org/10.1109/TASC.2021.3061947
https://doi.org/10.1103/PhysRevApplied.2.014007
https://doi.org/10.1109/IEDM19573.2019.8993634
https://doi.org/10.1103/PhysRevA.90.062307
https://doi.org/10.1109/TASC.2019.2908884
https://doi.org/10.1038/nphys509
https://doi.org/10.1109/77.84613
https://doi.org/10.1088/0953-2048/26/3/035010
https://doi.org/10.1038/srep06354
https://doi.org/10.1088/1361-6668/aa52f3
https://doi.org/10.1088/1367-2630/11/1/013009
https://doi.org/10.1088/1367-2630/12/4/043047
https://doi.org/10.1088/1367-2630/14/2/023031
https://doi.org/10.1016/j.cpc.2012.11.019
https://doi.org/10.1119/1.5115395
https://doi.org/10.1126/science.1107572
https://doi.org/10.1103/PhysRevB.75.014524
https://doi.org/10.1103/PhysRevB.72.024513
https://doi.org/10.1088/1367-2630/11/3/033030
https://arxiv.org/abs/1902.00967
https://doi.org/10.1063/1.5115323
https://doi.org/10.1016/S0378-4371(02)01828-9
https://doi.org/10.1038/nature07128
http://www.pscan2sim.org
https://doi.org/10.1103/PhysRev.147.255


DISCRIMINATING THE PHASE... PHYS. REV. APPLIED 19, 064025 (2023)

suppression in spin-filter Josephson junctions, J. Super-
cond. Novel Magn. 33, 3043 (2020).

[47] D. R. Gulevich, L. V. Filippenko, and V. P. Koshelets,
Microscopic tunneling model of Nb-AlN-NbN Josephson
flux-flow oscillator, J. Low Temp. Phys. 194, 312 (2019).

[48] A. A. Odintsov, V. K. Semenov, and A. Zorin, Specific
problems of numerical analysis of the Josephson junction
circuit, IEEE Trans. Magn. 23, 763 (1987).

[49] A. Barone and G. Paterno, Physics and Applications of the
Josephson Effect (John Wiley & Sons, New York, 1982),
p. 25. Chapter 2.

[50] Y. Harada, H. Nakane, N. Miyamoto, U. Kawabe, E.
Goto, and T. Soma, Basic operations of the quantum flux
parametron, IEEE Trans. Magn. 23, 3801 (1987).

[51] Naoki Takeuchi, Yuki Yamanashi, and Nobuyuki
Yoshikawa, Energy efficiency of adiabatic superconductor
logic, Supercond. Sci. Technol. 28, 015003 (2014).

[52] F. Tafuri, Fundamentals and Frontiers of the Josephson
Effect (Springer Series in Materials Science, 2019), p.248.
Chapter 7.4.

[53] D. Yohannes, M. Renzullo, J. Vivalda, A. C. Jacobs, M.
Yu, J. Walter, A. F. Kirichenko, I. V. Vernik, and O. A.
Mukhanov, High Density Fabrication Process for Single
Flux Quantum Circuits, Appl. Phys. Lett. 122, 212601
(2023).

[54] Oleg A. Mukhanov, Energy-efficient single flux quan-
tum technology, IEEE Trans. Appl. Supercond. 21, 760
(2011).

[55] D. E. Kirichenko, S. Sarwana, and A. F. Kirichenko, Zero
static power dissipation biasing of rsfq circuits, IEEE Trans.
Appl. Supercond. 21, 776 (2011).

[56] M. H. Volkmann, A. Sahu, C. J. Fourie, and O. A.
Mukhanov, Implementation of energy efficient single
flux quantum digital circuits with sub-aJ/bit operation,
Supercond. Sci. Technol. 26, 015002 (2012).

[57] M. Wulf, Zhou Xingxiang, J. L. Habif, P. Rott, M. F. Bocko,
and M. J. Feldman, An unshunted comparator as a device
for quantum measurements, IEEE Trans. Appl. Supercond.
13, 974 (2003).

[58] Tom Ohki, Alexander Savin, Juha Hassel, Leif Gronberg,
Tatiana Karminskaya, and Anna Kidiyarova-Shevchenko,
Balanced comparator for RSFQ qubit readout, IEEE Trans.
Appl. Supercond. 17, 128 (2007).

[59] Thomas J. Walls, Timur V. Filippov, and Konstantin K.
Likharev, Quantum Fluctuations in Josephson Junction
Comparators, Phys. Rev. Lett. 89, 217004 (2002).

[60] Austin G. Fowler, Matteo Mariantoni, John M. Martinis,
and Andrew N. Cleland, Surface codes: Towards practical
large-scale quantum computation, Phys. Rev. A 86, 032324
(2012).

064025-15

https://doi.org/10.1007/s10948-020-05577-0
https://doi.org/10.1007/s10909-018-2106-x
https://doi.org/10.1109/TMAG.1987.1064907
https://doi.org/10.1109/TMAG.1987.1065574
https://doi.org/10.1088/0953-2048/28/1/015003
https://doi.org/10.1007/978-3-030-20726-7
https://doi.org/10.1063/5.0152552
https://doi.org/10.1109/TASC.2010.2096792
https://doi.org/10.1109/TASC.2010.2098432
https://doi.org/10.1088/0953-2048/26/1/015002
https://doi.org/10.1109/TASC.2003.814117
https://doi.org/10.1109/TASC.2007.897319
https://doi.org/10.1103/PhysRevLett.89.217004
https://doi.org/10.1103/PhysRevA.86.032324

	I. INTRODUCTION
	II. DEVICE MODEL
	III. PRINCIPLE OF OPERATION
	IV. NUMERICAL ANALYSIS
	V. DEVICE DESIGN AND EXPERIMENTAL SETUP
	VI. EXPERIMENTAL RESULTS
	VII. OUTLOOK
	VIII. CONCLUSIONS
	ACKNOWLEDGMENTS
	A. APPENDIX
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


