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Noise Properties of a Josephson Parametric Oscillator
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We perform noise spectroscopy of a Josephson parametric oscillator (JPO) by implementing a
microwave homodyne interferometric measurement scheme. We observe the fluctuations in the self-
oscillating output field of the JPO for a long 10-s time interval in a single-shot measurement and
characterize the phase and amplitude noise. Furthermore, we investigate the effects of the pump strength
on the output noise power spectra of the JPO. We find strong fluctuations in the phase with a 1/f 2 char-
acteristic in the phase noise power spectrum, which are suppressed by increasing the pump strength.
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I. INTRODUCTION

The study of noise in physical systems has a long his-
tory [1]. The measurement and performance aspects of the
physical systems have long been considered to be limited
by noise [2–5]. Various studies have been done extensively
to understand the noise sources and the possibility of evad-
ing noise [6–11]. However, evading the intrinsic noise of a
physical system is highly challenging and is a fundamen-
tal limitation [12–14]. Recently, several advances have led
to a renewed interest in the characterization and mitigation
of noise in the field of circuit quantum electrodynamics
(cQED) [11,15–17]—one of the most promising candi-
dates in quantum computing and quantum information
processing [18–20]. The ongoing quest to build a quan-
tum computer has intensified the efforts to study noise in
qubits [11,15,16]—the basic building blocks of a quantum
computer. However, the noise properties of other essen-
tial components used for the readout of the qubit, such
as a Josephson parametric amplifier (JPA) or Josephson
parametric oscillator (JPO), are rarely explored.

A typical cQED measurement network operates at fre-
quencies of a few gigahertz and a temperature of around
10 mK. Quantum devices such as qubits are commonly
read out at a few photon regimes to protect from mea-
surement backaction [11,21,22]. Low noise amplification
of the signal is a practical need for detecting weak pho-
tons from quantum devices operating in the microwave
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regime. A JPA, a typical parametric device consisting
of a superconducting resonator integrated with Josephson
elements [23–27], overcomes this obstacle by effectively
amplifying the signal by adding a minimum noise allowed
by the fundamental law of quantum mechanics [14,28].
These devices have become an essential component of
the readout chain since they attain quantum-limited ampli-
fication by high-frequency modulation of the inductance
of the nonlinear Josephson element [26,29,30]. When the
modulation amplitude exceeds the instability threshold,
self-sustained oscillations start to build up [31], and it
works as an oscillator—a Josephson parametric oscilla-
tor [32–34]. Due to the new accessible parameter regimes
as a consequence of the strong nonlinear properties of
JPOs, notable studies have been done demonstrating the
generation of squeezed states [35,36], two-mode entan-
glement [36], cat state engineering [37–40], high-fidelity
qubit readout [32,33,41], etc. Nonetheless, the study of the
noise properties of JPOs is left unaddressed.

JPOs, like any other oscillators, have ubiquitous noise
properties, which give rise to a finite oscillation linewidth
typically ranging from a few kilohertz to hertz depending
on the operating parameters [34,42–45]. Several unifying
theories explain the noise characteristics of an oscillator
[46–48]. Over the last few decades, various experimen-
tal and theoretical studies in the optical domain have
investigated the noise properties of parametric oscilla-
tors and lasers [49–53]. Noise spectroscopic studies in the
optics field show the limiting factor of the finite linewidth
of lasers [13,54] described by the Schawlow-Townes
limit [51]. These theories and experimental observations
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shed light on investigating the noise properties of JPOs
in superconducting circuit systems, where a detailed
study of the noise properties of JPOs is yet to be
conducted.

In this work, we present an experimental study of the
noise characterization of a JPO pumped above its para-
metric threshold, where the phase coherence of the output
photons from the oscillator is investigated. We perform
the spectral analysis of noise in the phase and amplitude
quadrature at low frequencies and explore the possible
noise sources in the JPO.

II. EXPERIMENTAL SETUP

Our device consists of a λ/4 resonator made with a
segment of coplanar waveguide (CPW) terminated by a
dc superconducting quantum interference device (SQUID)
[26]. The CPW resonator is fabricated by etching out the
sputtered niobium on a silicon wafer [55]. The Joseph-
son junctions are then made by standard double-angle
shadow evaporation of aluminum [Figs. 1(b) and 1(c)].
The presence of the SQUID makes the resonance fre-
quency of the resonator tunable by a variable Joseph-
son inductance LJ , which follows the relation LJ =
�0/(4π Ic |cos (π�dc/�0)|). Here, Ic is the critical current
through the junction, �dc is the dc magnetic flux through
the SQUID, and �0 is the flux quantum. By changing the
flux through the dc SQUID �dc, the Josephson inductance
can be varied.

An input signal and a pump signal are applied to the
device through attenuated lines with filters to the respec-
tive ports on the chip. On-chip dc bias is applied through
the same pump line using a bias tee. The measurements
of the device are carried out in a cryogenic environ-
ment using a dilution refrigerator at a base temperature
of 10 mK [Fig. 1(a)]. The output signal from the device
is routed through a microwave filter, circulator, and iso-
lator, which is amplified using a high-electron-mobility
transistor (HEMT) at 4 K. The output signal is then further
amplified at room temperature (R.T) using R.T amplifiers.

At first, we characterize the system dynamics by scan-
ning the resonator frequency dependence on the applied
magnetic flux using a dc source. A weak probe signal
is coupled to the cavity through a circulator in the mix-
ing chamber, and the output from the device is analyzed
using a vector network analyzer by measuring the complex
reflection coefficient S11. The bare resonator frequency in
the absence of flux is found to be ωr0/2π = 6.239 GHz.
The estimated critical current for each Josephson junction
is 1.89 μA, which is obtained from fitting the resonator
spectrum. The external and internal cavity losses are found
to be κext/2π = 11 MHz and κint/2π = 0.3 MHz at a
flux bias of �dc/�0 = 0.35 with a resonance frequency
of ωr/2π = 5.94 GHz. To further characterize the opera-
tional properties of the JPA, we apply a pump signal with a
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FIG. 1. (a) Schematic illustration of the cryogenic microwave
measurement setup. (b) Scanning electron microscope (SEM)
image showing the SQUID consisting of two parallel-connected
Josephson junctions. The SQUID made of aluminum is galvani-
cally coupled to the central conductor of the CPW patterned on
a niobium film, which is deposited on a silicon substrate through
sputtering. There are ground plane holes to pin the trapped flux
on the chip. (c) SEM image showing the Josephson junction
made of Al/AlOx/Al. (d) Microwave interferometric setup to
measure the phase noise of the JPO: input lines are color-coded
with the cryogenic circuit lines in (a), which describes the signal
flow.

frequency ωp ≈ 2ωr, where ωr is the resonator frequency
at a specific flux point. The pump photons interact with
the incoming signal photons and generate an amplified
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signal with an approximate gain of 20 dB at pump power
Pp = −63.4 dBm.

To investigate photon generation, we apply the pump
signal at twice the resonance frequency in the absence
of the input signal and examine the output from the JPA
by increasing the pump power Pp . As the pump power
increases beyond the parametric instability threshold, self-
sustained oscillations build up exponentially in time inside
the cavity. This can be understood as a second-order phase
transition from a ground state below the threshold to an
excited state above the threshold [56,57]. In order to inves-
tigate the region of parametric instability, we choose a flux
bias point on the flux-frequency curve at �dc/�0 = 0.35,
and we span the parametric plane by varying the pump-
resonator detuning δ = |ωr − ωp/2| and pump power Pp ,
as shown in Fig. 2(a). Here we see the regime of parametric
oscillation throughout a well-defined interval of detuning
δ. The asymmetry of the parametric plane can be due to
the pump-induced nonlinearity [33]. Figure 2(b) shows
the output power from the JPO detected with a spectrum
analyzer as a function of applied pump power Pp from
a microwave source with ωp/2π = 2 × 5.94 GHz. The
power levels described are referred to the corresponding
ports on the chip. As the pump power increases, cross-
ing the threshold, the output power from the JPO increases
exponentially, indicating the onset of parametric oscilla-
tion. In this above-threshold region, where the pump power
is sufficiently strong, the nonlinearity of the system leads
to bistability in the effective potential of the JPO field,
as shown in the inset of Fig. 2(b). As a consequence of
the bistability, the output oscillating field of the JPO has
two stable states with a well-defined phase of either 0 or
π [32,58].

Next, we measure the noise properties of the JPO oper-
ated at a pump frequency of ωp/2π = 2 × 5.94 GHz at
a fixed flux bias �dc/�0 = 0.35. The measurement setup
is shown in Fig. 1(d). We use a homodyne interferomet-
ric measurement scheme where the output frequency of
the JPO is mixed with a local oscillator at the same fre-
quency to extract the phase and amplitude components of
the signal using an I -Q mixer. A microwave source at a
frequency the same as the JPO output signal frequency ωs
is split into two equal signals using a microwave split-
ter. One split signal is fed to the local oscillator of the
I -Q mixer through a band-pass filter and a phase shifter,
whereas the other equally divided signal is connected to
the JPO pump port by doubling the frequency using a fre-
quency doubler. This pump signal is connected to a tunable
attenuator to modulate the pump power. A series of care-
fully chosen high-pass and band-pass filters are connected
to the pump and local oscillator signal path to filter out
signals at unwanted frequencies. The transmitted output
from the JPO is amplified with the HEMT and R.T ampli-
fiers, which is then fed to the rf port of the I -Q mixer.
The I and Q signals from the I -Q mixer are connected
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FIG. 2. (a) Span of the parametric regime of the JPO. The out-
put power from the JPO (in the absence of a probe signal) is
plotted against the pump power measured by changing the detun-
ing δ between the resonator and pump frequencies. The top panel
shows the cross section at two fixed pump powers. (b) Output
power from the JPO as a function of the applied pump power
(Pp ). The static resonance frequency of the JPO is 5.94 GHz, at
which the phase noise measurement of the JPO is carried out.
The inset shows a qualitative picture of the bistable potential
of the JPO, which has two stable minima corresponding to the
oscillating states of 0π and 1π [32].

to the two channels of a 14-bit Keysight digitizer with
an onboard field-programmable gate array (FPGA) for
real-time sequencing. For the low-frequency phase noise
measurements, the default sampling rate of the digitizer is
reduced to 1 MSa/s before channeling the signal to data
acquisition. Using the custom FPGA image, this reduction
in the sampling rate is made with three-stage finite impulse
response filters with decimation of 1/5, 1/4, and 1/25 in
each step to obtain the desired sampling rate. The phase
shifter in the local oscillator signal path is tuned to cal-
ibrate the offset between the I and Q signals due to the
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mixer imperfection and to utilize the digitizer’s maximum
dynamic range. We then observe this digitized data in real
time for a long period of 10 s in a single shot. The I and Q
signals are observed to be fluctuating about their mean. To
quantify the JPO noise from these data, we first carry out
spectral noise analysis [59,60] of these digitized I and Q
signals by studying the spectral domain noise covariance
matrix S(ν), defined by

〈
δξ(ν)δξ † (

ν ′)〉 = S(ν)δ
(
ν − ν ′) , (1)

S(ν) =
(

SII (ν) SIQ(ν)

S∗
IQ(ν) SQQ(ν)

)
. (2)

Here, δξ(ν) is the Fourier transform of the fluctuation
in the I and Q signals about their mean, represented by
δξ(t) = [δI(t), δQ(t)]T. Its Hermitian conjugate is given by
δξ †(ν). The diagonal terms SII (ν) and SQQ(ν) in the matrix
represent the auto power spectra. The off-diagonal ele-
ment SIQ(ν) represents the cross power spectra and S∗

IQ(ν)

represents its complex conjugate.
For a fixed pump power and frequency, the I and Q sig-

nals are recorded continuously for 10 s. These time-trace
data are then transferred to a CPU for further analysis. We
calculate the spectral density using Welch’s method [61].
As described in Ref. [59], we find that the imaginary part
of SIQ is negligible, and the matrix can be diagonalized
with an ordinary rotation O(ν) applied to Re[S(ν)]. Thus
by diagonalizing it for all the frequencies, we obtain the
eigenvalues as

OT(ν)Re[S(ν)]O(ν) =
(

Saa(ν) 0
0 Sbb(ν)

)
. (3)

Here Saa and Sbb represent the noise spectra in phase and
amplitude quadrature. The measurements are repeated for
different pump powers. The phase and amplitude power
spectrum for each pump power is averaged five times.
The HEMT noise floor and the measurement system noise
floors are measured to ensure an adequate signal-to-noise
ratio for our measurements.

III. RESULTS AND DISCUSSION

Figure 3(a) shows the phase noise power spectra of the
JPO for different pump powers Pp ranging from −64 to
−52 dBm, measured at a pump frequency of ωp/2π =
2 × 5.94 GHz. At low frequencies, the phase noise spec-
tra show a flat response, roll-off with a 1/f 2 trend, and
become white noise at higher frequencies. We note that
the dip in the spectra at the highest frequency is due to
the anti-aliasing filter. We can see that the phase noise is
highly affected by the change in the pump power. When
we gradually increase the pump power, we see suppres-
sion of phase noise in the 1/f 2 characteristic region as the
total noise envelope moves down to lower frequencies. On

the contrary, the amplitude noise power spectra of the JPO
in Fig. 3(b) are observed to be much lower than the phase
noise spectra and are dominated by the HEMT noise floor
except for a 1/f knee at lower frequencies contributed
by the electronics. Within the range of our measurement
sensitivity, amplitude noise shows no significant variation
with the change in the pump power. The multiple peaks in
the spectrum from 50 Hz and its harmonics are an artifact
of power grid poisoning [62], which could be eliminated
using appropriate filters [63].

Figure 3(c) shows the trajectory of the JPO output in
the I quadrature for two different pump powers of Pp =
−62 dBm and Pp = −58 dBm, cropped from a 10-s-long
time trace recorded in a single-shot measurement. We see
that the signal is purely random, with discrete switching
between two favorable states. It follows the typical charac-
teristics of a random telegraphic noise which contribute to
a Lorentzian noise spectrum in the frequency domain [64].
In JPOs, the switching between two states originates from
the presence of a bistable potential whose minima corre-
spond to 0π and 1π states [32]. We observe multiple flips
between 0π and 1π states during an interval of 10 s.

For further analysis, we fit the noise spectra shown in
Fig. 3(a) with a generalized Lorentzian [64,65] given by
S(f ) = A
r/(π

2f 2 + 
2
r ) + B, where 
r, A, and B are

fitting parameters. 
r is the corner frequency, which is pro-
portional to the interstate switching rate between 0π →
1π and 1π → 0π transitions [64]. We also define a cor-
ner frequency fw at which the 1/f 2 region rolls down to
a white noise. Frequency fw is evaluated from a 1/f 2 fit
where it meets the white noise floor. These two corner fre-
quencies for different pump powers are plotted in Fig. 3(d).
For the lowest measured pump power, the switching rate
is the highest. As the pump power gradually increases, the
output oscillating field stays pinned to one of the two states
for longer periods; as a result, the switching rate decreases.
This can be understood from the theoretical description in
Ref. [32]. The barrier height of the bistable potential rises
with the increase in the pump strength, which reduces the
transition events between the two states, and the switch-
ing rate falls off exponentially [66,67]. We also note that
the corner frequency fw decreases exponentially with the
pump power. For Pp > −58 dBm, extracting 
r from the
Lorentzian fit is nonviable since our sampling time interval
is limited to 10 s. Hence, we count the number of switch-
ing events from the time-domain data and estimate 
r. The
open triangles in Fig. 3(d) show the estimated 
r for these
powers. At these pump powers, the switching events are
rare, and the oscillator field stays in one of its states for an
extended period.

The switching between the bistable states could be a
manifestation of a variety of mechanisms, including quan-
tum fluctuation, thermal activation, or quantum activation
[42,53,68]. Further studies of the dynamic evolution of the
oscillation output states of the JPO and the characteristic
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FIG. 3. (a) Noise power spectral density (PSD) in the phase quadrature Saa(ν) for different pump powers at a fixed pump frequency
ωp/2π = 2 × 5.94 GHz. The solid black line shows the Lorentzian fit to the data. (b) Noise PSD in the amplitude quadrature Sbb(ν)

for two distinct pump powers. (c) Trajectory of the I quadrature as a function of time, which is cropped from the full time trace for two
different pump powers. (d) Pump power dependence of corner frequencies 
r and fw. Here, 
r refers to 1/f 2 roll-off and fw refers to
the roll-off from 1/f 2 to a white noise. Values of 
r shown as filled triangles are calculated from the Lorentzian fit, and those shown
as open triangles are estimated from the time-domain data by counting the number of switching events. Black dashed lines show the
exponential fits.

dependence of switching rate on the operating tempera-
ture would unravel the nature of this interstate transition
[69]. More detailed theoretical studies of the switching
rate specific to our nonlinear dynamical system and fur-
ther experimental investigation of the dynamics of the
JPO are the subject of our future work. Furthermore, the
present system provides a platform to study and investi-
gate the effects of a weak injection locking signal [70],
which is generally known to suppress the phase noise in
self-sustained oscillators.

IV. CONCLUSION

In conclusion, we carry out noise spectroscopy of a JPO
with a microwave homodyne interferometric measurement
scheme. We discuss the analysis method to separate the
noise power spectrum in the phase and amplitude quadra-
ture. The extracted amplitude noise power spectra are
much below the phase noise power spectra. The phase
noise power spectra show signatures of random telegraphic

noise due to the interstate transition of the output oscillat-
ing field between the two stable states of the JPO. This
random telegraphic noise contributes to a 1/f 2 noise char-
acteristic to the phase noise power spectra. We study this
behavior by increasing the pump power and observe a sig-
nificant reduction in the switching rate and suppression in
the phase noise. Our noise analysis gives deeper insights
into the dynamics and the noise characteristics of the JPO.
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