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Development of Quantum Limited Superconducting 
Amplifiers for Advanced Detection
S. Pagano, C . B a r o n e , M. Borghesi, W. Chung, G. Carapella, A. P. Caricato, I. Carusotto, A. Cian,
D. Di Gioacchino, E . E n r i c o , P. Falferi, L. Fasolo, M. Faverzani, E. Ferri, G. Filatrella, C. Gatti,
A. Giachero, D. Giubertoni, A. Greco, C. Kutlu, A. Leo, C. Ligi, G. Maccarrone, B. Margesin, G. Maruccio, 
A. Matlashov, C. Mauro, R. Mezzena, A.G. Monteduro, A. Nucciotti, L. 
Oberto, V . P i e r r o , L . P i e r s a n t i , M. Rajteri, A. Rettaroli, S. Rizzato, Y. K. Semertzidis, S. Uchaikin, 
A. Vinante

Abstract—Ultralow-noise microwave amplification and detec-
tion play a central role in different applications, going from fun-
damental physics experiments to the deployment of quantum tech-
nologies. In many applications the necessity of reading multiple
detectors, or cavities or qubits, calls for large bandwidth amplifiers
with the lowest possible noise. Current technologies are based
on High Electron Mobility Transistors and Josephson Paramet-
ric Amplifiers. Both have limitations, the former in terms of the
minimum noise, the latter in terms of bandwidth. Superconducting
Traveling Wave Parametric Amplifiers (TWPAs) have the potential
of offering quantum limited noise and large bandwidth. These
amplifiers are based on the parametric amplification of microwaves
traveling along a transmission line with embedded nonlinear ele-
ments. We are developing superconducting TWPAs based both on
Josephson junction arrays (Traveling Wave Josephson Paramet-
ric Amplifiers) and on nonlinear kinetic inductance (Dispersion
Engineered Traveling Wave Kinetic Inductance Amplifiers). Our
goal is to achieve large bandwidth (in the 5 to 10 GHz range),
large gain (more than 20 dB), large saturation power (more than
−50 dBm), and near quantum limited noise (noise temperature
less than 600 mK). Current achievements in the design and devel-
opment of the high performance TWPAs are here reported and
discussed, together with current limitations and possible future
developments.

Index Terms—Josephson junctions, microwave amplifiers,
superconducting microwave devices, superconducting device noise.

I. INTRODUCTION

U LTRALOW-NOISE microwave amplification and detec-
tion play a central role in many advanced applications,

mostly for fundamental physics experiments, such as: detec-
tion of Dark Matter, Axion, Dark Photons, neutrinos, Cosmic
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Microwave Background radiation, Magnons [1], [2], but also
are key factors for the deployment of quantum technologies,
and in particular for the Qubit readout [3]. In many of these
applications, especially when imaging detectors are employed,
the necessity of reading multiple detectors, or cavities or qubits,
calls for large bandwidth amplifiers with the lowest possible
noise.

II. LOW NOISE MICROWAVE AMPLIFIERS

When detecting low amplitude signals, it is important
to have a low noise amplification chain. In the optimal
case, the first amplifier of the chain is the one that deter-
mines the noise performances, therefore is highly desirable
to achieve, especially in microwave regime, quantum-limited
added noise and high gain at the first stage of amplifica-
tion.

Amplifiers based on High Electron Mobility Transistors
(HEMT) are widely used. They provide good bandwidth and
large dynamic range at microwave frequencies. However, their
intrinsically dissipative operation has a negative impact on the
generated noise. Cooling helps reducing the noise. However, the
improvement in noise temperature becomes negligible below
20-30 K. Current HEMT noise is 10–40 times above the fun-
damental limit imposed by quantum mechanics, resulting into
equivalent noise temperature from 2 to 5 K [4].

Superconducting amplifiers, being almost non dissipative, can
be good alternatives. In a Josephson Parametric Amplifier
(JPA) the power is transferred from a strong pump tone to a weak
signal by exploiting the nonlinearity provided by Josephson
tunnel junction and the mixing process. A quantum limited
noise level has been demonstrated. However, JPA often show
trade-offs in other figures of merit, such as bandwidth (limited to
about 100 MHz), dynamic range, and linearity [5], [6]. Because
of their extremely good noise performances, JPAs are widely
used to read qubits [3]. Their small bandwidth, however, allows
the reading of single or few qubits per amplifier, representing
a limiting factor for the scaling up of quantum processors.
JPAs have also been proposed for axion detection experiments,
through photon conversion in a microwave cavity. Also in this
case, the amplifier bandwidth limits the possibility to scale up
the experiment to array of cavities [7].

Superconducting Traveling Wave Parametric Amplifiers
(TWPAs) have the potential of offering quantum limited noise
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and large bandwidth [8], [9]. Superconducting TWPAs are based
on the parametric amplification of microwaves traveling along
a transmission line with embedded nonlinear elements, that can
be implemented by Josephson junctions or by superconducting
microstrips with large kinetic inductance. In both cases, the cur-
rent dependence of the inductance is responsible of the mixing
and parametric amplification. As with the JPA, a large amplitude
pump tone, at frequency fp, together with the weak signal to be
amplified, at frequency fs, are sent to the device. The current
of the large pump tone modulates the nonlinear inductance,
coupling the pump to the signal, and, if the TWPA is properly
designed, produces, by frequency mixing, an amplification of
the signal at frequency fs, as well as the generation of an idler
tone at frequency fi. Depending on the current dependence of
the nonlinearity employed, it is possible to realize different
mixing processes. A four-wave mixing (4WM) process, where
the relation between the involved frequencies is: 2 fp = fs + fi
or a three wave mixing (3WM) process, where the relation is:
fp = fs + fi. These relations represent the energy conservation
of the photons involved in the mixing process. Momentum
conservation requires a similar relation for the wavevectors k,
in the 4WM mode: 2 kp = ks + ki. This is also known as
phase matching condition and is essential to achieve signal
amplification. Phase matching is automatically satisfied if the
transmission line is not dispersive and for zero pump power, but
in this case there is no amplification. In real cases (dispersive
transmission lines and non-negligible rf pump power), additional
elements must be added to the transmission lines to achieve the
phase matching condition, e.g., by engineering the dispersion
relation. The specific modifications implemented depend on the
type of TWPA.

Dispersion engineered Traveling Wave Kinetic Inductance
Parametric Amplifiers (DTWKIPA) exploits the nonlinear
kinetic inductance of superconducting films (usually TiN or
NbTiN). Phase matching can be obtained by periodic loading
the transmission line. This introduces stop bands in the TL
spectrum which allows to achieve phase matching, by tuning fp
close to one stop band, and to eliminate higher harmonics of fp,
reducing possibility of shock waves [10], [17]. Typical obtained
results are: noise near to quantum limited, large bandwidth,
over a 6 GHz centred at 11 GHz, and large dynamic range,
from -50 to -60 dBm. However, the weak nonlinearity of the
kinetic inductance requires very long transmission lines (up
to 1 m), that limit the integration capability. Moreover, the
maximum gain is limited (<20 dB) and its frequency profile
has large ripples, due to poor impedance matching and signal
back propagation. Besides the 4WM, the 3WM process has also
been successfully implemented by means of several solutions
[11], [12]. DTWKIPA have been proposed for MKID [13], [14]
and qubit readout [15].

Traveling Wave Josephson Parametric Amplifiers
(TWJPA) implement as a nonlinear element a Josephson
junction [16]–[18] or a SQUID [19]–[24] and a capacitive
shunt to ground. The nonlinearity introduced by the
Josephson junction, or the SQUID, is larger than that due
to kinetic inductance, allowing shorter transmission lines and,
consequently, lower pump power and dissipation. Moreover,
the additional degree of freedom introduced using a SQUID
(with one or more junctions in the loop), allows to tune the

Fig. 1. (a) Layout of a TWJPA Chip TWJPA_X52 (size 10x10 mm2) based
on a sequence of 990 elementary cells each formed by an RF-SQUID in series
and an interdigital capacitor to ground. (b) Equivalent circuit of 3 elementary
cells. (c) layout of 3 elementary cells.

nonlinearity to achieve both 4WM and 3WM processes. As
with the DTWKIPA, to obtain phase matching a modification
of the dispersion relation is necessary, for instance by periodic
loading the transmission line. Typical obtained results are
almost quantum-limited noise and large bandwidth (over a
6 GHz centered at 7 GHz). However, the gain is limited
(<20 dB) as well as the dynamic range (<−90 dBm). A
comprehensive review of TWJPAs can be found in [25] and in
[26].

III. THE DARTWARS PROJECT

A. Project Description

The DARTWARS project [27] is a coordinated effort of
several institutions, started in January 2020 and financed by
I.N.F.N. – Italy. It aims to develop superconducting TW-
PAs based both on Josephson junction structures (TWJPA)
and on nonlinear kinetic inductance (DTWKIPA) with large
bandwidth (in the 5 to 10 GHz range), large gain (more
than 20 dB) with reduced ripple, large input saturation
power (more than -50 dBm), near quantum limited noise
(noise temperature less than 600 mK) and a good fabrication
yield.

The project is focused on the design of the transmission lines
using specific features to optimize the microwave coupling and
to optimize the gain flatness. Moreover, it is also focused on
the fabrication techniques of the superconducting materials and
of the Josephson junctions in order to optimize the devices
performances.

The principal objectives of the DARTWARS project are:
1) the practical development of high performing parametric

amplifiers, both DTWKIPA and TWJPA, by exploring new
design solutions, new materials and advanced fabrication pro-
cesses;

2) The read-out demonstration of various detec-
tors/components (TESs, MKIDs, microwave cavities and
qubits) with improved performances with respect to current
technologies.



Fig. 2. Block diagram of the temperature stages and wiring of the 10 mK
cryostat used for the experiments.

B. Results

In Fig. (1a) is shown the layout of the first version of TWJPA
realized at INRiM. The basic cell is formed by an RF-SQUID
in series and a capacitor to ground. Fig. (1b) represents the
equivalent circuit of 3 cells while in Fig. (1c) their layout is
shown. The superconducting material used is Aluminium and
the Josephson junctions are based on an Al/AlOx/Al structure
realized using a shadow mask deposition (Niemeyer–Dolan
technique) [28] –[29]. The substrate is a (10,0) silicon wafer
covered with 500 nm of thermally grown SiO2. The realized
TWJPA contains of 990 cells in series. The device has been
tested at 10 mK at the INFN-LNF COLDLAB facility. Fig. (2)
shows a block diagram of the dilution refrigerator used for the
experiment. The TWJPA is anchored on the 10 mK stage in a
superconducting shielding box. The RF pump and signal are
generated by room temperature instrumentation and sent to the
amplifier through a series of attenuators (at 4K and at 10mK)
and a directional coupler at 10 mK. Two bias tees (also at 10
mK) allow to apply a DC current to the amplifier. The output
signal is sent, through a cryogenic circulator at 10 mK, to a
HEMT amplifier at 4K and then to a room temperature spectrum
analyzer.

In Fig. (3a) is shown the amplitude of the 3WM and 4WM
idlers measured as a function of the DC bias current ranging
between −50 uA and +50 uA. The pump tone is set to 6.8 GHz
with power of -52 dBm while the signal tone is set to 3.3 GHz

Fig. 3. (a) Power of the 3WM (black) and 4WM (red) idlers measured as a
function of the DC bias current. The pump tone is set to 6.8 GHz with power
of -52 dBm while the signal tone is set to 3.3 GHz with power of -64 dBm, this
sets the 3WM idler frequency to 3.5 GHz and the 4WM idler to 10.3 GHz. (b)
Measured response of the TWJPA operating in the 3WM mode with a signal
at frequency f = fp/2 = 8.9875 GHz and a DC bias point of -13.4 µA. The
signal gain is shown by the full curve and left axis, the noise temperature by
the dashed curve and right axis. The red circles highlight the pump amplitude
corresponding to best measured noise temperature.

with power of -64 dBm, all referred to the amplifier input, and
this sets the 3WM idler frequency to 3.5 GHz and the 4WM
idler to 10.3 GHz. The possibility to send a DC current to the
RF-SQUIDS in the TWJPA allows to tune their nonlinearity
in order to generate 4WM and 3WM processes. When the DC
bias current flows through the nonlinear transmission line, the
inductance of each cell changes, in a periodic manner due to
the SQUID behavior [19], [30]. The periodicity corresponds
ideally, in our device, to 46 µA, the distance between the two
vertical dashed lines in Fig. 3a. This modifies the nonlinearity
of the transmission line, allowing 3WM and 4WM modes of
operation, and clearly demonstrate the possibility to tune the
TWJPA device with a simple DC current to activate the wanted
mixing process [21]. According to analytical models (see e.g.,
[30]), the modulation of the signal levels reported in Fig. (3a)
should be strictly periodic, with the period indicated by the
dashed lines. This is only partially true in the experiments, the
deviation being attributed to scattering of the circuit parameters
in the device fabrication. The detailed understanding of the
deviation of the experimental data from the expected ones is
under investigation.

Fig. (3b) reports the measured response of the TWJPA oper-
ating in the 3WM mode. The pump frequency is fixed at 17.975
GHz and its amplitude is swept from -63.3 dBm to -61.8 dBm.
The signal gain is reported by the full curve and left axis, while
the corresponding noise temperature, of the whole RF chain, by
the dashed curve and right axis. Signal gain and noise have been
calibrated by measuring the coaxial lines attenuation and HEMT
gain both at room temperature and during cryostat operation. The
estimated error is 2 dB in gain and 1.5 K in noise temperature.
The red circles highlight the pump amplitude corresponding
to best measured noise temperature. The best resulting value
is, in terms of noise temperature, 4K, with a gain of 25 dB.
This is not satisfactory and is most probably due to a, later
discovered, malfunctioning of the employed attenuators at low
temperatures. Moreover, we have indication of a significative
impedance mismatch between the input and output coaxial lines
and the TWJPA amplifier. This introduces non ideal bandwidth
and gain responses. However, the preliminary result reported
here is encouraging as it gives clear clues for improvement of
the amplifier performances.



Fig. 4. New design of TWJPA. (a) schematic diagram of the basic structure
with elements values. (b) SEM picture of the RF SQUID. (c) microphotograph
of a section of the TWJPA where the periodic loading circuit is visible. (d) a
picture of the realized chip, of size 10x10 mm2.

After the initial tests a second chip has been designed and
fabricated at INRiM. The new design was specifically made
to reduce higher harmonics generation and unwanted mixing
products, by lowering the Josephson plasma frequency and
making the dispersion relation highly nonlinear with the intro-
duction of elements to induce resonant phase matching [17].
Fig. (4a) reports a schematic diagram of 3 cells with the load
(in red to the right). The values of the various elements are also
reported. The design values of junction critical currents were 4
µA. Fig. (4b) shows a SEM picture of the RF-SQUID realized
using Al-based junctions and shadow evaporation technique.
Fig. (4c) show a picture of a sequence of 7 cells with one loading
structure. Finally, Fig. (4d) shows a picture of the finished
chip.

For the realization of DTWKIPA it has been chosen to im-
plement an artificial transmission line with lumped elements.
The advantage of the lumped elements approach is a shorter
transmission line: 20 cm vs. 1-2 m, which allows to reduce
the pump power [12]. This reduces the device heating with
a consequent reduction of the gain ripple and improvement
of the yield. Additionally, to reduce the dielectric losses, the
DTWKIPA will be fabricated on ultra-low-loss single-crystal
silicon dielectrics fabricated on a silicon-on-insulator (SOI)
wafer. The superconducting material chosen for the realization
of the amplifier is NbTiN, which has a relatively high kinetic
inductance. In order to obtain good superconducting properties,
the film deposition process is being optimized, by testing dif-
ferent types of target materials and different process parameters
(substrate temperature, plasma power, sputtering gases pressures
and flows). This activity is currently ongoing at the FBK facility.

IV. CONCLUSION

TWPA are promising candidates as quantum limited
microwave amplifiers for applications in fundamental physics
experiments and quantum computing. However, current
performances of both TWJPA and DTWKIPA still need to be
improved in terms of gain and bandwidth. Several TWJPA
have been designed and fabricated using RF-SQUID as basic
cells and different layouts for engineering the dispersion
relation. DTWKIPA are being designed using an artificial
lumped elements transmission line layout and different

superconducting materials are being tested. We believe that
the coordinated approach of several institutions to the design,
simulation, realization and testing of TWPA can lead to the
realization of working devices ready to be used in applications.
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