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A quantum-limited amplifier enables the amplification of weak signals while introducing minimal noise
dictated by the principles of quantum mechanics. Such amplifiers serve a broad spectrum of applications
in quantum computing, including fast and accurate readout of superconducting qubits and spins, as well as
various uses in quantum sensing and metrology. Parametric amplification, primarily developed with use
of Josephson junctions, has evolved into the leading technology for highly effective microwave measure-
ments within quantum circuits. Despite their significant contributions, these amplifiers face fundamental
limitations, such as their inability to handle high powers, their sensitivity to parasitic magnetic fields, and
particularly their limitation to operate only at millikelvin temperatures. To tackle these challenges, here
we experimentally develop a novel quantum-limited amplifier based on superconducting kinetic induc-
tance and present an extensive theoretical model to describe this nonlinear coupled-mode system. Our
device surpasses the conventional constraints associated with Josephson-junction amplifiers by operat-
ing at much higher temperatures up to 4.5 K. With two distinct spectral modes and tunability through
bias current, this amplifier can operate selectively in both the single-mode-amplification regime and the
double-mode-amplification regime near the quantum noise limit. Using a nonlinear thin film exhibiting
kinetic inductance, our device attains gain exceeding 50 dB in a single-mode configuration and 32 dB in
a double-mode configuration, while adding 0.82 input-referred noise quanta. Importantly, this amplifier
eliminates the need for Josephson junctions, resulting in the capability to handle significantly higher pow-
ers than Josephson junction—based amplifiers. It also demonstrates resilience in the presence of magnetic
fields, offers a straightforward design, and increases reliability. This positions the amplifier as a versa-
tile solution for quantum applications and facilitates its integration into future superconducting quantum

computers.
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I. INTRODUCTION

Parametric amplifiers with noise characteristics at the
quantum limit play a central role in quantum proces-
sors [1,2], offering significant applications across vari-
ous quantum systems [3,4]. In the microwave frequency
range [3,5-9] these amplifiers enable precise, fast, and
high-fidelity single-shot measurements of superconduct-
ing qubits [10—13], ensembles of spins [14], quantum dots
[15,16], and nanomechanical resonators [17]. Furthermore,
the use of near-quantum-limited amplifiers has created new
experimental avenues for producing nonclassical radia-
tion, including single- and double-mode vacuum squeezing
[18—20] with applications in weak measurement [21,22],
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axion-dark-matter detection [23—26], and quantum illumi-
nation and radar [27-30].

The most-common method for building microwave
parametric amplifiers involves superconducting Josephson
junctions, configured as a Josephson parametric ampli-
fier (JPA) [31,32] or Josephson traveling-wave paramet-
ric amplifier JTWPA) [3,8,9]. These systems exploit the
nonlinear characteristics of Josephson junctions to attain
significant amplification with minimal noise. Through pre-
cise control facilitated by an external microwave pump,
JPAs allow fine-tuning of gain, enabling accurate and
efficient amplification of weak signals. Their tunabil-
ity and instantaneous bandwidth make quantum-limited
amplifiers essential tools for advancing quantum informa-
tion processing and pushing the boundaries of quantum
technologies.

Despite their many valuable applications, both JPAs and
JTWPASs encounter significant limitations that restrict their
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effective integration into scalable quantum architectures.
Both JPAs and JTWPAs have a limited saturation input
power, primarily attributed to the presence of higher-order
nonlinearity such as the Kerr nonlinearity. This limita-
tion typically confines them to operate with only a few
microwave photons per bandwidth [5,33] and thus limits
their ability to effectively handle a wide range of fre-
quencies and higher-power signals. Moreover, Josephson
junction—based amplifiers are highly sensitive to para-
sitic magnetic fields, which can negatively impact their
performance. To mitigate this sensitivity, magnetic field
isolation is often necessary. Furthermore, they typically
require operation at temperatures below 1 K [3,5,9], which
can pose practical challenges in applications where higher-
temperature operation is desired [27-29].

An alternative approach to overcome these limitations
involves the building of quantum-limited amplifiers with-
out the reliance on Josephson junctions by use of super-
conducting films that possess kinetic inductance. This
approach uses a simplified single-step lithography process
and uses thin films of high-temperature kinetic induc-
tance superconductors, such as niobium titanium nitride
(Nb-Ti-N) [34—40]. The intrinsic kinetic inductance of the
Nb-Ti-N film introduces the necessary nonlinearity for
achieving quantum-limited amplification, thereby elimi-
nating the need to use Josephson junctions. These ampli-
fiers typically use three-wave-mixing (3WM) [37—40] or
four-wave-mixing [41,42] processes to amplify the input
signal. The amplification can happen through degenerate
or nondegenerate parametric amplification [1,2]. In the
case of degenerate or phase-preserving amplification, the
idler and the signal have identical frequencies. This config-
uration offers the potential for noiseless amplification and
the generation of single-mode vacuum squeezing [19,43].
In contrast, in nondegenerate or phase-insensitive ampli-
fication, the idler and the signal exist as separate modes
with distinct frequencies. Within this regime, the ampli-
fier’s output can be a two-mode squeezed state or an
entangled state [2,44,45]. Resonance-based kinetic induc-
tance amplifiers primarily operate in the single-mode con-
figuration, functioning within degenerate-amplification or
near-nondegenerate-amplification regimes [39]. In these
configurations, shifting of the pump frequency from twice
the resonance frequency effectively initiates a 3WM pro-
cess, wherein a pump photon is down-converted to idler
and signal photons within the resonator mode. However,
this approach encounters limitations, particularly when
there is a requirement for generating two-mode squeez-
ing and entanglement. This is primarily because the idler
and the signal do not represent two spectrally separated
modes. Consequently, the development of a quantum-
limited amplifier that is tunable, is of low noise, is com-
patible with high temperatures, and possesses the ability to
selectively operate in both the single-mode regime and the
two-mode regime remains an outstanding challenge.

In this work, we introduce a quantum-limited kinetic
inductance parametric amplifier (KIPA) that overcomes
some of the technical limitations associated with
Josephson-junction amplifiers and is capable of operating
at higher temperatures due to the high critical tempera-
ture of the kinetic inductance thin film [46]. The presence
of two spectrally and spatially distinct modes, along with
the ability to tune the resonance frequency by applica-
tion of bias current, enables the KIPA to operate selec-
tively in both the single-mode-amplification regime and
the dual-mode-amplification regime.

By using a uniformly evaporated thin film of Nb-Ti-N
on high-resistivity intrinsic silicon, we achieve exceptional
amplification, surpassing 50-dB gain in the single-mode
configuration and 32-dB gain in the double-mode config-
uration, with a gain-bandwidth product of approximately
30 MHz for operation in the 3WM regime. Importantly,
our design eliminates the reliance on Josephson junc-
tions, resulting in a significantly higher 1-dB compres-
sion point for the output power when compared with
amplifiers based on Josephson junction technology [47].
The junction-free design of the KIPA also allows a high
degree of resilience to stray magnetic fields or adapt-
ability to experiments requiring strong magnetic fields,
reaching up to 2 T [41,42,48,49]. Additionally, compared
with the design of other kinetic inductance amplifiers
[39], the design of our KIPA is inherently simple and
does not require complex circuitry or filtering to generate
amplification. The use of kinetic inductance for ampli-
fication simplifies the design and fabrication processes
to a remarkable degree compared with Josephson junc-
tion—based amplifiers. Moreover, it increases reliability
since the nonlinearity of our device is an inherent fea-
ture of its geometry, eliminating the need for complicated
and delicate fabrication procedures. Additionally, we intro-
duce a theoretical model that describes the dynamics of the
system and use it to fit the experimental results. We note
that while the use of coupled resonators for amplification
has been investigated before, previous studies typically
focused on configurations where either both resonators
contain nonlinearity or where both resonators share a non-
linear medium [50-52]. In contrast, our approach here
entails coupling a linear resonator to a nonlinear resonator
and harnessing 3WM for amplification in the coupled
system.

This paper is organized as follows: In Sec. II, we
establish a comprehensive theoretical model to elucidate
single-mode and double-mode amplification based on a
coupled-mode system. Section III introduces the experi-
mental setup and the KIPA design. Section IV presents
the experimental results of single-mode and double-mode
amplification. In Sec. V, we discuss the noise properties of
the KIPA and study the operation of the device at different
device temperatures. Finally, the concluding remarks and
discussion are presented in Sec. VI.
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II. THEORETICAL MODELING OF
AMPLIFICATION

In this section, we provide an in-depth theoretical
model that describes the 3WM process and amplification
within a generic two-mode coupled system. In the subse-
quent sections, we divide our discussion into single-mode
and double-mode amplification, and we construct sepa-
rate comprehensive theoretical models for each of these
regimes.

A. Hamiltonian

The system under consideration includes a coupled sys-
tem that incorporates nonlinearity in one of the modes, as
shown in Fig. 1. The Hamiltonian describing this coupled-
mode system, accounting for parametric processes and
operating in the presence of a pump with frequency w, and
an annihilation operator a,, can be written as (with 4 = 1)

H = w,a'a + wpb™b + a)pa;ap +J (@b + bTa) + Hyon.
(1)

where a and b are the annihilation operators of each
mode with frequencies w, and wj, respectively, and with
coherent-mode-coupling strength J. We also define the
nonlinear Hamiltonian [39,53]

Hyon = ‘% (aza; —I—aﬁap) + Ka?d?, (2)

where the second term in this Hamiltonian describes the
degenerate parametric interaction with strength gy and
the third term represents a four-wave-mixing interaction
with strength K. In this Hamiltonian, the inclusion of
nonlinearity in one of the modes results in an interest-
ing scenario where we can operate the device in either
the single-mode-amplification regime or the double-mode-
amplification regime. This choice can be made by our
tuning the resonance frequency of mode a, either far from
or close to the anticrossing point, where efficient exchange
of energy between the two modes occurs. We also note
that for our KIPA in the presence of a strong bias cur-
rent, K < gy, and therefore the four-wave-mixing process
can be ignored. With a film thickness of 10 nm and a res-
onator of width 2 pwm, the estimated Kerr nonlinearity K
will be approximately 1 mHz. As we will see later, this
value is a few orders of magnitude smaller for the auxiliary
resonator b.

B. Single-mode amplification

Away from the anticrossing point, where the frequency
of mode a is well separated from the frequency of the aux-
iliary mode b, the interaction between these modes does
not facilitate photon hopping or exchange of the excita-
tion. Consequently, mode b does not undergo amplification

when |w, — wp| > 2J. In this case, we can treat the system
as a single mode, characterized by substantial nonlinearity
in mode a; see Fig. 1(a). Therefore, the Hamiltonian of the
system in the strong-pump regime is given by [54]

H=Ada+ %(aze_i% + a?e'?), 3)

where g = gola, |, in which |, | is the amplitude of the
pump, and ¢, is the global phase set by the pump. The
above Hamiltonian has been written in a reference frame
rotating at w, /2 = w, — A.

The system’s output can be written with respect to the
input quantum noise (. with extrinsic damping rate «.)
and the intrinsic losses in the resonator mode (expressed
as @; with intrinsic damping rate ;). Solving the quantum
Langevin equations allows us to obtain the output field of
the resonator [54]

dou(®) = [Gs()ae + Gr(w)al]

1 —
| @@ 4 Da+ Grnl]. @)

where 1 = k./k describes the waveguide-resonator cou-
pling, with k = k. + ki, and we define

B nK[%—i(a)+A)] _
gS((l)) - AZ —g2+(lw— %)2 1’

: 6))
—inkge'®

—g* 4+ (io — §)*

Gi(w) = e

Note that |G;(w)|*> = |Gs(w)|*> — 1 for n =~ 1. The first
two terms in Eq. (4) show the amplification of the sig-
nal ag = a. and idler a; = aZ modes, while the last two
terms represent the noise terms added by the KIPA due to
the intrinsic loss of the resonator. In the absence of inter-
nal loss, n — 1, Eq. (4) simplifies to agy(w) = VGa, +
VG — la;r, describing the annihilation operator of a degen-
erate (phase-sensitive) parametric amplifier with gain

2 2
G= o ——— -1, 6

G| (1—4(g//<)2 ) Q)
where, for simplicity, we consider A = w = 0. We can see
that for g < k, the gain is negligible, G — 1. However,
the highest gain is achieved near the denominator’s roots
and as g — «/2, which results in G — oco. This diver-
gence can be understood better by looking at the stability
condition of the system through the susceptibility of the
resonator [55]. For A = 0, the resonator’s susceptibility is
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FIG. 1. Schematic representation of a coupled-resonator system exhibiting coupling rate J. Here one resonator, with resonance
frequency w, and annihilation operator a, is coupled to an auxiliary resonator having resonance frequency wj;, and annihilation operator
b. Incorporating a nonlinear medium characterized by a x ® nonlinearity, resonator a facilitates amplification via the 3WM process.
The system’s operation mode, whether single-mode or double-mode amplification, can be selected by one properly pumping the
system. (a) The single-mode-amplification scenario, characterized by a significant separation in resonance frequencies between the
two resonators, expressed as |w, — wp| > 2J. In this setup, the system can be effectively treated as a single mode by one disregarding
the dynamics of the auxiliary resonator b. Amplification of the single mode is achieved by application of a strong pump at w, = 2w,,
resulting in a degenerate amplification in mode a, as seen in the power spectral density (PSD) of the output field. (b) In contrast, by
adjustment of the resonance frequencies of the two modes so that they are equal, i.e., w, = wp, and by the pumping of the system at

w, = w, + wp, double-mode amplification is realized, with the two modes being spectrally separated by the coupling rate J. Here i@

J
is the extrinsic (intrinsic) damping rate of each resonator j = a, b.

given by [54] the coupled system. This becomes evident when we diag-
onalize the interaction Hamiltonian and write Eq. (1)

) K I in the hybridized-mode (collective-mode) representation
1 T+ igew cy =a+b/V2:
X(a)) = N2 . K |- (7)
iw— =) —o2 | igeT® —iw+ =
<za) 2) g 5 ) _ 2
H = Zwiclf ci + a)pagap + > [c+c_a;+H.c.]

The stability of the system is determined by the denomi- =+
nator of x(0), imposing g < « /2 as the stab1ht¥ criterion + &0 [(c%r + cz_)aj7 —I—H.c.] ,
[2]. This condition ensures that the parametric ampli- 4
fier operates below its threshold and avoids it entering ®)

self-sustained oscillations. However, when g > «/2, the
system becomes unstable and this leads to parametric
self-oscillations. where wy = [(w, + wp) /2] £/ (A2, /4) + J? are the fre-
quencies of the collective modes and A, = (w, — wp) /2.
In the strong-pump regime and a reference frame rotating

C. Double-mode amplification e
" Pl ! at w,/2 = Q — A, the Hamiltonian (8) reduces to

The result in Eq. (4) can be extended to nondegener-
ate, phase-insensitive amplification, where we deal with

two spectrally distinct signal and idler modes. This can H = A+c1c+ +A_cle

be achieved by one bringing mode a on resonance with St i o 5

mode b; see Fig. 1(b). The coherent interaction between + 5 [e o (C+ + C_) + H-C-]

the two modes, when combined with the 3WM process i

in mode a, enables the nondegenerate amplification within +gle”erem +Hel, ©)
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(a) A ring resonator with a 1.3-mm diameter and a 2-pm pitch is connected capacitively to an auxiliary resonator. The

system is probed through a transmission line connected capacitively to the left side of the ring. A separate line provides the pump
and direct current from the device’s bottom, flowing through the ring. (b) Optical image of the KIPA involving a ring and L-shaped
auxiliary resonators. The inset in (b) displays the L-shaped auxiliary resonator with a width of 160 wm and a length of 4 mm. The
design prohibits direct current from passing this resonator, effectively setting the 3WM nonlinearity to zero for the auxiliary resonator.
(c) Resonance frequency of the ring resonator as a function of applied bias current. The resonance frequency shows a quadratic pattern
with respect to the applied current Aw = —(wo/2) (Ige/I*)*. (d) Resonance frequency of the resonator at fixed current Iy, = 1.575 mA,

corresponding to wy/2m = 7.155 GHz.

where g = gola,| and we consider Q = w, = w;. Note
that the third term in this Hamiltonian describes the degen-
erate amplification in the collective modes, while the last
term represents the nondegenerate amplification. The pres-
ence of the terms Ay = A £+ J in the first two parts of
the Hamiltonian enables us to effectively select (activate)
degenerate or nondegenerate amplification, given that 2/
exceeds the total damping rates of the modes x4 and the
coupling rate g. This condition becomes evident when we

move to the interaction picture with respect to A+cic+ +
i
A_clc_,

Hiy = ‘% [e_i¢P (cie_zm” + cz_e_zm") + H.c.]

+glecic_e™ +Hel]. (10)

By choosing A =J and under the rotating-wave approx-
imation, we effectively disregard the rapidly oscillating
terms rotating at a frequency of 2J. This choice enables us
to specifically select degenerate amplification in mode c_,
while A = —J results in amplification in mode c . In these
situations, the gain in the degenerate parametric amplifi-
cation can still be described by Egs. (4) and (5) by our
replacing a.;; by cf,f, where cféi are the effective noise oper-
ators of the hybridized modes, x by k., A by A, and n by
n+. On the other hand, if we choose A = 0, which corre-
sponds to w, = w, + wp, we can activate nondegenerate
amplification or select the terms involving ¢, c_ in the
Hamiltonian. In this situation, the contributions of single-
mode-amplification terms proportional to ¢2eT*/ + H.c.
are negligible under the rotating-wave approximation. By
solving the quantum Langevin equation, we can extract the

output field for the hybridized modes

cxoun(@) = GE (@) + GE(@)c

1 —n* ; ;
) (G5 @+ e+ G )el],
an
where we define the gain factors
. nkx [ 5 —i(w+ Ag)]
= - 19
5@ = o a) - Sl 5) - 51— ¢
Lo —i /0Ty kge?
9 = o= Ay — S+ A ) — 51— g
(12)

where |G (w)|* = |G5 (@)|> — 1 for n = 1. The stabil-
ity condition for the double-mode amplification can
be extracted on the basis of the damping parame-
ters of the initial (nonhybridized) modes, leading to
g < k(1 4+Cp)/2, where Cy = 4J?/kqkp is the cooper-
atively of the interaction between the two resonators.
In what follows, we report experimental investiga-
tions into both degenerate and nondegenerate ampli-
fication within a kinetic inductance superconducting
resonator.

III. EXPERIMENTAL REALIZATION

The amplification process relies on the kinetic induc-
tance exhibited by the superconducting film, which
displays a nonlinear dependency on the applied cur-
rent. This nonlinear behavior can be described by the
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Ginzburg-Landau theory and the total inductance of
the system [46,56-58] Ly(I) = Lo[1 + (I/I*)*], where
Lo denotes the kinetic inductance of the film in the
absence of current [54], while 7* is proportional to the
critical current of the film and serves as a quantita-
tive gauge of the film’s responsiveness to the applied
current /.

As shown in Fig. 2(a) and 2(b), at the core of
this amplifier is a ring resonator, used as a nonlinear
and dispersive mixing element. The fabrication process
involves a straightforward single optical lithography step,
as explained in Ref. [54]. The resonator is grounded and
galvanically connected to both the pump line and the dc
line. The generated or amplified signal is directed into
a waveguide, which is coupled capacitively to the ring
resonator. This design simplifies the measurement pro-
cess and eliminates the requirement for a Bragg mirror or
impedance-matching step coupler [34—38] within the sys-
tem, resulting in a design that is exceptionally simple and
compact. The mixing interaction between idler and signal

modes is facilitated by the application of a direct current
1., modifying the circuit inductance

lae\* | 2Uly Le\*
Li(I) =Ly |:1 + (l_:> + I =+ I ,  (13)

where we consider / = Iy + 5, in which Ii¢ is the cur-
rent of the microwave signal. The first term in Eq. (13)
gives the resonance frequency at zero current, whereas
the second term characterizes a shift in the resonance fre-
quency of the resonator due to the direct current, Aw =
—(w0/2) (Ige/I*)*. The third term introduces the 3WM
process, and the fourth term leads to Kerr nonlinearity
[39]. The dependency of the resonance frequency of the
mode on the current allows us to extract /* and there-
fore infer the critical current of the superconducting sheet.
Note that the ring resonator in our setup corresponds to
resonator ¢ as shown in Fig. 1, and it possesses a x®
nonlinearity.

(a) arb. units (b) (dB)
14.20 20
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— 14.15
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9] 0
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FIG. 3. (a) Appearance of the two modes and the anticrossing point as a function of the applied direct current. The two modes are

separated by 2J ~ 43 MHz. (b) Signal amplification versus pump frequency and detuning from the center of the anticrossing. (c)
Phase-insensitive gain for the two modes at various pump powers versus the detuning from the center of the anticrossing.
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In addition to the ring resonator, our system also has an
auxiliary L-shaped resonator (corresponding to resonator b
in Fig. 1), which is capacitively coupled to the ring res-
onator; see Fig. 2(b). The initial intent behind this setup
was to have an additional transmission line for dual-sided
probing and measuring of the ring resonator. However, this
L-shaped section can also act as a resonator with a res-
onance mode w; close to that of the ring resonator, w,.
As explained in Ref. [54], the behavior of the L-shaped
resonator depends on the functionality of a cold switch
directly connected to the resonator. When the switch is
disconnected from the sample, the L-shaped resonator is
essentially floating from both sides. Conversely, when the
switch is connected to the sample, the L-shaped resonator
is directly coupled to the input transmission line, effec-
tively resulting in a resonator with a significantly large
extrinsic coupling rate. Figure 2(c) shows the reflection
response of the system when the cold switch is connected
to the sample.

The large size of this auxiliary resonator minimizes
its Kerr nonlinearity and allows the handling of substan-
tial power without the critical current threshold being
surpassed. Moreover, it can be directly wire-bonded, facil-
itating its use as a resonator with significant extrinsic
coupling. This capability enables the measurement of the
system from an alternative port. The auxiliary resonator
is not connected to any dc wires, preventing the flow of
biased current through it, thereby maintaining a constant
resonance frequency. This setup provides a tunable nonlin-
ear resonator (the ring resonator) connected to a nearby
linear auxiliary resonator. This configuration accommo-
dates a pair of coupled modes, initially separated by a
spectral gap w, — wp of approximately 360 MHz at zero
bias current, as shown in Fig. 3(a). By application of a
direct current, the frequency of the ring resonator can be
adjusted, facilitating the alignment of the two modes at the
anticrossing point with an intramode coupling strength J
of approximately 21.5 MHz. As described in Sec. Il, this
coupling plays a critical role in selecting either single-
mode amplification or double-mode amplification when
the resonances reach the anticrossing point.

To initiate the 3WM process within the system, it is
necessary to apply a bias current by using a stable and
low-noise current source to supply the required current /4.
Subsequently, at the millikelvin stage, this current is com-
bined with the microwave pump, represented as /,, through
the use of a bias tee. Figure 2(c) visually demonstrates the
influence of the direct current, showing that an increase
in the current induces a downward shift in the frequency
of the ring resonator that follows the expression Aw =
—(wo/2) (Ig./I*)*. By precisely knowing the applied cur-
rent and fitting the frequency shift, we can deduce that
I* = 5.86 mA, a value consistent with a value previously
measured for transmission lines of the same width [59] and
critical currents of 7. < 3.91 mA [39]. Figure 2(d) shows

the system’s reflection from the probe port, demonstrating
the resonance frequency of the ring resonator at wy/2mw =
7.155 GHz for I3 = 1.575 mA. Our fitting the resonator
mode line shape provides k. = 19 MHz and «; = 4 MHz,
leading to a waveguide-resonator coupling efficiency 1 of
0.82. The second mode is not immediately visible from
Fig. 2(d). However, as described in Fig. 3(a), upon closer
examination or by measuring with smaller steps, we can
distinctly identify the anticrossing point and the existence
of mode b.

IV. AMPLIFICATION

A. Single-mode amplification

To observe single-mode amplification we choose a bias
current /4. = 1.575 mA far from the anticrossing point. As
a result, we can effectively treat the system as being of
single mode, and Hamiltonian (3) with g = —Iy.1,wo /4] *2
[39] can fully describe the amplification process. In this
case, the auxiliary resonator will not experience any ampli-
fication. We apply a strong pump at a frequency w, of
approximately 14.29 GHz in addition to the bias current
14c, which results in the down-conversion of pump photons,
generating signal and idler photons at w, /2. Figure 4(a)
shows the nondegenerate gain profile as a function of
detuning @ = § + (w,/2) that is measured by our sweep-
ing a coherent tone and capturing the maximum gain near
half the pump frequency. We observe a substantial gain of
approximately 43 dB, achieved with a pump power P, of
—23.8 dBm applied at the device’s input. The gain profile
is further analyzed with use of Eq. (5), resulting in k., = 28
MHz, k; =4 MHz, and coupling efficiency n = 0.9. A
comparison of coupling rates in the presence and in the
absence of pump current shows an increase in the extrinsic
coupling rate [39], which is attributed to kinetic inductance
changes induced by the presence of the pump.

Additional amplification can be attained by one operat-
ing the KIPA in a degenerate mode, wherein both the signal
and the idler have the same frequency, § = 0, and exhibit
interference based on the phase difference A¢ between
the pump and the probe. We use a weak probe signal at
precisely half the pump frequency and measure the reflec-
tion of the system for various phases of the pump, as
shown in Fig. 4(b). The collected data have been shifted
to match A¢ = 0, where we observe performance ranging
from —30 dB of deamplification to in excess of 50 dB of
amplification. Using Eq. (5), we once again fit the data, this
time centered at w = 0. This analysis also provides insights
into the extent of squeezing achievable, as during this oper-
ation, it becomes possible to squeeze vacuum fluctuations
of one quadrature below the standard quantum limit [60].

Subsequently, we conduct an assessment of the KIPA’s
1-dB compression point across various pump powers. This
measurement serves to quantify the maximum input power
the amplifier can accommodate before reaching saturation.
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FIG. 4. (a) Single-mode phase-insensitive signal gain versus the frequency detuning from the resonator w = 6 + (w), /2) for different

pump powers. The experimental results (dots) align well with the theoretical model (solid lines) outlined in the text. (b) Phase-sensitive
gain as a function of the pump phase ¢,,. A coherent tone positioned at § = 0 is measured while the pump phase is varied. The data are
adjusted to align all dips at zero radians. The result is in good agreement with the theory. (¢) The 1-dB compression point for a coherent
tone at § = 1 kHz from the amplification center frequency. Power is varied to determine the 1-dB compression points at different pump

powers.

Once again, we apply a probe signal and determine the
point at which the KIPA experiences a 1-dB reduction in its
maximum gain by increasing the probe power. The result
shows a 1-dB compression power of approximately —73
dBm, corresponding to 20 dB of gain. This compression
power is, on average, 3 orders of magnitude greater than
that observed in Josephson junction—based amplifiers [47].

B. Double-mode amplification

As previously discussed, the amplifier design studied
here accommodates two modes with an initial spectral sep-
aration of approximately 360 MHz at zero bias current.
Nevertheless, by applying a direct current to the ring res-
onator, we can adjust the resonance frequency and shift it
toward the anticrossing points. Note that the appearance
of nonlinearity and, subsequently, amplification happens
only in the ring resonator. This double-mode system can
be effectively described with Eq. (1), where the nonlinear
term a” 4 a'? is present only in the ring resonator due to
the application of the bias current and mode b describes
the auxiliary resonator (L-shaped resonator). Figure 3(a)
shows how the ring resonator, mode a, evolves as the bias
current is varied, eventually reaching the anticrossing point
with the auxiliary resonator with mode b.

By our aligning the resonance of the two modes and
holding them at the anticrossing point, which is achieved
by our setting /3. = 1.68 mA, the system can be operated
within the nondegenerate (phase-insensitive) amplifica-
tion regime described by Hamiltonian (10). Figure 3(b)
shows the amplification versus the detuning from the
anticrossing point and the pump frequency w,. Three dis-
tinct amplification regimes are evident in Fig, 3(b). In

the initial region, when A &~ —J, single-mode amplifica-
tion is observed at w, ~ 14.059 GHz, corresponding to
the term ¢? in Hamiltonian (10). The second region indi-
cates double-mode amplification or the activation of c_c
terms at A ~ 0, which is represented by the presence of
two peaks at w, ~ 14.1 GHz well separated by 2J. In
the third regime, amplification at w, ~ 14.15 GHz occurs
when A ~J, corresponding to the term c2+. Note that
the pump-frequency separation between the first regime
and the last regime, 8, ~ 91 MHz, is determined by the
coupling strength between the two modes §, ~ 4J, as
anticipated. Figure 3(c) demonstrates double-mode (non-
degenerate) amplification for different pump powers at
A =~ 0. It shows the amplification of the signal and idler
modes, with up to 32 dB gain being achieved in both
modes. The experimental results align well with our the-
oretical model for the coupled-mode system presented in
Ref. [54].

V. NOISE CHARACTERIZATION AND EFFECT
OF OPERATING TEMPERATURE

Another important aspect of a parametric amplifier is its
noise behavior. We examine the noise performance of the
KIPA in the single-mode regime by evaluating a chain of
amplifiers and determining the additional noise introduced
by the KIPA, as illustrated in Fig. 5(a). The output chain is
divided into two parts: the KIPA, with gain Gy and input-
referred added noise ny, and the classical amplification
chain, consisting of gain Gy and noise quanta ny. This
classical chain represents the collective gain and noise
arising from the HEMT (near 4 K), the low-noise ampli-
fier (at room temperature), and the cable losses across the
chain. Near the nondegenerate amplification regime, the
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(a) Noise-calibration setup. A 50-Q2 terminator, varied in temperature, acts as the known noise source. The generated noise

is directed to the KIPA at various gains. By using the Bose-Einstein distribution to fit the noise spectrum, we extract the total gain and
noise quanta added by the amplification chain. (b) Noise quanta added by the whole amplification chain versus the gain of the KIPA
when it is operating in the single-mode regime. At zero gain (Gx = 0), the noise of the classical amplification chain n, dominates the
added noise. In contrast, at large gains (Gx > 1), the noise added by the KIPA becomes noticeable n,qq4 ~ (7 + % + ny). Our fitting
the data using the theoretical model results in nx & 0.82. (¢) Comparison of the KIPA gain at different device temperatures (80 mK,

1K, 4 K, and 4.5 K). Here, SA is spectrum analyzer.

field operator describing the entire chain is given by

Ameas = \/aaout ++v/Gh— lhT’

where & represents the noise operator introduced by the
classical amplification chain following the KIPA, while
aoy characterizes the KIPA’s output. By use of the above
equation, the total noise quanta of the entire amplification
chain can be computed (see Ref. [54] for further details):

1 how
Niot  haGio |:§ coth (2k3T> + naddi| s

where Gy = GGy is the total gain, kp is the Boltzmann

constant, and
_ 1
n—+ > + ng

is the total input-referred noise of the amplification chain,
where n(T) = (/%87 — 1)~! is the thermal noise at tem-
perature 7, and

1—n\|_ 1
ne =2 (T) |:n(Tdev) + 5] ,

is the input-referred noise added by the KIPA at a given
device temperature Tge,. In the perfect-coupling regime
n ~ 1, at a very low temperature n & 0, and at large gain
Gy > 1 such that n, /Gy = 0, the total noise of the ampli-
fier reduces to the vacuum noise nyqq ~ l as anticipated
for an ideal nondegenerate quantum- llmlted amplifier.

By generating a known noise using a temperature-
controlled 50-2-load noise source and feeding it into the
KIPA, we estimate the overall device noise at various

(14)

(15)

G — 1 I
Nadd = Gr +

G (16)

(17)

gains; see Fig. 5(a). First, during the noise calibration with
the pump turned off, we deduce the gain Gy and added
noise n, of the classical amplification chain. Next, with
the pump turned on, we measure the system’s noise to
determine Gy and n,qq while the system operates in the
single-mode-amplification regime, as shown in Fig. 5(b).
In Fig. 5(b) for small KIPA gains (G & 0), the noise from
the classical amplification chain becomes the main source
of noise i.e., n,qqg = ny. Conversely, at significantly high
gains, the KIPA noise dominates the overall system noise
Nadd ~ (n + % + ny). We use Eq. (16) to fit the experimen-
tal results, yielding nx &~ 0.82 noise quanta. Part of the
added noise comes from the rise in temperature of the
mixing chamber of the dilution refrigerator, consequently
increasing the sample’s temperature to nearly 100 mK due
to the application of direct current to the sample. This issue
can be addressed by adjustment of the width of the sample
and the use of thinner wires.

We additionally note that here we used the broadband
variable-temperature stage method to calibrate the noise
characteristics of our KIPA. One challenge associated with
this approach is that the calibration tool used generates par-
asitic heat, which perturbs the mixing chamber of the dilu-
tion refrigerator and affects the effective temperature of the
sample. Nonetheless, in Supplemental Material [54], we
introduce an alternative approach to calibrate the sample
noise. Other approaches, such as the use of shot-noise tun-
nel junctions, offer a potential avenue for more-thorough
validation of the noise added by the amplifier [61].

As a final remark, we describe the operational perfor-
mance of our device at different temperatures. The kinetic
inductance properties of the KIPA and its independence
from Josephson junctions offer a substantial advantage
when it comes to our operating it at higher temperatures
[62], a limitation that affects JPA and JTWPA devices.
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We can test and operate the amplifier at different tem-
peratures and measure the gain at different phases of the
process. In Fig. 5(c), the gain of the amplifier in the
single mode is illustrated at various device temperatures. It
is apparent that the amplifier effectively maintains its gain
performance, even at temperatures reaching up to 4.5 K.
However, because of technical limitations and the inability
to regulate the dilution refrigerator’s temperature beyond
4.5 K, evaluation of the device’s performance at higher
temperatures was unattainable.

VI. CONCLUSION AND DISCUSSION

In summary, we have developed a junction-free
quantum-limited amplifier based on kinetic inductance
superconductivity. The design of our amplifier is inher-
ently simple and does not necessitate complex circuitry or
impedance-matching step couplers for amplification gen-
eration [39]. Overcoming the limitations of conventional
Josephson-junction amplifiers, this device operates at tem-
peratures above 4.5 K. Its double-mode capability and
tunability through bias current facilitates selective opera-
tion in both the single-mode-amplification regime and the
double-mode-amplification regime, achieving gains sur-
passing 50 dB in the single-mode configuration and 32 dB
in the double-mode configuration, while adding only 0.82
noise quanta. Compared with Josephson junction—based
amplifiers, our device presents a remarkably improved
1-dB compression point of —73 dB at 20-dB gain mainly
due to the small contribution of the self-Kerr-term in the
system. However, even though we did not measure the
magnetic field dependency, high-kinetic-inductance Nb-
Ti-N resonators demonstrate exceptional magnetic field
compatibility, with fields up to 6 T [48]. Moreover, recent
studies affirm the maintenance of amplification perfor-
mance up to 1 T [40,42,63].

This amplifier can potentially be used in a broad range
of quantum applications, particularly in the domain of
quantum computing. Its adaptability and resilience make
it a fitting candidate for integration into future supercon-
ducting quantum computers, enhancing microwave mea-
surements and enabling fast and accurate readout of super-
conducting qubits and spins. Additionally, its ability to
perform effectively at higher temperatures suggests its util-
ity in quantum sensing and reading applications, such
as quantum illumination and radar [30]. Moreover, its
resilience to magnetic fields opens possibilities for inte-
gration into hybrid quantum circuits or for the readout of
spins and color centers that necessitate magnetic fields for
their control.

The low loss of our device enables the generation of
nonclassical radiation, such as entanglement and squeezing
within the circuit. Quantum entanglement finds applica-
tions in quantum sensing, linking remote quantum nodes,

and establishing entangled clusters across a chip. Squeez-
ing, however, is a valuable resource for universal quantum
computing [64,65]. The simple design, high fabrication
yield, low loss, and scalability of our device could poten-
tially find applications in microwave continuous-variable
quantum computing [66].
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