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THE QUEST FOR AN OPTIMAL AMPLIFIER
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this picture, the distance between the center of each 2D histogram (blue or red) and the origin
(of the IQ-plane) represents the amplitude of the microwave signal, whereas the radius of the
circle represents the standard deviation of the signal noise. In Fig. 7b, we show an illustration
of the same readout signal as in Fig. 7a after being amplified by the HEMT and referred back
to the reference plane. As can be seen in this figure, the added noise by the HEMT, which can
be on the order of 20 input photons at the signal frequency, causes a very large overlap of the
two 2D histograms representing the two qubit states, as the width of the 2D histograms are very
large compared to the separation of the corresponding centers. As a result of this large overlap,
the ability to distinguish with high-fidelity between the qubit states |0i and |1i is diminished.
In contrast, by using a quantum-limited amplifier (QLA), such as the JPC, as a preamplifier
before the HEMT, which adds noise on the order of a half input photon at the signal frequency,
the SNR characterizing the readout signal, when referring back to the reference plane, is mainly
dominated by the added noise of the preamplifier. This leads to a separation between the centers
of the 2D histograms representing the qubit states, which exceeds their width. This, in turn,
allows us to determine the qubit state with high fidelity using the integrated signal of a single
measurement.

Figure 7. Illustrations that qualitatively show the 2D histograms of the signal and the
corresponding noise in the IQ-plane for two di↵erent readout schemes as explained in the text
(not to scale). In these illustrations, the readout signal carries information about the qubit
state and the qubit is in an equal superposition of |0i and |1i. a) A representation of the
readout signal and the corresponding vacuum noise as seen at the reference plane (depicted in
Fig. 3) before being amplified. b) A representation of the readout signal and corresponding
noise in the “HEMT amplifier only” readout setup, when referred back to the reference plane.
c) A representation of the readout signal and corresponding noise in the “JPC as a preamplifier
before the HEMT” scheme, when referred back to the reference plane.

In Fig. 8, we demonstrate the ability to do fast, high-fidelity readout using a JPC amplifier
and SIPF. The blue, red, and black curves of Fig. 8 represent double Gaussian fits to qubit-
state histogram measurements, corresponding to the qubit being prepared in the |0i, |1i, and
|0i + |1i states, respectively. The readout measurements of the qubit are amplified by a JPC
and HEMT. The achieved readout fidelity in this measurement is 96.5% with a measurement
time ⌧m = 370 ns. Such a short measurement time is made possible due to the large readout
resonator bandwidth () of this device. Moreover, in this setup we retain a relatively long qubit
lifetime (T1) of 48 µs, despite the large bandwidth of the readout resonator, that is due to the
presence of the SIPF.

4.3. Logic and Control Electronics
The third component needed for running quantum algorithms with active feedback is fast
decision and control. Current methods of using a digitizer connected to CPU over PCIe does not
allow real-time processing of data, because of the data transfer overhead and incurred software
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Low Noise Amplifier at 
beginning of readout chain

• In superconducting quantum technologies experiments, 
extremely weak signals need to be amplified before they are 
“drowned” in thermal noise.

• For high gain, the noise level of the first amplifier in the readout 
chain dominates the overall noise. 

• As experiments become more complex, amplifiers have to 
satisfy additional requirements to enable multiplexing.

Gain > 20 dBMinimal noise

Multi - GHz 
bandwidth

High saturation 
power
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TRAVELING WAVE PARAMETERIC AMPLIFIERS

3-wave mixing: 
 ωp = ωs + ωi

4-wave mixing:  

2ωp = ωs + ωi

ω

MALNOU AND AUMENTADO: DECONSTRUCTING TRAVELING WAVE PARAMETRIC AMPLIFIER 2159

Fig. 1. Deconstructing the TWPA. (a) Ideal TWPA amplifies a propagating
signal (red) through continuous wave frequency mixing in a nonlinear trans-
mission line generated by a co-propagating pump wave (green). This creates
a mixing product: the idler (dark blue). The signal’s growth is proportional
to the idler’s amplitude, and reciprocally the idler’s growth is proportional
to the signal’s amplitude, resulting in exponential gain of both signal and
idler. (b) This process can be reduced to separate signal and idler propagation
paths, coupled by a parametric coupling that has a spatial phase evolution
along the line. (c) This can be discretized into short sections, each behaving
as a two-mode parametric amplifier pair in a chain, implying a minimal unit
cell. (d) Each node represents a coupled mode that is coupled to the others
via resonance/frequency conversion (horizontal single lines) or parametric
amplification (vertical double lines). The 1s denote detuning and dissipation
and the �s label the coupling strengths (see main text).

and its “idler, ” counterrotating in time at �!i = !s � n!p,
where n = 1 or 2 corresponds to the so-called “3-wave” or
“4-wave” operation modes [10], Fig. 1(a). As this triplet of
tones propagates, the energy of the pump wave is converted
to the signal and idler waves. However, a transmission line
can support the propagation not only of these modes, but also
of the pump harmonics, which limits the achievable gain, and
even can prevent parametric amplification altogether, as the
pump is quickly depleted from its photons [11]. Modern
TWPAs (based on both Josephson and kinetic inductance,
JTWPAs and KI-TWPAs, respectively) mitigate this issue
by engineering the line to be weakly dispersive, either by
simply relying on the junction’s chromatic dispersion (coming
from its parasitic parallel capacitance) [12], or by deliberately
introducing a dispersive feature [4], [7], [9]. They now rou-
tinely achieve 20 dB of gain over a few gigahertz bandwidth,
making them a workhorse preamplifier in the superconducting
quantum engineer’s toolbox.

The design of TWPAs requires careful simulation to account
for the extensive number of mixing products and accurately
predict its full operational characteristics [13]. This can be
quite difficult, especially when combined with variations in

fabrication parameters that complicate the predictive power of
these continuous line approaches [14]. By contrast, distributed
traveling wave solid-state amplifiers are a known technology
in electrical engineering, most often restricted to ten or fewer
discrete nonuniform transistor stages [15], yet they produce
very wide operational bandwidths. We can begin to build
insight into this vast difference in approaches by writing down
the ideal traveling wave amplifier equations that connect the
propagating complex normal mode amplitudes of a signal,
as+, to its parametrically coupled idler mode, a⇤

i+, in a co-
propagating frame [16]

das+
dz

= jks
an

p

n
a⇤

i+ (1)

dai+
dz

= jki
an

p

n
a⇤

s+ (2)

where ap is the pump amplitude, assumed to be constant along
the transmission line (the so-called “stiff pump approxima-
tion”), where “⇤” denotes the complex conjugate, and where
the signal and idler frequencies and propagation constants are
parametrically constrained to the pump values, !p, kp

n!p = !s + !i (3)
nkp = ks + ki (4)

with n = 1 or 2 in the 3-wave and 4-wave mixing cases,
respectively. Equation (3) imposes conservation of energy,
while (4) imposes the conservation of momentum (i.e., the
“phase-matching”) between the pump signal and idler modes.

Equations (1) and (2) denote a simple system of coupled
first order differential equations that convert the signal to
idler energy and vice versa, as both waves propagate along
a transmission line. The coupling constant  is generated via
modulation of the shunt capacitance or series inductance at
the frequency !p. In modern TWPAs, this is accomplished by
constructing the transmission lines from Josephson junction
arrays [4] or kinetic inductance materials [8], [9], providing
nonlinear inductances that can be modulated with suitably
large pump currents. While the principle of operation is
quite simple, various issues arise in practice. For instance,
missed target transmission line impedances and junction inho-
mogeneity can create unwanted reflections necessitating the
inclusion of coupling to backward propagating waves [7], [17],
while higher order nonlinear terms may generate coupling to
additional mixing products [18]. These additional concerns
complicate one’s ability to realize robust TWPAs. However,
the equations of motion (EoM) above suggest that the picture
might yet be simplified at the device level if we relax the
constraint to realize them as a continuous nonlinear line.
This is akin to reverting to the discretized version of the
telegrapher’s equations [19] for transmission lines or, more
specifically, asking whether a modulated version of a mul-
tipole low pass filter prototype [20] might also accomplish
directional, wideband gain. In the early parametric literature,
there are examples of discrete TWPAs based on varactors
[21], [22] (also called time-varying transmission lines [23])
that already give some insight, but in this work we aim to
understand whether there are limits to size reduction and how
this might impact gain and directionality.

Authorized licensed use limited to: UNIVERSITA BICOCCA MILANO. Downloaded on May 03,2024 at 09:22:21 UTC from IEEE Xplore.  Restrictions apply. 

Signal

Pump

Idler

• Standard Quantum Limit (SQL): phase-preserving amplifiers 
introduce at least half a photon of noise.

• Josephson Parametric amplifiers reach the SQL, but do not 
satisfy other criteria for multiplexing.

• IN TWPAs, the pump, signal and idler tones exchange photons 
while propagating along a nonlinear transmission line (TL).

• Multi-GHz amplification bandwidth and high dynamic range.
• The nonlinearity usually arises from a current-dependent 

inductance, which is obtained either by using Josephson 
Junctions (J-TWPAs) of Kinetic Inductance (KI-TWPAs).

L(IDC, Iμ) ∼ Ld(IDC)( 1 + a(IDC)Iμ + b(IDC)I2
μ )
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ANATOMY OF A KI-TWPA
• A transmission line is periodically loaded 

with stubs or resonators to decrease the 
phase velocity, reducing its length. Each 
loading section constitutes a cell.

• The cells are organized in supercells by modulating the loading periodically. 
Most common is step modulation.

• Cell modulation controls the dispersion relation of the artificial TL, generating 
stopbands and passbands.

• Amplification occurs only when pump, signal and idler are phase matched: 
dispersion limits bandwidth to chosen range and prevents parasitic processes.

the used pumppower.While these performance levelsmay not be competitive, the results from these
preliminary amplifiers will be crucial in refining thefinal design.

4.2.Microfabrication
For themicrofabrication of the first KI-TWPAprototype devices, the deposition recipe of waferW6of
fabrication runR2with power P= 600W, pressure p= 3× 10−3 mbar, argon and nitrogen flows
f f 50 7Ar N2

= , chuck temperatureT= 400 °Cand time t= 2.5 minutes was used. Using this recipe, the
NbTiNfilm is deposited on high-resistivity 6”wafers15 with a thin SiO2 layer on top of about 40 nm.After that,
the photoresist16 is structuredwith the geometry described in the previous section. Subsequently, thewafers
undergo aReactive Ion Etching step (Sulfur hexafluoride gas (SF6), pressure of 150 mT, power of 150W, etching
time of 30 s). Finally, the resist is removed using an acetone bath followed by an isopropyl bath. Figure 7 shows
Scanning ElectronMicroscope (SEM) pictures of the fabricated devices, with a zoomon a segment of the
fish-bone.

4.3. Preliminary characterisation
The prototype devices underwent a preliminary characterisation at low temperatures with the goal of
demonstrating the suitability of theNbTiNfilms for such application. Thefirst tests have been conducted at
4.2 K bymeans of a liquid heliumbath, using a simplified set-up comprising two coaxial cables and no
attenuators or amplifiers. The transmission response of theKI-TWPAprototype has beenmeasured bymeans of
a commercial VectorNetworkAnalyzer (VNA). The corresponding plot is shown infigure 8(a). Due to the
weakly dispersive nature of the line, the dispersion engineering discussed in section 4.1 created a band-gap in the
frequency range of 7-7.5 GHz, which is slightly lower than expected. This is not entirely unexpected, as the goal
of thisfirst productionwas to characterise thematerial and the fabrication processes of the devices, and no
optimisations have been performed on the finger length for the loaded and unloaded cells. The spurious
resonance at about 4 GHz ismost likely due to spuriousmodes in the ground plane of the chip, which are
expected, since the packaging has not been optimised yet.

The critical current of the devices has beenmeasured by superimposing a dc current to the device through
bias tees at room temperature. The dc current is slowly increasedwhilemonitoring the resistance of the
transmission line. The resulting critical current is larger than 1 mA.

Figure 7. SEMpictures of the fabricatedKI-TWPA. In thefirst image the sample is tilted. The dark (light) areas correspond to the
metal (substrate). The design consists of a 14 cm long transmission linewith thefish-bone geometry illustrated infigure 6. The fingers
are 1 μmwide and 102 μm (33.5 μm) long in the unloaded cells (loaded cells).

15
FZ siliconwafers, diameter: 6”, thickness: 625 ± 15 μm,dopant: Boron (type p), orientation: 〈100〉 resistivity:>8000 Ωcm.

16
Stepper resist OIR 674-09 Fujifilm, thickness of 0.75 μm.
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CIRCUIT MODEL OF SINGLE CELL
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A FAST DESIGN AND VALIDATION FRAMEWORK FOR KI-TWPAS

Goal: reduce simulation times to go from geometry to predicted gain. 

Approach: extract the parameters of an ABCD matrix model from simple EM 
simulations of only a single cell of the TWPA. 

Bonus: make the full process controllable within python.

Parametric 
layout creation 

gdsfactory

Full linear and 
nonlinear response (fast) 

ABCD matrices 
General CMEs solver

Simulator interface 
and utilities 

Pysonnet 
Fit simulation data

Sonnet EM (slow) 
Even-odd mode 

simulations of single cell
Verification 

• Improve correspondence of designs and measurements 

• Reconstruct possible cause of deviation from 
expectations (eg overetching, different  or )ϵr Lk

Design 

• Faster synthesis of prototypes 

• Numerical optimization of design 
parameters (eg )Z0 = 50 Ω



Parametric 
layout creation 

gdsfactory 

Simulator interface 
and utilities 

Pysonnet 
Fit simulation data

Sonnet EM 
Even-odd mode 

simulations of single cell
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EM SIMULATIONS WITH EVEN-ODD ANALYSIS

EBERSPÄCHER AND EIBERT: DISPERSION ANALYSIS OF COMPLEX PERIODIC STRUCTURES BY FULL-WAVE SOLUTION 6077

Fig. 2. Planes with different electromagnetic properties are inserted along the
waveguide without changing the field distributions when an infinite number
of sources is involved. (a) Excitation with identical sources leads to magnetic
walls. (b) Excitation with identical sources but alternating orientation leads to
electric walls.

Fig. 3. The structure excited with a source possessing the inner impedance
(solid circle) is decomposed into two structures with two sources having an
inner impedance of (dashed circle). A magnetic wall is introduced without
changing the field configurations. This decomposition is possible for both kinds
of outer boundary conditions.

with an inner impedance may be split into two sources pos-
sessing . Consequently, the two unit cells can be separated
by a magnetic wall resulting in one unit cell to be analyzed.

A. Terminal Related Parameters

Given that

(2)

with the assumed symmetry

(3)

Due to the unit cell arrangement as depicted in Figs. 1 and 4, two
different input impedances appear alternately at the terminals.
For an infinitely long structure, their values converge to certain
limits known as image impedances [10], given as

(4)

and

(5)

Fig. 4. Alternating unit cell arrangement with the two image impedances
and .

For such a configuration with alternating unit cells, the prop-
agation constant is related to the -parameters by

(6)

Considering the -matrix representation of the unit cell
terminated with an open circuit (magnetic wall), gives

(7)

which leads to the impedance

(8)

On the other hand, terminating the structure with a short circuit
(electric wall) gives

(9)

and

(10)

Consequently, the propagation constant can be formulated with
(6) as

(11)

and can also be written as

(12)

It can be shown that this result is the same for the unit cell given
by , since both networks possess identical eigenvalues. As an
alternative, the propagation constant may be determined by ap-
plying Bloch’s theorem to the symmetric macro unit cell defined
as .
Based on this macro cell, the Bloch impedance [10] is

given by

(13)

Thus, the propagation constant as well as the Bloch impedance
result from the impedances and , which are obtained

Authorized licensed use limited to: Chalmers University of Technology Sweden. Downloaded on February 05,2025 at 10:20:33 UTC from IEEE Xplore.  Restrictions apply. 

……

lfinger

lcell • Need response of a cell embedded in the periodic structure of the TWPA.
• Standard approach: simulate a large number of cells, very slow.
• New approach: separate in two simulations of a single cell, one for the odd 

and one for the even mode. Use pysonnet and gdsfactory to script the 
simulations and their geometry within python.

• Great reduction of simulation time (more than 50x) allows to simulate with 
finer meshes and explore larger number of configurations.

Zodd = 2i L/C tan( LCω/2)

Zeven = 2 (i Lf /Cf tan( LfCfω))
−1

Fit toSimulate
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FROM GEOMETRY TO PARAMETERS
• Repeat the simulations and fits for different 

combinations of layout geometry and materials 
properties.

• This will create an equivalent set of fitted 
parameters of the circuit model of the cell.

• We can now interpolate the fitted parameters to a 
set of simple relations and go back and forth 
between the two representations.

Geometry and 
materials 

, , , , , w d ℓ ℓf Lk εr

Circuit model 
parameters 

, , , Zb L Lf Cf

L = a + bℓ
Cf = c + dℓf

Cf ∝ εr /d
. . . 



ABCD model and 
nonlinear response  

ABCD matrices 
General CMEs solver
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COUPLED MODE EQUATIONS

v2
p

∂2I
∂x2

−
∂2I
∂t2

=
∂2

∂t2 ( 1
2

ϵI2 +
1
3

ξI3)

dIs

dx
= iks(ω)ϵIpI*i ei(k(ω)x) + iks(ω)ξIs (2 | Ip |2 + | Is |2 + 2 | Ii |

2 )

• Insert nonlinear inductance  in 
telegrapher’s equations for a transmission line

L = Ld [1 + ϵI + ξI2]

• Ansatz: expand current in planar waves with slow 
modulation along line

TWPA PROPERTIES AND GAIN PROFILE FEATURES 

• Where does it appear? dispersion relation  

• How fast does it grow with length? Nonlinearity strength 

• Ripples: reflections due to impedance mismatches 

ks(ω)

Γ

S. KERN et al. PHYSICAL REVIEW B 107, 174520 (2023)

FIG. 2. Schematic of the KI-TWPA with chip dimensions. The
right inset shows an optical micrograph of a few sections of quasi-
fractal waveguide. The bottom inset is a magnified SEM image of the
fractal structure. The width of the central high KI line is 1 µm.

from this value were observed. For example, in Ref. [26], for
similar technology, the ratio I∗/Ic was estimated to be ≈5.
This increase can be caused by the suppression of the critical
current by vortex motion [27], and/or by the presence of
weak spots in the middle wire. In other words, the average

TABLE I. Parameters of the KI-TWPA. The length l is given
by the design, the other parameters are obtained from the fit of the
amplification profile.

l (mm) v[c] ID[I∗] Ip[I∗] !p

standard theory 27 0.018 0.11 0.095 0
with correction 0.1 0.094 0.52
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FIG. 3. Measured amplification of kinetic inductance TWPA
(blue data). Red curve is a fit by the modified theory. The inset shows
how the Fabry-Pérot oscillations were matched to the measured
transmission, allowing the extraction of phase velocity and reflection
coefficient utilized to reconstruct the frequency profile of the gain.
The orange curve is a fit of the data by standard theory.

depairing current of the middle wire is higher than the critical
current expected from the DC measurement. Therefore here
we express the parameters Ip and ID in units of I∗. A fit to the
standard CM theory returns slightly higher values of ID and
Ip and lower amplification.

FIG. 4. (a) Transmission measurement setup in refrigerator. The
3 dB attenuator placed between the DUT and the isolator suppresses
spurious resonances resulting from reflections between DUT and
other parts of the setup. (b) Lumped element model of the JJ trans-
mission line terminated by 50 " coaxial cables. Estimated values of
inductance Ll and capacitance Cl are listed in Table II. (c) Photo of
the TWPA chip in copper box connected to SMA connector by in-
dium. The sample is grounded by conductive silver varnish. (d) SEM
image of Nb/AlO/Nb JJs forming the middle wire of TWPA.
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• Apply RWA, collect only terms which satisfy mixing 
processes. Result is set of differential equations 
coupling input waves with different frequencies.
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B. The coupled-mode equations

Writing the nonlinear inductance up to the second order in I (Eq. S6) allows us to include the 3WM-type of
nonlinearity (which comes from the term proportional to ✏), as well as gain compression coming from the 4WM (i.e.
Kerr) term proportional to ⇠. In the first, simple model presented in Fig. 2, we did not include the e↵ect of the
4WM term (equivalent to taking ⇠ = 0 in the following equations). We then included them when comparing the
measurements to the CME, see Sec. V.

Writing the the telegraphers’ equations in this context, including both 3WM and 4WM, we obtain the propagation
equation [S2]
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where vp = 1/
p

Ld(!)C is the line’s phase velocity, x is the position along the transmission line (which for us will be
in units of cells) and t is the time.

We now perform a harmonic balance, i.e. we assume that the current I(x, t), solution of the equation of motion
Eq. S10, is the sum of the selected propagating modes of interest, indexed by n 2 {a, s, i, c, d, u, c2}. The modes
propagate forward or backward, and we study two situations, depending on whether we look at the forward or backward
response of the device. For the forward response, we assume that {a, s, i, d, u, c2} are traveling forward, whereas c
travels backward, and for the backward response, we assume that {s, i, c, d, u, c2} are traveling backward, while a
travels forward, which by symmetry is equivalent to considering {s, i, c, d, u, c2} as traveling forward, while a travels
backward. Table S1 summarizes the way the modes are propagating. Note that (i) we account for possible reflections
of all these modes at the TWPAC ports following [S1], and (ii) that formally, the only thing that di↵erentiates a
mode traveling forward to a mode traveling backward is that for the backward traveling mode, we need to do the
transformation kn  �kn, where kn is the mode wavenumber, in the coupled-mode equations.

modes traveling forward modes traveling backward

forward response a, s, i, d, u, c2 c

backward response s, i, d, u, c, c2 a

TABLE S1. List and propagation orientation of the modes, when looking at the forward an backward response of the TWPAC.
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with the ± denoting the forward (+) or backward (�) traveling modes. For clarity, in what follows we omit the
superscript + for the modes {s, i, d, u, c2}, because they always travel forward (see Tab. S1). Here, c.c. is the complex
conjugate, In(x) is the complex field amplitude of mode n, and

tn =
1

1� �nei2knN
(S13)
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with N the total length of the TWPAC, in units of cell-lengths (so N is the total number of cells), and �n is the
amplitude reflection coe�cient of mode n. In other words, if the TWPAC impedance at !n is Zn, and if the TWPAC
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GENERALIZED CMES SOLVER
• Additional modes and processes might be required to obtain a more 

realistic simulation of the gain. 

• This greatly increases the complexity of the CMEs system to solve. 

• Solution: create the structure of the CMEs programmatically before 
solving. Implemented using simple symbolic manipulation (sympy).

5

Finally, we join the LHS and RHS together, to get the coupled-mode equations (and their complex conjugate, not
shown):
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DO NOT WRITE EXPLICITLY
Modes 

{ωi, ki, Γi}
All modes 

combinations 
Apply mixing relations
{ωp = ωi + ωs, …}

Select RWA terms
Build CMEs terms table  

{[s, [pi*, spp*, sss*, sii*]]}Solve
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EXAMPLE: FIT OF DATA FROM FBK PROTOTYPE

• The stopband position and optimal pump frequency are 
slightly different than expected. 

• This can be attributed to variations of the film thickness, 
resulting in a different . 

• Simple 3WM gain model as a function of  fits the data 

reasonably well, predicts a ≈7% difference in  from 
expected.
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• KI-TWPA prototypes based on a CPW have 
been fabricated at Fondazione Bruno Kessler 
(FBK) and also characterized at Unimib. 

• Measured gain (≈ 9.2 dB), bandwidth (≈2 GHz) 
and added noise photons (2.5-5) compatible 
with fabrication target.

cells in the line. Considering about 1000 super-cells in the final KI-TWPAdesign, with themeasured internal
quality factors the attenuationwould be in the range (0.95− 0.99). Thismeans that the total insertion loss due to
the amplifier falls in the range from−0.45 to−0.09 dB that is negligible if comparedwith losses due to other
components present in the read-out line.

4. Realisation of aKI-TWPAprototype

Kinetic inductance-based TWPA (KI-TWPA) have gained interest in the scientific community not only thanks
the their potentially wide amplification bandwidth, noise near the quantum limit, and high dynamic range
[20, 29], but also thanks to their relatively simple fabrication. In fact, these devices require only one lithography
step (patterning of the superconducting film) and one etching step, as described in section 2.However, the
engineering and production of a long non-linearmedium requires advancedmicro/nano-fabrication
methodologies and poses issues such as 50Ω impedancematching and phasematching [42]. In order to
demonstrate the suitability of theNbTiN film optimised as described in the previous sections, we have exploited
suchfilm to produce a KI-TWPAprototypewithin theDARTWARS project. The prototype underwent a
preliminary characterisation, showing promising performance, as described in the following sections.

4.1. KI-TWPAdesign
AKI-TWPAamplifier consists of aweakly dispersive transmission line forwhich the phase-matched bandwidth,
needed to create the exponential amplification, is controlled by dispersion engineering [43]. Amplifiers can be
implemented asCPW [29] andmicro-strip [44] by exploited afish-bone shaped solution that allows to tune the
characteristic impedance to the desired value by tuning the length of the fingers that form the line itself (figure 6).

The design selected for theDARTWARS is similar to the one proposed inM.Malnou et al [29]. TheKI-
TWPA is composed of a long transmission linemade up ofmultiple elementary cells. Each cell is constructed
using aCPW that includes the line inductance L, that depends on thematerial kinetic inductance, and two
interdigitated capacitor (IDC)fingers located on either side of the center line, which create the capacitance to
groundC (figure 6). Thefinger lengthℓ is adjusted to achieve aC value such that Z L C 500 = = W
(unloaded cells) as described in reference [43]. To create the exponential parametric amplification, the design
employs dispersion engineering by introducing periodic loadings through the reduction of the fingers lengths
(loaded cells), as explained in references [43] and [29]. To achieve an exponential gain in the 4− 8 GHz range,
each super-cell is composed byNu= 60 unloaded cells and byNl= 6 (loaded cells). Thefinger length for the loaded
cells is tuned in order to have a characteristic impedance of Z L C 800 = = W. Each super-cell has a length of
330 μm,which is half of thewavelength (λ/2) of the pump signal in the (8− 12)GHz frequency range.

In itsfinal configuration, the KI-TWPA amplifierwill be composed ofNsc= 1000 super-cells, resulting in a
total length of approximately 33 cm, for a total gain of around 20 dB. Asfirst step, to test the optimisedNbTiN
film and to develop the fabrication process, we first produced amedium-sized device composed of 523 super-
cellswith a length of about 17 cm. The expected gain for this prototype is in the (7− 11) dB range, depending on

Figure 6.The diagram (not to scale) depicts a super-cell composed ofNu elementary cells, with a finger length ofℓu = 102 μmand
characteristic impedance ofZ0 = 50 Ω (unloaded cells), as well asNl elementary cells with afinger length ofℓl = 33.5 μmand
characteristic impedance ofZ0 = 80 Ω (loaded cells). The super-cell is designed such that its length, Lsc, is equal to half of thewavelength
of the pumpused to operate the parametric amplifier. In itsfinal configuration, theKI-TWPA amplifierwill be composed of
Nsc = 1000 super-cells, resulting in a total length of approximately 33 cm. The conducting track of theCPW line is shown in orange,
while the ground plane is depicted in blue. The gap between the conducting track and ground (shown inwhite)measures 1 μm.
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cells in the line. Considering about 1000 super-cells in thefinal KI-TWPAdesign, with themeasured internal
quality factors the attenuationwould be in the range (0.95− 0.99). Thismeans that the total insertion loss due to
the amplifier falls in the range from−0.45 to−0.09 dB that is negligible if comparedwith losses due to other
components present in the read-out line.

4. Realisation of aKI-TWPAprototype

Kinetic inductance-based TWPA (KI-TWPA) have gained interest in the scientific community not only thanks
the their potentially wide amplification bandwidth, noise near the quantum limit, and high dynamic range
[20, 29], but also thanks to their relatively simple fabrication. In fact, these devices require only one lithography
step (patterning of the superconducting film) and one etching step, as described in section 2.However, the
engineering and production of a long non-linearmedium requires advancedmicro/nano-fabrication
methodologies and poses issues such as 50Ω impedancematching and phasematching [42]. In order to
demonstrate the suitability of theNbTiN film optimised as described in the previous sections, we have exploited
suchfilm to produce a KI-TWPAprototypewithin theDARTWARS project. The prototype underwent a
preliminary characterisation, showing promising performance, as described in the following sections.

4.1. KI-TWPAdesign
AKI-TWPAamplifier consists of aweakly dispersive transmission line forwhich the phase-matched bandwidth,
needed to create the exponential amplification, is controlled by dispersion engineering [43]. Amplifiers can be
implemented asCPW [29] andmicro-strip [44] by exploited afish-bone shaped solution that allows to tune the
characteristic impedance to the desired value by tuning the length of the fingers that form the line itself (figure 6).

The design selected for theDARTWARS is similar to the one proposed inM.Malnou et al [29]. TheKI-
TWPA is composed of a long transmission linemade up ofmultiple elementary cells. Each cell is constructed
using aCPW that includes the line inductance L, that depends on thematerial kinetic inductance, and two
interdigitated capacitor (IDC)fingers located on either side of the center line, which create the capacitance to
groundC (figure 6). Thefinger lengthℓ is adjusted to achieve aC value such that Z L C 500 = = W
(unloaded cells) as described in reference [43]. To create the exponential parametric amplification, the design
employs dispersion engineering by introducing periodic loadings through the reduction of the fingers lengths
(loaded cells), as explained in references [43] and [29]. To achieve an exponential gain in the 4− 8 GHz range,
each super-cell is composed byNu= 60 unloaded cells and byNl= 6 (loaded cells). Thefinger length for the loaded
cells is tuned in order to have a characteristic impedance of Z L C 800 = = W. Each super-cell has a length of
330 μm,which is half of thewavelength (λ/2) of the pump signal in the (8− 12)GHz frequency range.

In itsfinal configuration, the KI-TWPA amplifierwill be composed ofNsc= 1000 super-cells, resulting in a
total length of approximately 33 cm, for a total gain of around 20 dB. Asfirst step, to test the optimisedNbTiN
film and to develop the fabrication process, we first produced amedium-sized device composed of 523 super-
cellswith a length of about 17 cm. The expected gain for this prototype is in the (7− 11) dB range, depending on

Figure 6.The diagram (not to scale) depicts a super-cell composed ofNu elementary cells, with a finger length ofℓu = 102 μmand
characteristic impedance ofZ0 = 50 Ω (unloaded cells), as well asNl elementary cells with afinger length ofℓl = 33.5 μmand
characteristic impedance ofZ0 = 80 Ω (loaded cells). The super-cell is designed such that its length, Lsc, is equal to half of thewavelength
of the pumpused to operate the parametric amplifier. In itsfinal configuration, theKI-TWPA amplifierwill be composed of
Nsc = 1000 super-cells, resulting in a total length of approximately 33 cm. The conducting track of theCPW line is shown in orange,
while the ground plane is depicted in blue. The gap between the conducting track and ground (shown inwhite)measures 1 μm.
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EXAMPLE: TWPA AND CONVERTER
Main challenge for KI-TWPAS: isolate qubits/sensors from 
the pump 

• Very high pump power (-30 to -40 dBm range) required. 

• Amplification is bidirectional.  

• Reflections from impedance mismatches and pump 
leakage can be disruptive.

3

ation of the capacitors to ground creates two stopbands,
one just above 5GHz, and one around 10GHz. The FC
pump is placed below the first stopband. As a result,
signals around 7GHz can be down-converted to ⇡ 3GHz
or up-converted to ⇡ 12GHz (see Fig. 2b). Ideally, the
second stopband suppresses the second-harmonic gener-
ation of the conversion pump at frequency !c2 = 2!c. A
detailed discussion of the TWPAC design is available in
the supplementary information.

We calculate the theoretical response of the device in
the presence of both pumps by solving the equations of
motion for the minimal mode basis {a, s, i, c, d, u, c2} with
frequencies {!a,!s,!i,!c,!d,!u, 2!c}. We assume here
that these modes are only coupled via three-wave mixing
interactions, see the supplementary information. In these
coupled-mode equations (CME), injecting a signal, either
in the forward or in the backward direction allows us to
calculate the TWPAC’s forward and backward transmis-
sion, respectively. For a given combination of pump pow-
ers, pump frequencies and dc current bias, we achieve si-
multaneous forward gain and backward isolation, within
a band centered around 7GHz, see Fig. 2d. The gain pro-
file spans from about 3GHz to 12GHz. When the signal
falls into one of the stopbands, it cannot propagate and
the gain is therefore null at this frequency. Alternatively,
when the idler falls into a stopband, it cannot propagate
either, which results in unity gain for the associated sig-
nal. From 6GHz to 8GHz, this simple model predicts
close to 20 dB of gain, concurrently with about �10 dB
of isolation, dipping as low as �25 dB.

Measurement and analysis

We then test the TWPAC presented in Fig. 1c at cryo-
genic temperatures, using the experimental setup pre-
sented in Fig. 3a. Notably, this setup is symmetric in the
forward and backward directions, allowing us to mea-
sure the TWPAC’s complete set of scattering parame-
ters. In addition, a pair of switches allows us to compare
in situ the TWPAC’s transmission to that of a through
cable. Remarkably, when current biased, the transmis-
sion, shown in black in Fig. 3b, decreases at most by
⇡ 2 dB when reaching the higher end of the operation
bandwidth (⇡ 8GHz), thanks to the low-loss a-Si dielec-
tric. The forward and backward transmission through
the device (referenced to the cable), with the dc current
bias, PA pump, and FC pump turned on, are shown in
blue and red respectively in Fig. 3b. In the forward direc-
tion, the TWPAC generates about 7 dB of gain, spanning
over close to an octave of bandwidth. Simultaneously, in
the backward direction the TWPAC generates at least
5 dB of isolation over about 800MHz of bandwidth, with
sweet-spot frequencies where the isolation reaches 20 dB.
The TWPAC input and output reflection coe�cients are
similar to that of the through cable, and the input 1 dB
compression point is measured to be ⇡ �90 dBm (see the
supplementary information).

forward signal

backward signal

FIG. 2. The theoretical model supporting the TWPAC’s de-
sign. (a) In the forward (i.e. left to right) direction, pump
photons at a frequency !a/2⇡ ⇡ 14GHz are used to amplify
a signal at frequency !s/2⇡ ⇡ 7.5GHz, while also amplify-
ing an idler at frequency !i = !a � !s. (b) In the backward
(i.e. right to left) direction, the signal gets up-converted at
!u = !s+!c, or down-converted at !d = !s�!c using pump
photons at !c/2⇡ ⇡ 4.75GHz. (c) The TWPAC’s calculated
transmission as a function of frequency is flat and close to
0 dB, except at distinct stopbands. The highest-frequency
stopband allows us to match the phase of the PA pump (pur-
ple line) with the summed phases of the signal (blue) and idler
(dark blue) that lie in the 6 to 8GHz band. The lowest fre-
quency stopband allows us to achieve phase matching between
the conversion pump (green), the signal (dashed red) and
the down-converted signal (orange). The up-converted signal
(pink) can also be created via frequency conversion, albeit not
phase-matched. Ideally, the second harmonic of the conver-
sion pump (dashed green) falls into the second stopband. (d)
We solve the equations coupling all these modes (see the sup-
plementary information) to calculate their steady-state ampli-
tude as a function of input signal frequency. Here the TWPAC
is biased with a dc-current Id = 1.5µA (the junctions’ criti-
cal current is Ic = 5µA), the amplification pump frequency
and power are !a/2⇡ = 14.27GHz and Pa = �73 dBm, re-
spectively, and the conversion pump frequency and power are
!c/2⇡ = 4.7GHz and Pc = �73 dBm, respectively.

Both the gain and isolation profiles in Fig. 3b qualita-
tively agree with the basic model presented in Fig. 2d, but
not quantitatively. In fact, we found the isolation to be
optimal when using a FC pump frequency at 3.15GHz, in
contradiction with the 4.7GHz, predicted by the minimal
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• Recently proposed design using JJs: Malnou, M., et al. "A 
traveling-wave parametric amplifier and converter." arXiv 
preprint (2024). 

• Achieves forward amplification and backward isolation. 

• The forward-travelling pump provides 3WM amplification.  

• The backward pump engages a 3WM frequency conversion 
process that removes signal from the amplification band.

https://arxiv.org/abs/2406.19476
https://arxiv.org/abs/2406.19476
https://arxiv.org/abs/2406.19476
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PRELIMINARY: A KI-TWPA AND CONVERTER
• First attempt to create a 

TWPA-C design based on 
kinetic inductance. 

• Started from realistic 
circuit parameters used 
in KI-TWPA devices 
developed at NIST.

• The finger length is modulated according to three  
oscillations, creating stopbands with different widths. 

• The frequency conversion pump is placed before the first 
stopband and the amplification pump after the third one. 

• The wider second stopband limits the generation of the FC pump 
first harmonic.

cos2
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PRELIMINARY: A KI-TWPA AND CONVERTER

• The forward and backward 
response are simulated using the 
generalized CMEs system and 
considering seven modes. 

• Achieves ≈20 dB forward gain and 
average ≈10 dB backward 
isolation across the amplification 
bandwidth. 

• Bandwidth is kinda limited, 
around 1.5 GHz
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CONCLUSIONS
• Integrated design and simulation of KI-TWPAs in comprehensive framework. 
• Faster EM simulations using even-odd analysis to extrapolate response of long periodic 

structure from single cell. 
• Generalized Coupled Mode Equations solver for realistic gain response and simulation of 

complex devices.

TODO
• Systematic study of simulated vs measured responses. 
• Improve design of novel KI-TWPA-Converter device. 
• Implement optimizer to reach target designs even faster.
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