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THE QUEST FOR AN OPTIMAL AMPLIFIER '
e In superconducting guantum technologies experiments, 0) 1) Vacuum noise only
extremely weak signals need to be amplified before they are 1@
“drowned” in thermal noise. E .
e For high gain, the noise level of the first amplifier in the readout

chain dominates the overall noise.
e As experiments become more complex, amplifiers have to
satisfy additional requirements to enable multiplexing. 0) fou |1)

Stability Gain>20dB
— . o | L. "
Fabrication yield v
power

\/ Low Noise Amplifier at
beginning of readout chain

4 K amplifier only

Minimal noise

Multi - GHz
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TRAVELING WAVE PARAMETERIC AMPLIFIERS

nonlinear TL (TWPA)
* Standard Quantum Limit (SQL): phase-preserving amplifiers  —£) }—

introduce at least half a photon of noise. ,
@ PRoe s> Signal

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

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

- Multi-GHz amplification bandwidth and high dynamic range. 3-wave mixing:

» The nonlinearity usually arises from a current-dependent w, = W, +
inductance, which is obtained either by using Josephson

Junctions (J-TWPAs) of Kinetic Inductance (KI-TWPAS).

4-wave mixing:
L(Ipc, 1) ~ LIpeo)( 1 +|alpe)l ) +| bUpo)L) 20, = 05 + o, ‘ ‘
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frequency [GHZ] signal frequency [GHZ]

ANATOMY OF A KI-TWPA ° T

% _o5 i 9.8 - ~-7.5

* Atransmission line is periodically loaded T 7507 loading modulation | | - 100
with stubs or resonators to decrease the =751 "o modulation 5 _
phase velocity, reducing its length. Each ~100— ! ! 2ot 2
loading section constitutes a cell. 0.002 : gg.z -15.03

N\ \\w S 0.001 i 59.0— —17.5

\Y *« 0.000 !_// V; 88 ~20.0

| I —22.5

WM 4 6 5 10 g 2 4 6 8

* 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.

Mantegazzini, Federica, et al. Physica Scripta 98.12 (2023)
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CIRCUIT MODEL OF SINGLE CELL

Stub Loaded Inverted
microstrip line

X ¢,
Ground plane
L
Ly
NbTiN line dieletric L
Substrate —
w — 0 Hz
- cos(BL2)  jZisin(pEI2)] [ O] [ cos(p/2) jZ,sin(fE12) 1 dea)/Z 1 0 1 jL da)/z
2
L sin(pe/2)  cos(BeI2) _jzfcj(ﬁff) U [izsinger2)  cos(pei2) 0 1 — szwz 0 1
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A FAST DESIGN AND VALIDATION FRAMEWORK FOR KI-TWPAS

Simulator interface Full linear and
and utilities nonlinear response (fast)
Pysonnet ABCD matrices
Fit simulation data General CMEs solver

Parametric
layout creation
gdsfactory

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.

Sonnet EM (slow)
Even-odd mode Bonus: make the full process controllable within python.
simulations of single cell , o
Design Verification
* Faster synthesis of prototypes * Improve correspondence of designs and measurements

* Numerical optimization of design * Reconstruct possible cause of deviation from
parameters (eg Z, = 50 €2) expectations (eg overetching, different ¢, or L;)
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EM SIMULATIONS WITH EVEN-ODD ANALYSIS

lcen * 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.
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FROM G EOM ETRY TO PARAM ETE RS L = 10.26*] + -2.40 pH*um Cf vs Finger Length

80 / %
0.07 T
* Repeat the simulations and fits for different 0 0.06 s
combinations of layout geometry and materials = — 0.05 S
- 50 7 o ’./:/‘ 0
properties. 5 . pd - 23‘; s S =
* This will create an equivalent set of fitted 30 / 0.02 ‘/V =
parameters of the circuit model of the cell. 20 (/ 0.011 5T
: : 2 3 4 5 6 71 8 10 20 30 40 50 60
* We can Nnow |nterp0|ate the f|tted pal’ametel’s tO d Cell Length 1 [um] Finger Length If [um]
set of simple relations and go back and forth N Contours for 7h — 500 N Contours for Zh = 800
between the two representations. 7 | B
— E&r=Y9.U, A=VU.
£ 20 A E201 — er=10.0,d=0.1
L=a+bt ~ ~ —— er=11.0, d=0.1
C.=c+ A7 S 15 /,”/,:i/’ 4 <S154 7 er=9.0, d=0.2
f f e 3 ---- &r=10.0, d=0.2
Geometry and Cxel/d Circuit model = 10 e //// 2 | emi0es02
materials Ce parameters £ ;:2:15:" £ s
dt ¢, L Z,LL,C e - T e
W1 ’ ’ fl e 8;/ hr =1 f/ f s __eziiezE T _—
2 4 6 38 10 2 4 6 3 10
Cell Length 1 [um] Cell Length I [um]
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COUPLED MODE EQUATIONS 125
10.0
. Insert nonlinear inductance L = L [1 + el + 512] in =
telegrapher’s equations for a transmission line j:/ o
S 5.0
NS B e 12+1<§13 S|
V = —_— —€ — 2.5
Pox2 o2 o2 \2 3

0.0

« Ansatz: expand current in planar waves with slow

modulation along line

I(ZE, t) — Z Fln(:z:)tn (6i”;k”$ -+ fne]Fik”x) e~ Wnt 4 C.C}

2

« Apply RWA, collect only terms which satisfy mixing TWPA PROPERTIES AND GAIN PROFILE FEATURES
processes. Result is set of differential equations
coupling input waves with different frequencies.

dl -
aly iks(a))dpl*el(k(w)x) + ik (w)EI <2 | ]p |2 + |/ |2 + 2|1 |2>
dx l

Where does it appear? dispersion relation k()

How fast does it grow with length? Nonlinearity strength

Ripples: reflections due to impedance mismatches [
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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).
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All modes Apply mixing relations
combinations (o, =0, + o, ...}

Build CMEs terms table
{[s, [pi*, spp*, sss*, sii*]] }

Select RWA terms

oI, . a) ka i
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EXAMPLE: FIT OF DATA FROM FBK PROTOTYPE Super-ccl

~ Unloaded cell: Ny = 60 Loaded cell: Ny = 6

* 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. L,=5-N,=300pm  Lj=>5 Nj=30um
Lee = Ly + L = 330 um

5 pm

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

o
N
Ul

Y EER =

o
N
o

o0
[
9

* This can be attributed to variations of the film thickness,

Gain [dB]

resulting in a different L,.

o
o
a1

o
o
S

Pump Frequency [GHZ]
(00]
-
o

- Simple 3WM gain model as a function of L, fits the data

7.95

7.90 reasonably well, predicts a =7% difference in L, from

1 2 3 4 5 §)
Signal frequency [GHz] Signal frequency [GHz] eXpeCted .
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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.

20

—
a)
I

transmission [dB]|
o

et
o

|
— forw. exp.

— back. exp.

forw. sim.
back. sim.

- — pump off exp. = pump off sim__|

-20 | | |

frequency [GHz]
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forward signal

t {

’ﬁ:ws+wi

0 2 4 6 3 10 12

backward signal Wg = Ws — = Ws T We

_ r/‘\/\w

14

O 2 4 6 8 1 O 1 2
frequency |GHz|

Recently proposed design using JJs: Malnou, M.,

—
14

et al. "A

traveling-wave parametric amplifier and converter." arXiv

preprint (2024).

Achieves forward amplification and backward isolation.

ne forward-travelling pump provides 3WM amplification.

ne 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 0- ' '
| 1.4 ‘. .‘ e
* First attempt to create a 131 ° : %
TWPA-C design based on ?1_2_ . y = _10- )
kinetic inductance. 5 ° Ny &\ |
o g 1.1- o o —154 === Amplification pump
* Started from realistic il % : - == Frequency conversion pump
circuit parameters used 3 . M e —20 1 T L1 L1
in KI-TWPA devices o V- ..V
developed at NIST. 08 - P - - | |
Cell index l [
- 0.002 : :
+ The finger length is modulated according to three cos’ B ] |
oscillations, creating stopbands with different widths. . 0.000- lﬂ( |
. . . ~ l [
* The frequency conversion pump is placed before the first | |
stopband and the amplification pump after the third one. _0.002 - | |
* The wider second stopband limits the generation of the FC pump 0 > 10 15

first harmonic. Frequency [GHZz]
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PRELIMINARY: A KI-TWPA AND CONVERTER

* The forward and backward 20 -
response are simulated using the
generalized CMEs system and

. . 01 m - e |

considering seven modes. ‘ ’ l

* Achieves =20 dB forward gain and 0. Y - M
average =10 dB backward ' ﬂ
iIsolation across the amplification

m
S,
-
©
Q)

bandwidth. —40 -

: L o —— Forward response
* Bandwidth is kinda limited,
—— Backward response
around 1.5 GHz —60 - | | | | | |
5.0 5.5 6.0 6.5 7.0 7.5 8.0

Frequency [GHZz]
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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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